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                                         INTRODUCTION 
 

 
Breast cancer is the second leading cause of death among women following lung 
cancer, representing 30% of all new cancers in women. Current incidence rates 
predict that 1 in 8 women will develop breast cancer during her lifetime compared to 
the past where the number of new cases and deaths from breast cancer was 
significantly high. After decades of increasing incidence, the rate of invasive breast 
cancer appears to be leveling off in Western countries, but is still increasing in 
countries that until recently maintained low levels of affected women. In 2004, 
estimates were that 215.990 women and approximately 1500 men in the United States 
would be diagnosed with invasive breast cancer (1).There has been a decrease in age-
adjusted mortality from breast cancer of 21% since 1990 with the largest decrease 
occurring among young women. The decline in mortality has been attributed to early 
detection of the disease and the use of the aggressive multimodality treatment, 
leading to improved clinical outcomes. A further decline in breast cancer mortality is 
expected as a result of the tremendous advances in the understanding of the biology 
of the disease and its associated risk factors. 
Increasingly, women identified as being in high risk for breast cancer can take 
advantage of risk-reducing interventions that are potentially life saving 
 
 

 
                                         TYPES OF BREAST CANCER 

 
Breast carcinoma is conventionally divided into major patterns: 1) ductal, which 
accounts for approximately 85% of breast cancer cases 2) lobular, which accounts for 
approximately 15% of breast cancer cases. These two patterns are further sub-
categorized on the basis of microscopic features as non-invasive (in situ) or invasive  
( infiltrating) 
 

• CARCINOMA IN SITU 
Carcinoma in situ is defined as the presence of malignant epithelial cells that 
proliferate and fill the ductules and lobular acini but remain confined by the basement 
membrane without invasion. It is divided into DCIS (ductal carcinoma in situ) and 
LCIS (lobular carcinoma in situ). DCIS is most commonly detected as an 
abnormality on screening mammography, typically a cluster of microcalcifications, 
without physical examination findings. In contrast, LCIS is rarely presented in a 
mammogram and is most often detected as an incidental finding when biopsy is 
performed for another reason. LCIS is considered to be a marker for increased risk for 
the development of breast cancer whereas DCIS is considered a precancerous lesion. 
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• INVASIVE CARCINOMAS 
Invasive ductal carcinoma (IDC) comprises the largest category of invasive 
carcinomas and accounts for 65-80% of all breast malignancies. Invasive ductal 
carcinoma usually forms a hard, gritty mass and is correlated with poor prognosis. 



Invasive lobular carcinoma (ILC) comprises 5% to 10% of all invasive carcinomas. 
The histologic hallmark of this type of mammary carcinoma is the tendency for the 
tumor cells, which are usually small and monotypic, to invade the stroma in linear 
strands. These tumors are usually detected as a mass of asymmetric density on 
physical examination or mammography and is not connected with microcalcifications 
on mammography. ILC is also associated with increase risk of bilaterality and lymph 
node metastases. 
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                              RISK FACTORS FOR BREAST CANCER 

 
Epidemiologic studies have provided much information on important risk factors for 
breast cancer (2).These include gender, age, family or personal history of breast 
cancer, reproductive history, hormonal influences, lifestyle factors and exposures to 
specific carcinogens. 
 Men can develop breast cancer but the disease is observed more commonly in 
females. Among women, the age of menarch, the age of menopause and the age of the 
first full term pregnancy are considered important risk factors for the occurrence of 
the disease (3).Statistical data have revealed that the late menarche, the early 
menopause, the age of the first birth and lactation are linked to reduced risk of breast 
cancer. Also, evidence show that the increased number of births confers greater 
protection to the mother, in some cases of 5 or more children, the percentage of 
protection reaches 50% compared to nulliparious women. 
On the contrary, early menarch, late menopause, late age of first full term pregnancy 
and nulliparity are correlated with high risk of  breast cancer. 
 
 
 
 
                             GENETIC FACTORS/FAMILY HISTORY 

 
The existence of family history of the disease consists of an additional factor of breast 
cancer occurrence. The disease can cluster in families due to the inheritance of 
specific defective genes or as a result of common environmental influences. When 
genes that normally restrict cell growth, are absent or defective, the affected cells can 
divide without restraint, form a tumor and invade adjacent tissues and organs. 
Although mutations in several genes confer increased breast cancer risk, BRCA1, 
BRCA2 (breast cancer associated BRCA) and TP53 genes appear to be most relevant 
to the clinic. To date deleterious mutations in BRCA1 and BRCA2 genes account for 
the largest proportion of inherited breast cancers. These genes function to prevent 
abnormal growth but more than 700 mutations and sequence variations that result in 
breast cancer have been detected so far, with few of them being recurrent in unrelated 
affected families  
A woman who has received one defective BRCA gene and has also a healthy BRCA 
gene is called a carrier and is in risk for breast and ovarian cancer as the healthy gene 
is vulnerable to damage by environmental factors.(1-2) 
Since inherited DNA defects account for only 5% to 10% of breast cancers, the 
majority of breast cancers are due to DNA damages that develop during life. 
Mutations to DNA repair genes, oncogenes, tumor–suppressor genes can lead to 
abnormal cell growth and the initiation of the cascade resulting in cancer progression. 
Environmental factors such as toxins, radicals, chemicals and radiation can cause 
genetic defects to persons that have no family history of the disease and probably no 
inherited affected genes (2) 



  
 
                                   
                              DIETARY AND LIFESTYLE FACTORS 

 
The large international variation in breast cancer rates between countries with high fat 
intake (increased disease rates) and countries with low fat diets, suggested that high 
fat intake might be associated with increased breast cancer risk. However, data from 
seven epidemiologic studies do not indicate a direct correlation between fat intake 
and breast cancer risk in women in developed countries, although fruit and vegetable 
consumption is considered to have a protective role(3-4) 
Positive correlation between alcohol and breast cancer has been consistently 
demonstrated and risk appears to be related to the amount of alcohol consumed. 
Alcohol consumption might be particularly deleterious to people with low intake of 
nutrients such as folate, β-carotene, lutein and vitamin C and increase their 
probability to develop the disease. 
Also, regular physical exercise exhibits a protective role against the development of 
the disease, with the rate of breast cancer risk decreasing in a range of 10% to 70% 
for the most active women and between 30% and 40% for the less active.(3-5) 

 
 
 
                                                 HORMONAL FACTORS 

 
Many of the risk factors are associated with increased lifelong exposure to female 
reproductive hormones. Estrogens have been widely implicated in affecting breast 
cancer risk, especially in the postmenopausal women. Prolonged hormone 
replacement therapy (HRT) can significantly increase breast cancer risk and the 
tumors arising tend to be primarily ER-positive. Recent evidence suggests that the 
greatest increase in breast cancer risk is associated with replacement therapies that 
combine estrogens and progestins (14,15) 
The initiation of menstrual circle at early age and the late menopause creates an 
increase in the number of cycles and total lifetime exposure to ovarian estrogens. 
Postmenopausal obesity is also associated with increased breast cancer risk. 
Peripheral adipose tissue is the primary source of the production of circulating 
estrogens in postmenopausal women and serum estrogen concentrations are generally 
higher in obese postmenopausal women.The risk appears to return to normal if a 
woman has not used hormone therapy for 5 years or more. 
Similarly, there are also existing data implicating estrogenic exposure and breast 
cancer risk in premenopausal women. Perhaps the most compelling evidence is the 
efficacy of ovariectomy and luteinizing hormone releasing hormone analogs in 
inducing responses in premenopausal patients .(1,2,14,15)) 
Also, similarly to the HRT, the birth control pill, which contains estrogenic 
compounds, causes a small increase in breast cancer risk, reversible after ten years of 
non-use.  



Estrogens may affect carcinogenesis by acting either as initiators ( direct DNA 
damage) or as promoters ( promote the growth and/or survival of abnormal cells) 
which is more firmly established. Ovariectomy-whether chemical, surgical or 
radiation induced- remains a highly effective treatment .Surgical ovariectomy and the 
suppression of gonadotropin secretion by luteinizing hormone is equally effective as 
the antiestrogen Tamoxifen in managing premenopausal breast cancer (16-20)Many 
of human breast cancers and human breast cancer cell lines require estrogen in order 
to grow, proliferate and expand. Hence, the blockade of  the action of estrogens 
provides  an extremely important tool, used in the first line of treatment for many 
decades with significantly good results. 
The contribution of hormones in the survival and promotion of breast cancer cells is 
major, therefore, it is essential to further elucidate the molecular mechanisms 
underlying estrogen response in breast carcinomas. 
 
 
 

                             HORMONES AND BREAST CANCER 
 

ESTROGEN RECEPTOR SIGNALLING PATHWAY AND BREAST CANCER 
 
Estrogen receptors (ERs) are members of the nuclear receptor (NR) superfamily that 
mediates the pleiotropic effects of the steroid hormone estrogen in a diverse range of 
developmental and physiological processes (14,15). Although estrogens are important 
physiological regulators in the reproductive system, in bone metabolism and in 
maintenance of the cardiovascular and central nervous systems, they have also been 
associated pathologically with an increased risk for breast and endometrial cancer. 
Two mammalian ERs have been identified, ERα and ERβ, which are encoded by 
independent genes (20) and mediate estrogen induced signaling. Both ER isoforms share 
common domains, characteristic of the NR family, which include six functional domains. 
The most conserved domain is the central DNA binding domain (DBD), followed by the 
ligand -binding domain (LBD), which also contains a dimerization surface and a ligand-
dependent activation function 2 (AF-2).AF-2 undergoes a marked conformational change 
in the presence of different ligands and determines the subsequent binding of coactivators 
or co-repressors. Activation function 1 (AF-1), located in the N-terminal domain is 
regulated by phosphorylation from growth factors and this activity depends on the 
cellular and promoter complex. AF-1 and AF-2 can act synergistically or independently 
to accomplish maximal receptor activity and enhanced transcription of E2 regulated 
genes. Although ERα and ERβ are both expressed in normal mammary gland, it appears 
that only ERα is critical for normal gland development (23-24). A dramatic increase in 
ERα content is observed in premalignant hyperproliferative breast lesions and in many 
breast cancers, observations that emphasize the crucial role of ERα in breast cancer 
etiology and progression 



 
 
Mechanisms of estrogen receptor activation.The estrogen receptor (ER) has three domains: AF1,which is 
regulated by phosphorylation, AF2 which is regulated by estrogen binding and a DNA-binding domain 
(DBD).In the inactivated state, the ER is bound to co-repressor complexes (CoR), which recruit histone 
deacetylases (HDACs). HDACs maintain histones in a deacetylated state, which favours chromatin 
condesation. Estrogen binding results a conformational change in AF2 that facilitates interaction with co-
activators (CoA), which bind histone acetyltransferases (HATs). Acetylation of histones by HATs leads to 
chromatin decondesation, facilitating transcriptional activation. Modulation of ER activity by selective ER 
modulators (SERMs) is likely to be achieved by a balance between co-activator and co-repressor complex 
recruitment to AF2, depending on the conformation induced by the SERM , as well as tissue-specific 
differences in co-activator/corepressor availability (Coombes et al 2002). 
 
ERα exerts its transcriptional effects through both direct and indirect binding to specific 
DNA sites, termed estrogen response elements (EREs), located in the promoter and/or 
enhancer regions of target genes. ERα activates gene expression by stimulating 
recruitment of the general transcription machinery to the transcription start site through 
the action of its activation domains. Estrogen binding to ERα results in phosphorylation 
of the receptor, its dimerization and the dimmer binding to EREs. This complex then 
recruits a variety of coregulatory proteins such as AIB1 , TIF2,  SRC1 which act in favor 
of enhanced transcriptional activity. Estrogen bound ER, besides promoting transcription, 
can also downregulate the expression of specific ER- regulated genes by the recruitment 
of  co-repressors such as NCOR1,NCOR2 etc..(20-24) 
The growth promoting effect of ER signaling lies on the transcriptional activation of 
estrogen regulated genes that are associated with proliferation, growth, differentiation, 
angiogenesis and metastasis.C-myc,VEGF,bcl-2,IGF-R1,IRS-1,TGFα,IGF-2,CYCLIN-d 
are all regulated by estrogen. Most of breast cancer cells are ER positive and depend on 
estrogen for their growth and expansion. These cells are usually non-aggressive, respond 
to endocrine therapies and are associated with good prognosis and increased survival. 
Up-regulation of these genes in combination with increased expression of genes related to 
apoptosis or cell cycle inhibition can result in malignant phenotype, uncontrolled tumor 



growth and progression of breast cancer (15-24). It should be mentioned here that ER 
signaling pathway can be activated without the presence of the estrogen, and this fact is 
related to the acquisition of resistance to endocrine therapy. Estrogen independent 
stimulation of ERα and concomitant activation of ER-regulated genes can occur from 
activation by multiple growth factor networks. Several data have demonstrated that one 
of the most significant pathways influencing ER activity is the signaling induced by EGF 
(Erb-B) family of receptors. Erb-B driven signaling is closely linked to ER pathway and 
the bi-directional cross talk between them results in promotion of tumor growth and 
development of resistance to endocrine therapies.(15-24) 
 
 
 
ANTIESTROGENS AND ENDOCRINE THERAPY IN BREAST 
CANCER 

 
Endocrine manipulations are among the most effective and least toxic of the systemic 
therapies currently available for the management of hormone responsive breast cancers. 
Ovariectomy in premenopausal women is the oldest of these therapies and has been 
proven to have long term beneficial effects to almost one third of the patients. Although, 
ovariectomy is still an effective therapy, currently the administration of antiestrogenic 
drugs is the most widely applied endocrine therapy. Tamoxifen, raloxifen and ICI are 
antiestrogenic drugs which are effective in both premenopausal and menopausal women 
as adjuvant or chemopreventive agents. These drugs, compared to chemotherapy, are well 
tolerated, the incidence of toxicities is low and significant responses are observed in 
approximately 70% of patients selected on the basis of steroid hormone receptor 
expression profile of the tumor (13,16) . Additional benefits associated with some 
antiestrogens is the induction of a lowering in the risk and/severity of osteoporosis and a 
possible reduction in the risk of cardiovascular disease, a fact that is not consistently 
reported.When observed, the cardiovascular benefit of endocrine agents (tamoxifen), is 
probably due to estrogenic behaviour of the drugs, leading to a decrease in the 
concentration of serum triglycerides and cholesterol. 
All the compounds used in endocrine therapies to exhibit antiestrogenic effects are also 
called SERMs-Selective Estrogen Receptor Modulators as their basis of action is to 
modulate the signaling induced by estrogen receptors. SERMs have mixed agonistic and 
antagonistic properties that differ between cell types and the balance between these 
activities seems to depend on several molecular characteristics that influence ER 
signaling, such as recruitment of co-activators or co-repressors and cross talk of ER and 
growth factor signaling (12,13,16). 
Endocrine therapy is based on the antiestrogenic activity of these molecules and the 
blockade of the tumor growth stimulatory effects induced by estrogen receptor activation. 
SERMs antagonize with estradiol for the occupancy of ER and they manage to alter ER 
conformation in favor of co-repressor recruitment. Tamoxifen and Raloxifene inhibit 
only AF2 activation and thereby ER activity .Structural studies have shown that when the 
ligand binding domain of ER (LBD) is bound by Tamoxifen or its derivatives, the 
conformation of ER alters in such a way that the co-activator binding pocket is covered 
and thus preventing the recruitment of co-activators and transcription activation by 



