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INTRODUCTION 
The Center of Excellence Grant is completing four independent, interconnected and 

synergistic tasks to achieve the goal and answer the overarching question: to discover the 
mechanism of estrogen-induced breast cancer cell apoptosis and establish the clinical value 
of short-term low dose estrogen treatment to cause apoptosis in antihormone resistant 
breast cancer.  To achieve the goal, we had established an integrated organization (Fig. 1) with 
a first class advisory board that links clinical trials (Task 1) with laboratory models and 
mechanisms (Task 2) proteomics (Task 3) and genomics (Task 4). 

 
Figure 1 Organization of the COE after May 18, 2011.  

Changes in the Organization of the COE 
On July 1st, 2009, D r. Jordan assumed the responsibility of Scientific Director and Vice 
Chairman of the Department of Oncology at the Lombardi Comprehensive Cancer Center 
(LCCC), Georgetown University, Washington, D.C. With the move at this time to the LCCC, the 
critical mass of outstanding breast cancer medical scientists who were in position at the LCCC 
an now interact effectively on a daily basis. The Wellstein and Riegel Laboratory and the Jordan 
Laboratory continue to use their proteomics database to interrogate the early stages of estrogen-
induced apoptosis. Studies with tumors in vivo are ongoing to honor the aims and goals of the 
Center of Excellence (CoE) grant application. Although it has been a challenge to establish the 
Jordan Laboratory at LCCC, for Task 2, this has now been accomplished and financial resources 
have been marshaled to aid our completion of all the laboratory studies projected in our original 
application. By necessity, we have had to take steps to move the clinical trial coordinating center 
(Task 1) from the Fox Chase Cancer Center (FCCC), as AstraZeneca has made the unilateral 
decision to discontinue funding because of their financial situation. Despite this disappointing 
lack of support by the pharmaceutical industry, these actions are being taken unilaterally by the 
pharmaceutical industry across the board in all other grant situations. It is our plan with our 
conserved financial resources from the Department of Defense (DOD), to analyze our collected 
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clinical material so far, as this is absolutely invaluable to the scientific community. Through this 
analysis, we will develop preliminary data to apply for future clinical funding to maintain our 
momentum and leadership in this area. 
 Dr. Heather Cunliffe, as Principal Investigator of our sub-contract for Task 4, will be 
visiting LCCC to review the enormous developing databases and complete our publications. To 
aid all of this, the Principal Investigator, Dr. V. Craig Jordan, has carefully and frugally 
marshaled our valuable financial resources to support continuing interrogation and development 
of our databases, so that the time lost in having to move from FCCC to LCCC in no way 
damages our scientific mission and our ability to solve this innovation problem in women’s 
health. Indeed, already our work is having significant impact in the clinical trials community 
with the recent publication of the Women’s Health Initiative study of estrogen replacement 
therapy alone in hysterectomized women that shows an actual decrease in the incidence of breast 
cancer. This exciting new development in women’s health finds its scientific foundation in our 
innovative grant and poised to define the mechanisms necessary to exploit estrogen therapy 
further in the clinic (see #12 in Appendix). The work that we are refining will form the basis of 
an invited series of reviews on the molecular mechanism of estrogen-induced apoptosis. Through 
the award of this Center of Excellence Grant from the DOD, we have demonstrated innovation in 
solving fundamental problems in women’s health at the molecular level. 

 

BODY 

Task 1: (LCCC/Isaacs, Swaby/Daly) - To conduct exploratory clinical trials to determine 
the efficacy and dose response of pro-apoptotic effects of estrogen [Estrace] in patients 
following the failure of two successful antihormonal therapies.   

Task 1a: (Isaacs, Swaby and Daly) - To confirm the efficacy of standard high dose estrogen 
(Estrace) therapy and then determine a minimal dose to induce tumor regression. 

Here we report work completed on Tasks 1a at the FCCC site during year 4 of this COE.  

Clinical trial conducted by Ramona Swaby MD, under the direction of Mary Daly MD at FCCC. 

DOSE DE-ESCALATION OF ESTROGEN (ESTRACE) TO REVERSE 
ANTIHORMONE RESISTANCE IN PATIENTS ALREADY EXHAUSTIVELY 
TREATED WITH ANTIHORMONE THERAPY 

WORK ACCOMPLISHED: 
During the fourth year of funding, we have continued to actively recruit subjects. The 

clinical trial was successfully opened at 2 additional sites in addition to Fox Chase Cancer 
Center: 1) Georgetown University (01-24-2011) 2) Cooper University Hospital (03-11-2011). 
Additionally, the study was IRB approved (06-28-2010) at the Fox Chase Partner/Pottstown 
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Memorial Regional Cancer Center and is undergoing IRB review at the Fox Chase 
Partner/Delaware County Memorial Hospital. In the fourth year of funding, including all sites, 12 
subjects were screened and 7 subjects were enrolled. There have been no DLTs (dose limiting 
toxicities) and/or SAEs (Serious Adverse Events).  Of the 11 enrolled subjects, 5 consented to 
undergo the optional research biopsy for acquisition of tissue samples as proposed in Task 1b. In 
two of the five cases, no tissue could be visualized or could not feasibly be obtained despite 
biopsy attempt; an additional subject was unable to be biopsied due to necessary anticoagulant 
therapy and another subject revoked her consent. Therefore, tissue was able to be obtained from 
one of the five consented cases.  

In total, 11 s ubjects have been enrolled and 2 s ubjects remain on s tudy. Preliminary 
demographic information is available for 9 of the 11 enrolled subjects. The ages of the subjects 
enrolled range from age 53 – 80 (median age = 64). Eight of the subjects are non-hispanic 
Caucasian patients and one subject is non-hispanic African American. The population has been 
heavily pre-treated, as the median number of prior treatments prior to study enrollment including 
both endocrine and cytotoxic therapies is 8 with a range from 2 to 14 prior treatment regimens. 
The number of prior endocrine therapies range from 2 to 9 (median = 3). This includes some 
endocrine agents that were discontinuously used and reinstituted at the time of progression of 
disease of a separate therapeutic regimen – i.e. anastrazole used following progression of disease 
on tamoxifen, and then 3 years later used again following progression of disease on capecitabine.  
The median number of prior cytotoxic therapies prior to enrollment is 1, although the average is 
3 with a range from three patients who were chemotherapy naïve to 2 patients who had received 
8 and 9 prior cytotoxic treatment regimens prior to enrollment. 

Unfortunately, within the past month, AstraZeneca has withdrawn continued funding of 
the clinical operations. Despite this, we plan to continue the clinical trial and plan to transfer the 
coordinating center to Georgetown University’s Lombardi Comprehensive Cancer Center with 
Dr. Claudine Isaacs as the Study Chair and Principal Investigator.  Institutional funds from the 
Lombardi Comprehensive Cancer Center will provide support for the continued accrual and 
conduct of the trial.  Accrual at other sites will cease at other institutions but will continue at 
LCCC.  LCCC is planning to advertise for the trial to ensure continued accrual.    An amendment 
to the protocol and consent form outlining these changes is underway and is anticipated to be 
submitted to the Department of Defense within the next 2 weeks.  

 

TASK 2: (GU/Jordan) - To elucidate the molecular mechanism of E2 (estrogen) induced 
survival and apoptosis in breast cancer cells resistant to either selective ER (estrogen 
receptor) modulators (SERMs) or long-term estrogen deprivation. 

Task 2a:  (Ariazi and Jordan) - To complete a series of experiments using sets of well 
defined breast cancer models of E2-induced survival and apoptosis in vivo and in vitro [at 
the FCCC].  FCCC will generate protein samples for proteomic analyses [carried out] 
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under Task 3 [at GU] and RNA samples for gene expression microarray analyses [carried 
out] under Task 4 [at Translational Genomics Research Institute (TGen)].  

Studies carried out by Eric Ariazi PhD at FCCC in the laboratory of Dr. Jordan. 

GENERATION OF CELL LINE SPECIMENS FOR PROTEOMICS AND GENE 
EXPRESSION MICROARRAY ANALYSES 

WORK ACCOMPLISHED: 
Task 2a was completed during prior Years 1 – 3 at the FCCC site. The experiments were 
described in prior Years 1 - 3 Progress Reports. No new samples were generated during Year 4.  

 

TASK  2.  GU/Jordan - To elucidate the molecular mechanism of E2 induced survival and 
apoptosis in breast cancer cells resistant to either SERMs or long-term estrogen 
deprivation. 

Task 2b-1:  Fan and Jordan – To confirm and validate developing pathways of E2-induced 
breast cancer cell survival and apoptosis.  

Task 2b-1 (Fan and Jordan) - Studies carried out by Dr. Ping Fan in the Jordan laboratory at 
Georgetown University 

ROLE OF C-SRC TYROSINE KINASE ACTIVITY IN REGULATING APOPTOSIS 
INDUCED BY E2 IN LONG-TERM ESTROGEN DEPRIVATION-RESISTANT BREAST 
CANCER CELLS 

Here we report work completed on Task 2b-1 at the Lambardi Comprehensive Cancer Center site 
during year 4 of  this COE involving the role of c-Src tyrosine kinase activity in E2-induced 
breast cancer cell survival and apoptosis.  

