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FOREWORD 

 

This work was carried out during my appointment as postdoctoral associate at the 

Lester and Sue Smith Breast Center at Baylor College of Medicine, Houston (TX), 

under the supervision of Drs Carolina Gutierrez and C Kent Osborne and it derives 

from two different projects. The first, which analyzes the role of p160 family as 

prognostic and predictive markers of endocrine therapy response in breast cancer, 

is a collaboration between the groups of Dr. Steffi Oesterreich from Baylor 

College of Medicine and Prof. John MS Bartlett from the Edinburgh Cancer 

Research Centre. The second, which analyzes the role of the ER co-repressor 

SMRT as prognostic and predictive marker of tamoxifen response, is a 

collaboration between the groups of Dr. Steffi Oesterreich and Dr. Carolyn Smith 

from Baylor College of Medicine. 
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ABSTRACT 
 

Background: The estrogen receptor (ER) signaling pathway is the dominant driver 

of cell proliferation and survival in the majority of human breast cancers. Not 

surprisingly, endocrine treatment, such as the anti-estrogen tamoxifen, represents 

the most effective and widely used therapy for ER positive breast cancer patients. 

Unfortunately not all patients respond to endocrine treatment and a wide 

proportion of patients ultimately develop resistance and die. Selecting patients 

with an increased risk of recurrence and identifying those that might benefit from a 

particular therapy is of great value in order to personalize breast cancer therapies. 

A minority of breast cancers does not express ER and displays features of 

aggressiveness and poor prognosis. Prognostic markers are urgently needed for 

this subset of patients as well. The p160 family of ER co-activator is composed of 

three different members: SRC1, SRC2 and AIB1. SRC1 and AIB1 are frequently 

overexpressed in breast cancer and appear to be linked to hormone resistance, 

particularly in HER2 positive breast cancer. SMRT is an ER co-repressor that has 

been implicated in tamoxifen resistance. Data on p160 family members and SMRT 

expression in human breast cancer samples and its prognostic and predictive 

significance in endocrine treated patients are controversial or lacking altogether. 

Moreover, the role of these co-regulators in ER negative disease is poorly 

understood.  

Methods: SRC1, SRC2, AIB1 and SMRT expression was determined by 

immunohistochemistry on tissue microarrays derived from two fully documented 

cohorts of 1812 and 1424 patients.  

Results: HER2 and AIB1 dual-positive tumors were associated with markedly 

worse outcome compared to tumors overexpressing either HER2 or AIB1 alone, 

irrespective of ER status. In ER negative disease both SRC1 and AIB1 were linked 

to early relapse and death. Additionally, we found that co-expression of two or 

more SRCs were significantly associated with worse outcome in ER positive 

endocrine-treated patients. However, expression of any SRC alone was not a 

significant predictor of resistance to endocrine therapy. Low nuclear SMRT 

expression was associated with a significantly better outcome in untreated patients 

but not in tamoxifen-treated patients.  

Conclusions: The SRC family of ER co-activators and nuclear SMRT are markers 

of early relapse in both ER negative and ER positive breast cancer. Evaluation of 

multiple markers co-expression (i.e. AIB1/HER2, multiple SRCs) rather than 

single markers allows a better assessment of breast cancer prognosis.   
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INTRODUCTION 
 

Breast cancer is the most common cancer of women, affecting one in eight women 

in the western world. Breast
 
cancer alone accounts for 28% (207,090) of all

 
new 

cancer cases among women in the United States (1) with an estimated 1.4 million 

new breast cancer cases worldwide each year (2). Mortality from breast cancer has 

been dramatically reduced mainly as a consequence of the widespread and early 

application of adjuvant systemic therapy and of early detection due to screening 

mammography. However breast cancer remains the leading cause of cancer 

deaths, accounting for approximately 502,000 deaths per year worldwide (3;4). 

Bio-molecular features of breast cancer such as estrogen receptor (ER), 

progesterone receptor (PR), epidermal growth factor receptor 2 (HER2) and 

proliferation index ki-67 are routinely assessed in clinical practice in order to 

identify patients that are most likely to recur or that might benefit from endocrine 

and HER2-target therapies. However such prognostic and predictive factors are 

less than ideal, resulting in inefficient administration of therapy that is sometimes 

not needed or needed but ineffective. Therefore there is an urgent need to identify 

new biomarkers in order to personalize breast cancer therapies.  

In this thesis I will focus on the role of ER co-regulators as prognostic and 

predictive markers of endocrine therapy in early breast cancer.  

Breast cancer was first hypothesized to be an hormone-dependent disease in 1896, 

when the British physician George Beatson demonstrated that oophorectomy 

induced regression of mammary tumors in a subset of premenopausal patients (5). 

Since then, a variety of clinical and epidemiological observations, with support 

from cell-culture studies have further proved the involvement of estrogens in the 

development and/or progression of the disease.  

ER structure and signaling 

Estrogen mediates its biological effects in target tissues by binding to specific 

intracellular receptor proteins called estrogen receptor α (ERα) and estrogen 

receptor β (ERβ) (6;7). ERα was first isolated in the late 1960s and the 

corresponding gene cloned in the late 1980s (8). A decade later, in 1996, ERβ was 

cloned (9). Both ERα and ERβ are members of the nuclear hormone receptor 

superfamily. This includes steroid hormone receptors for progestins, 

glucocorticoids, mineralcorticoids, androgens, and non-hormone receptors for 

thyroid hormones, retinoids, and Vitamin D as well as numerous orphan receptors 

for which no ligand has been identified (10). ERα and ERβ share a high level of 

sequence homology, conservation of three-dimensional structure and protein 

domains. ERα, from now on referred as ER, is the most common in the breast and 
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also the most widely studied. Its structure is composed of six distinct domains, 

named A to F (11): 

1. The A/B domain, located in the amino-terminal portion of the receptor, 

encodes the activation function 1 (AF1) domain, a region of the receptor 

involved in protein-protein interactions and transcriptional activation of 

target gene expression, largely in a hormone independent manner.  

2. Domain C encodes the DNA binding domain (DBD), a highly conserved 

region of the receptor that consists of two functionally distinct zinc-finger 

motifs. The DBD is responsible for the specific binding of the receptor to 

the estrogen response element (ERE). It is also responsible for the 

dimerization of the receptor, allowing the formation of homo- and hetero-

dimers. 

3. Domain D, also known as hinge region, separates the DBD and the ligand-

binding domain. This highly flexible region is important for receptor 

dimerization. It also contains several sites known to undergo post-

translational modifications (such as phosphorylation).  

4. Domain E/F, located in the carboxy-terminal portion of the receptors, 

encodes the ligand-binding domain (LBD). This region contains 12 α-

helices, which form a hydrophobic pocket responsible for the ligand 

binding. Within the LBD resides a second transcriptional activation 

function domain (AF-2), which is a hormone dependent domain that 

activates transcription in response to estrogen. AF2 also represents an 

interaction site for co-activators (12) and co-repressors (13;14), which will 

be discussed in detail later. 

In the classical model of estrogen action, estrogens (E2) diffuse through the 

membrane, bind to ER and induce a conformational change in the receptor, which 

leads to the dissociation of heat shock proteins and the formation of receptor 

homo- or hetero-dimers (15). The E2-ER complex binds to ERE-containing 

promoter region of estrogen-responsive genes. Upon binding to DNA, E2–ER 

complexes activate or repress target gene transcription, regulating the proliferation 

and differentiation of different tissues, including breast, and also promoting breast 

cancer growth (16). 

 

ER co-regulators 

ER transcriptional activity is modulated by a class of proteins, named co-

regulators, which includes co-activators and co-repressors (17). Co-activators are 
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molecules that are recruited by DNA-binding transcription factors to enhance 

transcription, while co-repressors are molecules that are recruited by transcription 

factors to repress transcription (18). Co-regulators exist and function in large 

multiprotein complexes (19).  

Co-activators are recruited to target genes in an ordered sequence to enhance 

transcription by providing the many enzymatic capacities required for control of 

enhancer-dependent gene expression (20). Co-activator complexes promote 

transcription by four main mechanisms: 

1. Recruiting acetyl-transferase to relax chromatin structure;  

2. Recruiting DNA remodeling complexes to unwind the chromatin;  

3. Promoting initiation of transcription, elongation of RNA chains and 

mRNA splicing; 

4. Promoting proteolytic termination of the transcriptional response 

(21;22).  

Surprisingly, recent reports show that co-activators can also influence cellular 

reactions outside the nucleus such as mRNA translation, mitochondrial function, 

and motility (23). 

Co-repressors, on the other hand, seems to function in a completely reverse 

manner. In particular, they inhibit transcription by several distinct mechanisms, 

including: 

1. Recruiting histone deacetylase complexes to condense DNA;  

2. Forming inhibitory complexes with the pre-initiation complex (24;25);  

3. Competing with activator proteins for DNA binding and sequestering 

such activators; 

4. DNA methylation (26).  

ER Co-activators: The p160/SRC family 

The p160 (steroid receptor co-activator- SRC) family of co-activators is one of the 

most extensively studied families of nuclear receptor co-activators (27;28), 

consisting of three members: 

1. SRC1 (also known as RIP160/NCOA1),  

2. SRC2 (also known as TIF2/GRIP1/NCOA2) 

3. SRC3 (also known as AIB1/pCIP/RAC3/TRAM1/ACTR/NCOA3, 

henceforth referred to as AIB1).  
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All three members share a common structure, which contains three domains (28-

30): 

1. The amino- terminal basic helix–loop–helix–Per/ARNT/Sim (bHLH–PAS) 

domain, located at the N-terminal, is the most highly conserved region and 

mediates protein-protein interactions(31-33). 

2. The receptor- interacting domain (RID), centrally located, contains three 

conserved LXXLL (where L is leucine and X is any amino acid) motifs 

(34). Numerous evidences suggest that these motifs mediate the 

interactions with ligand-bounded nuclear receptors (34-36).  

3. Two intrinsic transcriptional activation domains (termed AD1 and AD2), 

located at the C-terminal. AD1 region contains three additional LXXLL 

motifs. Mutation of one or more of these motifs impairs the interaction of 

SRCs with the general transcriptional co-integrators CREB-binding protein 

(CBP) and p300, as well as the activation function of SRCs, indicating that 

these motifs play a major role in recruiting acetyl-transferases for 

chromatin remodeling. AD1 does not seem to interact with nuclear 

receptors (37-39). AD2, responsible for interaction with histone 

methyltransferases, (40;41), may also be critical for local chromatin 

remodeling and assembly of the transcriptional machinery around the 

promoter. 