AF2.On the other hand, ICI prevents activation of both AF1 and AF2 and acts as a more 
potent antiestrogenic compound. 
The most well known and widely used SERM is the antiestrogen Tamoxifen (Tam). 
Tam was initially used for the treatment of women with advanced breast cancer, later as 
an adjuvant therapeutic agent of primary breast cancer and finally as adjuvant therapy for 
both premenopausal and postmenopausal women with node negative disease. Tam is a 
triphenylethylene and its structure has been used as a basis for the design of novel and 
more effective compounds. Several TAM derivatives are already available, including 
Toremifene (chloro-tamoxifen) and droloxifene (4-hydrotamoxifen).They exhibit similar 
antitumorigenic effects as Tamoxifen but Raloxifen lacks the estrogenic activity in the 
uterus which Tam has, hence it does not increase the risk of endometrial cancer as 
Tamoxifen agonistic activity does (6,7,13,18). Additionally, Raloxifen acts as an agonist 
at the bone resulting in an increase in bone mineral density and structure. 
ICI ( Fulvestrant) is among the most promising new antiestrogens and is basically used in 
patients with metastatic breast cancer who have relapsed on Tam therapy. Unlike Tam, 
ICI is a steroidal ER inhibitor that is often described as a “pure’’ antagonist not 
exhibiting any estrogenic activity. ICI can inhibit the estrogenic activity of both estrogen 
and Tam; however this pure antagonistic activity does not support bone density 
maintenance and may further result in bone loss (13).  
Besides the SERMs, increasing interest has risen for agents that are able to stop the 
synthesis of estrogens and hence block the ER signaling pathway from the very 
beginning. These compounds are inhibitors of aromatase, the enzyme that converts 
androgens ( such as testosterone and androstenedione) to estrogens (such as estradiol and 
estrione respectively) and which is the ultimate source of all steroidal estrogens. Recent 
clinical data have shown that these inhibitors have greater efficacy than tamoxifen in late-
stage disease and preliminary data indicate that this efficacy extends to early disease. 
Aromatase inhibitors are generally classified as Type 1 (steroidal) and Type 2 (non-
steroidal), with th non-steroidal anastrozole and letrozole being currently of major 
clinical importance.Estrogen deprivation that results from aromatase inhibitors actions 
promote significant inhibition of tumor growth in postmenopausal breast cancer patients. 
The use of aromatase inhibitors in premenopausal women leads to incomplete estrogen 
suppression and increased gonadal stimulation, therefore their use is strictly restricted to 
postmenopausal women or premenopausal with estrogen production ablation  (16,17,21)   



       
 
 
Mechanisms of action of aromatase inhibitors and Tamoxifen 
Estradiol binds to the estrogen receptor (ER), leading to dimerization , conformational change and binding 
to estrogen response elements (EREs) up-stream of estrogen-responsive genes including those responsible 
for proliferation. Tamoxifen competes with estradiol for ER binding whereas aromatase inhibitors reduce 
the synthesis of estrogens from their androgenic precursors ( Dowsett et al 2003) 
 
 
 
The major problem that researchers, clinicians and most importantly patients have to 
combat, is the acquisition of antiestrogen resistance. Initially responsive tumors stop 
being sensitive to antiestrogens and they manage to grow even in the presence of these 
compounds. It should be mentioned that besides the acquired resistance, a number of 
patients have de novo resistance and are resistant to endocrine therapies from the very 
beginning of treatment with antiestrogens. As it was mentioned previously, a significant 
role in the development of non-responsive tumor cells to endocrine manipulation results 
from growth factors signaling pathways. Recent data from both the lab and the clinic 
show that signaling resulting from the ERBB receptor network is extremely involved in 
tumour growth, survival and concomitantly the acquisition of resistance to endocrine 
therapies (11,21). 

 



 
 
      GROWTH FACTOR SIGNALING IN BREAST CANCER 

 
          ROLE OF ERBB NETWORK IN TUMOR DEVELOPMENT 
 
Epidermal growth factor receptor family (HER family) is a family of tyrosine kinase 
receptors and consists of four members: EGFR (HER1), EGFR-2 (HER2),          
EGFR-3 (HER3) and EGFR-4 (HER4).Genes encoding for EGFRs are homologous 
to v-erythroblastosis-B (v-erbB), which is an avian retroviral oncogene and hence 
HER1,HER2,HER3 and HER4 are encoded by human erb-B1,erb-B2,erb-B3 and erb-
B4 respectively. Structurally they consist of a ligand-binding extracellular domain, a 
single transmembrane domain and an intracellular domain which contains the kinase 
activity and multiple tyrosine residues that serve as docking sites for signal 
transduction molecules. Although all family members follow this general 
pattern,HER2 has no known ligand (orphan receptor) and HER3 lacks of the 
intracellular kinase activity. 
They are widely expressed in epithelial, mesenchymal and neuronal tissues, playing 
fundamental roles during development and implicated in the regulation of a variety of 
biological processes, including cell proliferation, apoptosis and differentiation (25-
27).They contribute significantly in normal mammary gland development and that 
reflects the strong association between ERBB receptor signaling with breast cancer. 
The female mammary gland undergoes extensive postnatal development under the 
influence of systematically secreted hormones. Peptide hormones including EGF 
family ligands, fibroblast growth factors and insulin growth factor I are thought to act 
under control of the hormones as local mediators of mammary development. All four 
ErbB family receptors are expressed in mammary gland of adult females, but EGF 
receptor and Erb-B2 are preferentially expressed in young females (1-2, 27-32) 
  The EGF family of ligands can be divided in two groups: the first includes EGF and 
EGF-like ligands, like TGF-α, heparin-binding EGF, betacellulin, amphiregulin and 
epiregulin. EGF, TGF-α,  and amphiregulin bind specifically to EGFR while 
betacellulin, heparin-binding EGF and epiregulin show dual specificity for both 
EGFR and Erb-B4.The second group is composed of neuregulins (NRGs) and 
includes NRG1α,NRG1β, NRG2α,NRG2β,NRG3 and NRG4. NRGs are also called 
Heregulins and neu differentiation factors and show specificity for HER2,HER3 and 
HER4.These ligands bind to the receptors and promote receptor dimerization -
oligomerization and  subsequent stimulation of a complex pattern of intracellular 
signal transduction cascades. Hyperactivity of these signal transduction cascades can 
result in uncontrolled cell growth, as this unregulated signaling leads to the 
expression and activation of proteins that promote cell cycle progression and 
inhibition of apoptosis (26) 
The ERBB family of receptors are widely expressed in a variety of cancers and they 
undergo multiple alterations in human malignancies. Gene amplification leading to 
EGFR and HER2 overexpression is one of the most frequent alterations observed in 
human cancer(18), although this overexpression can occur without the presence of an 
amplified gene. Furthermore, in many tumours EGF-related growth factors are 



produced either by the tumor cells themselves (autocrine manner) or from the 
surrounding tissues ( paracrine manner), leading to constitutive HER network 
activation).EGFR gene amplification is often accompanied by deletion mutations in 
the extracellular domain of the receptor and this alteration is observed in gliomas, and 
unconfirmed recent data support the existence of this alteration in breast, ovarian and 
lung cancers.HER2 gene amplification and/or overexpression occurs in about 30% of 
breast and ovarian cancer, while HER2 overexpression is observed in various types of 
human cancers such as lung, gastric and pancreatic cancer(27-32). Overexpression of 
HER2 leads in consistent activation of the PI3K/Akt pathway, whose action favors 
cell proliferation, apparently by inhibiting apoptosis. This survival signal induced by 
PI3K/Akt activation is usually coupled with the MAPK signaling pathway and thus 
HER2 overexpression is sufficient to induce cell survival and proliferation through 
the recruitment of molecules from differential signaling pathways. Also, another 
tumorigenic action of HER2 is established through its ability to act as a metastasis 
promoting factor. Activation of HER2 because of homo/heterodimers formation is 
associated with increased invasiveness in vitro and in vivo, probably because of the 
common EGF receptor ability to induce secretion of degradative enzymes such as 
MMPs. This, combined with the up-regulation of specific factors such as VEGF 
establishes HER2 as a very significant player in tumor growth and disease 
progression.(32-38) 
It should be mentioned that all the members of the HER family of receptors, when 
activated, have the ability to up-regulate specific MMPs, angiogenic factors and 
potentiate the adhesion of tumor cells to endothelial cells and hence promote 
angiogenesis and metastasis. However, EGFR and HER2 remain the most important 
among the rest of the molecules, due to their high expression in human malignancies 
and their increased tumorigenic potential that this expression and activation confers. 
 
 
 
 
 
 



 
 
Active ERBB receptors and downstream signaling pathways in a tumour setting 
a. Paracrine ERBB ligands( green cycles) are released from stromal cells 
b. Autocrine ligand (blue cycles) production results from the activation of G-protein coupled 
receptorsor estrogen receptor, which causes the metalloproteinase-mediated cleavage and release of 
pro-EGF-related ligands ( ectodomain shedding) 
c. Active ERBB receptors stimulate numerous signaling pathways by recruiting proteins to specific 
phosphorylated tyrosine residues in their carboxy-terminal domain 
d. The phosphatidylinositol 3-kinase (PI3K)-AKT pathway is stimulated through recruitment of the 
p85 adaptor subunit of PI3K to the receptor. Mammalian target of rapamycin (mTOR) acts as a central 
sensor for nutrient/energy availability and can also be modulated by PI3K-akt dependent mechanisms 
e. The mitogen- activated protein kinase (MAPK) pathway is activated by recruitment of growth-
factor-receptor-bound protein 2 (GRB2) or SHC to the receptor 
f. SRC kinase is activated by ERBB receptors , by GPCRs and ER. There are many nuclear effectors of 
ERBBs in tumour cells 
g. One of these is cyclin-dependent inhibitor p27 ( KIP1) which has an important role I the control of 
proliferation. In tumour cells with overexpressed ERBB2, p27 is sequestered from cyclin E- CDK2 
complexes and cells progress through the cell cycle 
h. Signal transducer and activator of transcription (STAT) is another nuclear effector 
i. Binding of STAT to ERBB leads to its tyrosine phosphorylation , dimerization and nuclear entry, 
resulting in STAT binding to specific DNA sequences in promoter regions of target genes encoding , 
for example, pro-survival factors 
j. Nuclear ER and estradiol (E2) controls transcription of cell- cycle regulators that are particularly 
important for breast cancer cell proliferation 
k. ERBB receptors also stimulate transcription of vascular endothelial growth factor (VEGF) through 
the MAPK pathway. VEGF has a role in induction of tumour-associated angiogenesis. Active EGFR 
receptors have been detected on tumour-associated endothelial cells, which have been proposed to 
result from tumour release of ERBB ligands.(Hynes at al 2005) 



 
 
RESISTANCE TO ANTIESTROGENS DURING ENDOCRINE 

THERAPY 
 

                 Growth factor signaling and antiestrogen resistance 
 
Despite the relative safety and significant antineoplastic and chemopreventive activities 
of antiestrogens, most initially responsive breast tumors acquire resistance (21) It is 
unlikely that any single mechanism or single genes confer antiestrogen resistance, but 
this resistance probably results from the combination of pharmacologic, immunological 
and molecular events. 
It is very widely documented nowadays that the inappropriate activation of growth factor 
signaling cascades, either through an enhanced supply of growth factor ligands or via up-
regulation and increased activation of their receptors and/or downstream signaling 
elements, result in the promotion of anti-hormone failure in breast cancer cells. This 
phenomenon has been described for the overexpression of multiple growth factors and 
their receptors, including heregulins acting through HER2, HER3 and HER4 receptors 
(28,43), EGF and TGF-α through EGFR (39) and IGF-I and –II acting through the IGF-
R1 (40) Significant role in these growth factor “antiestrogenic effects” plays  Erb-B2 
(HER2)  either directly (when overexpressed) or indirectly through heterodimerization 
with other ErbB receptor family members. 
 Continuously increasing data reveal the role of the “endo-communication” between 
growth factor and ER signaling pathways in breast cancer resistant cells in vitro and in 
vivo. Antiestrogen resistant MCF7 breast cancer cells exhibit increased expression of 
EGFR mRNA and protein compared to the parental and endocrine responsive cell lines. 
While the parental cell line express moderate levels of the receptor, Tamoxifen and ICI 
164,384 ( fulvestrant) resistant cells show tremendous increase of the receptor expression 
and phosphorylation at levels that reach approximately 40%- 50%. Similar increase in 
expression and phosphorylation levels is observed for the most common EGFR partner, 
HER2 receptor, with the cell membrane being the site of appearance for both of them. 
Increased EGFR signaling has been observed in non aggressive and endocrine responsive 
breast cancer cells such as BT-474, T47D and MCF7 where ER signaling was down 
regulated or deprived with the use of TAM or fulvestrant. Also, these resistant cells have 
been demonstrated to have the ability to induce the expression of their own ligands such 
as EGF, TGF-α and amphiregulin and thus establish a self-sustained EGFR- driven 
“autocrine loop”(25-29) The existence of this EGFR-driven signaling loop in the 
acquisition of the resistant phenotype is also demonstrated by the increased 
phosphorylation of downstream molecules such as MAPK, Akt and protein kinase C 
(PKC).These signaling intermediates are pivotal components of the intracellular 
phosphorylation cascades from the plasma membranes to the nucleus recruited by the 
EGFR/HER2- induced proliferative and survival signals (31,36,39,44). It should me 
mentioned though that Estrogen receptor expression is usually not abolished in these 
resistant cells and on the contrary, is very fundamental for the enhanced proliferative 
effect of EGFR signaling. This is obvious from experimental data which reveal that the 



use of components that inhibit ER formation, results in decrease in the EGFR activation 
in these endocrine resistant cells. 
 