Introduction: 
Resistance to aromatase inhibitors used for the treatment of ER positive breast cancer is 

an increasing clinical problem. Previously we showed that physiological concentrations of E2 
could trigger apoptosis of long-term E2 deprived breast cancer cells (MCF-7:5C) (1). This new 
targeted strategy provides novel therapeutic approaches to endocrine resistant breast cancer. A 
recent phase II clinical trial reported that E2 provided a clinical benefit for aromatase inhibitor-
resistant advanced breast cancer patients. However, only 30% of patients receive clinical benefit 
(2). This prompted us to investigate strategies to increase the therapeutic responsiveness in 
aromatase inhibitor resistant breast cancer.  c-Src is currently of interest, as it mediates survival 
pathways of breast cancer cells (3). Here, we investigate the mechanisms underlying E2-induced 
apoptosis and the therapeutic potential of combination c-Src inhibitor PP2 and E2 in the long-
term estrogen deprived breast cancer cells. 
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WORK ACCOMPLISHED: 

Growth effects of the c-Src tyrosine kinase inhibitor PP2 in different cell lines 
The central role of c-Src in mediating survival pathways has validated it as an attractive 

therapeutic target for the treatment of human breast cancer. To identify inhibitory effects of c-Src 
tyrosine kinase inhibitor in different human breast cancer cell lines and explore its potential in 
combination treatment with estrogen to enhance apoptosis in long-term estrogen deprived breast 
cancer cells, a specific c-Src inhibitor, PP2, was utilized to block c-Src tyrosine kinase. The PP2 
acted as an inhibitor to block the phosphorylation of c-Src and inhibited cell growth of breast 
cancer cell lines including MCF-7, T47D, MDA-MB-231, Sk-Br-3, as well as two long-term 
estrogen-deprived breast cancer cells MCF-7:5C and MCF-7:2A whereas with different 
inhibitory rate. The triple negative (ER negative, PR (progesterone receptor) negative, and HER2 
(human epidermal growth factor receptor 2) negative) MDA-MB-231 cell was the most sensitive 
to PP2 among these different cell lines (Fig. 1). The inhibitory efficiency of growth closely 
correlated with whether the c-Src inhibitor could effectively block survival pathways of different 
breast cancer cells. Taken together, this study demonstrated variable responses to c-Src inhibitor 
in different breast cancer cell lines which highlighted the diversity of responses potentially 
present in the heterogeneous cell populations of clinically observed breast cancer.  
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Figure 1. Different cell lines response to the c-Src inhibitor. A. Levels of c-Src phosphorylation in different cell
lines. Cell lysates were harvested from different cell lines including MCF-7, T47D, MDA-MB-231, Sk-Br-3, MCF-
7:5C, and MCF-7:2A cells. The antibody to phospho-c-SrcTyr416 was used to examine the phosphorylation level of c-
Src. The β-actin was used as loading control. B. Inhibition effects of the c-Src inhibitor in MCF-7 and T47D cells.
MCF-7 and T47D cells were seeded in the 24-well plates with 10,000 cells/well in triplicate. The next day, cells were
treated with PP2 (5 µM) in its culture medium---phenol red RPMI 1640 containing 10% fetal bovine serum. Cells
were harvested after 7 days treatment and total DNA was determined using the DNA-binding fluorescent dye
Hoechst 33528 and comparison to a standard curve of serially-diluted calf thymus DNA. C. Inhibition effects of the
c-Src inhibitor in MDA-MB-231 and Sk-Br-3 cells. MDA-MB-231 and Sk-Br-3 cells were seeded in the 24-well
plates with 10,000 cells/well in triplicate. The next day, cells were treated with PP2 (5 µM) in its respective culture
medium---phenol red DMEM containing 5% whole calf serum and phenol red RPMI 1640 containing 10% fetal
bovine serum. Cells were harvested after 7 days treatment and total DNA was determined as in B. D. Inhibition
effects of the c-Src inhibitor in MCF-7:5C and MCF-7:2A cells. MCF-7:5C and MCF-7:2A cells were seeded in
the 24-well plates with 15,000 cells/well in triplicate. The next day, cells were treated with PP2 (5 µM) in its culture
medium---phenol red free RPMI 1640 containing 10% charcoal-stripped fetal bovine serum. Cells were harvested
after 7 days treatment and total DNA was determined as in B.
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c-Src inhibitor could not enhance E2-induced apoptosis in two long-term estrogen deprived 
breast cancer cells. 

Our previous data have shown that physiological levels of estrogen can induce apoptosis 
in long-term estrogen deprived breast cancer cells MCF-7:5C and MCF-7:2A cells. Estrogen can 
quickly induce apoptosis in MCF-7:5C cells but gradually induce apoptosis in MCF-7:2A cells. 
Although with different levels of c-Src phosphorylation between MCF-7:5C and MCF-7:2A cells 
(Fig. 1A), c-Src inhibitor could significantly block tyrosine kinase activity of c-Src in both cell 
lines. The c-Src inhibitor PP2 could block p-MAPK (mitogen-activated protein kinase) and p-
Akt in MCF-7:5C cells whereas just reduce p-MAPK but not p-Akt in MCF-7:2A cells, which 
may result in different inhibitory effects between two cell lines (Fig. 2A and 2B). 

Since the c-Src inhibitor could block survival pathways of long-term estrogen deprived 
breast cancer cells, we investigated whether combination the c-Src inhibitor with estrogen could 
enhance E2-induced apoptosis. E2 alone caused apoptosis as previously reported. Inhibition of c-
Src tyrosine kinase by PP2 resulted in moderately growth inhibition of MCF-7:5C and MCF-
7:2A cells. However, it was surprising to find that PP2 could block the cell death induced by E2 
in MCF-7:5C and MCF-7:2A cells although PP2 itself acted as an inhibitor in long-term estrogen 
deprived breast cancer cells (Fig. 2C and 2D). The implication of these results is potentially 
clinically important that a Src inhibitor should not be combined with E2 in the treatment of 
advanced aromatase inhibitor-resistant breast cancer. 
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Figure 2. The c-Src inhibitor prevented E2-induced cell death in two long-term estrogen deprived breast cancer
cells. A. The c-Src inhibitor blocked p-MAPK and p-Akt in MCF-7:5C cells. MCF-7:5C cells were treated with
the c-Src inhibitor PP2 (5 µM). Cell lysates were harvested as indicated time points. The antibodies to phospho-c-Src
Tyr416 , phospho-MAPK, and phospho-Akt were used to examine the phosphorylation levels of each signaling. The
total c-Src, total MAPK, and total Akt were detected as respective loading controls. B. The c-Src inhibitor blocked
p-MAPK but not p-Akt in MCF-7:2A cells. MCF-7:2A cells were treated with the c-Src inhibitor PP2 (5 µM). Cell
lysates were harvested as indicated time points. The antibodies to phospho-c-Src Tyr416 , phospho-MAPK, and
phospho-Akt were used to examine the phosphorylation levels of each signaling. The total c-Src, total MAPK, and
total Akt were detected as respective loading controls. C. The c-Src inhibitor blocked E2-induced cell death in
MCF-7:5C cells. MCF-7:5C cells were seeded in the 24-well plates with 15,000 cells/well in triplicate. The next day,
cells were treated with 0.1% vehicle as control, E2 (1nM), PP2 (5 µM), and E2 (1nM) plus PP2 (5 µM) in phenol red
free RPMI 1640 containing 10% charcoal-stripped fetal bovine serum. Cells were harvested after 7 days treatment
and total DNA was determined by a DNA growth assay kit as in figure 1. D. The c-Src inhibitor blocked E2-
induced cell death in MCF-7:2A cells. MCF-7:2A cells were seeded in the 6-well plates with 10,000 cells/well in
triplicate. The next day, cells were treated with 0.1% vehicle as control, E2 (1nM), PP2 (5 µM), and E2 (1nM) plus
PP2 (5 µM) in phenol red free RPMI 1640 containing 10% charcoal-stripped fetal bovine serum. Medium was
changed every 2 days with fresh compounds respectively. Cells were harvested after 14 days treatment and total DNA
was determined by a DNA growth assay kit as in figure 1.
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The c-Src inhibitor PP2 blocked E2-induced apoptosis. 
Our previous data already confirmed that estrogen inhibited MCF-7:5C and MCF-7:2A 

cell growth through inducing apoptosis. And pure antiestrogen ICI 182,780 could block E2-
induced apoptosis which demonstrated that estrogen utilized estrogen receptor (ER) to trigger 
apoptosis. The non-receptor tyrosine kinase, c-Src, is an important adapter protein to mediate ER 
signal pathways (4). However, the c-Src inhibitor could prevent E2-induced cell death (Fig. 2C 
and 2D), which clued that the c-Src inhibitor may block E2-induced apoptosis. We firstly focused 
on the investigation whether the c-Src inhibitor could block E2-induced apoptosis in MCF-7:5C 
cells. MCF-7:5C cells were treated with E2 plus PP2 and compared with either E2 alone or PP2 
alone treatment. The annexin V binding to externalized phosphatidylserine was a marker of early 
apoptotic events. Estrogen could significantly increase the percentage of annexin V binding after 
72 hours treatment detected through flow cytometry (Fig. 3A). The c-Src inhibitor PP2 could 
clearly block, and, prevent early stage apoptosis from progressing into late stage apoptosis (Fig. 
3A). Another quantitative apoptosis method through determination of cytoplasmic histone-
associated-DNA fragments was used to investigate the effect of the c-Src inhibitor on E2-induced 
apoptosis. The amount of histone-associated-DNA fragments was normalized by the cell number 
with different treatment. Significant apoptosis initiated by E2 could be detected after 96 hour s 
treatment in MCF-7:5C (Fig. 3B). The c-Src inhibitor could clearly block the apoptosis induced 
by E2 which further confirmed that the c-Src inhibitor could block the apoptosis induced by E2. 
These data also demonstrated that E2-triggered apoptosis utilized c-Src tyrosine kinase pathway. 
Two different mechanistic methods to detect apoptosis induced by E2 in MCF-7:5C cells with 
different time points which implied that estrogen might firstly act as a knife to cut the cell 
membrane to trigger apoptosis to increase annexin V binding to the externalized 
phosphatidylserine in the membrane. 
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Figure 3. The c-Src inhibitor blocked E2-induced apoptosis in MCF-7:5C cells. A. The c-Src inhibitor blocked
E2-induced apoptosis through Annexin V-FITC binding assay in MCF-7:5C cells. MCF-7:5C cells were treated
with 0.1% vehicle as control, E2 (1nM), PP2 (5 µM), and E2 (1nM) plus PP2 (5 µM) in phenol red free RPMI 1640
containing 10% charcoal-stripped fetal bovine serum for 72 hours. Cells were harvested and stained with Annexin V-
FITC and PI as manufacturer’s protocol. The cells were analyzed trough FACS. B. The c-Src inhibitor blocked E2-
induced apoptosis through determination of cytoplasmic histone-associated-DNA fragments in MCF-7:5C
cells. MCF-7:5C cells were seeded in the parallel 12-well plates with 50,000 cells/well in triplicate. The next day,
cells were treated with 0.1% vehicle as control, E2 (1nM), PP2 (5 µM), and E2 (1nM) plus PP2 (5 µM) in phenol red
free RPMI 1640 containing 10% charcoal-stripped fetal bovine serum. Medium was changed every 2 days with fresh
compounds respectively. After 4 days treatment, cell lysates were harvested as apoptosis ELISA kit’s protocol in one
plate. The cell numbers were counted in another parallel plate. The apoptosis was normalized by real cell number.
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Long-term E2 plus PP2 treatment completely overcame inhibitory effects of E2 and PP2 
monotherapy on MCF-7:5C cells.  