In addition, the C-terminal domains of SRC1 and AIB1 contain histone acetyl-

transferase activities. 

SRC family members serve as co-activators not only for nuclear receptors, but also 

for a variety of other transcription factors (30). Accumulated data support a major 

role of SRCs in the chromatin remodeling and the assembly of general 

transcription factors through direct and indirect recruitments of other co-activators. 

The molecular targets of SRCs are numerous. Indeed, SRCs interact with kinases, 

phosphatases, ubiquitin ligases, small ubiquitin-related modifier (SUMO) ligases, 

histone acetyl-transferases and histone methyltransferases to modulate gene 

expression. Thus, SRCs are implicated in a variety of physiological functions and 

have been suggested to be “master-regulator genes” in the human genome. 

Changes in SRCs cellular levels are one way by which cell regulates gene 

expression. However, several studies have demonstrated that SRCs undergo 

multiple post-translational modifications such as phosphorylation, ubiquitylation, 

sumoylation, acetylation and methylation (30;42;43). These modifications, 

induced by signaling pathways activated by hormones, growth factors and 

cytokines, play a major role in regulating the transcriptional activity of SRCs. 
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Deregulated post-translational modifications of SRC molecules have also 

significant implications in cancer (30;43). 

SRC1 

SRC1 was first cloned in 1995 (39). Its gene is located in chromosome 2 (p23) 

(44). SRC1 interacts and enhances a broad range of nuclear receptors, including 

ER, progesterone receptor (PR), androgen receptor (AR), thyroid hormone 

receptor (TR), retinoid X receptor (RXR), glucocorticoid receptor (GR), and 

peroxisome proliferator-activated receptor (PPAR) in a ligand-dependent manner 

(39;45-47). Additionally, SRC1 can enhance transcriptional activation mediated 

by other transcription factor such as nuclear factor of kappa light polypeptide gene 

enhancer in B-cells (NF-kB), SMAD family member 3 (SMAD3), and the 

transcription factor AP-1 (29;48-50). Despite the fact that SRC1 is widely 

expressed in many tissues and cell types, studies in knockout mice showed that 

SRC1 -/- mice exhibit nearly normal growth and fertility (51). However, 

ovariectomized female SRC1 -/- mice show (i) reduced estrogen-induced uterine 

growth, (ii) reduced estrogen- and progesterone- dependent uterine decidual 

response and (iii) reduced mammary gland ductal side branching and alveolar 

formation, suggesting that SRC1 has a pivotal role in mediating steroid receptor 

activity (28;52). 

SRC1 role in breast cancer has been extensively studied. In vitro studies have 

demonstrated that SRC1 has a central role in mediating ER-dependent 

proliferation. Indeed, estrogen induce SRC1 recruitment to the ERE element in 

breast cancer cell lines and in primary cell cultures derived from patient tumors 

(53). In MCF-7 breast cancer cells, SRC1 overexpression potentiates estrogen 

stimulated cell growth (54), whereas a reduction of SRC1 levels reduces estrogen-

dependent DNA synthesis and the expression of the estrogen-responsive pS2 gene 

(55). Furthermore, MCF7 cells lacking SRC1 do not show increased cell 

proliferation and invasion induced by estrogen. (56). Models of mammary gland 

tumorigenesis showed that SRC1 is important in breast cancer tumorigenesis and 

metastasis. Indeed, in transgenic MMTV-PyMT mice, harboring the potent 

oncogene PyMT under the control of the mammary specific promoter MMTV, 

SRC1 levels are increased during tumorigenesis and SRC1 deficiency suppresses 

lung metastasis (57). In addition, a recent study demonstrated that SRC1 promotes 

breast cancer invasiveness and metastasis by regulating the expression of 

TWIST1, a master regulator of metastasis and a marker of epithelial-mesenchimal 

transition, a feature of tumor malignancy and invasiveness (58). 
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SRC2 

The SRC2 gene is located in chromosome 8 (q21) (59). SRC2 interacts with 

hormone-bound RAR, ER, and PR and enhance AF-1 activity in addition to that of 

the AF-2 domain (47). SRC2 is widely expressed in many organs and its 

expression levels differ between cell types and organs. Like SRC1-/- mice, SRC2 -

/- mice exhibit nearly normal somatic growth. However, the fertility is 

significantly reduced in both male and female SRC2 null mice (60) suggesting that 

SRC2 plays a critical role in reproductive functions. 

There are only few studies investigating the role of SRC2 in breast cancer. In vitro 

studies suggest that, similarly to SRC1, SRC2 reduces estrogen-induced cell 

proliferation and promotes invasion (55;56). 

AIB1 

AIB1 was initially identified in an amplified chromosomal 20q region in breast 

cancer cells (61) and subsequently characterized as a member of the p160 family 

(62). AIB1 serves as a transcriptional co-activator not only for ER, but also for 

PR. It can also interact with other transcription factors such as PEA3, E2F1, and 

AP-1 (28;63;64). Like SRC1 and SRC2, AIB1 is widely expressed. However, 

unlike SRC1 -/- and SRC2 -/- mice, AIB1 -/- mice display growth retardation, 

probably due to lower levels of insulin growth factor-I (IGF-I) (65). Moreover, 

AIB1-/- mice show altered reproductive system. In particular, female mice show 

reduced levels of estrogens, delay in pubertal development and reduced ovulation 

capacity. Remarkably, adult female AIB1-/- mice show reduced mammary gland 

alveolar development in response to estrogen and progesterone.  

AIB1 has a central role in breast cancer as demonstrated by numerous in vitro and 

in vivo studies. In human breast cancer cells, AIB1 functions as an E2F1 co-

activator to promote breast cancer cell proliferation (66), mediates insulin-like 

growth factor I-induced phenotypic changes (67) and enhances estrogen-

dependent induction of cyclin D1 expression (68) and epidermal growth factor 

receptor signaling (69). Additionally, depletion of AIB1 reduces estrogen-

mediated cell proliferation and estrogen-dependent colony formation in soft agar 

(70). In models of mammary gland tumorigenesis, loss of AIB1 suppresses 

(MMTV)–v-Ha-ras-induced and ERBB2-induced mammary tumor initiation and 

progression (71;72), makes mammary epithelial cells resistant to DMBA chemical 

carcinogen induced mammary tumorigenesis (73) and reduces mammary tumor 

metastasis in the lung (74). On the other hand, overexpression of AIB1 stimulates 

mammary epithelial proliferation (75), and induces spontaneous mammary 

adenocarcinomas (76). These important findings define AIB1 as a proto-oncogene.  
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ER Co-repressors: SMRT/N-CoR 

Two nuclear receptor co-repressors have been identified to date: SMRT (silencing 

mediator for retinoid and thyroid receptors) also known as TRAC-2 and N-CoR 

(nuclear receptor co-repressor) (77). Both were initially characterized on the basis 

of their ability to bind members of the thyroid and retinoid receptor family of 

nuclear receptors in the absence of ligand, and repress transcription (78;79). 

SMRT and N-CoR are encoded by two distinct loci but share a common molecular 

architecture which can be divided in two different portion (80;81): 

1. A N-terminal portion having three to four distinct transcriptional 

repression (or silencing) domains (RDs). The RDs are responsible for 

recruiting additional components of the co-repressor complex, including 

histone deacetylases, transducin-like protein 1 (TBL-1), G protein pathway 

suppressor 2 (GPS2), and (possibly) mammalian switch-independent 3 

protein (mSin3) (82-86)  

2.  A C- terminal portion composed of two (SMRT) or three (N-CoR) nuclear 

receptor interaction domains (NRIDs) (87-90). Each NRID contains a 

CORNR box (or L/I-X-X-I/V-I) motif that forms the core of the contact 

surface between the co-repressor and nuclear receptors (91-93). 

Initial studies suggested that SMRT/N-CoR co-repressor binding might be limited 

to nuclear receptors known to repress transcription in the unliganded state, such as 

T3Rs and RARs (78;94). However, some nuclear receptors display low or no co-

repressor binding in the absence of hormone but increase their ability to bind co-

repressors in the presence of hormone antagonists: these include ER, PR, AR and 

GR (95-99). In these receptors, ligands such as tamoxifen or other SERMs 

(selective endocrine receptor modulators) induce unique conformations that favor 

co-repressor binding and are distinct from the conformations assumed in the 

absence of hormone or in response to hormone agonist (12;100;101).  

SMRT and N-CoR function by recruiting other proteins, which help mediate the 

molecular events necessary for repression. Best understood of these downstream 

recruits are the histone deacetylases, which inhibit transcription by modification of 

the chromatin template. N-CoR and SMRT can also interact with mSin3, a key co-

repressor for many non-receptor transcription factors, (102) and make direct, 

inhibitory contacts with important components of the general transcriptional 

machinery such as TFIIB and with TAF30 (24) thereby disrupting formation of the 

pre-initiation complex and impeding target gene transcription.  
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SMRT/N-CoR binding is regulated mainly by changes in nuclear receptors 

induced by hormone agonists or antagonists. In addition, like co-activators, 

SMRT/N-CoR activity is mediated by post-translational modifications. For 

example, phosphorylation of the C terminus of SMRT stabilizes co-repressor 

binding to T3Rs (103). Conversely, negative regulation of SMRT, by its 

phosphorylation, occurs in response to growth factor receptors operating through a 

Ras-MEKK1-MEK1 pathway (104;105). Disruption of SMRT gene in knockout 

mice (SMRT -/- mice) (106;107) is embryonic lethal mainly due to defects in 

cardiogenesis (107). Knockout of the N-CoR gene (N-CoR -/- mice) is also 

embryonic lethal (108) with an observed phenotype that includes smaller liver, 

smaller overall size and anemia. These observations suggest the critical role of 

SMRT and N-CoR in controlling important developmental pathways and indicate 

that, despite the high structural homology, they might not have overlapping 

cellular functions.  

Data on breast cancer cell lines demonstrated that SMRT is important in regulating 

cell proliferation. Indeed, knockdown of both SMRT and N-CoR by siRNA 

increase cell proliferation rates in MCF7 cells (109) SMRT knockdown alone is 

sufficient to increase proliferation rates in breast cancer cells BT474 (110).  

 

Co-regulators expression in breast cancer samples 

Data on co-regulators expression in human breast samples are sparse and often 

contradictory. Many of the studies were conducted using small samples size and 

therefore with limited statistical power and non-uniform patients characteristics. 

This limits the interpretation of the data. 