 
 
Increased bidirectional cross talk between EGFR and ER signaling in 
antiestrogen resistance 

 
 
Tamoxifen resistant cells, similar to their clinical counterparts, continue to express the 
estrogen receptor at levels equivalent to their parental cells and still remain sensitive to 
fulvestrant treatment. This implies that ER existence is of significant importance for 
retaining the resistant phenotype. Indeed, the use of ICI, whose main function is 
inhibition of ER formation, results in major reduction in survival and growth of Tam-
resistant cells. This resistance to Tamoxifen, whether it is de novo (from the very 
beginning of the treatment) or acquired  (after prolonged use of the drug to initially 
responsive tumors) is mediated, in a very large part, from EGFR- driven signaling and 
ICI-induced ER reduction seems to involve decrease in EGFR/HER2 signaling cascade. 
Several data demonstrate that downstream EGFR signaling kinases such as ERK  and Akt 
, besides their direct effect on growth and proliferation, are able to phosphorylate ER at 
the AF1 domain, particularly at serines 118 and 167. This phosphorylation results in 
Estradiol independent activation of the receptor and the modification of ER-tamoxifen 
complex from tumor suppressive to tumor enhancing. Indeed, ER phosphorylated in ser-
118 and ser-167 is able to join EREs ( estrogen response elements) on the promoter of ER 
regulated genes, recruit co-activators and enhance transcription of genes that promote 
tumor growth, proliferation and survival(11-13). 
Ser-118 is the major phosphorylated site upon ligand binding but recently it has been 
shown that it is a phosphorylation target of MAPK in the absence of the ligand. In 
tamoxifen resistant cells, ser-118 and ser-167 phosphorylation is under AR 
(amphiregulin) induced EGFR/ERK1/2 signaling and is reduced when the activation of 
these molecules is reduced with the use of specific inhibitors ( gefitinib and PD184352 
respectively).The binding of Tamoxifen to ER in Tam-resistant cells recruits co-
activators such as p-68 helicase, SRC-1, SRC-2, SRC-3 and CPB and this leads to 
transcription of several genes, including genes that code for EGFR ligands such as 
amphiregulin, EGF and TGF-α. The enhanced transcription and expression of these genes 
results in the maintenance of this EGFR  autocrine loop as the stimuli for the activation of 
the receptor is always there.(16-19,21) 
The existence of this bi-directional crosstalk is also evident by the use of specific 
inhibitors which are able to block this communication and inhibit Tam-resistant cells to 
grow and expand. As mentioned previously, fulvestrant, at doses that can deplete ER 
protein by increasing the receptor sensitivity to proteolytic attack, leads to a concomitant 
loss of activation of EGFR, HER2 and downstream components ERK1/2 and Akt. Since 
fulvestrant does not reduce the amount of expressed receptors, it seems like this 
antiestrogen acts by diminishing the availability of EGFR receptor ligands and thus 
inhibiting the consistent activation of the “loop”. Similarly, gefitinib, an EGFR potent 
tyrosine kinase inhibitor, is highly effective in EGFR- positive breast cancer cells, 



including Tam-resistant. In Tamoxifen and fulvestrant resistant cells, gefitinib is able to 
block EGFR /HER2/ERK1/2 and Akt phosphorylation with consequent result, the 
significant inhibiton of tumor growth. Simiral effects are observed with the use of 
trastuzumab 
 ( herceptin), a humanized HER2 directed antibody able to block HER2 phosphorylation 
and concomitant activation. Herceptin treatment of  resistant HER2 overexpressing cells 
(BT-474) or resistant cells where HER2 is at moderate levels and acts as an EGFR 
heterodimerization partner (MCF7), leads to significant inhibition of tumor growth and 
proliferation in cells exhibiting insensitivity to endocrine manipulations. It should be 
mentioned here that herceptin does not affect the initially hormone responsive cells, 
indicating that HER2 downstream pathway is not active in these cells (21-23,25,27,39-
40,43,76-79,94) 
 

 
Signaling pathways between cell surface growth –factor receptors and nuclear estrogen receptor. 
Signaling through cell surface receptors leads to phosphorylation of key kinases in the survival (Akt), 
proliferation ( extracellular-regulated kinase [ERK]) 
and cytokine/stress  p38-mitogen-activated protein kinase [MAPK] pathways and these, in turn, can 
phosphorylate specific sites on ER and ,in some cases, other partners such as p160- steroid receptor co-
activators. This enhances transcription of estrogen responsive genes and influences the impact of 
Tamoxifen and estrogen on these genes (Dowsett et al 2003). 
 
 
 



 
The main point that has to be emphasized and understood is that in Tamoxifen resistant 
cells, EGFR/HER2 network phosphorylates AF1 domain of ER at serine 118 and serine 
167 and hence ER acts in favor of tumor progression, recruiting at the ERE sites co-
activators in order to enhance ER regulated gene transcription. Among the genes 
activated by Tam-ER are genes encoding for ligands of EGFR in order to maintain EGFR 
signaling activated and concomitantly EGFR-driven ER phosphorylation. This is mainly 
the famous “bi-directional crosstalk”, the vicious cycle that represses the antitumorigenic 
effects of Tamoxifen and creates ideal conditions under which breast cancer cells can use 
Tamoxifen for their growth advantage. 
It is noteworthy to mention that the development of antiestrogen resistance, not only 
mediates tumor growth and survival, but it also seems to increase the invasion ability and 
metastatic potential of these cells. Tamoxifen resistant cells appear to have increased 
motility and high invasive capacity compared to the initial non-aggressive endocrine 
responsive cells. Again, these abilities appear to be mediated through EGFR/ER signaling 
as the use of specific inhibitors -gefitinib and fulvestrant- reduce the invasion capacity 
and reverse this metastatic and aggressive phenotype (16-18,21) 
 
 
 
 
        IGF-IR SIGNALING IN ANTIESTROGEN RESISTANCE 
         Cross talk with EGFR-HER2 and ER signaling networks 

 
 
Several studies have established the role of IGF-IR in the growth of breast cancer cells 
through a very efficient cross talk between ER and IGF-IR. In breast cancer models, ER 
appears to be phosphorylated by IGF-IR downstream signaling kinases and is able to 
regulate an enhanced expression of specific genes, including IGF-IR gene. This cross talk 
is evident in endocrine responsive cells where IGF-IR activates ser-118 and ser-167 on 
AF-1 of ER, an activation which is almost abolished after treatment with Tamoxifen, as 
the drug reduces the expression and the activity of IGF-IR about 80%.(70-73) 
Interestingly, the diminished expression and activation of IGF-IR seems to be recovered 
after a period of time at Tam- treated cells and consequently these cells acquire resistance 
to Tam. Numerous data show that IGF-IR recover comes as a result from EGFR/ER 
crosstalk and increased transcription of IGF-II gene with a subsequent re-activation of 
IGF-IR signaling. Likewise, exposure to the ligand IGF-II , except from inducing the 
classical IGF-RI signaling, is able to stimulate EGFR and produce a small but significant 
increase at the receptor activation. IGF-II driven activation of IGF-IR, in addition to its 
direct proliferative effects, phosphorylates EGFR on tyrosine 845 by a c-src-dependent 
mechanism and maximizes EGFR signaling on tumor growth promotion and survival 
(39,40,70-73) 
 The use of the IGF-IR inhibitor AG1024 results in inhibition of tumor growth in Tam-
resistant cells, a fact which indicates the significance of IGF driven signaling in 
acquisition and retaining of the resistant phenotype.AG1024 as well as IGF-II 
neutralizing antibody, lead to reduction in both IGF-IR and EGF signaling, demonstrating 



a communication between these two pathways. It is worth mentioning that treatment with 
EGF overcomes the effect of AG1024 and induces a very efficient signaling from EGFR, 
a fact which implies the independence in EGFR driven signaling. Additional support for 
this communication comes from studies in which show an interaction between IGF-IR 
with erbB receptors in breast cancer cells, where IGF-IR acts in order to phosphorylate 
and activate Erb-B2 It is worth mentioning that treatment with EGF overcomes the effect 
of AG1024 and induces a very efficient signaling from EGFR (74). 
These data suggest that IGF-IR signaling probably plays a supportive role to the 
EGFR/HER2 signaling in Tam-resistant cells and probably acts as a compensatory 
mechanism when EGFR-stimulated pathway is inhibited, in order for the tumor cells  to 
survive and grow. 
 
 
Collectively, it can be concluded that antiestrogen resistance is a complex event that has 
not been extensively elucidated and completely clarified. Therefore, it can be stated that 
such an event does not result only from cross- talk between growth factors and ER driven 
signaling. A combination of facts resulting from the involvement of different factors 
appears to synthesize the mechanism responsible for the development of antiestrogen 
resistance. Several data have demonstrated that cytokines play an important role in 
tumour growth and contribute significantly to the progression and expansion of the 
disease. Cytokines mediate many of the necessary functions that tumor requires in order 
to survive and expand , therefore it is rationale to believe that these molecules might 
participate extensively to the acquisition of resistance to antiestrogens. 
 
 
 
 
                            CYTOKINES AND CANCER 

 
Cytokines, produced by virtually all types of cells, are proteins with the ability to 
stimulate or inhibit cell growth, regulate cell differentiation, induce cell chemotaxis, 
apoptosis, wound healing and modulate the expression of other cytokines (99). 
There is increasing evidence that cytokines are involved in cancer progression in multiple 
ways as a number of cytokine loops has been shown to influence tumor development. 
Any alteration in cytokine levels is associated with transformation, malignant progression 
and metastasis(99-100). They can enhance tumor growth directly by functioning as 
growth factors, promoting metastasis by increasing cell adhesiveness, enhance tumor 
angiogenesis and by blocking the immune cell mediated mechanisms for identifying and 
destroying the tumor. 
In breast cancer, there is a panel of cytokines that are expressed from primary and /or 
advanced tumors, with IL-6 and IL-8 having a major contribution to the progression of 
the disease and the resistance to chemo- or endocrine therapy. 
 
 
 
 



 
 
                                 INTERLEUKIN 6 AND BREAST CANCER 
 
IL-6 is a cytokine produced by a number of cell types including fibroblasts, macrophages, 
T and B lymphocytes, endothelial cells, glial cells and keratinocytes in response to a 
variety of external stimuli.IL-6 binds to the cell surface IL-6R (IL-6Rα) causing its 
dimerization with signal- transducing element gp-130/IL-6Rβ.Dimerization of the gp130 
element in response to IL-6 leads to the activation of the MAPK signaling pathways and 
the activation of the transcription factor C/EBPβ and C/EBPδ which appears to be 
phosphorylated by MAPK (95) 
IL-6 has been involved in the growth of a variety of cancer cells ( myeloma, renal cell 
carcinoma, cervical carcinoma, T- and B-cell lymphomas, breast and ovarian cancer etc) 
Several studies have demonstrated the role of IL-6 in drug resistance induction and the 
protection of tumor cells from the cytotoxic shock in breast cancer It has been observed 
that a number of breast cancer patients have increased levels of IL-6 is their serum and 
immunostaining of breast cancer tissues has revealed a potent expression of IL-6 in the 
samples derived from more aggressive and drug resistant breast cancers compared to the 
non aggressive and chemo-sensitive ones. High levels of IL-6 have been correlated with 
increased risk of metastasis and patients with high levels of the cytokine usually develop  
metastasis to the bone. In vitro studies have demonstrated that IL-6 and IL-6-induced 
downstream molecules (C/EBPβ , C/EBPδ) are elevated and constitutively activated in 
the drug resistant cell lines whereas there is no elevation in the control and drug 
responsive cell lines. Pretreatment of these non aggressive and chemoresponsive cell 
lines with exogenously supplemented IL-6 was able to confer resistance to cytotoxic 
drugs, while inhibition of IL-6 has shown to increase the responsiveness of multiple 
cancer cell lines to anticancer drugs such as cisplatin, doxorubicin, paclitaxel  (95-97). 
There is not enough evidence to relate IL-6 production with tumor growth but there are 
several studies implying a plausible role of the cytokine to the initial transformation of 
the cells through the activation of the JAK/STAT signaling pathway.STAT3 is a 
downstream effector of IL-6 and treatment with IL-6 leads to phosphorylation of STAT3 
through gp-130 JAK1 and JAK2.Recently, it has been demonstrated that constitutively 
activated STAT3 leads to the transformation of the cells, suggesting that STAT-3 is an 
oncogenic factor.(95-100) 
It is therefore possible that IL-6 through the activation of the JAK/STAT signaling 
pathway leads to malignant transformation, whereas activation of the MAPK/C/EBP 
pathway increases resistance to cytotoxic activities of multiple anticancer drugs 
 
 
                                INTERLEUKIN 8 AND BREAST CANCER 
 
 
Interleukin-8 (IL-8), a member of a superfamily of small, inducible, secreted chemokines 
originally discovered as a chemotactic factor for leukocytes, has recently been shown to 
contribute to human cancer progression through its potential functions as a mitogenic, 
angiogenic, and motogenic factor. While it is constitutively detected in human cancer 



tissues and established cell lines, IL-8 expression is regulated by various tumor 
microenvironment factors, such as hypoxia, acidosis, nitric oxide, and cell density. Most 
cancer cells , including breast cancer, melanoma, lung, bladder and prostate cancer 
express high levels of IL-8 (98-100). 
In breast cancer, increased IL-8 levels are associated with aggressive phenotype and 
enhanced metastasis. Recent data reveal that IL-8 expression is closely linked to estrogen 
receptor (ER) status and vimentin status, an established marker of metastatic potential. 
Hormone dependent and non-aggressive breast cancer cell lines had low levels of IL-8 
compared to the hormone-independent and aggressive ones that had significant IL-8 
expression More specifically, IL-8 is linked to ER negativity and inactivation of ER leads 
to up-regulation of IL-8. Forced expression of ER in the most aggressive breast cancer 
cell line MDA-MB-231 which overexpresses IL-8 and exhibits ER negativity, leads to a 
down-regulation of IL-8 promoter activity, strikingly independent of estrogen (102,104). 
Additionally, in vitro and in vivo studies showed that IL-8 is correlated with enhanced 
cell invasion ability. Cells expressing high amounts of IL-8 are more invasive and the 
invasion potential is directly proportional to the amounts of the interleukin. 
Similar studies have demonstrated that IL-8 is mediating angiogenesis and the angiogenic 
potential is directly linked to the amount of IL-8. Breast cancer cells expressing high 
amounts of IL-8 are capable of stimulating HUVEC ( human endothelial vascular cells) 
proliferation, capillary tubes formation and migration. Cell lines with median or low 
expression of IL-8 ( MCF-7, T47D, SKBR3)do not have similar angiogenic ability and 
they can not stimulate HUVEC proliferation and migration as much as the high 
expression breast cancer cell lines (MDA-MB-231, MDA-MB-157).The importance of 
IL-8 stimulation in angiogenesis is more apparent with the blockade of IL-8 which 
significantly diminishes the angiogenic ability of breast cancer cells (101-105). 
It should be also mentioned the fact that IL-8 does not enhance cell proliferation in any 
type of breast cancer cells. Although it mediates very important processes for tumor 
growth and expansion, it seems that it does not affect the proliferation rate of the cells. 
In conclusion, the role of IL-8 in breast cancer cell growth, development and expansion is 
very well established and there are increasing data demonstrating the significance of IL-8 
in the progression of the disease.  
 
 
                                                            RATIONALE 

 
                                             
It is well-understood that breast cancer is a complex disease that depends on multiple 
factors already identified and many more that have not yet been completely elucidated. 
Heregulin (HRG) is one of the growth factors that contributes to the progression of the 
disease and the acquirement of a hormone-independent and aggressive phenotype (Lupu 
at al 1996). Heregulin is sufficient to induce mammary gland transformation, growth, 
proliferation and expansion of breast cancer cells, leading to the development of an 
invasive and aggressive phenotype. However, HRG shows diverse response to 
therapeutic agents as it appears sensitive to Doxorubicin-. (topoisomerase II-inhibitor) 
and resistant to cisplatin (DNA alkylator)  



 Similar effects are demonstrated by studies on several cytokines which constitute 
molecules very crucial for the growth of cells and the further development of the disease. 
Alteration of cytokine expression levels is associated with cancer progression and 
metastatic potential while the manipulation of cytokine status can lead to efficient 
response to chemotherapeutics agents. 
To summarize, growth factors and cytokines have the ability to create the indispensable 
environment for the growth and expansion of breast cancer cells. The interaction of 
growth factors with their membrane receptors, the activation of downstream signaling 
molecules and the concomitant production of multiple cytokines, promote various tumor-
related activities such as tumor growth, proliferation, angiogenesis, invasion and 
metastasis. 
                               
                                HYPOTHESIS 

Overexpression of HEREGULIN, a member of the EGF-like 
growth factor family closely related to breast cancer 
tumorigenesis and metastasis, triggers a unique CYTOKINE 
profile in human breast cancer cells.   

Heregulin-induced alteration of CYTOKINE expression levels 
involves up- and down-stream Heregulin effectors (i.e., Her-
2/neu -erbB-2- and CYR61, respectively).    