To further investigate the function of c-Src tyrosine kinase in the apoptosis induced by 
E2, MCF-7:5C cells were long-term (at least 2 months) treated with E2 plus PP2 compared with 
PP2 and E2 monotherapy respectively. Long-term PP2 treated cells appeared smaller and more 
contracted, with decreased cell spreading (Fig. 4A). The c-Src inhibitor PP2 inhibited cell growth 
with clearly G1 arrest (Fig. 4B). Long-term treatment with E2 initially caused massive apoptosis, 
but small fraction of surviving cells subsequently re-grew. However, apoptotic impairment could 
be observed under microscope at this time point (Fig. 4A). Cell cycles analysis demonstrated 
typical G1 arrest (Fig. 4B). In contrast, a combination of PP2 and E2 blocked the apoptosis and 
the resulting cell line (MCF-7:PF) grew vigorously in culture with physiological levels of E2 
(Fig. 4A). This combination treatment completely overcame the G1 arrest exerted by 
monotherapy and made resulting cell line acquire normal cell cycles compared with MCF-7:5C 
cells (Fig. 4B). 

 

Figure 4. Long-term combination the c-Src inhibitor with E2 completely blocked E2-induced apoptosis in
MCF-7:5C cells. A. The morphological changes after long-term treatment with E2 , PP2, and E2 plus PP2 in
MCF-7:5C cells. MCF-7:5C cells were long-term treated with 0.1% vehicle as control, E2 (1nM), PP2 (5 µM), and
E2 (1nM) plus PP2 (5 µM) in phenol red free RPMI 1640 containing 10% charcoal-stripped fetal bovine serum in
T25 flasks. Cells were changed medium every 2 days with fresh compounds in respective flasks. After 2 months
treatment, cells were photographed under bright field illumination at (×20) magnification respectively. B. Analysis of
cell cycles after long-term treatment with E2 , PP2, and E2 plus PP2 in MCF-7:5C cells. Differently treated MCF-
7:5C cells were harvested separately. After once wash with cold PBS, the cells were gradually fixed with 75% EtOH
on ice. Twenty minutes later, they were stained with PI and analyzed through FACS.  
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The c-Src tyrosine kinase inhibtor converted E2 from inducing apoptosis to stimulate 
growth  in MCF-7:5C cells. 

Since the c-Src inhibitor plus E2 changed the growth characteristics of MCF-7:5C cells, 
their response to E2 alone needed to be re-examined. To our surprise, long-term treatment of 
MCF-7:5C cells with PP2 plus E2 not only protected these cells from E2 -induced apoptosis, 
instead, allowed E2 to dramatically stimulate growth of these cells (Fig. 5A). This stimulation by 
E2 was blocked by the pure antiestrogen ICI 182,780, confirming that ER mediated proliferation 
despite its low expression (Fig. 5B). Thus, ERα (ER alpha) must still be expressed in these cells, 
but at very low levels (Fig. 5C). Intriguingly, physiological levels of E2 still could induce 
apoptosis of PP2 alone treated cells if the drug was washed out (Fig. 5A). However, provided 
including the c-Src inhibitor in the medium which could completely abolish E2-induced 
apoptosis in PP2 alone treated cells. These findings further confirmed that E2-induced apoptosis 
utilized c-Src tyrosine kinase pathway. In E2 alone-treated cells, E2 both induced apoptosis and 
stimulated growth, but these effects cancelled each other out in terms of total DNA content per 
well (Fig. 5A). Blocking c-Src tyrosine kinase increased ERα expression after long-term 
treatment (Fig. 5C). One of the mechanisms whereby blocking c-Src tyrosine kinase could up-
regulate ERα may be related to impaired ligand-activated ER alpha ubiquitylation (5,6). As 
expected, E2 alone and E2 plus PP2 treated cells expressed much less ERα due to E2 down-
regulation, which also implied that the c-Src inhibitor could not overcome ERα down-regulation 
from E2. The ERα protein expression was consistent with mRNA levels (Fig. 5D). 
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Figure 5. Estrogen stimulated long-term E2 plus PP2 treated cell growth. A. Differently treated cells response
to estrogen. Differently long-term treated cells were seeded in 24-well plates with 15,000 cells/well in triplicate,
respectively. After one day, the cells were treated with E2 (1nM) in estrogen-free medium without any other
compounds in the medium. The cells were harvested after 7 days treatment and total DNA was determined using a
DNA fluorescence quantitation kit. P<0.001, ** compared with MCF-7:5C cells. B. The proliferation by E2 could
be blocked by ICI 182,780 in long-term E2 plus PP2 treated cells. The E2 plus PP2 treated cells were seeded in 24-
well plates with 15,000 cells/well in triplicate without any compound in the medium. After one day, the cells were
treated with E2 (1nM), ICI182,780 (10-6 mol/L), and E2 (1nM) plus ICI182,780 (10-6 mol/L) respectively in estrogen-
free medium. The cells were harvested after 7 days treatment and total DNA was determined using a DNA
fluorescence quantitation kit. P<0.001, ** compared with control. C. Estrogen receptor (ER) expression levels in
differently treated cells. MCF-7:5C cells and differently long-term treated cells were grown in 100mm dishes
respectively. Cell lysates were harvested. ER alpha was examined by immunoblotting with primary antibody against
it. Immunoblotting for ß-actin was detected for loading control. D. ER alpha mRNA expression. MCF-7:5C cells
and differently long-term treated cells were grown in six-well plates in triplicates. The RNA was harvested in TRIzol
when the cells were 80% confluent for further real-time PCR analysis.
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The c-Src inhibitor collaborated with E2 to elevate endogenous ER target genes after 
combination treatment. 

As shown above, long-term E2 plus PP2 treated cells were hypersensitive to E2 despite 
extremely low ERα expression. The ERE (estrogen response element) ERE activity of E2 plus 
PP2 treated cells was similar as other cell lines derived from MCF-7:5C cells which also 
demonstrated that nuclear ERα functioned well in this resulting cell line (Fig.6A). For the first 
time, we found that the c-Src inhibitor dramatically elevated E2 inducible gene pS2 mRNA 
although the mechanisms were unclear (Fig. 6B). Moreover, the effect of the c-Src inhibitor was 
additive with E2 to promote pS2 mRNA in combination treated cells (Fig. 6B). Endogenous PR 
was undetectable in MCF-7:5C cells compared with wild type MCF-7 cells. However, adding 
back E2 in the medium could recover PR expression in E2 alone treated cells and E2 plus PP2 
treated cells (Fig. 6C). The c-Src inhibitor PP2 alone did not regulate PR expression. 
Nevertheless, it synergized with E2 to significantly up-regulate PR mRNA although without 
consistent highest protein expression, which implied existence of a post-translational 
modification of PR in E2 plus PP2 treated cells (Fig. 6D) (7). 
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Figure 6. ER target genes were activated after long-term E2 plus PP2 treated in MCF-7:5C cells. A. ERE
activity in different cells. MCF-7:5C and differently long-term treated cells were seeded in 24-well plates in
triplicate and transfected with ERE firefly luciferase plasmid plus renilla luciferase plasmid. One day later, they were
treated with E2 (1nM), ICI182,780 (10-6 mol/L), and E2 (1nM) plus ICI182,780 (10-6 mol/L) respectively in estrogen-
free medium. ERE activity was detected after 24h treatment using luciferase kit. B. The pS2 mRNA expression.
MCF-7:5C and differently long-term treated cells were grown in 6-well plates in triplicates, respectively. The RNA
was harvested in TRIzol when the cells were 80% confluent for further real-time PCR analysis. C. PR changes after
long-term treatment. MCF-7:5C cells and differently long-term treated cells were grown in 60mm dishes as
indicated respectively. PR was examined by immunoblotting with primary antibody against it. Immunoblotting for ß-
actin was detected for loading control. D. PR mRNA expression. MCF-7:5C cells and differently long-term treated
cells were grown in 6-well plates in triplicates, respectively. The RNA was harvested in TRIzol when the cells were
80% confluent for further real-time PCR analysis.  
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c-Src inhibitor collaborated with E2 to enhance IGF-1Rβ (type 1 insulin-like growth factor 
receptor) which is involved in the E2 stimulation after E2 plus PP2 treatment. 

c-Src mediates the interaction between growth factor receptors and ER in breast cancer . 
These two growth regulatory pathways are tightly linked in ER positive breast cancer. We found 
that the c-Src inhibitor could increase IGF-1Rβ expression in MCF-7:5C cells (Fig. 7A). E2 
could also up-regulate IGF-1Rβ (Fig. 7A). Moreover, PP2 and E2 were additive to elevate IGF-
1Rβ in combination treated cells (Fig. 7A and 7B). To investigate the potential role of IGF-1Rβ 
in combination treated cells, we demonstrated that a specific inhibitor of IGF-1Rβ (AG1024) 
could inhibit the cell growth and completely abolished E2 stimulation (Fig. 7C) which provided 
evidence that IGF-1Rβ played a critical role in E2-stimulated growth in E2 plus PP2 treated cells. 
These data also supported the idea that c-Src was an important adapter protein which mediated 
the crosstalk between growth factor receptor and estrogen receptor. 
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Figure 7. IGF-1Rβ played a critical role in long-term E2 plus PP2 treated MCF-7:5C cells. A. IGF-1Rβ changes
after long-term treatment. MCF-7:5C cells and differently long-term treated cells were grown in 60mm dishes as
indicated respectively. PR was examined by immunoblotting with primary antibody against it. Immunoblotting for ß-
actin was detected for loading control. B. The IGF-1Rβ mRNA expression. MCF-7:5C and differently long-term
treated cells were grown in 6-well plates in triplicates, respectively. The RNA was harvested in TRIzol when the cells
were 80% confluent for further real-time PCR analysis. C. IGF-1Rβ inhibitor AG1024 could completely block E2
stimulation in long-term E2 plus PP2 treated MCF-7:5C cells. Long-term E2 plus PP2 treated MCF-7:5C cells
were seeded in 24-well plates with 15,000 cells/well in triplicate. After one day, the cells were treated with E2 (1nM),
AG1024 (10 μM), and E2 (1nM) plus AG1024 (10 μM) in estrogen-free medium. The cells were harvested after 7
days treatment and total DNA was determined using a DNA fluorescence quantitation kit.  
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Conclusions and Future Directions: 
In summary, contrary to our original hypothesis that the c-Src inhibitor PP2 could act 

with E2 to additively or synergistically block growth of advanced estrogen deprivation-resistant 
breast cancer cells growth, long-term treatment with PP2 plus E2 actually blocked apoptosis and 
the resulting cell line (MCF-7:PF) was unique, as they grew vigorously in culture with 
physiological levels of E2, which could be blocked by the pure antiestrogen ICI 182,780. The 
mechanistic change underlying the action of combination treatment was that the c-Src inhibitor 
could block apoptosis induced by E2 and collaborate with E2 to up-regulate endogenous ERα 
target genes and IGF-1Rβ. The inhibitor of IGF-1Rβ could completely block stimulation induced 
by E2 which also confirmed that IGF-1Rβ played a critical role in this combination treated cell 
line. These data illustrate that caution must be exercised when considering the evaluation of c-
Src inhibitors in clinical trial following the development of acquired resistance to aromatase 
inhibitors, especially in a combination with physiological levels of E2.  