SRCs 

SRC1 expression is increased in human breast tumors (53;111-115). There is 

compelling evidence that SRC1 positively correlates with HER2 status 

(53;111;114) while associations with other clinico-pathological variables are less 

well defined. Green et al. (116) showed a positive correlation with good 

prognostic factors such as ERα expression, low histological grade and small tumor 

size while Fleming et al. found a positive association with poor prognostic factors 

such as nodal positivity (53). Data on the association of SRC1 with patients 

outcome are controversial. Most of the studies show that patients with SRC1 

overexpressing tumors are more likely to develop distant metastasis and that SRC1 

is a strong predictor of shorter disease-free survival and overall survival (114;117), 

particularly in the HER2 positive population (111). However, in a recent study 

Green et al. demonstrated that tumors overexpressing SRC1 show longer overall 

survival and disease free interval (116). 
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There are very few studies investigating SRC2 in clinical samples probably due to 

the lack of reliable antibodies for this protein. One study reported a positive 

correlation of SRC2 with nodal status and ERβ expression (113). 

AIB1 is amplified and over-expressed in breast cancer, although the frequencies 

reported in literature are variable (62;113;115;118-121). Most of the studies agree 

on the positive association of AIB1 with HER2 (119;122), while there is 

disagreement on the association with ER and tumor grade. Indeed, some studies 

show a positive correlation of AIB1 with ER and/or PR positivity and low tumor 

grade (114;116;120;121), while others show a negative association with those 

features (113;119). Associations have also been shown between AIB1 and 

cyclooxygenase- 2, phosphorylated extracellular signal- regulated kinase 1/2 

(pERK1/2) (114), p53 and PEA3, MMP2, and MMP9 (74). Again, discrepancies 

exist regarding the prognostic role of AIB1. While one study demonstrated that 

patients whose tumors show elevated expression of AIB1 have significantly 

shorter disease-free and overall survival (118), Osborne et al. showed that high 

AIB1 expression in patients not receiving adjuvant endocrine therapy is associated 

with better prognosis and longer disease-free survival.  

SMRT 

To the best of our knowledge, to date there is only one study investigating SMRT 

expression by immunohistochemistry in breast cancer samples (116). This study 

shows that SMRT is an independent prognostic indicator of poor overall patient 

survival (OS) and disease free interval (DFI) and is significantly correlated with 

distant metastases and local recurrence (116). 

 

Anti-estrogen therapy and tamoxifen resistance 

The estrogen dependency of breast cancer is a unique feature of the disease that 

can be exploited to effectively control tumor growth. Indeed, current strategies for 

treatment of hormone-dependent breast cancer is to block estrogen action by:  

a. Inhibiting estrogen from binding to ER, using SERM such as tamoxifen or 

pure antiestrogen agents such as fulvestrant (faslodex/ICI 182,780);  

b. Preventing its synthesis (in postmenopausal patients), using an aromatase 

inhibitor. 

Tamoxifen has been the primary line of therapy for ER positive breast cancer 

patients for nearly three decades and continues to be the choice of therapy for pre-

menopausal patients (123). Data from adjuvant breast cancer trials have shown 

that 5 years of therapy with tamoxifen suppresses the recurrence of breast cancer 
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and reduces the incidence of contralateral second primary breast tumors by 50% 

(123). Tamoxifen has also beneficial effects as a chemopreventive agent reducing 

the chances of developing the disease by 50% in high-risk pre- and post-

menopausal women (124). 

Response to tamoxifen is rare in ER negative breast cancer; therefore ERα status 

(assessed by immunohistochemistry on breast specimens) is currently used to 

identify breast cancer patients who are likely to respond to tamoxifen. But 

nonetheless resistance occurs in 30 to 50% of treated ER positive breast cancer 

patients and development of tamoxifen resistance is a major clinical problem for 

long-term management of breast cancer. Loss of ER expression, increased 

metabolism of the drug, specific ER variants and/or ER mutations have been 

identified as potential mechanisms of resistance (125-127). However, loss of ER 

expression occurs in only a minority (15–20%) of resistant breast cancers and <1% 

of ER-positive tumors exhibit ER mutations. Furthermore, the majority of breast 

tumors seems to remain responsive to growth inhibition by pure anti-estrogens and 

other hormonal therapies (128).  

Therefore other hypotheses have been investigated to explain the loss of tumor 

responsiveness to tamoxifen.  

i. Numerous studies have identified molecular alterations in growth factor 

signaling and downstream pathways as potential drivers of endocrine 

resistance. In particular, early observations of reciprocal expression of ER 

and members of the epidermal growth factor receptor (EGFR) family such 

as EGFR and HER2 (129), the ability of growth factors to modulate 

tamoxifen sensitivity in vitro (130) and clinical data suggesting that 

patients with HER2- and EGFR-overexpressing tumors have a poorer 

outcome when treated with tamoxifen (131;132) have lead to the 

hypothesis that receptor tyrosine kinase expression and function can 

mediate endocrine resistance. Indeed, elevated expression of EGFR, HER2 

and IGF-IR can elicit tamoxifen resistance (133-135), as well as the 

activation of components of their downstream signaling pathways, 

particularly the ERK/MAPK and PI3K pathways (136-138). In particular, 

overexpression of HER2 is one of the best-characterized mechanisms of 

endocrine resistance. Indeed several studies demonstrated that HER2/ER 

crosstalk have a central role in both de novo and acquired resistance to 

tamoxifen (139).  

ii. It is very well known that ER can be phosphorylated and activated by 

multiple intracellular kinases (140). ER is phosphorylated at key residues 

(including serine 106/107, 118, 167, 305, and threonine 311) residing 

mainly in the AF-1 domain, by activated p42/44 MAPK, PI3K/AKT, 



15 
 

p90rsk, p21-activated kinase 1 (Pak1), protein kinase A, and p38 MAPK 

pathway in response to various cytokines and growth factors including 

ligands of EGFR or IGFR (141;142). ER phosphorylation has been shown 

to change ER pharmacology and can result in ligand-independent or 

tamoxifen-mediated activation of the receptor (143;144).  

iii. Recent discoveries demonstrate an important role for co-activators and co-

repressors in tamoxifen resistance. This findings will be discussed in detail 

below. 

 

p 160 family and tamoxifen resistance 

Preclinical and clinical data have linked SRC1 to tamoxifen resistance. In vitro 

experimental data, using a model of tamoxifen resistance, show that SRC1 

expression is increased in resistant cells as compared to parental, suggesting that 

this co-activator may contribute to tamoxifen resistance (145). Moreover, multiple 

studies suggest that overexpression of SRC1 in breast cancer cell lines is able to 

enhance the agonist activity of tamoxifen and increase estrogen-stimulated 

expression of target genes (97;146;147). Clinical data show that expression of 

SRC1 is associated with resistance to endocrine treatment (53) and that SRC1 is a 

strong predictor of reduced disease-free survival (DFS) in patients receiving 

adjuvant tamoxifen treatment (114). However Berns et al. reported that SRC1 

levels were lower in tumors from patients that did not respond to tamoxifen (148). 

The role of AIB1 in tamoxifen resistance has been extensively analyzed. Scott et 

al., in a model of tamoxifen-resistant MCF7 cells, identified AIB1 as the most 

highly expressed co-activator (145) by real time RT-PCR; AIB1 was also similarly 

identified by microarray analysis (145) Like SRC1, also AIB1 enhances the 

agonist activity of tamoxifen in breast cancer cell lines (45;149). Using the 

MCF7/HER2–18 model, which is a derivative line of MCF7 cells that stably 

overexpresses HER2, Shou et al. demonstrated that culture of these cells under 

short-term tamoxifen treatment stimulates proliferation and increases the 

expression of estrogen-regulated genes nearly as well as estradiol itself. Both of 

these effects result from the HER2-driven phosphorylation of AIB1 (via 

extracellular signal-regulated kinase (ERK) -1/2), which enhances AIB1 co-

activator function (150). It has also been shown that a balance between AIB1 and 

the transcriptional repressor PAX2 controls the estrogen-induced expression of 

HER2 in breast cancer cells. Tamoxifen resistance develops when AIB1 levels are 

high and PAX2 levels are low thus inducing high HER2 expression (151). Clinical 

data largely support the hypothesis that AIB1 over-expression is implicated in 

tamoxifen resistance, particularly in HER2 over-expressing tumors. Indeed three 
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independent studies demonstrated that patients whose tumors over-express both 

AIB1 and HER2 have the worse outcomes with tamoxifen therapy (114;152;153).  

 

SMRT and tamoxifen resistance 

Several studies have demonstrated that N-CoR and/or SMRT interact with ER in 

the presence of 4 hydroxytamoxifen (4HT) repressing the weak agonistic activity 

of this antiestrogen (96;97;99;154), and both 4HT and raloxifene have been shown 

to recruit N-CoR and SMRT to ER target genes (146;155;156). Emerging data 

have shown that knockdown of SMRT blocks tamoxifen-mediated inhibition of 

the expression of ER target genes and promotes cell growth in the presence of 

tamoxifen, indicating that co-repressor complexes are important players in 

tamoxifen-mediated transcriptional repression and anti-proliferative activity 

(147;157-159). Moreover, a mutant estrogen receptor (D351Y) has shown a 

reduced tamoxifen-dependent interaction with NCoR and SMRT and high 

tamoxifen-induced AF-1 activity, suggesting that potential interference with co-

repressor binding to nuclear receptor might promote tamoxifen resistance (160). In 

addition, decreased levels of NCoR well correlated with the acquisition of 

tamoxifen resistance in a mouse model system of human breast cancer, suggesting 

that low N-CoR levels or activity could cause tamoxifen to act as an agonist rather 

than antagonist. (154).  

Recent evidences suggest that SMRT activity is regulated by mitogenic signaling 

pathways. In the presence of tamoxifen, MEK inhibition enhances ER/SMRT 

interaction in MCF7 cells, suggesting that the MAPK signaling reduces SMRT 

recruitment to tamoxifen-bound ER (161).  Additionally, phosphorylation of 

SMRT by Ras-MEKK1-MEK1 pathway results in a loss of affinity of the co-

repressor for an assortment of receptor and non- receptor transcription factors, de-

repression of previously repressed target genes, and redistribution of SMRT into a 

cytoplasmic/perinuclear location (104;105). Interestingly, a recent study showed 

that active SMRT forms homo-dimers, and that Erk2, a mitogen-activated protein 

(MAP) kinase, phosphorylation disrupts this SMRT self-dimerization in vitro and 

in vivo, therefore reducing its activity (162). This inhibition of co-repressor 

function by phosphorylation may contribute to the ability of EGFR and HER2 to 

counteract the antagonist properties of tamoxifen (154). 
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AIMS OF THE STUDY 
 

Data on p160 family members and SMRT in human breast cancer samples and in 

endocrine treated patients are controversial or lacking altogether. In particular, 

there is limited information on the co- expression of multiple members of p160 

family members in early breast cancer. Moreover, the role of these co-regulators in 

ER negative disease is poorly understood.  