 Specific domains of Heregulin are responsible for differential 
cytokine expression and phospho-tyrosine kinase activation in 
breast cancer cells  

 
 
 
Our aim was to determine the ultimate molecular and cellular mechanisms contributing to 
HRG-mediated tumorigenesis, aggressiveness and chemosensitivity/chemoresistance   
Our hypothesis was that Heregulin, in order to accomplish its tumorigenic properties, 
must trigger a unique cytokine profile in human breast cancer cells. The interaction of 
HRG with erbB receptors and the induction of downstream signaling cascades may lead 
to the up-regulation of specific genes coding for specific cytokines. This cytokine 
regulation should involve up-stream and downstream HRG-effectors such as erbB-2 and 
CYR61, respectively, and that inhibition of any HRG-regulated protein involved in this 
signaling pathway might alter this cytokine profiling. We also assumed that HRG induces 
a unique phosphorylation status of membrane receptors and that each domain separately 
might further enhance or reduce this phosphorylation state. 



To summarize, we believed that HRG is related to a very unique cytokine profile in 
breast cancer cells and by studying separately the properties of each domain of HRG we 
might be able to shed light on the signaling cascade that HRG uses to perform its 
tumorigenic abilities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                                        MATERIALS AND METHODS  

 

 

                             CELL LINES AND CULTURE CONDITIONS 

Human breast cancer cell lines (MCF7,MCF/HRG,MCF/HER2-18,MDA-MB-
231,SKBr3), were obtained from the American Type Culture Collection and maintained 
in monolayer in IMEM [Improved Minimal Essential Medium](Biofluids, Rockville, 
Maryland) medium supplemented with 5% FBS at 37ºC in a humidified 5% CO2 
atmosphere.  

Blockade of HRG _expression in MDA-MB-231 cells was achieved as previously 
described (Tsai et al, 2003). Briefly, the eukaryotic _expression vector pRC/CMV 
carrying the HRG-β2 cDNA (amino acids 1-426) in an antisense direction was 
transfected into MDA-MB-231 cells. Matching control clones transfected with the empty 
vector (231/VEC) were also generated and characterized. To block CYR61 _expression, 
an eukaryotic _expression vector pcDNA3.1/zeocine (-) was constructed with the 
antisense orientation of the full length CYR61 cDNA as previously described (Menendez 
et al, 2004), and subsequently transfected into the HRG-overexpressing MDA-MB-231 
cells. Several CYR61 antisense clones (MDA/CYR61-AS) as well as matched controls 
expressing an empty vector were isolated (MDA/CYR61-ASV). 

 

 

                                           VIRUS PRODUCTION  

TSA54 cells were plated at 10cm3 in DMEM with 10%FBS and 2X glutamine. Using 
Fugene 6 transfection reagent under manufacturer’s instructions (Roche Biochemicals, 
Indianapolis, IN) cells were transfected with 10µg vector DNA and 10µg PIK (packaging 
plasmid). Fugene was diluted to Serum free DMEM and stood for 5min before DNA was 
added. After 30min, the transfection mix was added to the cells which were diluted into 
4,5ml DMEM. The next morning, the supernatant was decanted and 10ml of fresh 
medium was added. In the afternoon the supernatant was collected and labeled as Virus1 
and 4-5ml of fresh medium was added to the cells for 48h incubation. After 48h, the 
conditioned medium generated was sterilized and labeled as Virus2 (stored at -80C0 until 
use) 

 



             HEREGULIN CONSTRUCTS AND RETROVIRAL INFECTION                                   

The deletion mutants of HRG (HRG-M1,M2,M3,M4,M5,M6,M7) were generated by 
PCR using the HRG β-2 cDNA as a template. Full length HRG β-2 cDNA in the 
retroviral vector pBABE ( kindly provided by J.Campisi, Lawrence Berkeley National 
Laboratory, University of California, Berkeley, CA),each were transfected into a high 
efficiency transient packaging system using Fugene (Roche, Indianapolis, Indiana) as per 
manufacturer’s protocol. Medium from transfected cells containing infectious retrovirus 
was collected after 48h, filtered, and used to infect MCF7 cells for 24h in the presence of 
4µg/ml Polybrene (Sigma, St.Louis, Missouri).Infected MCF7 cells were grown for an 
additional 24h in standard medium and stable cell lines generated were selected and 
expanded in the presence of 2,5µg/ml puromycin ( Sigma, St.Louis, Missouri) 

 

                                  GROWTH FACTOR STARVATION 

Human breast cancer cells were maintained in monolayer in IMEM medium (as described 
above) until they reached 75-80% of confluency. Cells were washed with   5ml Serum 
Free Medium ( regular medium without 5% FBS) and incubated overnight with 10ml 
SFM. The next day SFM was removed and regular medium with 0,1%FBS was added for 
48h incubation 

 

                      HUMAN CYTOKINE ANTIBODY ARRAYS (preparation) 

Cell supernatant was aspirated from the 75cm3 flasks and added to labeled 15ml Falcon 
on ice.0,1% FBS diluted into PBS was added to the flasks, cells were harvested by 
scrapping and collected into labeled 15ml Falcon. Cells and supernatant were centrifuged 
for 10min at 1000rcf  ( 4C0). Cell supernatant was transferred to new sterile Falcons and 
kept at -80C0 until use while cells were further diluted with 1ml 0,1% FBS diluted into 
PBS. Cells were centrifuged at 1500rpm for 10 min  (4C0).0,1% FBS-PBS was removed 
from cells and pellets were kept at -80C0.Cells were lysed with the use of a Lysis buffer 
(see above for Western Blot Analysis) with the addition of 1X protein inhibitors (50X 
stock). They were kept on ice for 30min (every 5min vortex) and they were centrifuged at 
14000rpm for 15min at 4C0.The supernatant with the proteins was transferred to new 
Eppendorfs and protein concentration was determined using the Pierce protein assay kit 
(Rockford, Illinois). 

                           

 



                   HUMAN CYTOKINE ANTIBODY ARRAYS (proteomic arrays) 

Every Human Cytokine Antibody Arrays kit contains 8 nitrocellulose membranes ( 4 
membranes marked as +, 4 membranes marked as -),each group of membranes spotted 
with 60 different control antibodies in duplicates. The kit also contains Blocking Buffer 
(5x), Washing Buffer I (25x), Washing buffer II (25X) 2 vials with primary antibody (one 
for + membranes, one for – membranes) and one vial of secondary antibody (1000x) 
(Proteome Profiler Antibody Arrays, RnDSystems, Minneapolis). All the reagents were 
brought to room temperature before use. Each membrane was blocked with 2ml IX 
Blocking Buffer for 30min in room temperature and incubated with 2ml of samples 
(conditioned medium or cell lysates) overnight on a rocking platform at 4C0.Membranes 
were transferred into individual plastic containers with 20ml minimum volume to be 
washed three times with 1X Washing Buffer and 2 times with 1X Washing Buffer 
II(20ml minimum volume) for a total of five times (5min each).Each membrane was 
incubated for 2h on a rocking platform with the specific primary antibody at room 
temperature and washed again as previously described. Each membrane was incubated 
for 2h on a rocking platform with 1X secondary antibody and washed again in the same 
way. Immunodetection was performed using the Western Lighting™ 
chemiluminescence’s reagent from Perkin Elmer (Boston, MA) 
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                                      HUMAN PHOSPHO-RTK ARRAYS 

The human Phospho-Receptor Tyrosine Kinase (Phospho-RTK) Array is a semi-
quantitative and very sensitive technique used to simultaneously identify the relative 
levels of forty-two different RTKs (RnD Systems,Minneapolis,USA). Capture and 
control antibodies have been spotted in duplicate on nitrocellulose membranes each 
containing 42 different anti-RTK antibodies and 6 controls printed in duplicate. For 
blocking each array, 1,5ml of Array Buffer 1 was added to each array and incubated for 
1h on a rocking platform shaker at room temperature. Cell lysates were diluted to 1,5ml 
Array Buffer 1 and added to the membranes for an overnight incubation on a rocking 
platform shaker at 4C0.Each array was carefully removed and plated into individual 
plastic containers with a minimum of 20ml of 1X Wash Buffer for a total of 3 washes (10 
min each).After washing 1,5ml of freshly diluted detection antibody was added to each 
well and membranes were incubated for 2h on a shaker at room temperature. Each 
membrane was washed as described before and exposed to chemiluminescent reagents 
for signal detection on X-ray film. 

 

 

                                            WESTERN BLOT ANALYSIS 

Cells were harvested, washed twice with PBS, and lysed with buffer [20mM Tris 
(pH7.5), 150mM NaCl, 1mM EDTA, 1mM EGTA, 1%Triton X-100, 2.5 mM sodium 
pyrophosphate, 1mM β-glycerolphosphate, 1mM Na3VO4, 1µg/ml Leupeptin, 1 mM 
phenylmethylsulfonylfluoride] for 30 min on ice. The lysates were cleared by 
centrifugation (15 min at 14000 rpm-4ºC). Protein concentration was determined using 
the Pierce protein assay kit (Rockford, Illinois). Equal amounts of protein were 
resuspended in 5X Laemli buffer (10 min at 70ºC), resolved by electrophoresis on 3-8% 
nuPAGE Tris-Acetate or 10% SDS-PAGE, and transferred onto nitrocellulose 
membranes (Amersham Biosciences). The membranes were then blocked with TBS-T 
[25mM Tris-HCl, 150 mM NaCl (pH 7.5), and 0.05% Tween 20] containing 5% (w/v) 
nonfat dry milk and incubated overnight at 4ºC with specific antibodies. After incubation, 
the membranes were washed in TBS-T and HRP-conjugated anti rabbit, anti-mouse, or 
anti-goat were added for 1h as secondary antibodies. Immunodetection was performed 
using the Western Lighting™ chemiluminescence reagent from Perkin Elmer (Boston, 
MA). Quantitative analysis of protein content was carried out using the Scion Image 
software (Scion Corporation). 

                
 
 



                                       IL-8 IMMUNOASSAY (ELISA) 

This assay employs the quantitative sandwich enzyme immunoassay technique.  
A monoclonal antibody specific for IL-8 has been precoated to the microplate. Standards 
and samples are pippeted into the wells and any IL-8 present is bound by the immobilized 
antibody. After washing away any unbound substances, an enzyme linked polyclonal 
antibody specific for IL-8 is added to the wells. Following a wash to remove any 
unbound antibody-enzyme reagent, a substrate solution is added to the wells and color 
develops in proportion to the amount of IL-8 bound in the initial step. 
All reagents and standards were prepared in advance according to the manufacture’s 
instructions. 100µl of Assay Diluent RD1-8 was added to each well of the 96-well 
microplate and 50µl of standard , control or sample (cell lysates or serum samples) was 
also added to the  microplate ( R &D Systems, Minneapolis, USA). After 2h incubation at 
room temperature, the wells were washed for a total of 4 times and 100 IL-8µl Conjugate 
was added to all wells. After 1h incubation , wells were washed as previously and 200µl 
of Substrate Solution was added to each well for 30 min incubation (protected from 
light). After the incubation, 50µl of Stop Solution was added to each well of the plate. 
The color in the wells changed from blue to yellow and the optical density was 
determined in the next minutes (30 maximum) using a microplate reader set to 540nm 
and 570nm 

 

 

                                              IL-6 IMMUNOASSAY (ELISA) 

    The principle of the Assay is the same as described previously.A monoclonal antibody 
specific for IL-6 has been precoated to the microplate. Standards and samples are 
pippeted into the wells and any IL-6 present is bound by the immobilized antibody.All 
reagents and standards were prepared in advance.100µl of Assay Diluent RD1A and 
100µl of Standard, sample or control was added to each well for 2h incubation at room 
temperature. After aspiration in each well, the wells were washed with 400µl of Wash 
Buffer for a total of 4 times. 200µl of IL-6 conjugate was added to each well of the 96-
well microplate and was incubated for 2h in room temperature. Washing and aspiration 
was repeated as before and 200µl of Substrate Solution was added for 20min at room 
temperature (protected from light).50µl of Stop Solution was added to the wells and the 
optical density is determined within 30min using a microplate reader set to 450nm or 
540nm and 570nm. 

 

 

 



 
                                       ERE-LUCIFERASE ACTIVITY 

 
CCS-cultured cells were seeded into 24-well plates and incubated overnight at 37C0. 
Using Fugene 6 transfection reagent (Roche Biochemicals, Indianapolis, IN) as directed 
by the manufacturer, cells were transfected with 300ng/well of PGL2-Luciferase 
construct(Promega, Madison, WI) containing a luciferase reporter gene driven by a 
promoter which consists of an intact ERE sequence along with 30ng/well the internal 
control plasmid pRL-CMV, which was used to correct for transfection efficiency. 100µl 
of the transfection mix (Fugene/pGL2/pRL-CMV) was diluted to 400µl of Serum Free 
Media and incubated overnight at 37C0.After incubation cells were lysed with 100µl 
Lysis Buffer (1X) and transferred on a rocking platform shaker for 10min.Then, cell 
lysates were collected and 20µl were added to each well of a 96-well plate in triplicates. 
Luciferase activity from cell extracts were detected with s Luciferase Array System 
following manufacturer’s instructions (Promega, Madison, WI,USA) using a Victor2

TM 
Multilabel Counter (Perkin Elmer Life Sciences). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                             RESULTS 
 

 
1a. IL-8 is differentially overexpressed in MCF-7/HRG cells:  
We first examined the cytokine profile in the hormone-dependent cell line MCF-7 and 
hormone-independent cell line MCF-7/HRG, a cell line generated following infection of 
MCF-7 with a retroviral vector expressing the full length cDNA of HRG. Cells were 
cultured as described in the “Material and Methods” section and assed using the Cytokine 
Antibody Array from R&D. When the expression level of 60 cytokines in the conditioned 
medium of MCF-7/pBABE control cells was screened and compared to that observed in 
MCF-7/HRG cells, we identified interleukin (IL)-8 as a novel HRG-regulated factor in 
breast cancer cells.  In addition to the high increase at the levels of IL-8, amphiregulin 
and uPAR (Plasminogen Activator Receptor), two cytokines involved in the progression 
of breast cancer, were also increased in the HRG expressing cells as compared to the 
MCF-7 cells control. 
 