The c-Src inhibitors have been used in clinical trials. However, if we validate that c-Src 
inhibitor reverse E2-induced apoptosis in 3D cell culture and xenograft model experiments, these 
results may have important clinical implications for appropriately utilizing c-Src inhibitors in 
Phase II (advanced) antihormone-resistant breast cancers.   

We will investigate mechanisms underlying c-Src inhibition in converting responses to E2 
from apoptosis to growth. Our results provide evidence that E2-induced apoptosis utilize c-Src 
tyrosine kinase. It is important to find the precise target site by the c-Src inhibitor in the 
pathways of E2-induced apoptosis which will further help us to find the mechanisms underlying 
the E2-induced apoptosis. Our data indicated that estrogen acted as a normal transcriptional 
activator in MCF-7:5C cells as in wild-type MCF-7 cells after 24 hour treatment. Various 
methods demonstrated that E2-induced apoptosis happened after 72 hour s treatment. It is very 
possible that the c-Src inhibitor blocks the E2-activated apoptosis related pathways to prevent 
apoptosis. 

As in Task 4, w e will use Agilent microarrays and RNAseq to analyze genome-wide 
changes in gene expression in E2 plus PP2-treated MCF-7:5C cells compared to vehicle treated, 
PP2 or E2 monotherapy MCF-7:5C cells. This will allow identification of a gene signature and 
biomarkers that could be used to decipher which patient’s disease could effectively be treated 
with c-Src inhibitors. Furthermore, we will functionally validate the involvement of the 
identified differentially expressed genes in mediating growth responses of the E2 plus PP2-
treated MCF-7:5C cells. Finally, we will find the precise target site of c-Src inhibitor in the 
process of E2-induced apoptosis. 
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TASK 2.  GU/Jordan - To elucidate the molecular mechanism of E2 induced survival and 
apoptosis in breast cancer cells resistant to either SERMs or long-term estrogen 
deprivation. 

Task 2b-2:  Sengupta and Jordan – To confirm and validate developing pathways of E2-
induced breast cancer cell survival and apoptosis.  

Task 2b-2 (Sengupta and Jordan) - Studies carried out by Dr. Surojeet Sengupta in the Jordan 
laboratory at Georgetown University 

The Role of Liganded Estrogen Receptor Conformation in Inducing Apoptosis of Estrogen 
Deprivation-Resistant, MCF7:5C Breast Cancer Cells  

Introduction: 
High dose estrogen therapy for breast cancer treatment is considered the first chemical 

therapy to successfully treat any type of cancer (8). Thirty percent patients respond to estrogen 
therapy (9) and recent clinical trials have confirmed that low dose of estrogen is equally effective 
in treating the breast cancers as high dose (2). Also, a r ecent analysis of women treated with 
estrogen replacement therapy (ERT) in the Women’s Health Initiative (WHI) double blind, 
placebo-controlled  randomized trial in postmenopausal hysterectomized women revealed a 
decrease in invasive breast  cancer, which was sustained even 5 years  a fter ERT was stopped 
(10). All these clinical data have established an undisputed clinical benefit of estrogen therapy in 
breast cancer patients and a p ossible role in prevention of breast cancers in postmenopausal 
women (11).  However, the precise molecular mechanism(s) by which the paradoxical action of 
estrogen manifests its therapeutic efficacy are unknown. Previous studies from our laboratory 
have reported that low concetration of estrogen can induce apoptosis in vitro and in vivo in 
MCF7:5C breast cancer cells which are resistant to estrogen deprivation (1, 12). Estrogen 
receptor α can be activated with various ligands which can be broadly classified as planar (type 
I) or non-planar (type II) estrogens (13, 14). Here, we have used MCF7:5C cells and planar (type 
I) and non-planar (type II) estrogens to test the hypothesis that the conformation of the liganded-
estrogen receptor alpha is critical in inducing estrogen-induced apoptosis.  

WORK ACCOMPLISHED: 

Triphenylethylenes induce proliferation of MCF7:WS8 cells but do not induce effective 
apoptosis in MCF7:5C cells 

To study the biological activity of the triphenylethylenes namely, EtOX 
(ethoxytriphenylethylene), 3OH TPE (trihydroxytriphenylethylene) and Bisph (bisphenol) (Class 
II estrogens; Figure 8A) which are the ligands of ER and have been previously reported to act as 
estrogens (13), we tested their ability to induce cell proliferation  in parental MCF7:WS8 cells. 
As controls we also used active metabolites of tamoxifen, 4OHT (4-hydroxy tamoxifen) and 
Endox (endoxifen) (Figure 8B) which are known anti-estrogens because of their 
alkylaminoethoxy side chain. The cells were seeded in 24 well plates and treated with different 
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concentration of the compounds over six days and the DNA was measured in each well using a 
fluoroscent dye. All the triphenylethylenes tested were able to induce cell growth of MCF7:WS8 
cells to the maximum level as E2 (17-beta estradiol), although their agonistic potency was less 
than E2 (Figure 9A). EtOX, 3OH TPE and Bisph all induced cell proliferation in a dose 
dependent manner with maximum stimulation at 1-10 nM as compared to 0.01 nM for  E2. 
Nonetheless, all of these triphenyethylenes were potent estrogen-agonists in this assay. On the 
other hand, as expected, the active metabolites of tamoxifen, 4OHT and Endox which are 
antiestrogens did not induce cell growth of MCF7:WS8 cells.  

Figure 8 

(A) 

          

(B) 

   

(C) 

  

 

 

Next, we tested if these compounds were able to induce apoptosis in estrogen-deprivation 
resistant MCF7:5C breast cancer cells as effectively as E2 induces apoptosis in these cells. 

Figure 8. Structure of the compounds used in the experiments. (A) Different Triphenylethylenes. 
(B) Active metabolites of Tamoxifen drug. (C) Different Class I estrogens. 
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Interestingly, the triphenylethylenes were very ineffective in inducing apoptosis in MCF7:5C 
cells as compared to E2 even at higher concentrations (Figure 9B). Compared to E2, EtOX and 
Bisph did not show any effective apoptosis even at micro-molar concetration and were 
comparable to that of 4OHT and Endox which are active metabolites of tamoxifen and known 
anti-estrogens. However, 3OH TPE was able to induce apoptosis around 50% as comapred to E2 

at higher concentration. E2, on t he other hand was very effective in inducing apoptosis and 
achieved maximal apotosis at 0.1 nM concentration. To further investigate the hypothesis that 
planar and non-planar estrogens may have different abilities to induce apoptosis in MCF7:5C 
cells we studied the effectiveness of various other planar estrogens namely DES 
(diethylstibesterol), equilin, equilenin and estrone (Figure 8C) for their ability to induce 
apoptosis in MCF7:5C cells over a range of concentrations and compared to E2. All these planar 
estrogens were able to induce apoptosis as effectively as E2 (Figure 9C). All the planar estrogens 
achieved maximal apoptosis in the range of 1-10 nM as compared to E2 which achieved maximal 
apoptosis at 0.1 nM. These results strengthened our hypothesis that both planar (Class I) and 
non-planar (Class II) estrogens function as estrogen agonists in stimulating the cell growth of 
MCF7:WS8 cells but differ in their action in inducing apoptosis in MCF7:5C cells as all non-
planar estrogen tested were ineffective in inducing apoptosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   Jordan, V.C. 
 

23 
 

Figure 9                                                                               

(B)               

 

(C) 

        

Figure 9.  Effect of triphenylethylenes on 
E2 induced growth in MCF7:WS8 cells and 
E2 induced apoptosis in MCF7:5C cells.  
(A) MCF7:WS8 cells were seeded in 24-well 
plate and treated with indicated compounds 
over a range of doses for six days. Cell 
growth was assessed as DNA content in each 
well. (B) MCF7:5C cells were seeded in 24 
well plates and treated with indicated 
compounds over a range of doses and the 
extent of apoptosis was determined by 
measuring the DNA content of the remaining 
cells in each well. (C) MCF7:5C were seeded 
in 24 well plate and treated with the indicated 
planar estrogens at various doses and the 
extent of apoptosis was determined by 
measuring the DNA content of the remaining 
cells in each well. Each data point shown is 
average of 3 replicate +/- SD. 
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Triphenylethylenes reverses E2-induced apoptosis in MCF7:5C cells 
Since the non-planar triphenylethylenes (3OHTPE, Bisph and EtOX) were not able to 

induce apoptosis effectively as E2 and other planar estrogens in MCF7:5C cells we further 
investigated if the non-planar estrogens were able to block the E2-induced apoptosis in these cells 
and function as an estrogen-antagonist in these cells. As evidenced in Figure 3, all the non-planar 
estrogens were able to reverse the E2-induced apoptosis in MCF7:5C cells in a dose dependent 
manner. As expected metabolites of tamoxifen, 4OHT and Endox and the complete estrogen 
antagonist ICI (ICI 182,780) were also able to completely reverse the E2-induced apoptosis at 0.1 
micro-molar concentration. At 1 micro-molar concentration ICI alone as well as in combination 
with E2 was able to block the growth of the cells. Among the triphenylethylenes, Bisph was most 
potent is reversing the E2-induced apoptosis in MCF7:5C cells followed by 3OHTPE and EtOX. 
As noted before the compounds alone did not induce effective apoptosis at 1 m icro molar 
concentration (Figure 10). This data suggests that the triphenylethylenes (non-planar estrogens) 
function as an estrogen antagonist in MCF7:5C cells apoptosis assay. 