 

We hypothesized that  

1. Co-operative overexpression of the different SRC family members would 

select for endocrine resistance in ER positive breast cancer patients treated 

with tamoxifen and combined expression levels of co-activators could 

improve selection of endocrine resistant breast cancers. We also 

hypothesized that HER2/SRC positive tumors would exhibit endocrine 

resistance. To test these hypotheses, we assessed SRC1, SRC2 and AIB1 in 

paraffin-embedded tissues from the Edinburgh breast unit, breast 

conservation series. 

2. SMRT expression would select for endocrine resistance in ER positive 

cancers treated with tamoxifen. To test this hypothesis we assessed SMRT 

in paraffin-embedded tissue from the Tumor Bank and Data Network Core 

in the Lester and Sue Smith Breast Center at Baylor College of Medicine 
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MATERIALS AND METHODS 
 

Tumor specimens and patients population 

The Edinburgh Breast Conservation Series 

The Edinburgh Breast Conservation series represents a fully-documented 

consecutive cohort of 1812 patients treated by breast conservation surgery, axillary 

node sampling or clearance, and whole breast radiotherapy at the Edinburgh 

Breast Unit between 1981 and 1998. Over this period a specialist multidisciplinary 

team including surgeons, radiologists, pathologists and oncologists managed 

patients. Eligible patients were those considered suitable for breast conserving 

therapy and were T1 or T2 (<3cm), N0 or N1 and M0 on conventional TNM 

staging. Postoperative breast radiotherapy was given over 4-5 weeks at a dose of 

45Gy in 20-25 fractions. Data are available on adjuvant treatment, tumor size, 

estrogen receptor (ER), lymph node status and outcome with a minimum follow 

up of 9 years. Following ethical approval, tissue blocks were retrieved from all 

cases and sufficient material was available from 1686 cases for assembly into 

tissue microarrays (0.6-mm
2 

cores in triplicate) (163). For the current study all 

patients from this group were stained for SRC1, SRC2 and SRC3/AIB1 (Table 1). 

These included tumors treated with adjuvant tamoxifen monotherapy (1102 cases), 

other hormonal therapy (92 cases) hormone and chemotherapy (149 cases) and 

chemotherapy alone (106 cases). In addition 197 cases received no adjuvant 

hormone or chemotherapy. At the end of the study, there were 297 breast cancer-

specific deaths and 484 breast cancer relapses.  

Tumor Bank and Data Network Core at the Lester and Sue Smith Breast Center  

The Tumor Bank and Data Network Core in the Lester and Sue Smith Breast 

Center at Baylor College of Medicine is a prospectively assembled tumor bank. 

Tissue specimens were prepared from a cohort of 1424 frozen tumor specimens as 

previously described (164). Individual samples were fixed for 8 hours in 10% 

neutral buffered formalin and routinely processed to paraffin blocks. Samples were 

subsequently arrayed (12 samples/array; each core 5 mm in diameter). These 

uniformly prepared tissue samples have been already used to validate other 

prognostic and predictive factors in breast cancer including PR (165), ER (166) 

and IRS1 (167). The study population consisted of patients who were diagnosed 

between 1973 and 1998 with stage I and II primary breast cancer with no distant 

metastasis, treated with mastectomy or lumpectomy plus axillary dissection, with 

or without post-operative radiation therapy. Complete data on tumor size, number 

of nodes, receptors, S-phase fraction, ploidy and use and type of adjuvant therapy 

were available. Median follow-up was 84 months. For the current study all 
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patients were stained for SMRT. These included 695 patients who did not receive 

adjuvant therapy after primary treatment, 402 who received adjuvant tamoxifen 

monotherapy and 327 who received chemotherapy or a combination therapy.  

 

Immunohistochemistry (IHC)  

IHC was performed on tissue microarrays (TMAs) using a standard 

immunoperoxidase procedure with the following antibodies: SRC1 (128E7, Cell 

Signaling), SRC2/TIF2 (Clone 29, BD Biosciences), SRC3/AIB1 (Clone 34, BD 

Biosciences), SMRT (Clone 44, BD Biosciences). Antigen retrieval was 

performed by microwaving slides under pressure for 5min in TE buffer (1mM 

EDTA and 5mM Trisma base pH9; AIB1) or in citrate buffer pH6 (SRC1 and 

SRC2) or by heating in a pressure cooker for 10min in 0.1 M Tris-HCl buffer, pH 

9.0 (SMRT). Nonspecific binding was blocked by incubating the tissue in Serum 

Free Block (DakoCytomation, Glostrup, Denmark) for 20 minutes. Endogenous 

peroxidase activity was quenched (all antibodies) and endogenous biotin blocked 

as previously described. Primary SRCs antibodies were applied at 4
o
C overnight at 

the following concentrations: SRC1 (1:100), SRC2 (1:400) and AIB1 (1:50), while 

SMRT antibody was applied for 1 h at room temperature at the concentration of 

1:300. EnVision (DakoCytomation) was used for signal amplification and positive 

staining was visualized using 3,3-diaminobenzidine tetrahydrochloride (DAB; 

Vector laboratories, CA, USA). Nuclei were counterstained with haematoxylin 

before mounting. SRC1 and SMRT staining were performed at the pathology core 

of Lester and Sue Smith Breast Center at Baylor College of Medicine, Houston, 

Texas, while staining for SRC2 and AIB1 were performed at the Edinburgh 

Cancer Research Centre, Edinburgh, UK, as specified in the Acknowledgment 

session. 

 

Scoring of immunohistochemistry 

For the SRCs study, nuclear SRC1 was scored blinded by two pathologists (myself 

and Carolina Gutierrez) according to the Allred score (168) and by an observer 

from the Edinburgh Cancer Research Centre, Edinburgh, UK with expertise in 

TMA analysis using a modified histoscore (169) There was a good correlation 

between the two score (data not shown); therefore nuclear SRC2 and AIB1 were 

scored at the Edinburgh Cancer Research Centre, according only to the modified 

histoscore. The histoscore was used for the subsequent statistical analysis of 

SRCs.  
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For the SMRT study, immunostained slides were evaluated for both nuclear and 

cytoplasmic SMRT. Nuclear SMRT was scored blinded according to the Allred 

score by two pathologists (myself and Carolina Gutierrez) (168). Briefly, each 

entire core was evaluated by light microscopy. First, a proportion score was 

assigned, which represents the estimated proportion of positive-staining tumor 

cells (0, none; 1, <1/100; 2, 1/100 to 1/10; 3, 1/10 to 1/3; 4, 1/3 to 2/3; and 5 > 

2/3). Next, an intensity score was assigned, which represents the average intensity 

of positive tumor cells (0, none; 1, weak; 2, intermediate; 3, strong). The 

proportion and intensity scores were then added to obtain a total score, which 

ranged from 0 to 8. Cytoplasmic SMRT was evaluated based on the intensity of 

the staining according to a score that ranges from 0 to 3 (0, none; 1, weak; 2, 

intermediate; 3, strong)(168). 

 

Statistical analysis 

SRCs status was categorised as high (above upper quartile) or low (below upper 

quartile). Nuclear SMRT status was categorized in quartiles (1
st
 4; 2

nd
 >4 and 6; 

3
rd

 =7; 4
th

 =8) while cytoplasmic SMRT status was dichotomized in negative (=0) 

and positive (>0). 

Spearman rank tests were conducted to test the associations between each co-

regulator and molecular or clinical markers.  

Univariate analysis on recurrence-free survival (RFS), distant relapse-free survival 

(DRFS) and overall survival (OS) was carried out using the Kaplan-Meier method 

and compared using the log-rank test.  

The prognostic and predictive significance of co-regulators was analyzed by Cox 

proportional hazards regression models. All variables of interest were entered into 

multivariate Cox regression models and model-building proceeded using stepwise 

selection.  

Clinico-pathological variables were categorized according to standard cut-offs. 

Data analysis for SRCs study were conducted at the Edinburgh Cancer Research 

Centre, while data analysis for SMRT study were conducted at Baylor College of 

Medicine (as specified in the Acknowledgment session) 



21 
 

RESULTS 
 

Patients and tumors characteristics 

The Edinburgh Breast Conservation Series 

Clinical and pathological data for the patients are shown in Table 1. A total of 

1686 cases were studied, including 1277 patients with ER positive tumors and 316 

with ER negative tumors. The majority of the patients were older than 50 years of 

age, with small (<2 cm), node negative tumors. PR was expressed in 78% of the 

ER positive tumors. Ten percent of all tumors were HER2 positive. 

Table 1: Edinburgh Breast Conservation series: Patient clinical and pathological 

characteristics by subgroup 

  All cases 

(1686) 

All ER+ve 

(1277) 

ER-ve 

(316) 

Age (y) <50 529 392 122 

 >50 1157 885 194 

 Missing 0 0 0 

     

Grade 1 427 373 25 

 2 745 605 99 

 3 472 280 184 

 Missing 42 19 8 

     

Node status Negative 1217 921 214 

 1-3  386 304 102 

 4-9 59 37 0 

 10+ 23 14 0 
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 Missing 1 1 0 

     

Size (cm) <2 1227 947 198 

 >2 377 264 108 

 Missing 82 65 10 

     

ER ER-ve 316 NA NA 

<2 ER+ve 1277 NA NA 

 Missing 93 NA NA 

     

PR PR-ve 272 135 127 

<2 PR+ve 1316 1114 182 

 Missing  98 28 7 

     

HER2 HER2-ve 1189 961 194 

 HER2+ve 175 115 58 

 Missing 322 201 64 

     

SRC1 SRC1-ve 984 772 192 

 SRC1+ve 367 310 46 

 Missing 335 195 78 

     

SRC2 SRC2-ve 1028 798 187 
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 SRC2+ve 342 285 47 

 Missing 316 194 82 

     

SRC3 SRC3-ve 1125 873 222 

 SRC3+ve 380 300 73 

 Missing 181 104 21 

 

Tumor Bank and Data Network Core at the Lester and Sue Smith Breast Center  

The distributions of the patient’s clinical characteristics are presented in Table 2. 

A total of 866 patients were studied including 765 patients with ER positive 

tumors and 101 with ER negative tumors. The majority of patients were older than 

50 years of age. We included in the analyses only patients with tumors less than 5 

cm in diameter, the majority of which was node negative. About 70% of ER 

positive tumors were also PR positive. Approximately 64% of tumors were of low 

to intermediate S-phase, and nearly 60% were aneuploid. For this population we 

also stratified patients based on treatment: 330 patients were treated with adjuvant 

tamoxifen monotherapy and 536 patients received no adjuvant therapy after their 

primary treatment. 