Figure 1: Cytokine Antibody Arrays for MCF-7 and MCF-7/HRG cells. Expression 
of IL-8 is differentially overexpressed in MCF-7/HRG cells 
 
Cells (MCF-7 and MCF-7/HRG 
cells) were plated in a T75 in 
IMEM containing 5% FBS. 
When cells reached 70-80% 
confluence, cells were cultured 
in serum free media (SFM) and 
were incubated for an additional 
24 hours. After the cells were 
depleted from serum, cells were 
maintained in low serum 0.1% 
FBS for an additional 48 hours. 
After that time, both conditioned 
media and cell lysates were 
harvested and assayed by the 
Cytokine Membrane Arrays. 
Cytokine Antibody Array 
membranes were cultured with 1,5ml of conditioned medium for 24h at 40 incubated with 
biotinylated Avidin (1st antibody) and labeled streptavidin (2nd antibody) for 2 hours 
each. Finally, cells were exposed to chemiluminescent agents for signal detection 
 
 
 
 
 
 



 
1b. HRG-induced IL-8 up-regulation does not require HRG 
nuclear localization 
HRG growth factor action is based on its secretion and transactivation of HER2/neu 
receptor. However, unpublished data from our lab have revealed that HRG can also be 
located in the nuclei of breast cancer cells.  As it is not clear which functions can be 
attributed to the nuclear HRG and which functions, if any, can be independent of Her-2/-
3/-4 receptors activation, we sought to identify if the nuclear localization of HRG was 
required for observed up-regulation of IL-8 in MCF7/HRG cells. 
 We took advantage of two deletion mutants of HRG previously developed in our lab 
HRG/M1 and HRG/M4. MCF-7/HRG-M1 is a deletion mutant lacking the Nuclear 
Localization Signal (NLS) at the N-terminus which impairs the ability of HRG to localize 
to the nuclei of breast cancer cells. MCF7/ HRG-M4 lacks the N-terminus sequence and 
the cytoplasmic-transmembrane region of HRG therefore it can not be secreted and 
remains into the cytosol. HRG-M1 protein conversely to HRG-M4 is secreted and 
effectively induces a constitutive activation of HER2/neu.  
Cytokine Antibody Arrays revealed that MCF-7 cells engineered to overexpress a 
deletion mutant of HRG-M1 (MCF-7/HRG-M1 cells) differentially overexpressed IL-8 at 
a level significantly higher than that found in MCF-7/HRG cells, whereas there was a 3-
fold increase compared to the control MCF7 and 5-fold increase compared to HRG-M4 
cells. MCF7/HRG and MCF7/M1 cells have the ability to secrete the normal and mutated 
form of HRG, respectively, are capable of activating the autocrine loop through the erbb 
receptors and consequently increase the levels of IL-8.  
On the contrary, MCF7/M4 cells are not secreted (like the HRG-M1 protein) remain 
inside the cell and hence are incapable of inducing the signaling through the erbb 
receptors. The levels of IL-8 in this case are very low, a fact that reveals the necessity of 
HRG secretion for the increase of the levels of IL-8. 
These findings reveal that a nuclear localization of HRG acts as a suppressor rather than 
an activator of IL-8 expession.MCF-7 cells engineered to overexpress a deletion mutant 
of HRG-M1 (MCF-7/HRG-M1 cells) differentially overexpressed IL-8 at a level higher 
than that found in MCF-7/HRG cells.  
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Figure 2: Cytokine Antibody Arrays for MCF-7 and HRG/M1 cells. HRG-induced 
IL-8 up-regulation requires an autocrine HRG signaling loop 
 
 

MCF-7/HRG-M1MCF-7/pBABE
Conditioned medium Conditioned medium

IL-8

Cell lysate
MCF-7/pBABE MCF-7/HRG

Cell lysate

IL-8

MCF-7/HRG-M1MCF-7/pBABE
Conditioned medium Conditioned medium

IL-8

Cell lysate
MCF-7/pBABE MCF-7/HRG

Cell lysate

IL-8

Cell lysate
MCF-7/pBABE MCF-7/HRG

Cell lysate

IL-8

0

50

100

150

200

250

300

400

450

500

M
CF

-7
/p

BA
BE

M
CF

-7
/H

RG

M
CF

-7
/H

RG
-M

1

M
CF

-7
/H

RG
-M

4

350

  Cells (MCF-7 and MCF-
7/HRG 7/HRG cells) were 
plated in a T75 flaks in IMEM 
containing 5% FBS (Fetal 
Bovine Serum) and 1% 
glutamine. When cells reached 
70-80% confluence, they were 
cultured in serum free media 
(SFM) for additional 24 hours. 
After the cells were depleted 
from the serum, they were 
incubated with low serum 0.1% 
FBS for 48 hours. After that 
time, both conditioned media 
and cell lysates were harvested 
and used to perform Cytokine 
Arrays. 1,5ml of conditioned 
medium was added to the 
membranes for 24h at 40 and 
incubated with biotinylated 
Avidin (1st antibody) for 2h on 
a rocking platform shaker at 
room temperature. Then, 
membranes were washed for a 
total of three times and labeled 
with streptavidin (2nd antibody) 
for 2 hours on a shaker as 
previously described. Finally, 
cells were exposed to 
chemiluminescent agents for 
signal detection 
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1c. HRG-induced IL-8 up-regulation requires an autocrine 
HRG signaling loop 
Our next step was to investigate whether HRG secretion and consequently HRG-induced 
transactivation of HER family of receptors, were necessary molecular events determining 
IL-8 overexpression in MCF-7/HRG cells. 
 We took advantage of the structural mutant of HRG (HRG-M4) lacking the N-terminus 
sequence and the cytoplasmic-transmembrane region of HRG.HRG-M4 is sequestered 
into a cellular compartment and is not secreted into the culture media, thus preventing its 
autocrine action and consequently HER2/transactivation. 
As shown previously to the diagram of the quantitative analysis of HRG and HRG 
mutants,HRG-M4 failed to induce a significant increase in IL-8 levels indicating that IL-
8 overexpression in HRG-overexpressing cells results from HRG-secretion and its 
autocrine activities. 
 
 
Figure 3: Cytokine Antibody Arrays for MCF-7 and HRG/M4 cells. HRG-induced 
IL-8 up-regulation requires an autocrine HRG signaling loop 
 
 MCF-7/pBABE

Conditioned medium
MCF-7/HRG-M4
Conditioned medium

IL-8

  Cells (MCF-7 and MCF7/HRG 
cells) were plated in T75 flaks in 
IMEM containing 5% FBS (Fetal 
Bovine Serum) and 1% 
glutamine. When cells reached 
70-80% confluence, they were 
cultured in serum free media 
(SFM) for additional 24 hours. 
After the cells were depleted 
from the serum, they were 
incubated with low serum 0.1% 
FBS for 48 hours. After that time, 
both conditioned media and cell lysates were harvested and used to perform Cytokine 
Arrays. 1,5ml of conditioned medium was added to the membranes for 24h at 40 and 
incubated with biotinylated Avidin (1st antibody) for 2h on a rocking platform shaker at 
room temperature. Then, membranes were washed for a total of three times and labeled 
with streptavidin (2nd antibody) before exposure to chemiluminescent agents for signal 
detection. 
  

 
1d.Down-regulation of HRG does not block IL-8 

overexpression 
  It is already established that HRG acts through interaction with EGF family of receptors 
HER2/neu, HER3 and HER4.It promotes, in an indirect way, the activation of HER2/neu 
by inducing the formation of heterodimers (HER3/HER4).The formation of heterodimers 



results in phosphorylation of the receptors and the initiation of the downstream signaling 
pathways MAPK and PI3K/Akt.These signaling cascades result in the activation of HRG-
regulated genes and the expression of the protein products. 
In order to clarify whether IL-8 is one of these HRG-regulated genes we assumed that the 
addition of an HRG anti-sense oligonoucleotide might be able to reverse this effect and 
reduce IL-8 overexpression. It is expected that this anti-sense cDNA will block HRG, 
inhibit its ability to activate its downstream signaling and reduce this high increase at the 
levels of IL-8.  

Signaling via HRG

IL-8 IL-8

Anti-sense cDNA 
down-regulation of HRG

 
 
Hence, our next step was to characterize the IL-8 expression in a natural breast cancer 
HRG-overexpressing model, MDA-MB 231 cells, a very aggressive and invasive breast 
cancer cell line. Our hypothesis indicated that a functional inhibition of HRG action 
would possibly block of downstream effectors involved in HRG-regulated signaling 
pathways such as MAPK or PI3/Akt 
As it can be clearly observed by the following arrays, overexpression of IL-8 was not 
reduced as expected in MDA-MB-231 cells carrying the oligonucleotide directed against 
HRG. On the contrary, the levels of IL-8 expression were even higher than the parental 
cell line, a fact that was further confirmed by Quantitative analysis with ELISA 
enzymatic immunoreaction. Indeed, IL-8 expression in MDA-MB-231/AS-31 showed a 
1,3 fold increase compared to the MDA-MB-231 control sample, suggesting that HRG-
induced IL-8 overexpression is not affected by HRG-downregulation and probably other 
signaling pathways will work as a compensatory mechanism to retain the levels of IL-8 in 
these breast cancer cells. 
 
 
 
 
 



Figure 4: Cytokine Antibody Arrays for MDA-MB-231/AS-V and MDA-MB-
231/AS-31 cells. Downregulation of HRG does not block IL-8 overexpression  
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 MDA-MB-231 cells carrying 
the empty vector and MDA-
MB-231 cells engineered to 
express the antisense 
oligonucleotide for HRG were 
plated in T75 flasks in IMEM 
containing 5% FBS (Fetal 
Bovine Serum) and 1% 
glutamine. After the cells 
reached a significant level of 
confluency, the medium was 
aspirated and substituted with 
media that did not contain Fetal 
Bovine Serum (SFM).Cells were 
cultured with SFM for 24h and 
then incubated with low serum 
0.1% FBS for 48 hours. After 
that time, both conditioned 
media and cell lysates were used 
to perform Cytokine Arrays 
under the manufacturer’s 
instructions 
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1e.Pharmacological blockade of EGFR activity enhances the 

expression of IL-8 in MDA-MB-231 cells 
Our next assumption was that IL-8 overexpression might come as a result of the signal 
transduction through EGFR. Therefore a pharmacological blockade of EGFR, the main 
partner of HER2/neu heterodimer in the signal transduction induced through HRG, would 
probably block the concomitant up-regulation of IL-8 expression. 



 

Signaling via EGF

Pharmacological inhibition of
EGFR activation by ZD1839

IL-8 IL-8  
 
 
By blocking the signaling cascades resulting from EGFR phosphorylation and activation 
we might be able to reduce the effect of HRG-induced IL-8 up-regulation in human 
breast cancer cell lines with HRG overexpression. HRG-induced signal transmission 
requires the formation of heterodimers between erb-B receptors and the functional 
blockade of EGFR would possibly affect negatively the overexpression of IL-8 in HRG-
overexpressing breast cancer cells. 
Cytokine Arrays revealed that the pharmacological inhibition of IL-8 with the use of the 
specific EGFR inhibitor ZD1839 (Iressa) not only failed to exhibit inhibitory effects but 
was able to induce further overexpression of IL-8. More specifically, at MDA-MB-231 
cells carrying the empty vector, the use of the EGFR-inhibitor resulted into 2-fold 
increase of the levels of IL-8.Similarly, the cells engineered to carry the HRG-antisense 
oligonucleotide showed a tremendous up-regulation of IL-8 expression, an increase that 
reached 5-fold to the cells treated with the inhibitor in comparison to their matching 
controls. Also, when we compare the MDA-MB-231/V and the MDA-MB-231/AS after 
treatment with the inhibitor, we can observe a 4-fold increase in the MDA-MB-231/AS at 
the levels of IL-8, indicating the presence of compensatory mechanisms that work in 
order to maintain the necessary concentration of IL-8 to the cells.  
 
 
 
 
 
 
 
  
 
 



 
Figure 5: ELISA Quantification of IL-8 expression in MDA-MB-231 cells. 
Pharmacological blockade of EGFR activity enhances the expression of IL-8 in 
MDA-MB-231 cells 
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Cells were incubated in the same conditions as 
described before. Cells supernatant and cell lysates 
were used to perform an enzymatic immunoreaction-
based assay to quantify the expression levels of IL-
8.100µl of Assay Diluent RD1-8 was added to each 
well of the 96-well microplate and 50µl of standard , 
control or sample (cell lysates or serum samples) 
was also added to the  microplate). After 2h 
incubation at room temperature, the wells were 
washed for a total of 4 times and 100 IL-8µl 
Conjugate was added to all wells. After 1h 
incubation, wells were washed as previously and 
200µl of Substrate Solution was added to each well 
for 30 min incubation (protected from light). After 
the incubation, 50µl of Stop Solution was 
added to each well of the plate and finally the 
optical density was determined. 
 
 
 
 
 
 
 

1f.HER2/neu overexpression up-regulates IL-8 expression in 
MCF-7 cells 

 
To further establish the role of EGFR signalling in the expression of IL-8 of breast cancer 
cells, we sought to identify the role of the signal transduction induced by HER2/neu 
homodimerization. To do so, we used cell lines that are natural overexpressors HER2/neu 
and/or genetically engineered to overexpress HER2/neu and checked the concentrations 
of IL-8 in these cells in comparison to MCF-7 cells that exhibit basal levels of HER2/neu. 
Validation of the Cytokine Antibody Arrays for the conditioned medium and cell lysates 
for MCF7/neo and MCF7/HER2-18 breast cancer cell lines confirmed the significantly 
elevated levels of IL-8 expression in MCF7/HER2-18 cells.HER2/neu overexpression 
appears to result in a 10-fold increase of the expression of IL-8 compared to the parental 
cell line. This great raise of IL-8 levels in HER2/neu overexpressing cells implies that the 
signaling induced by the formation of HER2/neu homodimers plays an important role in 
IL-8 expression and acts as a crucial inducer of this high increase of IL-8 in MCF-7 cells. 
It appears that IL-8 overexpression is not only a consequence of HRG-induced activation 
of EGF receptors. The formation of heterodimers of HER receptors resulting from HRG 



activity does not seem to be the only way of triggering IL-8 up-regulation. The formation 
of HER2/neu homodimers due to the receptor overexpression and the consequent 
activation of downstream molecules leads also to up-regulation of IL-8. 
These data show that the activation of HER family of receptors due to the presence of a 
growth factor and the formation of heterodimers or due to the overexpression of a 
receptor and the formation of homodimers, results in the activation of downstream 
signaling pathways and the concomitant  high increase in the concentration of IL-8. 
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Figure 6.Cytokine Antibody Arrays for MCF-7 and MCF-7/HER2/18 cells. 
HER2/neu overexpression up-regulates IL-8 in MCF7 cells 
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Cells (MCF-7 and MCF-7/HRG cells) were 
plated in a T75 in IMEM containing 5% 
FBS. When cells reached 70-80% 
confluence, cells were cultured in serum free 
media (SFM) and were incubated for an 
additional 24 hours. After the cells were 
depleted from the serum, cells were 
maintained in low serum 0.1% FBS for an 
additional 48 hours. After that time, both 
conditioned media and cell lysates were 
assayed by the Cytokine Arrays and used to 
perform Quantitative analysis with ELISA 
immunoreaction. 
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2a.Pharmacological blockade of Fatty Acid Synthase 
suppresses HER2/neu induced up-regulation of IL-8 

 
Next, we tested whether the pharmacological inhibition of HER2/neu with the use of a 
Fatty Acid Synthase (FAS) inhibitor C75 has the ability to block IL-8 overexpression. 
C75 (α-methylene-γ-butyrolactone) is a very stable synthetic chemical compound that 
interacts with FAS and is able to block its activity. A positive molecular link between 
FAS and HER2/neu has already been identified in breast cancer models, where 
overexpression/amplification of HER2/neu leads to up-regulation of FAS. It has also 
been shown that FAS inhibition results in down-regulation of HER2/neu expression and 
activation in HER2/neu overexpressing cancer cell lines. 
Thus, we hypothesized that by blocking FAS expression and activity we could indirectly 
suppress HER2/neu overexpression and concomitantly suppress IL-8 up-regulation. 
Indeed, the exposure of cell to FAS inhibitor C75 resulted in a significant decrease at the 
levels of IL-8 observed in HER2/neu overexpressors. In the parental cell line the presence 
of FAS inhibitor resulted in 2-fold decrease while in MCF7 engineered to overexpress the 
receptor, the reduction was more dramatic (5,5-fold reduction).These data disclose the 
important role of HER2/neu overexpression for the up-regulation of IL-8 in human breast 
cancer models. 
 