 
Figure 10  

                        

 

 
 
 

Regulation of estrogen-responsive gene PS2 (TFF1) in MCF7:WS8 and MCF7:5C cells by 
triphenylethylenes 

We further investigated the estrogen response in MCF7:WS8 and MCF7:5C cells at gene 
level to determine if there were any differences. We chose the gene PS2 (also known as TFF1) 
which is a v ery well characterized estrogen-responsive gene (15). PS2 gene is a primary 
estrogen-responsive gene with a cl assical estrogen responsive element (ERE) in the proximal 

Figure 10. Reversal of E2-induced apoptosis of MCF7:5C breast cancer cells by triphenylethylenes (non-
planar estrogens). MCF7:5C cells were seeded in 24 well plate and treated with 10-9M 17-β estradiol (E2) in 
presence of increasing concentration of indicated non-planar estrogens, 4-hydroxy tamoxifen (4OHT), 
endoxifen or ICI 182,780 (ICI). Cells were also treated with either vehicle, E2 alone or 10-6M concentration of 
compounds alone as controls. 
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promoter of the gene which is responsible for its estrogen response (16). Therefore, we treated 
MCF7:WS8 and MCF7:5C cells for 2 or 6 hrs with vehicle (Veh), E2 (10-9M), 3OHTPE (10-6M), 
EtOX(10-6M), Bisph (10-6M)  or 4OHT (10-6M) and harvested RNA from all the samples. One 
microgram of total RNA was reverse transcribed to cDNA and q-RTPCR (quantitative real time 
polymerase chain reaction) was performed using PS2 specific primers. The house keeping gene, 
36B4 was used as an internal control and delta-delta Ct method was used to calculate the relative 
gene expression compared to vehicle treated cells. PS2 gene was stimulated ~ 5 fold by E2 as 
expected, in MCF7:WS8 cells after 2 hr s of treatment and more than 30 fold after 6 hrs of 
treatment (Figure 11A). In contrast 4OHT did not stimulate PS2 gene expression after 2 or 6 hrs 
of treatment (Figure 11A), whereas all the triphenylethylenes were around 50% as effective as E2 
in MCF7:WS8 cells at both 2 and 6 hrs after treatment (Figure 11A). In case of MCF7:5C cells 
E2 was markedly less effective in stimulating PS2 gene after 2 and 6 hr s of treatment (Figure 
11B) as only ~4 fold stimulation was observed after 6 hrs. The MCF7:5C cells treated with 
triphenylethylenes showed did not show any significant increase in PS2 levels after 2 hr s of 
treatment and about two fold increase after 6 hrs treatment (Figure 11B), whereas 4OHT did not 
show any increase in PS2 levels at 2 or 6 hrs of treatment. 

 
Figure 11 
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(B)                                                                                                                                                  

                 

 

 
 
 

 
 
 
Recruitment of ERα (estrogen receptor α) and SRC3 (steroid co-activator-3) at the 
proximal promoter of PS2 gene after treatment with triphenylethylenes 

To further understand the molecular mechanisms involved in regulation of estrogen-
responsive gene PS2 by the triphenylethylenes in MCF7:WS8 and MCF7:5C cells we 
determined the recruitment of the ERα and SRC-3 protein at the proximal promoter of PS2 gene, 
which has a classical estrogen responsive element (Figure 12A), using ChIP (chromatin immuno-
precipitation) assay after 45 minutes of treatment with triphenylethylenes (10-6M) and compared 
it with E2 (10-9M) and 4OHT (10-6M). In MCF7:WS8 cells, E2 treatment (45 min) was able to 
recruit very high level of ERα at the PS2 promoter (Figure 12B) as assessed by ChIP assay 
where more than 8% of input PS2 promoter region was occupied by ERα. On the other hand 
triphenylethylenes were ~50% as efficient as E2 treatment in terms of recruiting ERα where as 
very low level (~20% of E2) of ERα recruitment was observed after 4OHT treatment. 
Recruitment of the co-activator SRC3, which is critical in inducing the estrogen responsive gene, 
was not observed at all after 4OHT treatment at the PS2 promoter (Figure 12B). All the 
triphenylethylenes tested recruited only about 15-20% of SRC3 as compared to E2 treatment, 
which showed around 0.9 % of input PS2 promoter region was occupied by SRC3 protein 
(Figure 12A). Interestingly, in MCF7:5C cells treated with E2, around 5% of input PS2 promoter 
region was occupied by ERα (Figure 12C), which was half as much as observed in MCF7:WS8 
cells under identical conditions. SRC3 recruitment was also markedly less (~25%) at the PS2 
promoter in MCF7:5C cells (Figure 12C) as compared to MCF7:WS8 cells. In MCF7:5C cells 
treated with triphenylethylenes for 45 minutes around 50% less ERα occupancy and ~80% less 

Figure 11. Regulation of PS2 (TFF1) gene by triphenylethylenes, E2 and 4OHT in MCF7:WS8 and MCF7:5C cells. 
(A) MCF7:WS8 cells were treated with 17-β estradiol (10-9M; E2), 3-hydroxytriphenylethylene    (10-6M; 3OH TPE), 
ethoxytriphenylethylene (10-6M; EtOX), bisphenol (10-6M;  Bisph) and 4-hydroxy tamoxifen (10-6M;  4OHT) for 2 hours 
or 6 ho urs. Cells were then harvested and RNA was isolated followed by cDNA synthesis. Expression level of PS2 
(TFF1) was assessed using quantitative real time PCR (ABI 7900 HT). Data is represented as fold difference versus 
vehicle (Veh) treated cells. (B) MCF7:5C cells were treated with 17-β estradiol (10-9M; E2), 3-hydroxytriphenylethylene    
(10-6M; 3OH TPE), ethoxytriphenylethylene (10-6M; EtOX), bisphenol (10-6M;  Bisph) and 4-hydroxy tamoxifen (10-6M;  
4OHT) for 2 hours or 6 hours. Expression level of PS2 was assessed identically as mentioned for MCF7:WS8 cells. All 
data points are average of three replicates +/- S.D. 
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SRC3 occupancy was observed as compared to E2 treatment in MCF7:5C cells, whereas no 
SRC3 recruitment was observed after 4OHT treatment. These ChIP data concurs with the PS2 
mRNA induction level in MCF7:WS8 and MCF7:5C cells with their respective treatments 
(Figure 11A and B) and suggests that treatment with triphenylethylenes (non-planar estrogens) in 
these cells influences the shape of the liganded-ERα complex such that efficiency of ERα 
binding to ERE region is moderately inhibited whereas binding of SRC3 is severely inhibited as 
compared to 17β-estradiol treatment which is a planar estrogen. Additionally, of notable 
importance is that the magnitude of SRC3 recruitment is far less in MCF7:5C cells than 
MCF7:WS8 cells which may play crucial role in manifesting the functional role of the 
triphenylethylenes in these cells.   
 

Figure 12 

(A)     

                                                        

(B) 
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Differential induction of TGFα (transforming growth factor beta) gene by planar and non-
planar estrogens (triphenylethylenes) in MDA: MB-231 cells stably transfected with wild 
type ERα or D351G mutant ERα.  

Previous studies from our laboratory has shown that aspartate amino acid at 351 position 
of ERα plays a critical role in manifestation of estrogenic property of 4-OHT (16, 17). TGFα 
gene is induced by 4OHT as well as 17β-estradiol (E2) in MDA:MB-231 cells stably transfected 
with wild type ERα (MC2 cells) whereas in MDA:MB-231 cells stably transfected with a mutant 
ERα (JM6 cells), where aspartate at 351 amino acid position is substituted with glycine 
(D351G), 4OHT fails to induce expression of TGFα gene but E2 retains its ability to induce the 
TGFα gene in these cells (16). We therefore used this assay system to interrogate if the 
triphenylethylenes (3OHTPE, EtOX and Bisph) resembled E2 or 4OHT in inducing the TGFα 
gene expression. As expected, all the planar estrogens (E2, DES, estrone, equilin and equilenin) 
were able to induce TGFα gene expression (Figure 13A and B) in a concentration dependent 
manner in both wild type ERα (MC2) and D351G mutant ERα (JM6) cells. On the other hand, 
the triphenylethylenes (non-planar estrogens), 4OHT and Endox were able to induce TGFα gene 
expression in MC2 cells (wild type ERα; Figure 13C) in a concentration dependent manner as 
potently as E2 but all the triphenylethylenes and the active metabolites of tamoxifen (4OHT and 
Endox) distinctly failed to induce TGFα gene expression (Figure 13D) in JM6 cells expresses 

Figure 12. Recruitment of ER alpha and SRC3 (AIB1) at PS2 proximal promoter region containing ERE in 
MCF7:WS8 and MCF7:5C cells. (A) Depiction of PS2 proximal promoter region and the ERE region relative to TSS 
(transcription start site). (B) MCF7:WS8 cells treated for 45 minutes with 17-β estradiol (10-9M; E2), 3-
hydroxytriphenylethylene    (10-6M; 3OH TPE), ethoxytriphenylethylene (10-6M; EtOX), bisphenol (10-6M;  Bisph) and 
4-hydroxy tamoxifen (10-6M;  4OHT) and ChIP (chromatin immuno-precipitation) assay was performed. Formaldehyde 
cross-linked and sonicated chromatin was immuno-precipitated using anti ER alpha antibody or SRC-3 (AIB1) 
antibody. The chromatin was pull down using magnetic beads, reverse cross-linked and DNA was isolated. Isolated 
DNA was used to amplify the PS2 promoter region by quantitative real time PCR using specific primers to assess 
enrichment of this region in the pull down. Data is represented as percent input of the starting chromatin used for the 
ChIP. (C) MCF7:5C cells were treated identically as mentioned above and ChIP assay was performed under identical 
conditions.  Data is represented as percent input of the starting chromatin used for the ChIP. 
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D351G mutant form of the ERα. Notably, in the same experiment E2 was able to induce TGFα 
gene expression in JM6 cells. These data clearly indicate that the triphenylethylenes binds with 
ERα in a manner which is distinctly different from E2 and other planar estrogens and strikingly 
resembles the 4OHT and Endox.  
 