Table 2: Tumor Bank and Data Network at Lester and Sue Smith Breast Center: 

Patient clinical and pathological characteristics by subgroup 

  All  Untreated  Treated 

  

(866) 

 ER+ 

(435) 

 ER- 

(101) 

 ER+ 

(330) 

             

Age(y),  ≤50 162(18.7)  91(20.9)  41(40.6)  30(9.1) 

  >50 704(81.3)  344(79.1)  60(59.4)  300(90.9) 

         

Size (cm) <2 351(41.1)  191(44.5)  30(30.6)  130(39.6) 

  >2-5 504(58.9)  238(55.5)  68(69.4)  198(60.4) 

    Missing 11       

         

Node status Negative 629(72.6)  360(82.8)  89(88.1)  180(54.5) 

 Positive        

 1-3 143(16.5)  50(11.5)  9(8.9)  84(25.5) 
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 >3 94(10.9)  25(5.7)  3(3.0)  66(20.0) 

         

S phase Low  

(0 to <6%) 

230(32.5)  131(36.8)  11(13.6)  88(32.5) 

    Intermediate  

(≥6 to ≤10%) 

219(30.9)  116(32.6)  10(12.3)  93(34.3) 

    High  

(>10%) 

259(36.6)  109(30.6)  60(74.1)  90(33.2) 

    Missing 158       

         

Ploidy Diploid 288(38.8)  162(43.9)  17(20.0)  109(37.7) 

    Aneuploid 455(61.2)  207(56.1)  68(80.0)  180(62.3) 

    Missing 123       

         

PR ( fmol/mg) Negative (<5) 317(37.7)  137(32.7)  85(86.7)  95(29.4) 

  Positive (≥5) 523(62.3)  282(67.3)  13(13.3)  228(70.6) 

    Missing 26       

         

Nuclear 

SMRT 

1
st
 quartile  

(<=4) 

237(27.4)  131(30.1)  28(27.7)  78(23.6) 

    2
nd

 quartile  

(>4,<=6) 

256(29.6)  132(30.3)  25(24.8)  99(30.0) 

  3
rd

 quartile 

(=7) 

181(20.9)  85(19.5)  26(25.7)  70(21.2) 

    4
th
 quartile  

(=8) 

192(22.2)  87(20.0)  22(21.8)  83(25.2) 

         

Cytoplasm 

SMRT 

Negative (=0) 581(67.1)  289(66.4)  68(67.3)  224(67.9) 

 Positive (>0) 285(32.9)  146(33.6)  33(32.7)  106(32.1) 

         

Follow-up 

time (mo) 

 86  86  83  85 

 

Co-regulators expression 

SRCs 

SRC1, SRC2 and AIB1 expression was confined to the nuclei of invasive tumor 

cells, with no staining in normal breast epithelial cells (Figure 1). 21.8% of cases 
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were SRC1 positive, while 58.4% were negative; 20.3% were SRC2 positive, 

while 61% were negative; 22.5% were AIB1 positive, while 66.7% were negative 

(Table 1). The frequency histogram for expression of each of the SRC proteins 

varied. SRC1 expression ranged from a histoscore of 0-245, with a significant 

group of cases having uniform low level (1+) staining. SRC2 staining exhibited 

the narrowest range with a maximum histoscore of 196. Staining for AIB1 ranged 

from 0-290 and exhibited the highest median staining.  

SMRT 

SMRT was expressed in the nuclei and in the cytoplasm of invasive tumor cells 

with a low nuclear staining present in the normal breast epithelial cells, which 

served as internal positive control (Figure 2). Fifty-seven percent of the tumors 

exhibited low nuclear SMRT expression (1
st
 and 2

nd
 quartile) while the highest 

SMRT expression (4
th
 quartile) was observed in 22.2 % of the specimens (Table 

2). The majority of tumors (67.1%) were negative for cytoplasmic SMRT 

expression (Table 2). 

 

Correlation with clinico-pathological characteristics 

SRCs 

We assessed the correlation between SRC1, SRC2 and AIB1 expression with 

various clinico-pathological parameters (table 3). SRC1 expression showed a 

significant, albeit small, positive correlation with ER (r = 0.198; P = 4x10
-13

) and 

PR expression (r = 0.132 P = 1.5x10
-6

). SRC2 and AIB1 were significantly 

associated to each other (r = 0.136; P = 1.6x10
-6

) and AIB1 was positively and 

significantly associated with grade (r = 0.213; P = 0.0000002) and inversely 

associated with PR expression (r = -0.278; P = 1.6x10
-27

) and with Ki67 

expression (r = -0.103; P = 8x10
-5

).  

Table 3: Correlations between SRCs and clinico-pathological characteristics 

 SRC1 SRC2 SRC3/AIB1 

Grade -0.133 

p=0.002 

NS 0.213 

p=0.0000002 

Nodal Status 

(+ve vs –ve) 

NS NS NS 

Size NS 0.056 

p=0.043 

0.074 

p=0.005 

ER 0.198 

p=4x10
-13

 

0.07 

p=0.011 

NS 

PR 0.132 NS -0.278 
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p=1.5x10
-6

 p=1.6x10
-27

 

HER2 NS NS NS 

Ki67 -0.076 

p=0.006 

NS -0.103 

p=8x10
-5

 

SRC1 NA NS NS 

SRC2 NS NA 0.136 

p=1.6x10
-6

 

SRC3/AIB1 NS 0.136 

p=1.6x10
-6

 

NA 

 

SMRT  

The results of the correlation analysis of SMRT expression with clinico-

pathological parameters are presented in Table 4. Nuclear and cytoplasmic SMRT 

expressions were modestly correlated with each other (r = 0.150; P < 0.0001). 

There was a small negative correlation between nuclear SMRT and lymph node 

involvement (r = -0.073; P = 0.030) whereas there were small positive correlations 

observed between nuclear or cytoplasmic SMRT and S-phase (r = 0.087; P = 

0.020 and r = 0.131; P = 0.0005, respectively). We observed small, albeit 

significant, correlations between nuclear or cytoplasmic SMRT and ER (r = 0.069; 

P = 0.043 and r = 0.089; P = 0.009, respectively). However we found no 

significant correlations between SMRT, either cytoplasmic or nuclear, and age, PR 

status or tumor size. 

Table 4: Correlations between SMRT and clinico-pathological characteristics 

  All (n=866) 

 Nuclear  Cytoplasm 

 Correlation (P)
†
  Correlation (P)

†
 

Nuclear SMRT
‡
 1   0.150(<0.0001) 

Cytoplasmic SMRT
‡
 0.150(<0.0001)  1 

  

-0.025(0.455)   -0.041(0.223) Age 

ER 0.069(0.043)  0.089(0.009) 

PR 0.048(0.167)  0.040(0.244) 
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Tumor Size -0.020(0.563)  0.040(0.239) 

Nodes -0.073(0.030)  -0.007(0.840) 

S Phase 0.087(0.020)   0.131(0.0005) 

†: Spearman rank correlation.  

‡: Correlation between nuclear and cytoplasm   

 

Univariate analysis of SRCs 

SRCs expression in the overall population  

In all patients (both ER positive and ER negative), only AIB1 was significantly 

associated with RFS, DRFS and OS (Table 5A). 

SRCs expression in ER positive patients 

When divided according to ER status, we found no significant association between 

any individual SRC family member expression and outcome in patients that were 

ER positive and treated with either any hormone therapy or tamoxifen (data not 

shown). There was only a non-significant trend (after correction for multiple 

testing) for reduced DRFS in patients with ER positive tumors with AIB1 

overexpression treated with tamoxifen (HR: 1.52, 95%CI 1.04-2.23; p = 0.033). 

Therefore none of the member of SRC family alone represents a predictive marker 

of endocrine resistance.  

SRCs expression in ER negative patients 

High expression of SRC1 and AIB1 were associated with reduced RFS, DRFS and 

OS in ER negative breast cancers (Table 5B), although only AIB1 was 

significantly associated with reduced DRFS in ER negative breast cancers 

following correction for multiple testing. Combining overexpression of either 

SRC1 or AIB1 confirmed the negative prognostic impact with respect to RFS and 

DRFS in univariate Cox regression analyses (Table 5B; Figure 3A-C). 

Overexpression of both SRC1 and AIB1 was a rare event, seen in only 6 cases of 

ER negative breast cancer (data not shown).   

Overexpression of two or more SRC family members 

When ER positive cases were stratified according to the number of overexpressed 

SRC family members (ER+ve/no SRC high expression, ER+ve/ high expression of 

one SRC family member, or ER+ve/high expression of two or more SRC family 

members), there appeared to be a significant relationship between SRC expression 

and outcome. Tumors that overexpressed only one SRC family member (344/882; 
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45%) were associated with improved RFS (p=0.005: Figure 4A) and DRFS 

(p=0.004: Figure 4B) compared to tumors that did not overexpress any SRC 

family member (400/882; 45%) and tumors with high expression of two or more 

family members. Conversely, those tumors with high expression of two or more 

SRC family members (138/882; 16%) were associated with decreased DRFS (p = 

0.004) with a 2.2-fold (95% CI 1.4-3.6, p = 0.004) increase risk of distant relapse 

when compared to patients that expressed only one SRC family member. No 

significant association was observed between overexpression of the co-activators 

and OS (data not shown). Furthermore, no significant association was observed 

when other prognostic factors such as nodal status, grade, size and HER2 status 

was included in the multivariate analysis (data not shown). 

Table 5: Univariate Analysis of SRCs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AIB1 and HER2 expression as a combined biological marker of poor outcome. 