 
Figure 7.Cytokine Antibody Arrays for MCF-7 and MCF-7/HER2/18 cells. 
Pharmacological inhibition of Fatty Acid Synthase suppresses HER2/neu 
overexpression in MCF-7/HER2-18 cells 
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2b.Pharmacological  inhibition of Fatty Acid Synthase 
suppresses HRG- induced up-regulation of IL-8 

 
We have already observed up-regulation of IL-8 at natural/non-natural HRG 
overexpressors, an event that was not inhibited with the use of HRG anti-sense 
oligonucleotide. To gain additional insight to the molecular mechanisms underlying the 
up-regulation of IL-8 in breast cancer cells, we examined the expression of the cytokine 
after C75 treatment at cells engineered to overexpress HRG. 
As we can see from the Cytokine Arrays and the Quantification of MCF7 cells 
engineered to overexpress HRG and the mutant form M4, pharmacological inhibition of 
Fatty Acid Synthase can “indirectly” lead to down-regulation of IL-8 expression. 
The use of C75 in order to reduce the expression and activity of FAS had as an additional 
result the restrain of the effect that HRG overexpression has on IL-8 production. This fact 
indicates that FAS inhibition not only affects cell lines with high levels of HER2/neu but 
also cell lines overexpressing HRG. That implies that HRG and HER2/neu 
overexpressors share common molecular mechanisms who lead to the stimulation of IL-8 
and that blockade of FAS influences the induction of IL-8 up-regulation. 
 
Figure 8.Cytokine Antibody Arrays for MCF-7 and MCF-7/HRG cells. 
Pharmacological inhibition of Fatty Acid Synthase suppresses HRG overexpression 
in MCF-7/HRG cells 
 
MCF7/HRG cells were 
incubated with IMEM 
medium plus 5% FBS 
and glutamine until they 
reached 70-80% of 
confluency. Then, cells 
were washed twice with 
Serum Free Medium 
(SFM) and incubated 
with SFM for 24h.After 
the incubation with 
SFM cells were washed 
as previously described 
and cultured in medium 
containing 0,1%FBS 
FOR 48H before O/N 
treatment with the FAS 
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2c. Fatty Acid Synthase inhibit R2/neu blockers 

 
 order to gain more information for the molecular incidents resulting in the increased 
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r3 cells when treated with trastuzumab displayed a significant reduction at 

 

 
 
ion mimics HE

by suppressing IL-8 expression in HER2/neu overexpressing 
breast cancer cells  

In
expression of IL-8 due to HER2/neu homodimers formation in HER2/neu 
overexpressors, we examined the role of HER2/neu blockers in breast cancer cells 
naturally overexpressing the receptor (SkBR3 breast cancer cell line) and checked 
whether these blockers have similar effects with FAS inhibitors. 
SkBr3 is a breast cancer cell line that normally expresses at h
HER2/neu and Fatty Acid Synthase. The fact that HER2/neu and FAS are positively 
correlated and the observation that FAS inhibitors are able to block IL-8 up-regulation in 
cells with elevated HER2/neu led to the hypothesis that HER2 blockers (trastuzumab 
(Herceptin), a specific monoclonal antibody directed at the p185HER2 ectodomain  active 
against HER2/neu overexpressing cancer cells) would have the same effect like FAS 
inhibitors.  
Indeed, SkB
the levels of IL-8.Treatment with trastuzumab led to a great decrease of the expression of 
IL-8. Similar results were obtained with the use of Gefitinib (Iressa).Gefitinib is a 
monoclonal antibody acting against the extracellular domain of EGFR, the main partner 
of HER2/neu for heterodimer formation and downstream signaling initiation. In this case, 
the protein levels of IL-8 were diminishing in a dose-dependent manner with the higher 
concentration of the drug leading to a 5,7-fold decrease of the levels of IL-8 compared to 
the untreated control. Furthermore, a significant dose-dependent reduction in IL-8 
expression was observed with the use of the FAS inhibitor C75.In addition, orlistat, a 
substance that blocks the lipogenic activity of FAS and is used as an anti-obesity drug, 
resulted in a major reduction of IL-8 that reached almost 87% in comparison to the 
control 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
Figure 9.ELISA-based determination of IL-8 levels in SkBr3 cells in the presence of 

 HER2/neu blockers by suppressing IL-8 

arvation (SFM for 24h and 0,1%FBS-IMEM) as 

 

 

3a) IL-8 AND ESTROGEN RECEPTOR (ER): A HRG-DEPENDENT 

ur initial data suggested a positive relation between HRG and HER2/neu 

such as MAPK and PI3K/Akt which contribute to the up-regulation of IL-8. 

FAS blockers and HER2 /neu blockers. 
Fatty Acid Synthase inhibition mimics
expression in HER2/neu overexpressing breast cancer cells 
 
 Cells had undergone growth factor st
previousy described and treated with Herceptin and graded concentrations of 
C75.Alternatively,SkBr3 cells were treated with increasing concentrations the EGFR 
inhibitor Gefitinib (Iressa) and orlistat, a compound that acts as anti-obesity drug and is 
also found to suppress FAS activity.  
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overexpression in breast cancer cell models. HRG leads to heterodimerization among the 
HER family of receptors and HER2/neu overexpression entails the formation of 
homodimers. This homo/heterodimer formation initiates downstream signaling cascades 



It appears that there is an “autocrine loop” between HRG-HER2-IL-8 but the complete 
molecular mechanisms responsible for this effect are not yet clarified. For that purpose, 

G (hormone-independent) cells in the 

ndency. 

igure 10. Luciferase Assays for MCF7 and MCF7/HRG cells in the presence of 
nti-IL-8 antibody. 

Estrogen Receptor-a (ERα) transcriptional activity in a HRG 

orrelation between 

o the up-

 measure 

e seeded into 24-well plates and incubated overnight at 37C0. 
 cells were 

we investigated the effects of blocking IL-8 in hormone dependent/independent breast 
cancer cells with or without the presence of E2 
In order to accomplish that, we measured the activity of ERE with Luciferase Assays in 
MCF7 (hormone-dependent) and MCF7/HR
presence of different concentrations of IL-8 specific antibody for 24h  treatment 
MCF7 cells in the presence of estradiol and no treatment with the antibody had the 
predictable increase in ERE activity due to their well-established hormone-depe
In the presence of graded concentrations of the antibody, there was a dose-dependent 
increase of the promoter’s activity which was tremendous when cells were treated with 
estradiol compared to the ones with no estradiol addition. At the highest concentration of 
the antibody in the presence of estradiol, the ERE activity had a remarkable increase 
compared to the control with no antibody addition (7-fold increase).In the absence of 
estradiol, the increase of the promoter activity was significant and was dose-dependent 
according to the concentrations of the antibody. 
 
 
F
a
 Functional blockade of IL-8 differentially regulates estradiol independent and 
estradiol-dependent 
dependent manner 
 
To establish a 
c
the hormone 
dependency with 
IL-8 in breast 
cancer cell lines and 
shed light on the 
molecular 
mechanisms that 
contribute t
regulation of IL-8 
expression, we 
performed 
Luciferase Assays 
in order to
the activity of 
Estrogen Response 
Elements (EREs) on 
the promoter of 
Estrogen regulated ge
CCS-cultured cells wer
Using Fugene 6 transfection reagent as directed by the manufacturer,
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transfected with 300ng/well of PGL2-Luciferase construct containing a luciferase 
reporter gene driven by a promoter which consists of an intact ERE sequence along with 
30ng/well the internal control plasmid pRL-CMV, which was used to correct for 
transfection efficiency. 100µl of the transfection mix (Fugene/pGL2/pRL-CMV) was 
diluted to 400µl of Serum Free Media and incubated overnight at 37C0.After incubation 
cells were lysed with 100µl Lysis Buffer (1X) and transferred on a rocking platform 
shaker for 10min.Then, cell lysates were collected and 20µl were added to each well of a 
96-well plate in triplicates. Luciferase activity from cell extracts were detected with s 
Luciferase Array System following manufacturer’s instructions  
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cotreated with estradiol and 
graded concentrations of 
anti-IL-8, displayed an 
extensive dose-related 
suppression of the 
promoter’s activity. Similar 
decrease resulted in the 
absence of estradiol but the 
effect was significant in the 
presence of the estrogen 
where the reduction 
reached almost 50% at the 
highest concentration of the 
antibody compared with the 
control and 75% compared 
to the activity at the lowest 
concentration of the drug 
(intra-normalization).These 
observations indicate the
significance of IL-8 presenc
in HRG-overexpressin
for the progression of HRG-
induced signaling pathways 
in these cells. Blockade of 
IL-8 reduces ERE-driven 
activity with a most potent 
effect in the presence of 
estradiol, a fact that reveals 
an essential connection 
between HRG, estradiol and 
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IL-8 in HRG-overexpressing breast cancer cells 
 

 
 
Furthermore, in order to gain additional data 

sion of the estrogen 

ial observations we 

for the estrogen-like activity of IL-8 
antibody in MCF7 cells, we examined the 
expression of the estrogen receptor ERα in 
the presence of graded concentrations of IL-
8 Ab in MCF7 cells with or without 
estradiol induction. 
Indeed, the expres
receptor ERα was diminished in a dose-
related way both in the absence or presence 
of estradiol. In the absence of the estrogen, 
IL-8 acted as an estrogenic compound and 
resulted in the decrease of ERα similar to the 
decrease induced by estradiol. In the 
presence of estradiol, the expression of ERα 
was down-regulated more extensively due to 
synergistic effect of E2 and IL-8 antibody. 
The decrease of ERα was dose-dependent 
and this synergistic effect was more 
enhanced when the concentration of the 
antibody was increased. 
To summarize those init
can claim that IL-8 expression is regulated 
by signaling cascades initiated by 
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overexpression HRG and HER2/neu. 
These data demonstrate that breast cancer cell lines naturally overexpressing HRG-
HER2/neu or genetically altered to overexpress these molecules are able to up-regulate 
the concentration of IL-8.This effect results from the function of an “autocrine signaling 
loop” connecting HRG, HER family of receptors, (EGFR, HER2,HER3,HER4) ER 
network and IL-8.The formation of homodimers due to HER2/neu high concentrations 
and heterodimers due to HRG induction initiate signaling pathways such as MAPK and 
PI3K/Akt which concomitantly lead to up-regulation of IL-8.The exact molecular 
mechanisms leading to this outcome are not yet clarified and require further elucidation. 
Further experiments designed for the evaluation of HRG effectors CYR61 and αvβ3  
integrin on the HRG-dependent cytokine profile will shed more light to the mechanisms 
responsible for IL-8 overexpression. Also, we need to evaluate the importance of ERα 
genomic and non-genomic activities in the presence of SERMs (Selective Estrogen 
Receptor Modulators) and in the response of IL-8 blockade. Moreover, the use of RNAi 
technology and the total inhibition of the expression of a specific gene, will probably 
reveal interesting information about the function of the autocrine loop and the molecules 
which play a crucial role to the regulation of IL-8 expression  
 
 
 
 
 
4a) IL-6 is differentially overexpressed in breast cancer cells 
 
Besides the up-regulation of IL-8 in HRG-overexpressing cells the cytokine Antibody 
Array revealed important information for the cytokine profile of breast cancer cells 
models. Previous data have identified a positive correlation between breast cancer tumor 
growth and the expression of IL-6.In order to elucidate the role of IL-6 in the 
development and expansion of breast cancer cells, we examined the expression of IL-6 in 
breast cancer cell lines with proteomic arrays and siRNA technology in order to evaluate 
the importance of IL-6 in breast cancer growth and the molecular cascades involved in 
that procedure.  
In order to investigate the involvement of IL-6 in breast cancer development we 
performed Cytokine Profiling at the cell lines that have been previously observed to 
overexpress IL-8. Initially we sought to establish a plausible connection between 
cytokine production and hormone dependency. Thus, we determined the expression of 
IL-6 in the hormone dependent cell line MCF7 and the hormone-independent MDA-MB-
231 breast cancer cell line. Then, we determined cytokine expression profile in MCF7, 
MCF7/HRG and MCF7-HER2/18 cells with the aim of elucidating a linkage between 
HRG or HER2/neu and IL-6 expression. 
We observed that IL-6 is overexpressed under hormone independency conditions and not 
in cells that require hormone for their growth and survival.IL-6 was up-regulated in 
MDA-MB-231 cells, a very aggressive, estrogen receptor deficient and consequently, 
hormone independent cell line. However, differential results were observed in MCF7 
cells engineered to express HRG or HER2/neu in high levels. These cell lines are 
characterized by aggressiveness and hormone independency but they still maintain the 



estrogen receptors and can use estrogen for their growth when this is required. In 
MCF7/HRG cells IL-6 was up-regulated compared to the parental cell line whilst in 
MCF7/HER2/neu IL-6 was down-regulated and the expression of the cytokine was 
reduced compared to the control sample.  
 
 
Figure 11.Cytokine Antibody Arrays for MCF7,MCF7/HER2-18 and MCF7/HRG 
cells.IL-6 is differentially overexpressed in ERα negative HRG-overexpressing 
breast cancer cells 
 Cells were cultured with 5% FBS 
IMEM medium until they reached 70-
80% confluency.Then, they were 
serum starved fro 24h and 0,1% FBS 
medium was added for a 48h 
incubation C l lysates and conditioned 
media were separated and array 
membranes were cultured with 1,5 ml 
of the supernatant overnight. Cell 
supernatant was used for the 
quantification of IL-8 expression with 
enzymatic immunoassay technique 
(data presented are means +/- SD)  
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4b) HRG-induced up-regulation of IL-6 in MCF7 breast 
cancer cells requires an autocrine HRG loop but does not 
require HRG-nuclear localization 
 
In order to elucidate the 
functional mechanism of 
HRG-induced up-regulation 
of IL-6 in HRG-
overexpressing breast cancer 
models, we sought to identify 
whether the secretion or 
nuclear localization of HRG 
is responsible for the 
significant increase of IL-6 
cconcentration. To do so, we 
used cell lines genetically 
engineered to overexpress the 
mutated forms of HRG, 
HRG/M1 and HRG/M4 as 
previously described. Cells (MCF-7 and MCF-7/HRG cells) were plated in a T75 in 
IMEM containing 5% FBS. When cells reached 70-80% confluence, cells were cultured 
in serum free media (SFM) and were incubated for an additional 24 hours. After the cells 
were depleted from the serum, cells were maintained in low serum 0.1% FBS for 
additional 48 hours and quantitative immunoassay was performed. 
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Similarly to IL-8, the amount of IL-6 showed an almost 2-fold increase in HRG-M1 
compared to HRG cells and very insignificant levels in HRG-M4, even less than parental 
MCF7/pBABE.This observation indicates that HRG-induced IL-6 up-regulation requires 
HRG secretion and autocrine stimulation of EGFR signaling pathways. Also, we can 
claim that nuclear localization of HRG suppresses the up-regulation in IL-6 expression 
and deletion of NLS sequence (HRG-M1), results in higher levels of IL-6 than the 
original HRG molecule 
 