Differential induction of 5X-ERE luciferase by planar and non-planar estrogens 
(triphenylethylenes) in ERα-negative T47D cells (C42 cells) transiently transfected with 
wild type or D351G mutant ERα.                                                           

We further investigated the ability of planar and non-planar estrogens to induce the 
expression of luciferase enzyme driven by five repeats of classical estrogen responsive elements 
(5XERE) by reporter assay. We used an ERα-negative T47D cell line (C42 cells) to transiently 
transfect with either wild type ERα or D351G mutant ERα plasmid along with 5XERE-luciferase 
plasmid and renilla luciferase plasmid for normalization of transfection. Subsequently cells were 
treated with either vehicle or E2, 4OHT, 3OHTPE, EtOX and Bisph at indicated concentrations 
for 24 hr s. Using the dual luciferase assay, activity from the 5XERE-firefly-luciferase was 
assessed and normalized by renilla-luciferase activity. All the compounds with the exception of 
4OHT, was able to induce the luciferase activity in the cells transfected with wild type ERα 
(Figure 13E). However, the potency of the compounds was different. As evident, E2 was most 
potent, (as it was able to induce ERE activity at lower concentrations) followed by Bisph and 
3OHTPE which was equally potent in inducing ERE activity and the least potent was EtOX. 
Interestingly, in the C42 cells transfected with mutant (D351G) ERα only E2 was able to induce 
ERE activity as all the triphenylethylenes and 4OHT failed to induce luciferase activity from the 
classical ERE. This further provided evidence that the triphenylethylenes which are non-planar 
estrogens may have distinctly dissimilar mode of manifesting its estrogenic properties, than the 
planar estrogens.                           

 
Figure 13 

(A)                                                                    (B) 
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(C)                                                                   (D) 

                

(E)                                                                     (F)                                                                                                                                                                                

                 

 

 

                          

     

 

 

 

 

 

 

Figure 13. Induction of TGFα gene by planar and non-planar estrogens (triphenylethylenes) in MDA:MB 
231 cells stably transfected with wild type ERα (MC2) or D351G mutant ERα (JM6) and induction of ERE-
luciferase by wild type ERα or D351G mutant ERα in ERα-negative T47D cells (C42). (A) MC2 cells were 
treated with planar estrogens for 48 hrs at indicated concentrations and expression of TGFα RNA was measured 
using quantitative real time PCR. (B) JM6 cells were treated with planar estrogens for 48 hrs at indicated 
concentrations and expression of TGFα RNA was measured using quantitative real time PCR. (C) MC2 cells were 
treated with E2 or non-planar estrogens (triphenyl ethylenes) or active metabolites of tamoxifen (4OHT and 
Endox) for 48 hrs at indicated concentrations and expression of TGFα RNA was measured using quantitative real 
time PCR. (D) JM6 cells were treated with E2 or non-planar estrogens (triphenylethylenes) or active metabolites of 
tamoxifen (4OHT and Endox) for 48 hrs at indicated concentrations and expression of TGFα RNA was measured 
using quantitative real time PCR. Data (A-D) are represented as fold difference versus vehicle treated cells. Each 
data point is average +/- SD of three replicates. (E) C42 cells were transiently transfected with 5XERE-firefly-
luciferase, wild type ERα and renilla-luciferase plasmids. Transfected cells were treated with indicated compounds 
over a r ange of concentrations for 24 hrs and luciferase activity was measured. (F) C42 cells were transiently 
transfected with 5XERE-firefly-luciferase, D351G ERα and renilla-luciferase plasmids. Transfected cells were 
treated with indicated compounds over a range of concentrations for 24 hrs and luciferase activity was measured. 
Data are represented as ratio of enzymatic activity of firefly-luciferase and renilla-luciferase. 
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Figure 14                    

                     

 
 
 
 
 
 
 
 

   
 
Binding of EtOX to the LBD of ER alpha  

In an attempt to understand the binding mode of the triphenylethylenes, we studied the 
binding of EtOX to ERα, the flexible docking of this compound into the LBD (ligand binding 
domain) of the receptor co-crystallized with 4OHT (Figure 14B) was performed and also, the 
best ranked ligand-receptor complex was superimposed onto the agonist conformation of ERα 
(Figure 14A). The results show that when EtOX is fitted in the binding site of the agonist 
conformation of ERα (1gwr) the ethoxy side chain of the ligand is bumping the side chains of 
L525 and L540 (Figure 14C) and due to its steric hindrance it is unlikely for the ligand to bind in 
this conformation of the receptor. In contrast, when EtOX is docked into the binding site of ERα 

Figure 14. ERalpha binding site presented with E2, 4OHT or EtOX. All ligands are shown with their 
corresponding molecular surfaces depicted as gray grids. Also, Leu525 and Leu540 are shown with their molecular 
surface depicted as blue grids. A) The agonist conformation of ERalpha co-crystallized with E2 (colored in magenta) 
(PDB code: 1GWR); B) 4OHT (depicted in green) co-crystallized with ERalpha - the antagonist conformation of the 
receptor (PDB code: 3ERT); C) EtOX (colored in orange) is superimposed in the agonist conformation of the 
receptor (PDB code: 1GWR) and D) same ligand is docked in the antagonist conformation of ERalpha (3ERT). 
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antagonist conformation (Figure 14D) the top ranked pose is fitted well in the binding cavity and 
therefore it strongly indicates that it binds to an antagonist-related conformation of the receptor. 
 
  
TASK 2.  GU/Jordan - To elucidate the molecular mechanism of E2 induced survival and 
apoptosis in breast cancer cells resistant to either SERMs or long-term estrogen 
deprivation. 

Task 2b-3:  Lewis-Wambi and Jordan – Evaluation of a new SERM, bazedoxifene, that is 
cytotoxic to antihormone resistant breast cancer cells.  

Task 2b-3 (Lewis-Wambi and Jordan) - Studies carried out by Dr. Lewis-Wambi at FCCC 

WORK ACCOMPLISHED: 
Our laboratory is also interested in studying the antitumor effects of the SERM BZA 

(bazedoxifene). BZA is a third generation SERM that was recently approved for the prevention 
and treatment of postmenopausal osteoporosis. It has antitumor activity; however, its mechanism 
of action remains largely unclear. Recently, we characterized the effects of BZA and several 
other SERMs on the proliferation of hormone-dependent MCF-7 and T47D breast cancer cells 
and hormone-independent MCF-7:5C and MCF-7:2A cells and examined their mechanism of 
action in these cells. We found that all of the SERMs inhibited the growth of MCF-7 and T47D 
cells, however, BZA was the only SERM that inhibited the growth of hormone-independent 
MCF-7:5C and MCF-7:2A cells (Figure 15) (see #18 in Appendix). Consistent with these growth 
results, we found that BZA induced G1 blockade in MCF-7:5C and MCF-7:2A cells and it 
significantly downregulated ERα and cyclin D1 which were constitutively overexpressed in these 
cells (Figure 16) (see #18 in Appendix). In addition, siRNA knockdown of ERα and/or cyclin D1 
significantly reduced the inhibitory effect of BZA in MCF-7:5C cells. Further analysis revealed 
that BZA downregulated ERα protein by increasing its degradation and it suppressed cyclin D1 
protein and promoter activity in MCF-7:5C cells (Figure 16) (see #18 in Appendix). Lastly, 
molecular modeling studies demonstrated that BZA bound to ERα in an orientation similar to 
raloxifene and had the tendency to form the same contacts with the aminoacids lining the binding 
cavity (Figure 17) (see #18 in Appendix).  

The manuscript entitled “The Selective Estrogen Receptor Modulator Bazedoxifene 
Inhibits Hormone-Independent Breast Cancer Cell Growth and Downregulates Estrogen 
Receptor α and Cyclin D1” is under consideration in Molecular Pharmacology and cited as 
paper #18 in the Reportable Outcomes and Appendix sections.  
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Figure 15: 
 

 

Figure 15: Effects of E2 and SERMs on the growth of hormone-dependent MCF-7 and T47D cells versus hormone-
independent MCF-7:5C and MCF-7:2A cells. A, MCF-7 and T47D cells were grown in phenol red-free RPMI 
medium supplemented with 10% charcoal stripped FBS for 3 days prior to the start of the experiment. On the day of 
the experiment, all cell lines were seeded in phenol red-free RPMI medium supplemented with 10% charcoal 
stripped FBS at 30,000 per well in 24-well dishes and after 24 h were treated with 10-14 to 10-8 M E2 for 7 days, with 
retreatment every other day. At the conclusion of the experiment, cells were harvested and proliferation was 
assessed as cellular DNA mass (µg/well) using a DNA quantitation kit. The effect of E2 on proliferation of the 
different cell lines over a 12-day period was also determined by cell counting. B, the effects of antihormones at 
inhibiting E2-stimulated growth in MCF-7 and T47D cells and hormone-independent growth in MCF-7:5C and 
MCF-7:2A cells. Cells were seeded as described above except MCF-7 and T47D cells were grown in fully 
estrogenized media and then treated with 10-12 M to 10-6 M fulvestrant (FUL), bazedoxifene (BZA), raloxifene 
(RAL), 4-hydroxytamoxifen (4OHT), or endoxifen (ENDOX) for 7 days with retreatment on alternate days. 
Proliferation was assessed as cellular DNA mass (µg/well) as described in the methods section. C, effects of SERMs 
on reversing E2-induced growth inhibition of hormone-independent MCF-7:5C cells. Cells were seeded as described 
above and then treated with 10-9 M E2 alone or E2 combined with increasing concentrations (10-12 M to 10-6 M) of 
BZA, RAL, 4OHT, or ENDOX for 7 days and processed as described above. All data are presented as the mean 
from three different experiments in triplicate. 
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Figure 16: 
 

 

Figure 16: Effects of BZA on cell cycle progression and cyclin D1 regulation in MCF-7 and MCF-7:5C cells. A, 
cell cycle distribution was determined by propidium iodide staining of DNA content and flow cytometry. Cells were 
treated with 10-9 M E2, 10-7 M BZA, or E2 plus BZA for 24 and 48h. Thirty-thousand cells per sample and three 
replicates per group were collected. Representative histograms are shown. B, Western blot analysis of cyclin D1 
expression level in MCF-7 and MCF-7:5C cells following treatment with BZA and other SERMs. Prior to 
experiment, MCF-7 cells were switched from fully estrogenized media to estrogen-free media for 3 days and then 
treated with ethanol vehicle (control), 10-9 M E2 alone, or 10-9 M E2 plus FUL (10-7 M), RAL (10-7 M), 4OHT (10-7 
M), or BZA (10-7 M) for 24 h. MCF-7:5C cells, however, did not require a media switch since they are hormone-
independent and are routinely grown in estrogen-free media. MCF-7:5C cells were treated as described above for 
MCF-7 cells. Quantitated protein levels normalized to β-actin are indicated. C, BZA regulation of cyclin D 
expression and promoter activity in MCF-7:5C cells. Cells were treated with 10-7 M BZA for the indicated time 
points. Cyclin D1 protein and mRNA levels were determined by Western blot and quantitative RT-PCR, 
respectively with β-actin and 18S rRNA as internal controls. For cyclin D1 promoter activity experiment, MCF-7 
and MCF-7:5C cells were cotransfected with a full-length cyclin D1 promoter plasmid (-1745CDLUC) and Renilla 
luciferase control plasmid overnight and then treated with 10-9 M E2, 10-8 M BZA, or E2 + BZA for 24 h. Luciferase 
activity was measured as described in materials and methods. D, proliferation of MCF-7:5C cells transfected with 
the nontarget or cyclin D1 siRNA. Cells were transfected and then seeded at 15,000 per well in 24-well dishes. 
Medium was replenished the day after seeding on day 0 and every other day thereafter. Cells were collected on day 
5 and counted using a hemocytometer. All data are presented as the mean from three independent experiments with 
duplicate (*, p < 0.01 versus nontarget transfected cells).  
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Figure 17: 
 