The subgroup of HER2 positive tumors with high levels of AIB1 has previously 

been identified as having poor outcome on endocrine therapy (153). We observed 

a significant reduction in RFS, DRFS and OS in both HER2 and HER2/AIB1 

positive tumors (Table 6). Tumors with high expression of HER2 alone exhibited 

 RFS DRFS OS 

A: ALL PATIENTS 

SRC1 0.99 

(0.79-1.24) 

0.95 

(0.73-1.25) 

0.95 

(0.70-1.28) 

SRC2 0.91 

(0.72-1.16) 

0.95 

(0.72-1.26) 

1.00 

(0.74-1.35) 

AIB1 1.30 

(1.05-1.60) 

0.015 

1.53 

(1.21-1.93) 

0.0004 

1.50 

(1.16-1.94) 

0.002 

B:  ER-ve cases 

SRC1 1.81 

(1.12-2.93) 

0.015 

1.79 

(1.05-3.06) 

0.032 

1.55 

(0.87-2.76) 

SRC2 0.82 

(0.45-1.50) 

0.85 

(0.44-1.62) 

0.89 

(0.45-1.76) 

AIB1/SRC3 1.50 

(0.99-2.28) 

0.055 

1.86 

(1.19-2.90) 

0.006 

1.49 

(0.91-2.41) 

SRC1/SRC3 vs 

not 

1.91 

(1.25-3.10) 

0.004 

2.25 

(1.36-3.72) 

0.002 

1.87 

(1.09-3.19) 

0.023 
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a 40-60% increased risk of relapse and death, whilst tumors with high expression 

of both markers exhibited increased in relapse risk ranging from 121-216% greater 

than tumors without either AIB1 or HER2 overexpression. Tumors that 

overexpressed AIB1 alone were associated with between 10-40% increase risk of 

relapse or death (Table 6; Figure 5A-C).  

Whilst the group of HER2/AIB1 overexpressing tumors represents a small 

minority of cases (3% of the total population) it represents a significant subgroup 

of HER2 positive disease (42/168 HER2 positive cases, 25%). Additionally, 

despite the small number of patients in this group, multivariate analysis, including 

nodal status, grade, size, menopausal status, ER and PR, suggests that stratification 

by HER2/AIB1 status remained an independent prognostic variable for DRFS 

within this cohort (data not shown). 

Table 6: Exploratory multivariate regression analysis of AIB1/HER2 groups: 

 

Univariate analysis of SMRT 

SMRT expression in the overall population 

Considering the entire population of untreated patients (both ER-positive and ER-

negative) there was a strong and significant positive correlation between low 

nuclear SMRT expression (1
st
 quartile, Allred score < or = 4) and longer RFS (P = 

0.007; Figure 6A) while no correlation was seen between nuclear SMRT 

expression and OS (P = 0.603, Figure 6B). 

SMRT expression in ER positive patients 

When dived according to ER status, untreated patients with ER-positive tumors, 

which expressed low nuclear SMRT expression (1
st
 quartile) had a significantly 

better RFS (P = 0.01 Figure 7A) compared to those with greater nuclear SMRT 

Factor RFS DRFS OS 

AIB1/HER2 

Groups 

p=0.002 p=0.0001 p=0.002 

Nodal status p<0.00001 p<0.00001 p<0.00001 

Size p=0.0001 p=0.0002 p=0.00008 

Grade p=0.013 p=0.024 p=0.001 

Menopausal status NS NS NS 

ER p=0.034 p=0.024 p=0.016 

PgR NS NS NS 
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expression, while there was no significant difference in OS (Fig. 7C). Moreover, 

we did not observe significant differences in either RFS or OS between quartiles 

of SMRT expression among tamoxifen-treated patients (Figs. 7B & D). Therefore, 

in ER positive population, low nuclear SMRT represents a marker of good 

prognosis, being associated with a relative delay in tumor recurrence in untreated 

patients. However, nuclear SMRT expression does not represent a predictive 

marker of response to tamoxifen treatment.  

No differences in RFS or OS were found between positive and negative 

cytoplasmic SMRT in the untreated population (P = 0.783 and P = 0.957, 

respectively; data not shown).   

SMRT expression in ER negative patients 

In the relatively small number of patients with ER-negative tumors (n=101), 

patients with higher SMRT expression showed a trend towards decreasing RFS (P 

= 0.079; Figure 8A), while no difference was found in OS (Figure 8B). 

 

Multivariate regression analysis: 

SRCs 

The multivariate regression analysis of SRCs study is shown in Table 7,  

In a multivariate regression analysis of all cases (both ER positive and ER 

negative) SRC1 expression was significantly associated with reduced DRFS (HR 

= 1.40; 95% CI, 1.00-1.96; P = 0.048) as was HER2 expression, nodal status, size. 

In ER positive disease, no SRC was associated with RFS, DRFS or OS. In this 

analysis nodal status, grade, size and HER2 levels were significant. 

In ER negative disease, expression of either SRC1 or AIB1 was associated with 

reduced RFS, DRFS, and OS (HR = 1.94; 95% CI, 1.19-3.17; P = 0.008 and HR = 

2.27; 95% CI, 1.33-3.88; P = 0.003 and HR = 1.90; 95% CI, 1.07-3.38; P = 0.028, 

respectively) in multivariate analysis; only nodal status was also significant in this 

analysis (probably due to the small sample size).  

Table 7: Multivariate regression analysis in SRCs study:  

 ER-ve  ER+  All  

Relapse Free Survival 

Nodal Status 3.15 

(1.87-5.31) 

p<0.0001 

1.72 

(1.29-2.30) 

p<0.0001 

2.01 

(1.56-2.58) 

p<0.0001 
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Grade NS 1.57 

(1.06-2.33) 

p=0.044 

1.66 

(1.16-2.38) 

p=0.019 

 

Size NS 2.02 

(1.50-2.71) 

p<0.0001 

1.58 

(1.22-2.04) 

p=0.001 

 

Menopausal 

status 

NS NS NS  

Age NS NS NS  

HER2 NS 1.50 

(1.03-2.20) 

p=0.036 

1.48 

(1.09-2.02) 

p=0.013 

 

PgR NS NS NS  

ER NA NA NS  

SRC1/SRC3 1.94 

(1.19-3.17) 

p=0.008 

NA NA  

SRC1 NA NS NS  

SRC2 NA NS NS  

SRC3 NA NS NS  

Distant Disease Free Survival 

Nodal Status 3.31 

(1.88-5.81) 

p<0.0001 

2.15 

(1.52-3.03) 

p<0.0001 

2.37 

(1.77-3.18) 

p<0.0001 

 

Grade NS NS NS  

Size NS 1.96 

(1.38-2.79) 

p=0.0002 

1.64 

(1.21-2.22) 

p=0.001 

 

Menopausal 

status 

NS NS NS  

Age NS NS NS  

HER2 NS 1.77 

(1.15-2.72) 

p=0.009 

1.63 

(1.15-2.32) 

p=0.006 

 

PgR NS NS NS  

ER NA NA NS  

SRC1/SRC3 2.27 

(1.33-3.88) 

p=0.003 

NA NA  

SRC1 NA NS 1.40 

(1.00-1.96) 
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p=0.048 

SRC2 NA NS NS  

SRC3 NA NS NS  

Overall Survival 

Nodal Status 3.77 

(2.07-6.90) 

p<0.0001 

2.18 

(1.49-3.18) 

p<0.0001 

2.47 

(1.79-3.41) 

p<0.0001 

 

Grade NS 2.35 

(1.34-4.13) 

p=0.009 

2.25 

(1.34-3.79) 

p=0.002 

 

Size NS 2.20 

(1.50-3.23) 

p0.0001 

1.78 

(1.29-2.46) 

p=0.001 

 

Menopausal 

status 

NS NS NS  

Age NS NS NS  

HER2 NS 1.66 

(1.03-2.67) 

p=0.039 

1.48 

(1.01-2.18) 

p=0.047 

 

PgR NS NS NS  

ER NA NA 0.67 

(0.45-0.99) 

p=0.046 

 

SRC1/SRC3 1.90 

(1.07-3.38) 

p=0.028 

NA NA  

SRC1 NA NS 1.44 

(1.00-2.07) 

p=0.05 

 

SRC2 NA NS NS  

SRC3 NA NS NS  

 

SMRT 

The prognostic and predictive effects of clinico-pathological variables (nuclear 

SMRT, cytoplasmic SMRT, age, PR, nodes) on RFS in untreated ER positive and 

tamoxifen-treated patients are shown in Table 8. In multivariate analysis of RFS 

for untreated patients, nuclear SMRT expression was significantly associated with 

RFS (HR = 1.73; 95% CI, 0.98-3.06; P = 0.032). Cytoplasmic SMRT was not 
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associated with RFS. For tamoxifen-treated patients, there was no significant 

association between either cytoplasmic or nuclear SMRT and RFS.  

Among patients treated with tamoxifen, those with an age at diagnosis of 50 years 

or younger had a worse RFS than patients older than 50 years old (HR = 3.33; 

95% CI, 1.84-6.02, P <0.0001). Negative PR status also was associated with 

earlier recurrence for tamoxifen-treated patients (HR = 1.66; 95% CI, 1.07-2.59, 

P= 0.024). For both untreated and tamoxifen-treated patients, node status (three or 

more positive nodes) was a significant indicator of recurrence (HR = 3.27; 95% 

CI, 1.82-5.87, P <0.0001 and HR = 3.96; 95% CI, 2.38-6.60, P <0.0001, 

respectively). 

Table 8: Multivariate regression analysis of SMRT study in ER positive patients. 

RFS - Untreated (n=435)    

Variable HR  95% CI P 

Nuclear      0.032 

   1
st
 quartile (<=4)  1.00 –  

   2
nd

 quartile (>4,<=6) 2.05 1.25-3.37  

   3
rd 

quartile (=7)  1.96 1.12-3.40  

   4
th
 quartile (=8) 1.73 0.98-3.06  

Cytoplasm    0.286 

   Negative (=0)       1.23 0.84-1.81  

   Positive (>0)       1.00 –  

Node   0.0003 

    Node Negative 1.00 –  

    1-3                     1.49 0.90-2.47  

     >3 3.27 1.82-5.87   
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RFS - Treated (n=323
†
)    

Variable HR  95% CI P 

Nuclear      0.132 

   1
st
 quartile (<=4)  1.00 –  

   2
nd

 quartile (>4,<=6) 1.04 0.59-1.85  

   3
rd 

quartile (=7)  0.59 0.29-1.22  

   4
th
 quartile (=8) 1.39 0.75-2.59  

Cytoplasm    0.179 

   Negative (=0)       1.40 0.86-2.30  

   Positive (>0)       1.00 –  

Age   <0.0001 

   <=50 3.33 1.84-6.02  

   >50 1.00 –  

PR   0.024 

    Negative 1.66 1.07-2.59  

    Positive 1.00 –  

Node   <0.0001 

    Node Negative 1.00 –  

    1-3                     1.17 0.66-2.09  

     >3 3.96 2.38-6.60   

†: 7/330 tamoxifen-treated patients did not have PR data.  
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DISCUSSION 
 

Breast cancer has been paradigmatic of how bench-to-bedside breakthroughs can 

ultimately result in life-saving treatment strategies. The recognition that many 

breast cancers are hormone-dependent (5) led to identification of estradiol and its 

receptor, ER as the main driver of breast tumor progression. Afterward, the 

evidence that only one third of women with breast cancer responded to any form 

of endocrine ablative therapy, raised the question of whether ER expression could 

predict therapy response. Jensen EV et al first reported in 1971 that ER-rich breast 

cancers were more likely to respond to endocrine ablation (170). Therefore ER 

became the first known predictive marker in the history of oncology. In the early 

1970s tamoxifen was developed. The strong biological evidence that tamoxifen 

blocks the binding of estradiol to ER in human breast and rat mammary tumors 

and prevents the induction and growth of ER positive carcinogen-induced rat 

mammary carcinomas, (171-174) set the basis for the development of endocrine 

therapy, the first recognized target therapy for human cancer. It is now known that 

five years of adjuvant tamoxifen is unable to provide any benefit for patients with 

ER negative tumors, while it result in a 50% decrease in recurrences and a 

decrease in mortality 15 years after diagnosis in ER positive patients (175). 