4c)HRG inhibition does not reduce IL-6 overexpression in 
breast cancer cells 
 
 In order to assess whether HRG overexpression displays a major role for IL-6 up-
regulation we examined the levels of IL-6 in MCF7/HRG cells in the presence of an anti-
sense oligonucleotide that acts as a HRG inhibitor in comparison to the levels of IL-6 at 
the untreated control. In addition, we performed selective gene silencing for HRG and its 



downstream effector CYR61 using the potent and highly sequence-specific mechanism of 
RNAi. (RNAi is a cellular process resulting in enzymatic cleavage and breakdown of 
mRNA, guided by sequence-specific double-stranded RNA oligonucleotides) Next, in 
order to assess whether HRG overexpression displays a major role for IL-6 up-regulation 
we examined the levels of IL-6 in MCF7/HRG cells in the presence of an anti-sense 
oligonucleotide that acts as a HRG inhibitor in comparison to the levels of IL-6 at the 
untreated control. In addition, we performed selective gene silencing for HRG and its 
downstream effector CYR61 using the potent and highly sequence-specific mechanism of 
RNAi. (RNAi is a cellular process resulting in enzymatic cleavage and breakdown of 
mRNA, guided by sequence-specific double-stranded RNA oligonucleotides)  
Genetic blockade of HRG and its downstream effector CYR61 in HRG natural 
overexpressors, with the use of siRNA specifically targeting HRG molecule and two 
different sequences on CYR61 molecule did not inhibit IL-6 expression. Instead, down-
regulation of the expression and activity of HRG and CYR61 results in very significant 
up-regulation of IL-6 expression in these cells. This up-regulation reached almost 1300 
pg/mg-1protein of IL-6 in the case of HRG and 600 pg/mg-1protein in the case of 
CYR61(CYR61/2) while the control exhibited insignificant levels of expression in both 
cases 

 

Figure 12) Cytokine Antibody Arrays for MDA-MB-231 after pharmacological and 
genetic inhibition HRG inhibition does not reduce IL-6 overexpression in breast 
cancer cells 

 MDA-MB-231 cells 
carrying the empty 
vector and MDA-MB-
231 cells engineered to 
express the antisense 
oligonucleotide for 
HRG were plated in 
T75 flasks in IMEM 
containing 5% FBS 
(Fetal Bovine Serum) 
and 1% glutamine. 
After the cells reached 
confluency, they were 
cultured with SFM for 
24h and incubated with 
low serum 0.1% FBS 
for 48 hours. After that 
time, were exposed to 
pharmacological 
inhibition by an anti-
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sense oligonucleotide against HRG molecule or genetic inhibiton with the use of siRNAs 
specifically targeting HRG gene or two different sequences on CYR61 gene, a 
downstream effector of HRG induced signaling pathway.  
 Both conditioned media and cell lysates were harvested and used to perform Cytokine 
Arrays.1,5ml of conditioned medium was added to the membranes for 24h at 40 and 
incubated with biotinylated Avidin (1st antibody)for 2h on a rocking platform shaker at 
room temperature. Then, membranes were washed for a total of three times and labeled 
with streptavidin (2nd antibody) for 2 hours on a shaker before detection.  
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4d) A new role of progesterone receptor in the regulation of 
IL-6 in breast cancer cells 
 
Besides Estrogen Receptor, Progesterone Receptor (PR) is another very widely studied 
marker of breast cancer disease. Hormone dependent breast cancer cells express also 
progesterone receptors in order to grow and the response to endocrine therapy correlates 
with ER and PR status. ER+/ PR+ breast cancers exhibit better prognosis than the ER+/ 
PR- or ER-/ PR- breast cancers which receive less benefit from the use of anti-estrogens 
(Tamoxifen). 
To establish a possible correlation between hormones and IL-6 expression, we designed 
initially an experimental approach based on progesterone receptor in the T47D breast 
cancer cell line. T47D cells are hormone dependent and require estradiol for their growth 
and survival. These cells have the ability to invade in vitro only in the presence of 
estradiol but never metastasize in vivo. Our intention was to observe any possible 
alterations in IL-6 expression in these cells in the presence or absence of progesterone 
receptor.  
Our initial data suggest a negative correlation between Progesterone Receptor (PR) and 
IL-6 expression. The total absence of PR resulted in a 11-fold increase of the amount of 
IL-6 in these cells compared with the control cell line. The presence of even one isoform 
reverted this effect and led to dramatic decrease of IL-6 levels, to levels that are not  
statistically significant. 
Interesting results were also observed after treatment with the FAS inhibitor 
C75.Treatment with this substance had as a consequence the total abolition of IL-6 at  
control cells and had no effect on cells lacking hPRβ or hPRα. Similar outcome was 
observed in T47D lacking both isoforms where the reduction of IL-6 expression was 
major (about 3,3-fold decrease) compared to the untreated T47D-Y . 
From our preliminary findings, we can claim that the presence of PR acts in a negative 
way in regards to the the up-regulation of IL-6 expression. Total absence of PR isoforms 
leads to extremely high levels of IL-6 which can be reduced with the addition of 
C75.This implies that FAS plays a key role in the regulation of IL-6 expression in PR- 
breast cancer cells and this effect is not significant in PR+ models. 
However, further investigation is required in order to be driven to safe and accurate 
conclusions. 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 13)Quantification of IL-6 in T47D wild type and mutant cell lines 
with/without pharmacological inhibition of Fatty Acid Synthase. FAS inhibition 
reverses the overexpression of IL-6 induced by lack of progesterone receptor 
 
Cells were harvested, 
washed twice with PBS, 
and lysed with buffer (as 
described in Materials and 
Methods) for 30 min on ice. 
The lysates were cleared by 
centrifugation (15 min at 
14000 rpm-4ºC). Protein 
concentration was 
determined using the Pierce 
protein assay kit. Equal 
amounts of protein were 
resuspended in 5X Laemli 
buffer (10 min at 70ºC), 
resolved by electrophoresis 
on 3-8% nuPAGE Tris-
Acetate or 10% SDS-
PAGE, and transferred onto 
nitrocellulose membranes. 
The membranes were then blocked 
with TBS-T [25mM Tris-HCl, 150 
mM NaCl (pH 7.5), and 0.05% 
Tween 20] containing 5% (w/v) 
nonfat dry milk and incubated 
overnight at 4ºC with specific 
antibodies. After incubation, the 
membranes were washed in TBS-T 
and HRP-conjugated anti rabbit, anti-
mouse, or anti-goat were added for 
1h as secondary antibodies and 
immunodetection was performed 
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Phospho-Receptor Tyrosine Kinase (Phospho-RTK) Antibody Arrays: 

A new tool in the proteomic profiling of 
HRG-dependent breast cancer progression

 
 
Growth factor signaling plays a significant role in breast cancer cell growth and 
progression. Growth factors such as EGF and neuregulins initiate a signaling cascade that 
leads to the survival, development and expansion of breast cancer cells. The signaling 
network that orchestrates these endo-cellular cascades begins at the cell membrane, 
through specific membrane receptors. These receptors respond to growth factors by 
formation of homo/heterodimers, auto/heterophosphorylation and activation of 
downstream molecules. 
In the present study, we examined the membrane receptors that belong to the EGFR 
family of receptors (EGFR, HER2/neu, HER3 and HER4), the molecules initiating the 
signaling cascade induced by EGF and neuregulins. More specifically, we intend to 
examine the levels of activation of these receptors after treatment with HRG and 
seven mutated forms of HRG molecule, each one lacking a specific domain. This 
exploration might shed light to the molecular mechanisms that HRG uses to act, which 
sequences are important for the induction of its downstream signaling cascades and 
finally, how tumor cells develop and expand. 
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With the goal of identifying phosho-RTKs involved in HRG-regulated breast cancer 
progression, we applied phosphor-Tyrosine Kinase Antibody Arrays to screen the 
activation status of phosphor-tyrosine kinases in breast cancer models engineered to 
overexpress HRG or structural deletion mutants of HRG. 
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As we can observe from the Arrays above, HRG overexpression in human breast cancer 
cells up-regulates the activation and phosphorylation of the EGF family of receptors 
(EGFR, erbB2,erbB3 and erbB4), and the Insulin Receptor Family (Insulin-Receptor 
and Insulin Growth factor Receptor -1).Structural deletions of specific domains of 
HRG results in the reduction of the activation of erbB network and differentially 
influences the phosphorylation of the IR family.HRG/M1 blocks the HRG-induced 
transactivation of EGFR and erbB2 but does not affect significantly the phosphorylation 
status of erbB3.HRG/M4 impairs the HRG-induced phosphorylation of erbBs but 
differentially influences the activation of IR family of receptors. Finally, HRG/M2, 
HRG/M3, HRG/M6 and HRG/M7 deletion mutants have as a consequence the reduction 
in the activation status of both families of receptors. 
 
Further investigation of  HRG-triggered RTKs is required in order to come to valid and 
accurate findings about the relationship between HRG overexpression and activation 
cascades in human breast cancer cell lines. Validation of phospho-RTK Arrays with 
immunoblotting and comparison of HRG-induced RTK Arrays with these obtained from 
HER2/neu overexpressing cells could reveal additional information and lead to some 
initial conclusions for the exact role of erbB network and IR family of receptors in the 
growth, development and expansion of breast cancer cells. 

  
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 



                                              DISCUSSION 
  

 
  Breast cancer progression is mediated in part by growth factors that can induce a 
number of biological effects, such as growth, proliferation, angiogenesis, expansion 
and metastasis. During the process of tumor evolution, initially hormone dependent 
and antiestrogen sensitive tumors become hormone-independent and non-responsive 
to antiestrogen therapy. One growth factor that plays a major role in the acquisition of 
this aggressive phenotype is heregulin (HRG). 
  Heregulin (HRG) belongs to the family of Neu differentiation factors (NDFs) and 
indirectly activates erbB2 receptor by binding erbB3 or erbB4 and inducing the 
formation of heterodimers erbB3-erbB2 or erbB4-erbB2 (25,26,28).HRG influences 
the response of cells to estrogens and overexpression of HRG in breast cancer cell 
lines induces estrogen independence, antiestrogen resistance and generates a very 
tumorigenic phenotype. It has been demonstrated that HRG has a dual effect on breast 
cancer cells, causing the cells to become more sensitive to chemotherapy and at the 
same time assist the cells to become resistant to hormonal therapy (19,21,39).  
A number of studies have shown that different domains of HRG are responsible for 
diverse functions of the molecule. More specifically, the cytoplasmic domain is 
sufficient to induce apoptosis and the EGF- like domain is adequate for the 
transformation and proliferation of mammary epithelial cells. Previous data from our 
lab have demonstrated that HRG lacking the NLS and the cytoplasmic domain exhibit 
increased sensitivity to the chemotherapeutic compound Doxorubicin (topoisomerase 
II inhibitor) and retain responsiveness to estrogens. Deletion of these domains led to 
inhibition of HRG-induced cell growth and proliferation and prevented the ability of 
HRG to promote estrogen independence and antiestrogen resistance. These data in 
combination with results obtained from studies in neuronal cells support the notion 
that different structural domains of HRG contribute to the distinct functions of HRG. 
Besides the correlation between HRG and breast cancer progression, several data 
connect multiple cytokines with breast cancer growth and development. Several 
cytokines are demonstrated to contribute in the development and expansion of tumor 
cells with IL-8 and IL-6 playing a crucial role in the progression of the disease. 
Cytokines are involved in multiple physiological functions such as cell 
communication and homeostasis but alteration at the levels of multiple cytokines is 
involved with cancer progression, response to chemotherapy and increased metastatic 
potential (99,100). 
  Our main goal was to characterize the mechanisms contributing to the tumorigenic, 
metastatic and chemosensitizing effects of Heregulin in human breast cancer cell 
lines. In order to accomplish this we adopted an approach based on a potential 
association between HRG and cytokine expression. Initially, we hypothesized that 
HRG might promote its tumor promoting effects through triggering of a specific 
cytokine profile and that this induction would include up-stream and downstream 
effectors of HRG such as erbB2 and CYR61 respectively. In addition, we sought to 
clarify the functional role of every specific domain of HRG and identify the properties 
of several HRG structural mutants. Our final goal was to establish the ultimate 
molecular, cellular and genetic mechanisms responsible for HRG-induced tumor 
growth and development in human breast cancer. 
 
 



 
  With the aim of identifying cytokines involved in breast cancer progression we 
applied a new technique, the Human Cytokine Antibody Arrays, to screen cytokine 
levels in breast cancer cell lines overexpressing HRG, structural mutants of HRG and 
erbB2(HER2/neu). Human Cytokine Antibody Arrays is a semi-quantitative and very 
sensitive technique used to simultaneously identify the relative levels of 120 different 
cytokines. 
  MCF7 cells engineered to overexpress HRG or natural HRG overexpressors such as 
MDA-MB-231 breast cancer cells showed a significant up-regulation of the cytokine 
interleukin-8 (IL-8) compared to MCF7 cells which were used as the control. The 
same effect in IL-8 expression was observed in conditioned medium and cell lysates, 
a fact that enforced our interest for further analysis of HRG-induced overexpression 
of IL-8. HRG besides its secretion, shows a diffuse distribution inside the cells, 
including the cell nucleus plus the cytoplasm and increasing data have shown that its 
specific domains are responsible for this diverse localization. 
In order to identify whether IL-8 overexpression is associated with HRG secretion or 
intracellular localization, we generated and studied HRG-structural mutants, each one 
coding for specific regions of HRG molecule. The structural mutant HRG/M4 lacks 
the N-terminus sequence and the cytoplasmic-transmembrane domains and thus it is 
not secreted and can not transactivate HER2/neu. This structural mutant was unable to 
up-regulate IL-8, indicating that HRG-induced HER2/neu driven signaling is an 
essential presumption for IL-8 overexpression in HRG-overexpressing breast cancer 
models. Since HRG also localizes in the nuclei of breast cancer cells and it is not clear 
which functions can be attributed to the nuclear HRG and which functions, if any, can 
be independent of Her-2/-3/-4 receptors activation, we sought to identify if the 
nuclear localization of HRG was required for the observed up-regulation of IL-8 in 
MCF-7/HRG cells. To gain more insight into HRG-triggered increase in IL-8 
expression, a structural mutant missing NLS sequence (HRG/M1) was examined for 
the levels of IL-8 compared with the parental cell line. Interestingly, HRG secretion 
and transactivation of HER2/neu in HRG/M1 cells was tremendous, much more than 
the parental MCF7/HRG cell line. This indicates very clearly that NLS domain acts as 
a suppressor for HRG-induced IL-8 overexpreesion and deletion of this domain leads 
to extended up-regulation of IL-8 expression. These preliminary data were further 
confirmed by quantitative analyses in HRG-overexpressors resulting in the acquisition 
of data that support the existence of an autocrine signaling loop connecting HRG, 
HER2/neu and IL-8.It seems that the significant elevation of the levels of IL-8 in  
breast cancer cells engineered to overexpress HRG requires the secretion of HRG and 
the activation of erbB receptors for the initiation of HRG-induced downstream 
cascades MAPK and PI3K in an autocrine manner. 
  It appeared rational that if HRG-induced signaling was a crucial factor for IL-8 over- 
expression, then down-regulation of HRG would result in reduction of IL-8 levels in 
HRG-overexpressors. Surprisingly, the introduction of a HRG antisense clone in 
breast cancer cells naturally expressing high levels of HRG (MDA-MB-231) did not 
have the expected reduction of IL-8 expression. The levels of the cytokine remained 
intact, a fact which was also confirmed by quantitative analysis. This observation was 
further verified with the use of an inhibitor against EGFR (Iressa) which is able to 
block the activation of the receptor and inhibits EGFR-driven signaling pathways. The 
indirect inhibition of HRG through EGFR blockade not only did not diminish the 
overexpression of IL-8 but led to further enhancement of IL-8 up-regulation. These 
data reveal that HRG-driven signaling cascades play a significant role in IL-8 up-