 

Figure 17: Molecular modelling of ERα binding site with various ligands. A, agonist conformation of ERα co-
crystallized with E2; helix 12 is depicted in orange and lays over the binding site sealing the ligand inside it. The 
antagonist conformations of the receptor are shown in panels B, C, D, and E. X-ray structures of ERα co-crystallized 
with 4OHT (B), raloxifene (C), bazedoxifene (D), or fulvestrant (E) docked into the ERα-raloxifene crystal 
structure. Helix 12 is depicted in magenta for 4OHT bound conformation and yellow for raloxifene and 
bazedoxifene. Also the key aminoacids lining the binding site are displayed and the network of hydrogen bonds in 
which they are involved with the ligands is shown in black dashed lines. Carbon atoms are colored in yellow for E2, 
orange for 4OHT, cyan for raloxifene and pink for bazedoxifene. These images show the differences between the 
agonist (A) and antagonist conformation (B, C, E) of ERα and present the alignment of bazedoxifene in the binding 
site of ERα which is very similar with raloxifene’s orientation and the same interactions with the key aminoacids of 
the binding cavity are encountered  
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TASK 3: (GU/Riegel and Wellstein) - To decipher cellular signaling pathways using 
proteomics and to mesh proteomics and mRNA analysis. 

Introduction: 
 Here we report work completed on T ask 3 a t the GU site during year 4 of  this COE. 
Studies were carried out at GU in the laboratory of Anna Riegel PhD and the laboratory of Anton 
Wellstein MD PhD, with support from Ben Kagan PhD, Alex Kyriliuck PhD, Zhangzhi Hu PhD 
and Jordan Li. In years 1-4 of this project we have developed methods of proteomic analysis (18) 
and undertaken an extensive proteomic comparison of  di fferences in untreated MCF-7 and 
MCF-7:5C or cells treated with estradiol-17B for short periods of time (Hu et al 2011 Plos One 
in press; see item #16 in the Appendix). In this publication, data was presented that suggests that 
the nuclear coactivator AIB1 (amplified in breast cancer 1) is a significant driver of E2-
controlled growth phenotype in these ER-positive breast cancer cells. Because AIB1 was rate-
limiting for the E2-induced changes in the growth phenotype of MCF-7 and MCF-7:5C cells, we 
performed AIB1-specific immunoprecipitation of lysates from untreated and E2-treated (2 hrs) 
MCF-7 and MCF-7:5C cells to fractionate the respective proteome, which was followed by 1-D 
PAGE (polyacrylamide gel electrophoresis), and MS (mass spectrophotometry) identification of 
proteins. Immunoprecipitation of phosphotyrosine-containing protein complexes was also 
performed to complement the AIB1-specific proteome fractionation .Stringent filtering of the 
initial proteomic data resulted in a subset of 101 proteins that either interacted with AIB1 or are 
present in pY-protein complexes with 13 proteins common to both.  
 In separate experiments with independent mass spectrometry analyses 48% of the proteins 
reported here were found in two and 16% in three or more experiments. We show the functional 
categories ascribed to the AIB1-associated (top) and pY-complexed (bottom) proteins. Nearly 
half of the AIB1-interacting proteins fall into four categories, i.e. cytoskeleton and structural 
proteins, metabolism, transcription regulation, and signal transduction. The functional categories 
of pY-complexed proteins of which more than half fall into four major categories: cytoskeleton 
and structural proteins, transcription regulation, signal transduction, and protein transport and 
vesicle trafficking.  Thirteen proteins were found to be both AIB1-interacting and pY-complexed 
in MCF-7 and MCF-7:5C cells. Interestingly, 5 proteins were IP’ed (immunoprecipitated) with 
pY that were unique to the E2-treated MCF7:5C group, one of which was FAK1 (focal adhesion 
kinase 1). Independent validation of this interaction with IP Western was demonstrated (Fig 18A). 
This result is of interest since FAK1 is known to complex with EGFR (epidermal growth factor 
receptor) and an isoform of AIB1 and contribute to cellular signaling in breast cancer (19). We 
also identified 18 proteins (CI >95%) that interact with AIB1 in E2-treated but not in untreated 
MCF-7:5C cells, 10 of  which are also unique to MCF-7:5C cells. These E2-induced AIB1-
interacting proteins in MCF-7:5C cells mainly segregate in the category “transcriptional 
regulation” (6 of 18), several of which are also known to be involved in the control of apoptosis. 
For example, PRDM5 (PR domain containing 5), a PR domain and zinc-finger transcriptional 
regulator is a putative tumor suppressor and has been linked to cancer cell apoptosis (20). TLE3 
(transducin-like enhancer protein 3), a transcriptional corepressor that binds to a number of 
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transcription factors (21), can form a transcriptional repressor complex with RUNX3 (Runt-
related transcription factor 3) (22), a known tumor suppressor that has been shown to be involved 
in apoptosis in gastric and colon cancer (23). TLE3 has also been associated with the 
development of anti-estrogen resistance (24). The presence of the 83 kDa TLE3 in AIB1 
immunoprecipitations (IP) was also validated by IP Western blot analysis (Fig 18B). TLE3, 
PRDM5 and PRPF6 (pre-mRNA-processing factor 6) were all uniquely identified in E2-treated 
MCF-7:5C cells.  

 

Figure 18: Western blot analysis confirms that FAK1 and TLE3 are immunoprecipitated from E2 
treated MCF7:5C cells. MCF-7:5C cells were treated or not with E2 for 2 h ours, and proteins were 
extracted for IP/Western analysis A) Tyrosine-phosphorylated endogenous proteins were 
immunoprecipitated with anti-phosphotyrosine monoclonal antibody (4G-10, Millipore) and the 
immunoprecipitate was resolved on SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel 
electrophoresis) followed by Western analysis. The input is 5% of the amount of total cell lysates for IP. 
FAK1 was detected on the blot with FAK antibody (A-17, Santa Cruz). B) AIB1 interacting proteins were 
immunoprecipitated using anti-AIB1 monoclonal antibody (BD Biosciences).  T he input is 5% of the 
amount of total cell lysates for IP. TLE3 was detected on the blot with TLE3 antibody (Abcam). 

The canonical pathway mapping analyses of all identified proteins suggest that several 
pathways are significantly represented both for proteins immunoprecipitated with anti-AIB1 and 
for those with anti-pY, including GPCRs (G-protein coupled receptors), apoptosis, PI3K 
(phosphoinositide 3-kinase)/AKT and Wnt/b-catenin and Notch signaling pathways. 

Connection of the proteomics pathways identified to transcriptome effects 
Comparative mRNA expression profiles of estrogen-deprived MCF-7 and MCF-7:5C 

cells have been reported and are available for data mining at the NCBI GEO website 
(GSE10879; ncbi.nlm.nih.gov/). An analysis of mRNA expression regulation after 48 hr s of 
estradiol treatment of these cells was published recently by the COE group and shows significant 
differences with respect to mRNA expression of regulators of apoptosis at steady state (25): In 
MCF-7 cells Bcl-2, a major anti-apoptosis gene, is upregulated by estradiol treatment whereas no 
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change of Bcl-2 was seen in MCF-7:5C cells. In our analysis Bcl-2 is one of the major hubs in 
the AIB1 interaction networks. In contrast, the pro-apototic Bcl-2 antagonists Bak, Bax and Bim 
mRNAs were found upregulated 2- to 7-fold after estradiol treatment of MCF-7:5C cells whereas 
no expression change was seen in the MCF-7 cells. Our analysis shows that upstream regulators 
of the canonical intrinsic mitochondrial pathway such as RSKs (ribosomal s6 kinase), were 
identified in the proteomics approach. The most differentially regulated cell survival and 
apoptosis modulator was Gadd45beta mRNA that was found upregulated 5-fold in MCF-7:5C 
and down-regulated 5-fold in MCF-7 cells after E2 treatment (25). Gadd45beta was described 
earlier as a factor linked to cell survival in apoptosis resistant cells though it was mostly 
associated with serum growth factor dependent survival and not with UV or gamma-radiation 
induced apoptosis (26). In terms of it connectivity, this fits with Gadd45beta being a hub of the 
MAP kinase pathway signaling cascade that include MAP3K4, MEK6 (methyl ethyl ketone 6), 
MEK3, MAPK8 interactions and also connected to PCNA and cyclin B1 as well as relA, the 
NFkappaB p65 subunit (27). Of note is that we also observed components of GPCR signaling in 
our pathway analysis. This finding corroborates the upregulation of GPR30 (G-protein coupled 
receptor 30) in MCF7:5C cells after estradiol treatment (28) and it is noteworthy that GPR30 can 
bind estradiol and mediate rapid, non-genomic effects in breast cancer cells (29). Overall the 
expression analysis and proteomics data show some interesting convergences especially in 
apoptotic regulatory pathways which may be functionally relevant as initiators of estradiol–
induced apoptosis. In conclusion, the results of the canonical pathway mapping analyses of all 
identified proteins suggest that several pathways are significantly represented both for proteins 
immunoprecipitated with anti-AIB1 and for those with anti-pY, including GPCRs, apoptosis, 
PI3K/AKT, and Wnt/b-catenin and Notch signaling pathways. 