Therefore tamoxifen is paradigmatic of how a target agent can be successfully 

used only in a population harboring the target. 

Nevertheless, approximately 50% of ER-positive breast cancers are innately 

resistant to endocrine therapies and almost all patients who do respond will 

eventually become unresponsive despite the continued presence of both the anti-

estrogen and a functional receptor. In order to build advanced personalized 

treatment strategies and further reduce breast cancer mortality, it is necessary to 

identify patients at higher risk of recurrence or that would benefit from specific 

endocrine therapies. 

To identify such new potential prognostic and predictive markers it is important to 

understand the biology of breast cancer and the molecular mechanisms underlying 

endocrine resistance. It is now clear that tamoxifen resistance results from an 

imbalance between anti-estrogens agonist and antagonist actions and there is 

strong biological evidence that co-regulators are involved in breast cancer 

progression and in tamoxifen resistance. However the question of what are the 

clinical implications of these findings remains open.  

We tried to answer this question by analyzing levels of expression of ER co-

regulators in human breast cancer samples with the aim of determining whether 
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these could improve breast cancer classification, assessment of prognosis and/or 

prediction of response to endocrine therapy in patients with early breast cancer. 

In our study, the largest to date of this kind, expression levels of SRC1, SRC2,  

AIB1 and SMRT were determined in two large and well characterized cohorts of 

breast tumor samples. In particular the Tumor Bank and Data Network Core at the 

Lester and Sue Smith Breast Center is a unique tumor bank. This bank includes 

tumor samples from patients diagnosed between 1973 and 1998, thus comprising 

patients who did not receive any adjuvant therapy after surgery. The presence of 

an untreated group of patients as well as of a tamoxifen only treated population in 

this bank allowed us to better discriminate between the prognostic (natural 

progression) and predictive (response to drug) effect of SMRT expression without 

the confounding of other treatments (e.g. chemotherapy). 

Immunohistochemistry was used to explore protein expression in breast cancer 

TMAs, which were then analyzed by either histoscore or Allred score methods 

(168). IHC is an easy, inexpensive, safe technique that can be applicable to a wide 

variety of samples (e.g. cytologic preparations, frozen tissue sections, fixed 

archival tissue sections, etc). Moreover it is very sensitive and specific in the 

identification of rare positive tumor cells under direct microscopic visualization. 

TMAs have been widely established as reliable and enable high- throughput 

simultaneous analysis of a large number of tumor samples (176;177). Both the 

histoscore and the Allred score have been previously demonstrated for ER to be 

reliable and produce equivalent results to other immunohistochemical scoring 

methods and biochemical methods, such as ligand-binding assay (166;178). 

Additionally, in a preliminary analysis, we found a good agreement between the 

two scoring methods (data not shown). 

In this study we found protein expression of SRC1, SRC2 and AIB1 to be 

localized in the nuclei. Conversely, SMRT staining was found to be localized both 

in the nuclei and in the cytoplasms of invasive breast cancer cells. Regarding 

AIB1, some studies reported this co-activator as being predominantly nuclear 

(112;113), while others reported cytoplasmic staining (115;116;120). Indeed, List 

et al. suggested a trend that, with increased progression of breast cancer, AIB1 

localization becomes more nuclear than cytoplasmic (115). This was not shown in 

the current study where we found an exclusively nuclear staining for AIB1. This 

discrepancies between the studies could be due to the different reagents used. 

Indeed, our study was carried out with an AIB1 antibody produced by BD 

Biosciences (BD) while Green et al used the AIB1 antibody from Santa Cruz 

Biotechnology (SC). In order to understand the differences seen in the AIB1 

protein expression patterns on IHC with these two AIB1 antibodies, Balmer NN et 

al. performed a Western Blot analysis on protein extract from cells transfected 
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with an expression vector encoding human AIB1 vs untransfected cells (179). 

They demonstrated that the AIB1 (BD) antibody detected a single protein band 

migrating according to the appropriate molecular weight (160 kDa) of the AIB1 

protein, while the SC antibody, in addition to a band migrating at the appropriate 

molecular weight, more strongly detected an additional non-specific band. This 

result may suggest that the cytoplasmic staining observed when this antibody is 

used for IHC could result from cross reactivity to a non-specific protein. We used 

a different antibody (BD) compared to Green et al (SC) also for SMRT staining 

(116). Our antibody detected SMRT in both nuclei and cytoplasms while the SC 

antibody detected SMRT only in the nuclei (116). Again, different specificity of 

these antibodies might explain the differences in the staining pattern. However, 

our finding is not surprising and the cytoplasmic staining seen in this study may 

have functional implications. Many other transcription factors, such as BRCA1, 

are found in the cytoplasm reportedly due to inactivation and mislocalisation 

(180). Additionally, Hong SH et al. show that SMRT sub-cellular distribution can 

be changed from an exclusively nuclear compartment to a more perinuclear and 

cytoplasmic distribution due to MEK-1 signaling (105).  

Here we analyzed the associations of SRC1, SRC2, AIB1 and SMRT with various 

clinical and pathological parameters, as well as with the expression levels of 

nuclear receptors ER and PR. In agreement with a previous study (116), we 

demonstrated a significant correlation between AIB1 and SRC2 expression. 

However, in contrast to Green et al. we found no correlation between AIB1 or 

SRC2 and SRC1. Our sample size was large enough to perform logistic regression 

analyses, which may provide more robust estimate of interactions between genes 

compared to other studies. We found significant correlations between SRC1, PR 

and ER expression with no significant correlation between AIB1 and ER as well 

as SRC2 and either ER or PR. While the association between SRC1 and ER/PR is 

in agreement with Green et al, these authors, in contrast to our study, also 

identified a borderline association between ER and AIB1 expression. Moreover in 

the current study AIB1 expression was inversely related to expression of PR, again 

in contrast to Green et al., which found no correlation. Green et al. also showed no 

correlation between SMRT and ER or PR, while in the current study we found a 

weak, but significant, correlation between both nuclear and cytoplasmic SMRT 

and ER. There seems to be no consensus in the literature as to the relationships 

between steroid receptor expression and that of co-regulators. However others 

have previously suggested an independence of co-regulators and ER 

(111;113;181) or PR expression (113;182). Overexpression of AIB1 has been 

previously associated with high grade and lymph node positive breast cancer 

(69;116) and we confirm the relationship between overexpression of AIB1 and 

grade, but not nodal status, in the current study. We also observed a weak 

relationships between tumor size and AIB1 expression, which contrasts with 
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previous data (Green et al) and between S-phase fraction and nuclear SMRT. 

Neither our study nor that of Green et al. showed any relationship between SRCs 

expression and HER2. Differences in the results between the studies may be 

explained by the study of different cohorts, small numbers of tumors and technical 

differences in antibodies and staining, but it should also be noted that in some of 

these studies the associations are relatively weak and thus may be difficult to 

replicate. However, the considerably large sample size and the semi-quantitative 

assessment of protein expression performed in the current study give great 

reliability to our results. 

Previous data from Green et al (116) suggested that, in an untreated breast cancer 

population, overexpression of SRC1 is associated with improved outcome; SCR2 

and SMRT perform as poor prognostic factors, whilst AIB1 has no prognostic 

impact. In the current study, among co-activators, we found only AIB1 to be 

associated with poor outcome when examined in all patients (both ER positive and 

ER negative and treated/untreated). In agreement with Green et al., we found that 

nuclear SMRT was associated with a poor recurrence free survival when examined 

in untreated patients (both ER positive and ER negative subgroup).  

When patients were divided based on ER status, we found the steroid receptor co-

regulators AIB1, SRC1 and SMRT to be associated with a significant negative 

prognostic impact in ER negative breast cancer. Approximately a third of patients 

with ER negative disease exhibited high levels of AIB1 or SRC1 expression 

associated with a doubling in the risk of both local and distant recurrence and 

ultimately death in both univariate and multivariate regression analyses. Moreover, 

patients with ER negative breast cancers and high levels of nuclear SMRT showed 

a trend toward increased risk of local recurrence. Although not significant, 

probably due to the small sample size, it also looks like nuclear SMRT acts in a 

“dose-dependent” manner with a better survival showed by patients within the 1
st
 

quartile of nuclear SMRT expression and an intermediate risks of local recurrence 

showed by patients within 2
nd

 and 3
rd

 quartile. To the best of our knowledge, this 

is the first evidence implicating these co-regulators with prognosis of ER negative 

breast cancers. Previous studies, including that by Green et al (116) did not 

perform analyses separately for ER positive and ER negative disease. There is 

some prior evidence that overexpression of AIB1 in ER negative breast cancer is 

associated with poor patient outcome (183), however, in general, clinical evidence 

for the impact of overexpression of nuclear co-regulators in ER negative disease is 

relatively sparse. Although at first thought the impact of ER co-regulators might 

look somewhat perplexing, there are an increasing number of preclinical studies 

that show critical roles for co-regulators in ER-independent breast cancer. For 

example, Louie et al have shown that AIB1 increases expression of E2F1-induced 

genes such as Cyclin E and Cdk2, which promote cell proliferation (66). In 



39 
 

addition, AIB1 may promote activation of AP1 and NFkB signaling independently 

of ER (184;185). Recent in vivo data, using various animal models, shows that 

AIB1 interacts with both ER dependent and independent pathways in the 

promotion of early oncogenesis (186). There is also growing evidence that SRC1 

plays a critical role in metastasis in ER-independent processes. Disruption of the 

SRC1 gene in mouse models decreases breast cancer metastasis, and although the 

detailed mechanisms have yet to be discovered, candidate pathways include 

SRC1/PEA3-mediated induction of Twist, SRC1 role in Ets-2-mediated HER2 

expression, and finally activating CSF-1 expression for macrophage recruitment to 

the tumor site (57;58;74). Similarly, SMRT might also play a role in ER-

independent processes. Indeed, while SMRT have never been assigned a direct 

role in regulating the cell cycle, its levels have been reported to fluctuate during 

mitosis (81). Several recent reports have identified a novel role for HDAC3, a 

deacetylase directly regulated by SMRT, in cell cycle regulation. In terms of 

transcriptional regulation, HDAC3 has been shown to repress several critical cell 

cycle regulators such as the E3 ubiquitin ligase Skp2 (187;188) and several Cdk 

inhibitors (189). Since SMRT is critical for HDAC3 deacetylase activity, it could 

be that SMRT may also be important for these activities and thus critical for 

normal cell cycle progression. Further in vitro and in vivo work would need to be 

carried out to decipher the detailed role of co-regulators in ER-independent 

tumorigenesis and progression. However, our clinical observations would suggest 

that SRC1, AIB1 and nuclear SMRT are potentially important in progression of 

ER negative breast cancers.  