regulation in HRG-overexpressors but it is not the vital molecule for this effect. The 
cells appear to have the ability to sense this forced alteration of their status and try to 
compensate this change with the use of alternative mechanisms capable of retaining 
the original levels of IL-8.It seems that the key factor/factors for the generation and 
maintenance of levels of IL-8 is the receptor HER2/neu , the main partner of HRG-
induced heterodimers. Therefore the next step was to evaluate the precise role of 
HER2/neu in IL-8 up-regulation in breast cancer cells by determining the expression 
levels of IL-8 in HER2/neu overexpressors. 
  The initial assumption was that in HER2/neu overexpressors, the levels of IL-8 
would be elevated compared with cells exhibiting low levels of the receptor. Indeed, 
the hypothesis was correct and IL-8 showed significantly elevated concentrations in 
cells with high expression of HER2/neu in comparison with low-expressing cells. The 
extreme importance of HER2/neu overexpression in the up-regulation of IL-8 became 
more apparent after the treatment with various inhibitors (Herceptin, C75, orlistat, 
Iressa).The addition of Herceptin, a monoclonal antibody against the p185 domain of 
HER2/neu receptor, led to a significant decrease of IL-8 concentration in SKBr3 cells, 
a model of natural HER2/neu overexpression. Similar results were observed with the 
use of Iressa, a potent tyrosine kinase inhibitor targeted against EGFR. Addition of 
Iressa to SKBr3 cells reversed IL-8 overexpression and resulted in huge reduction of 
IL-8 concentration, a reduction occurring in a dose dependent manner. These data 
disclose the essential part of HER-2/neu overexpression and the induction of 
downstream signaling pathways initiated from HER-2/neu homodimers for the 
regulation of IL-8 expression. 
  Previous data from our lab have identified a linkage between HER-2/neu and FAS in 
HER-2/neu overexpressing cancer cells. It has been reported that there is a positive 
correlation between FAS expression and amplification and/or overexpression HER-
2/neu (61) whereas HER2 overexpression was recently found to up-regulate FAS in 
breast cancer cells.Therefore, it was rational to believe that inhibition of FAS would 
concomitantly inhibit HER2/neu actions and indirectly result in lowering IL-8 
expression. For this reason, SKBr3 cells were treated with C75, a stable synthetic 
FAS inhibitor, and with orlistat, an irreversible inhibitor of gastric and pancreatic 
lipases which has been found to inhibit the activity of Fatty acid synthase (FAS).The 
observations from these experiments were an additional confirmation for the HER-2 
driven IL-8 overexpression in breast cancer cells. Indeed, similarly to direct erbBs 
inhibitors, FAS blockade resulted in an indirect attenuation of HER2 activity and a 
consequent down-regulation of IL-8 overexpression. The levels of IL-8 were 
extensively diminished in both cases and exerted a dose-dependent reduction in the 
case of C75, with a tremendous reduction in the highest concentration of the drug. It 
is worth to mention at this point that significant decrease at the levels of IL-8 was 
observed in HRG-overexpressing cells after treatment with FAS inhibitors. A direct 
connection between FAS and HRG has not yet been reported so this could be 
considered as another implication for the importance of HER2 contribution to HRG-
induced IL-8 overexpression. Altogether, these data support the notion that IL-8 
overexpression is an event resulting from HRG-overexpression and /or HER2/neu 
overexpression with the receptor HER2/neu playing a very important role for the 
initiation of the signaling cascades leading to IL-8 overexpression in several breast 
cancer cell lines. 
  Based on the data derived from the treatments with FAS inhibitors it could be also 
suggested that in breast cancer models, IL-8 expression is directly correlated with 
FAS and there might be a bidirectional cross talk between these two molecules. FAS 



expression and activation might be able to regulate the expression of IL-8 whereas the 
effects on IL-8 from other mechanisms might indirectly affect FAS expression and 
activity. This comprises a novel hypothesis and requires further elucidation in order to 
reach firm conclusions and establish a new role of FAS and IL-8 in breast cancer 
cells. 
  Besides the contribution of cytokines and growth factors in breast cancer 
progression, breast cancer cells require the presence of estrogens for their growth and 
expansion. It has been reported that HRG is one of the factors influencing the 
response of cells to estrogens. Overexpression of HRG in hormone-dependent breast 
cancer cells confer estradiol independence and antiestrogen resistance (21) while it is 
able to antagonize estradiol-mediated downregulation of erbB2 expression and 
enhance the tamoxifen induced stimulation of erbB2.However, the mechanisms for 
HRG-induced progression from an initially hormone responsive tumor to a hormone-
independent and aggressive phenotype are not entirely understood. In order to identify 
any possible correlation of HRG and hormone dependence through IL-8 expression, 
we examined the activity of an estrogen regulated promoter in the presence of 
estradiol and graded concentrations of IL-8 antibody. Surprisingly, the results showed 
diversity among hormone dependent and hormone independent cells. In MCF7 cells 
(in the absence of estradiol) the presence of IL-8 antibody resulted in the increase of 
Estrogen Response Elements (ERE activity), an elevation which occurred in a dose 
dependent manner according to the concentration of the IL-8 antibody. This effect 
was further enhanced in the presence of estradiol, a predictable fact because this cell 
line requires estrogen for its normal growth. On the other hand, in the hormone 
independent MCF7/HRG cell line treatment with graded amounts of the antibody 
specifically targeting IL-8 had the opposite outcome. The activity of the promoter was 
tremendously reduced in a dose dependent way, an effect which was more evident 
under hormonal conditions. Also, data derived from Western Blots revealed that IL-8 
blockade down-regulated Estrogen receptor ERα in the absence of estradiol (E2) and 
synergistically enhanced E2-induced down-regulation of ERα in the presence of the 
estrogen. 
  These observations outlined some very important findings for HRG overexpression 
and IL-8 expression in human breast cancer cells. In hormone dependent cells with no 
HRG overexpression, IL-8 acts as an antiestrogenic compound and blockade of IL-8 
functions as an estrogen–like component. On the contrary, in cells overexpressing 
HRG, functional blockade of IL-8 affects in a negative way the activity of the 
estrogen regulated promoter, a fact that shows the significance of IL-8 expression in 
HRG-overexpressing cells. Extensive analysis is required in order to clarify the 
molecular interactions between IL-8, HRG and estrogens;however, we can suggest 
that IL-8 regulates ERα transcriptional activity in a HRG-dependent manner in breast 
cancer cells. 
  Besides the expression of IL-8, the cytokine screening of various human breast 
cancer cell lines demonstrated alterations at the levels of interleukin-6 (IL-6), another 
cytokine with multiple physiological and cancer-related functions. IL-6 can act as a 
growth factor for a variety of cancers such as myeloma, renal cell carcinoma, cervical 
carcinoma, ovarian and breast cancer. In breast cancer cells autocrine production of 
IL-6 has been shown to confer increased resistance to drug treatment and contribute to 
the maintenance of the aggressive phenotype. In our current study, we were able to 
show a positive correlation of IL-6 expression and HRG-overexpression in breast 
cancer models. In the hormone dependent cell line MCF7 the levels of IL-6 were 
observed at basic levels whereas the same cell line engineered to overexpress HRG 



exhibited a significant increase in IL-8 expression.Similar effect in IL-6 expression 
was detected in the hormone independent natural HRG-overexpressors MDA-MB-231 
where the levels of IL-6 were highly increased compared to the hormone dependent 
MCF7.Interestingly, in MCF7-HER2/neu overexpressing cells IL-6 expression did not 
have similar increase with HRG-overexpressing cells. In MCF7-HER2/neu cells the 
concentration of the cytokine was extremely low, even less than the parental cell line. 
These preliminary data suggest that in human breast cancer cell lines IL-6 up-
regulation is due to HRG overexpression and HRG-induced downstream signaling 
cascades and not due to the homodimerization and activation of HER2/neu.Moreover, 
the expression of IL-6 in structural mutant HRG/M1 (unable to localize to the 
nucleus) was enhanced compared to parental HRG cells while in HRG/M4 (unable to 
be secreted and transactivate HER2/neu) IL-6 was detected in very low levels. This is 
another indication for HRG-induced IL-6 up-regulation and implies the existence of 
an autocrine signaling loop, similar to the one generating the overexpression levels of 
IL-8. To further elucidate the connection between IL-6 and HRG we suppressed HRG 
and its downstream molecule CYR61 with the use of anti-sense oligonucleotides and 
RNAi technology in MDA-MB-231 cells. Amazingly the levels of IL-6 after 
treatment with HRG-antisense oligonucleotide and siRNAs specifically targeting 
HRG and two different sequences on CYR61 protein showed a tremendous increase 
in IL-6 expression in comparison to the parental cell line carrying the empty vector. 
The cells under treatment with the inhibitors exerted a major increase of IL-6 levels, a 
raise which was also confirmed by quantitative analyses. These data suggest that 
HRG-induced transactivation of EGFR network, but not Her-2/neu overexpression, 
appears to regulate IL-6 expression in ERα-positive breast cancer cells. 
  Additionally, loss of Progesterone Receptor (hPR) expression induced up-regulation 
of IL-6 secretion in ER/PR-positive breast cancer cells and the presence of either one 
or the other Progesterone Receptor isoform (hPRA or hPRB) resulted in down-
regulation of IL-6 expression in ER/PR-positive breast cancer cells. This points out 
the fact that the loss of two isoforms works synergistically to induce IL-6 up-
regulation whereas the presence of even one down-regulates this high expression. 
Pharmacological blockade of Fatty Acid Synthase (FAS) activity reversed IL-6 over-
secretion following loss of hPR expression, implying that FAS plays a crucial role for 
this tremendous elevation of IL-6. 
  Summarizing the previous data, it could be suggested that cytokines IL-8 and IL-6 
are important factors for breast cancer growth, progression and development. 
Hormone independent cells overexpressing HRG exhibit very high levels of IL-8 and 
IL-6, an increased cytokine expression which was not attenuated with the use of 
various HRG specific blockers. However, HER2/neu seems to exert diverse roles 
among the expression of these two cytokines. In the case of IL-8 expression, 
HER2/neu direct blockade (through HER2/neu specific antibodies) and indirect 
blockade (through FAS inhibitors)in HER2/neu overexpressing cells, affects severely 
the expression of IL-8, resulting in important reduction of the elevated IL-8 levels. 
This implies the significance of HER2/neu homodimerization and activation for IL-8 
up-regulation, a fact that does not affect IL-6 overexpression in breast cancer cells. 
The overexpression of IL-6 is dependent on HRG-induction but this is probably not 
the only way of boosting the up-regulation of the cytokine. It could be proposed that 
the great increase in IL-6 levels when HRG and /or its downstream molecules are 
inhibited, is due to undefined molecular mechanisms which try to compensate for this 
forced change and retain the high levels of IL-6.Moreover, the up-regulation of these 
cytokines appears to be a consequence of the activity of specific domains of HRG 



molecule. A structural mutant lacking the NLS domain (HRG/M1) is able to activate 
the erbB receptors and enhance IL-8 and IL-6 overexpression. On the other hand, a 
structural mutant that lacks the N-terminus and cytoplasmic-transmembrane domains 
is unable to transactivate HER2/neu is also unable to up-regulate the expression of the 
cytokines. These findings can lead up to the proposal that a mechanism responsible 
for IL-8 and IL-6 overexpression in various breast cancer cell lines is a HRG-
regulated autocrine signaling loop. This potential signaling loop requires HER2/neu 
transactivation for further induction of downstream signaling cascades. However, this 
loop does not seem to be the only mechanism resulting in the overexpression of these 
cytokines, a fact demonstrating that cytokine profiling in human breast cancer cells 
requires further elucidation and analysis. Finally, Fatty Acid Synthase exerts a 
significant role in the regulation of the cytokine expression in breast cancer cells, a 
contribution that needs extensive research but appears to be a very promising 
approach. Direct inhibition of FAS blocks HRG-induced up-regulation of IL-8 
through a HER2/neu-driven mechanism and attenuates the high increase of IL-8 
levels in HER2/neu overexpressors. Inhibition of FAS is also able to totally reverse 
the great increase of IL-6 levels in Progesteron receptor deficient cells. Hence, it is 
rational to support the notion that FAS is implicated in multiple ways in the regulation 
of the cytokine expression in breast cancer cells and strongly involved in potential 
therapeutic managements based on FAS manipulation. 
  Another approach for the elucidation of the mechanisms responsible for the growth 
and development of breast cancer cells due to EGFR signaling pathways was through 
the analysis of the phosphorylation status of various tyrosine kinase receptors. With 
the goal of identifying Phospho-RTKs involved in HRG-regulated human breast 
cancer progression, we applied Phospho-Receptor Tyrosine Kinase (Phospho-RTK) 
Antibody Arrays to screen the activation status in breast cancer cell lines engineered 
to overexpress either HRG or structural deletion mutants of HRG. The screening of 
the phosphorylated receptors revealed preliminary findings which are very promising 
for the determination of HRG-induced signaling cascades in breast cancer. HRG 
overexpression specifically activated two families of Phospho-RTKs in human breast 
cancer cells: EGF Receptor Family (erbBs network) and Insulin Receptor (IR) 
Family. Impairment of HRG nuclear localization (HRG-M1) blocked HRG-induced 
transactivation of EGFR (erbB-1) and Her-2/neu (erbB-2) but did not affect HRG 
activated erbB-3.Another interesting finding was that cytoplasm sequestration of 
HRG (HRG-M4) was able to impair HRG-induced transactivation of the EGF 
Receptor Family but differentially affected the activation status of the IR Family. The 
elucidation of the EGFR signaling network through focusing and analyzing the 
phosphorylation status of multiple tyrosine kinases, delineates a novel and promising 
approach that has the potential to lead to the design of new therapeutic strategies for 
breast cancer management. 
  As a conclusive remark, it should be mentioned that breast cancer is one of the major 
causes of death among women and although it is widely studied and evaluated, the 
way to achieving cure is long and we all have to offer the ultimate of our efforts. 
Breast cancer research gives birth to new therapies, new possibilities but most of all 
new hopes for the millions of women suffering from this disease.  
 
The present study demonstrated some very interesting data on growth and progression 
of breast cancer but it is obvious that these are preliminary results which require 
additional elucidation. Some very important steps that could be performed in the 
future would be: 



 
• To characterize and validate cytokine profiles in HRG-overexpressing breast 

cancer cells (i.e., MCF-7/HRG and MDA-MB-231) following 
pharmacological inhibition of avb3 using RGD peptidomimetic agents (i.e., S-
247) 

 
• To characterize and validate cytokine profiles in HRG-overexpressing breast 

cancer cells(i.e., MCF-7/HRG and MDA-MB-231) following siRNA-induced 
inhibition of av and/or b3 integrin receptors 

 
• To evaluate the importance of ERα genomic and non-genomic activities 

            in the response to IL-8 blockade (tamoxifen, ICI 182,780,Uo126) 
 
 

• To characterize the effects of E2 in the ERα expression and activity in HRG-
overexpressing breast cancer cells (MCF-7/HRG, S30) 

 
• To examine the effects of HRG in the promoter activity of IL-8 gene and IL-8 

protein expression(siRNA directed against HRG) 
 
 

• To evaluate the regulatory profile of IL-6 in ERα-negative breast cancer cells 
stably transfected with ERα (i.e., S30) 

 
• To clarify the role of IL-6 on the cell proliferation, survival and metastatic 

potential of HRG-overexpressing breast cancer cells (transient transfection 
experiments with siRNA directed against IL-6) 

 
• To validate HRG-triggered Phospho-RTKs profiling using immunoblotting 

and/or immunoprecipitations techniques 
  
 

• To compare HRG-triggered Phospho-RTKs profiling with those obtained from 
Her-2/neu-overexpressing breast cancer cells 

 
 

• To further evaluate the relationship between HRG expression and/or cellular 
localization, the activation status of the IR family and breast cancer cell 
growth and proliferation  
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