In the ER positive population, we found no significant association between any 

individual SRC family member expression and outcome in patients that were 

treated with either any hormone therapy or tamoxifen. There was only a non-

significant (after correction for multiple testing) trend for reduced DRFS in 

patients with ER positive tumors with AIB1 overexpression treated with 

tamoxifen. Osborne et al. previously found that, in patients known to have ER-

positive primary breast cancer who were treated by surgery followed by adjuvant 

tamoxifen therapy, high levels of AIB1 were associated with poor DFS in both 

univariate and multivariable analyses. However, there are considerable differences 

between their study and the current one. They used Western blot analysis, while 

we used IHC; they looked at a much smaller sample size (n=316 vs n=1686) and 

their cohort included only patients with positive lymph nodes. To our knowledge 

this is the first study analyzing SMRT expression by IHC in patients with primary 

breast cancer treated with tamoxifen monotherapy. Biologic evidence suggests a 

mechanism whereby SMRT might modulate the estrogen agonist or antagonist 

properties of tamoxifen or other SERMs to influence their anti-tumor activity in 

patients (96;97;99;147;154;157-159). Therefore it would be expected for SMRT 

expression to predict tamoxifen response in breast cancer patients. However, we 
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found that, in the ER positive population, low levels of nuclear SMRT were 

associated with improved recurrence free survival in untreated patients, both at 

univariate and multivariate analysis, therefore representing a good prognostic 

marker, but we did not see any difference in either recurrence free survival or 

overall survival in tamoxifen treated patients. Hence nuclear SMRT does not 

represent a predictive marker of tamoxifen response. Additonally, cytoplasmic 

SMRT did not correlate with outcome. Previous studies have already failed to 

detect changes in SMRT expression for tamoxifen-resistant breast tumors or 

estrogen-hypersensitive (long-term estrogen-deprived) MCF-7 cells (190;191). 

Indeed, Chan et al. have previously measured SMRT mRNA levels in a cohort of 

19 tamoxifen-resistant tumors, and they showed no significant differences 

compared with tamoxifen-treated or untreated tumors (not selected for resistance) 

(190). Peterson et al showed that depletion of SMRT did not increase the agonist 

potential of 4HT on ER activity in MCF-7 breast cancer cells, implying that 

endogenous SMRT is not a significant contributor to tamoxifen’s antagonist 

activity in this cell environment. However, they also showed that knockdown of 

SMRT expression in HeLa cells, did enhance ER agonist activity of 4HT, 

indicating that endogenous SMRT contributes to the antagonistic biocharacter of 

4HT in this cell type (157). Therefore, the ability of endogenous SMRT to 

modulate tamoxifen activity may be “context-specific”. A number of other co-

repressors are potential repressors of tamoxifen-bound ER activity, including N-

CoR and REA (25), and it is possible that one or more of these molecules plays a 

role, together with SMRT, in determining tamoxifen resistance. Furthermore, 

tamoxifen resistance is thought to derive from an imbalance between co-activators 

and co-repressors actions. Therefore additional studies investigating the co-

expression of SMRT with other co-repressors and with co-activators in tamoxifen 

treated patients are necessary. Finally, the biological role of SMRT in ER-

mediated tumorigenesis and in tamoxifen response may be more complex. Indeed, 

in addition to SMRT role as ER co-repressor, two recent studies reported that 

SMRT is also required for maximal expression of ER target genes, positively 

contributes to proliferation of ER-positive breast cancer cells (157) and it is 

recruited, in an E2-dependent manner, to the regulatory regions of PR and cyclin 

D1 genes (192). SMRT can also directly bind to AIB1 and plays a role in 

modulating the transcriptional activity of this co-activator as well as its interaction 

with ER target genes (192).  

Here we analyzed the prognostic impact of co-expression of multiple co-

activators. We observed that overexpression of any one SRC family member was 

associated with improved recurrence and distant recurrence free survival relative 

to tumors without overexpression of SRCs, whilst overexpression of two or more 

SRCs was associated with reduced recurrence free and distant recurrence free 

survival. This “concentration” dependent “yin-yang” role of the SRCs might 
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reflect a necessary role for SRC in normal cellular homeostasis, which becomes 

overridden by the SRCs role in proliferation and metastasis upon their 

overexpression. In any case, this exploratory analysis suggests a greater degree of 

interaction between SRC family members and each other, and possibly other 

signaling pathways, than is revealed by simple modeling of SRC expression using 

single markers.  

Illustrative of the potentially complex interaction of SRC expression and other 

signaling pathways is the existence of a sub-group of breast cancers with 

HER2/AIB1 overexpression, which exhibit extremely poor outcome in both ER 

positive and ER negative breast cancers. Patients whose tumors express high 

levels of both HER2 and AIB1 appear to be at significantly greater risk of early 

relapse that those whose tumors express high levels of only one of these genes. 

This confirms earlier reports by Kirkegaard et al. and Osborne et al. (152;153) in 

ER positive tamoxifen-treated cancers, but for the first time in this study we have 

sufficient power to confirm the effect in a multivariate regression analysis. 

Although HER2/AIB1 overexpressing tumors represents only a small proportion 

of the total breast cancer population, this sub-group makes up 25% of HER2 

positive disease and the extremely poor prognosis warrants further investigation. 

Moreover in the current study we observed a similar effect for ER positive 

HER2/SRC2 overexpressing tumors, although were unable to detect a significant 

effect for HER2/SRC1 overexpressing tumors (data not shown). Signaling through 

the HER2 receptor activates MAPK, which in turn phosphorylates not only ER but 

also AIB1 (193). Phosphorylation of co-activators, similarly to that of the receptor, 

enhances the activity of the co-activators themselves on the genomic ER, even in 

the absence of its ligand or in the presence of anti-estrogens (140). This 

phosphorylation potentiates the ability of estrogen and SERMs to interact with ER 

and to recruit other transcriptional co-regulators to its transcriptional complex 

(193). Furthermore, it can directly activate their intrinsic enzymatic activities 

(194). Increased agonist activity of tamoxifen- bound ER induced by co-activators 

might thereby reduce the clinical benefit of adjuvant tamoxifen therapy. Clearly 

this may explain the effects observed in ER positive disease, however, we found 

similar observations in ER negative breast cancers. This is more complicated to 

explain, but alternative signaling pathways (e.g. via AIB/AP1 mediated 

transcription) might act as the key driver behind this clinical observation. Further 

investigation of the possible signaling pathways, and the impact of treatment with 

Herceptin and or aromatase inhibitors in this patient population would be of value. 
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CONCLUSIONS 
 

Because the tumor specimens were not derived from patients randomly assigned to 

either a no-adjuvant-treatment group or to an adjuvant tamoxifen group and 

because many of the analyses are exploratory, the results presented here are not 

definitive with regard to their clinical implications. However the considerable 

sample size gives strength to our data.  

Our results suggest that: 

(i) The SRC family of ER co-activators is associated with poor outcome in 

both ER positive and ER negative breast cancers;  

(ii) Patients with tumors overexpressing both HER2 and AIB1 relapse and 

die significantly earlier than patients with overexpression of either 

marker or those with no overexpression of AIB1/HER2;  

(iii) In ER negative disease both SRC1 and AIB1 are associated with 

reduced RFS, DRFS and OS, showing for the first time a significant 

impact of these ER co-regulators in non-ER expressing tumors; 

(iv) Nuclear SMRT is associated with poor recurrence free survival in both 

ER positive and ER negative untreated breast cancers; 

(v) SMRT levels are not associated with outcome in ER positive tamoxifen 

treated tumors. 
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APPENDIX 1: FIGURES 
 

 

Figure 1: Representative images of invasive breast cancers stained for SRC1 

(Panel A), SRC2 (Panel B) and AIB1 (Panel C).  
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Figure 2: Representative images of invasive breast cancers (A-C) and normal 

TDLUs (D) stained for SMRT 
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Figure 3: Kaplan-Meier survival curves of patients with ER negative invasive 

breast cancer overexpressing either SRC1 or SRC3 (solid lines) or negative for 

both SRC1 and SRC3 (dotted lines).  
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Figure 4: Kaplan-Meier survival curves of patients with ER positive tumors 

overexpressing either one SRC family member (either SRC1 or SRC2 or SRC3) 

(green lines), multiple SRC family members (red lines) or negative for all SRC 

family members (blue lines).  
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Figure 5: Kaplan-Meier survival curves of patients with tumors overexpressing 

either AIB1 (green lines), HER2 (blue lines) or both HER2/SRC3 (red lines) or 

negative for both HER2/SRC3 (black lines).  
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Figure 6: Kaplan-Meier survival curves of untreated patients with invasive breast 

cancer (both ER positive and ER negative) divided according to nuclear SMRT 

expression (1
st
 quartile, blue lines; 2

nd
 quartile, red lines, 3

rd
 quartile, green lines; 

4
th
 quartile, purple lines) 
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Figure 7: Kaplan-Meier survival curves of patients with ER positive invasive 

breast cancer divided according to treatment (untreated patients, panels A and C; 

tamoxifen monotherapy, panels B and D) and nuclear SMRT expression (1
st
 

quartile, blue lines; 2
nd

 quartile, red lines, 3
rd

 quartile, green lines; 4
th
 quartile, 

purple lines) 
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Figure 8: Kaplan-Meier survival curves of untreated patients with ER negative 

invasive breast cancer divided according to nuclear SMRT expression (1
st
 quartile, 

blue lines; 2
nd

 quartile, red lines, 3
rd

 quartile, green lines; 4
th
 quartile, purple lines) 
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