PROTEOMIC AND BIOINFORMATIC PATHWAY ANALYSIS OF 17β-ESTRADIOL 
(E2)-INDUCED GROWTH VERSUS APOPTOSIS IN ESTROGEN-RESPONSIVE MCF-
7 AND ESTROGEN DEPRIVATION-RESISTANT MCF-7:5C CELLS 
 We concluded from the previously published experiments on the characterization of  the 
MCF7:5C cells that since the ER and AIB1 are not mutated but rather that unique activation of 
the novel signaling pathways by the ER and coactivator AIB1 must occur in these cells through 
tyrosine kinase activated signaling pathways that are selectively present in MCF7:5C cells. We 
now report our 4th year studies investigating these two aspects of estrogen-induced apoptosis 
and are summarized below. 
 Under this task we aim to identify signaling events that control estrogen-induced apoptosis 
in contrast to the induction of cell growth. A crucial model for this is a comparison between 
MCF-7:5C, a long-term estrogen deprivation-resistant variant line of breast cancer MCF-7 cells 
that undergo apoptosis in response to E2, whereas wild-type MCF-7 cells will grow in response 
to E2. The major goal during the fourth year of the project at the GU site was to continue our 
analysis of the proteome in these cell lines and in particular use phospho proteomics data and 
analysis to further analyze signaling pathways involved in E2-induced apoptosis versus growth. 
Specifically during year 4 we based our analysis on examination of kinase activation in E2- 
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treated MCF-7 and MCF-7:5C cells and focused much of the analysis on phosphoproteome of 
the ER and the nuclear coactivator AIB1. From a co mparison of these experimental data sets 
obtained from MCF-7 versus MCF-7:5C cells + E2 we obtained information on pathways that are 
involved in the differential response to E2. 
 We report here on the new data and new analyses generated during year 4. For some of the 
experimental details we refer the reader to the reports from year 1-3. 

WORK ACCOMPLISHED: 

Part 1: Proteomic Analysis of phosphorylation changes in ER and AIB1 related to estrogen 
induced apoptosis in breast cancer. 

We developed proteomic methods for identifying protein posttranslational modifications 
and analysis of differential regulation of ER and AIB1 proteins isolated from MCF-7 and 
MCF7:5C +/- E2. Validation of the novel posttranslational modifications (phosphorylation) of 
interest  de tected in AIB1 and ER  i s ongoing, and involves Western blotting, mutagenesis, 
functional assays and ultimately developing polyclonal antibodies for detection of 
phopshorylation changes in specific sites (Figure 19). 

 

Figure 19: 
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Experiments Completed: 
Sets of protein lysates were delivered by Fox Chase Center and GU under Task 1 was 

used for developing condition suitable for MS analysis of PTM (predictive technology model) 
profile for ER and AIB1. For optimization of the input for MS analysis a set of 
immunoprecipitation experiments for ER alpha, were performed from total 15 t o 50mg of 
proteins extract form MCF-7 cells (3 repeats for trypsin digestion of estradiol- treated and 
untreated cells and 2 repeats - for chymoptypsin digestion of ER  from estradiol-treated cells). 
The tubes with MCF-7 /5C/2A/WS8 cell lysate had a protein concentration between 20-40ug/ul. 
Volume per tube was 200-230ul.  

For typical experiment: after thawing the lysates were cleared after by centrifugation at 
14,000 g for 10 m at 4°C. The required amount of protein for IP was formed by mixing together 
the lysates from replicated experiments (typically 10-12). A 50 mg aliquot of each lysate was 
transferred to a p re-chilled 15 m l tube. The lysates were supplemented with 10mM Na3V04, 
10ul/ml phosphate inhibitor cocktail 1 (Sigma), 320nM Okadaic acid (50mM Na2MoO4 is 
optional).  Volumes were adjusted with NP-40 (nonyl phenoxypolyethoxylethanol) lysis buffer 
(composition (50 mM Tris, pH 8.0, 150 m M NaCl, 40 mM b-glycerophosphate, 0.25% sodium 
deoxycholate, 1% NP-40, 50 mM sodium fluoride, 20 mM sodium pyrophosphate, 1 mM EGTA 
(ethylene glycol tetraacetic acid), 1 mM sodium orthovanadate) to reach a final concentration of 
total proteins in the samples as average  as  20 ug/ul. The lysates were precleared with 30ul of 
Protein G-agarose beads for 1h, 4C on a rocker platform. The IP for ER alpha was done 
overnight with mouse monoclonal antibody (clone F-10, Santa Cruz, sc-8002, or sc-8002CA, 
conjugated).  For each 50mg of lysate we added 150ul of F-10 AB (30mg of antibody).  Estrogen 
receptor- Ab complexes were precipitated with 75 ul of Protein G -agarose beads (bed-volume) 
for 1h, 4C.  Immunocomplexes were washed 5 times with 0.5% NP-40/PBS supplemented with 
protease and phosphatase inhibitors (Roche). The efficiency of IP was tested by Western blot 
with F10 AB (dilution 1 to 1000) on lysates before and after IP. Immunopurified ER was 
resolved on 4–15% gradient NuPAGE gels (Invitrogen) and detected by reversible Coomassie 
staining (Imperial protein stain, Thermo Scientific). The bands corresponding to ER  protein 
(Fig 21) were excised and cut into small chunks, using as a reference recombinant ER  and 
Western blot analysis with anti- ERα antibody. 

Gel pieces were washed subsequently with 25 mM ammonium bicarbonate for 15 min, 
50% ethanol/ 25 mM ammonium bicarbonate for 20 min and 100% ethanol for 20 min. After that 
cysteine residues were reduced with 10 mM DTT (Dithiothreitol)/25 mM ammonium 
bicarbonate for 60 min at 56°C, followed by alkylation with freshly made 55mM iodoacetamide/ 
25 mM ammonium bicarbonate for 30 m in, in the dark, at room temperature. After 3 t imes 
washing with 25 m M ammonium bicarbonate gel pieces were combined with 12.5 ng/ul 
endoprotease (trypsin or chymotrypsin, sequencing grade) in 25 mM ammonium bicarbonate. In-
gel digestion was performed overnight at 37°C. Supernatant was transferred to low binding 
microcentrifuge tubes (PGC Scientifics). Peptides were extracted with 1% formic acid, 30 min 
with shaking and combined with liquid from previous step. All samples were evaporated down, 
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resuspended with LC solvent A and divided into three aliquots and stored at -80°C until used for 
mass spectrometry.  

Peptide mixtures were analyzed with MALDI-TOF/TOF 4800 (AB Sciex, Framingham, 
MA) or using reversed phase nanoUPLC Acquity (Waters) coupled to ESI-Q-STAR quadrupole/ 
orthogonal TOF (AB Sciex, Framingham, MA) or on E SI-4000 QTRAP hybrid triple 
quadrupole/linear ion trap mass spectrometer (AB Sciex, Framingham, MA). 

For LC fractionation peptide mixtures were resolved using reversed phase column BEH 
C18 column (1.7 µm, 75 µm x 150 mm, Waters) on nanoUPLC with buffer A (2% acetonitrile, 
0.1% formic acid) and buffer B (98% acetonitrile, 0.1% formic  acid). Peptides were eluted over 
30 min linear gradient of 0-60% of the solvent B with 300 nl /min flow rate. The nanoUPLC 
instrument was coupled to ESI-Q-STAR or to 4000QTRAP mass spectrometer equipped with 
NanoSpray II ionsource (AB Sciex, Framingham, MA). Eluted peptides were ionized in positive 
mode using a fused silica PicoTip emitter (outer diameter 75 μm inner diameter, 15 μm emitter 
orifice, New Objective, Woburn, MA) with a spray voltage of 2300 V, a curtain gas of 13 psi, a 
nebulizer gas of 13 psi, an interface heater temperature of 180°C. 4000QTRAP was set up at unit 
resolution for Q1 and Q3 in MRM mode, and at low resolution in enhanced product ion scan. 

Figure 20:  

 

Systematic search for Phosphorylation sites of endogenous ER  and AIB1 employing MRM 
(Multiple Reaction Monitoring) strategy and MIDAS (MRM-initiated Detection and 
Sequencing) algorithm.  

MRM method is highly sensitive, has very little chemical background and provides 
confidence in the results even in the absence of a full MS/MS spectrum. MRM/MS relies on 
simultaneous observation of the peptide precursor ion together with one of its fragment product 
ions by taking advantage of the characteristic fragmentation pattern of phosphopeptides. It is 
highly unlikely that isobaric component that may coelute with targeted precursor will also have 
matching fragment mass. The most important benefit of this technology is a relative PTM 



   Jordan, V.C. 
 

42 
 

quantitation capability for practically any given peptide. MRM base analysis has significant 
advantage as it allows simultaneous quantitative monitoring of many novel or previously 
reported modifications in one experiment. Such analysis provides the quantitative assessment of 
the stoichiometric level of a modified peptide relative to its unmodified form.  

MRM transitions and corresponding collision energy settings for predicted peptides were 
generated using recommended setting in MRM pilot software (AB Sciex, Framingham, MA). 
The list of in-silico predicted transitions includes the potential variable modification of the 
oxidated methionine and the fixed modification of the alkylated cysteine. 

All peptides containing serine, threonine, or tyrosine residues were interrogated using in 
silico prediction of fragmentation with trypsin or chymotrypsin endoproteases for precursor ions 
Q1 masses and best collision induced fragment ions for Q3 masses. Short tryptic peptides (3-4 aa 
long) as well as large peptides were excluded from analysis if they did not contain potentially 
phosphorylated amino acid residue. Using MRMpilot software, a set of predicted MRMs was 
generated for each peptide. MRMs were tested in initial experiments with commercially 
availibable ER protein. A final set of optimized MRMs that covered most sequence of ER protein 
was selected. Optimized MS method combined the analysis of both, unmodified and 
phosphorylated peptides (Figure 20).  

The MS method for 4000QTRAP includes MIDAS algorithm for triggered MS/MS scans. 
Typically, method for 4000QTRAP mass spectrometer has 3-4 dependent Enhanced Product Ion 
scans, which are triggered when the MRM signal exceeds a threshold (normally 100 counts/s). 
Precursor ions were dynamically excluded for one minute after two occurrences.   

The list of transition used for quantification and triggering MS/MS is presented. A 
minimum of two different transitions were used for stoichiometric analysis of each modification 
in this experiment.  A s the sample preparation involved an SDS-PAGE method, the sulfoxide 
forms of each methionine containing peptide are prevailing in the current work. However, 
peptides with unmodified methionine were analyzed as well. Dwell time of MRMs and total scan 
time were kept to allow at least seven data points per peak. 

Neutral loss scan and Precursor Ion scan (-79)  
Peaks were integrated using quantitation software MaltiQuant (AB Sciex, Framingham, 

MA). An abundance of modified peptides is determined from the shape of their fragment peaks 
in corresponding MRM using the area under the curve with relation to the signal of related 
unmodified peptide. Data of estrogen-stimulated signals were normalized to corresponding 
signals from an unstimulated experiment and presented in Fig 22. as folds on induction.  

MIDAS- MS/MS fragment ion data were searched against a h uman database using 
Paragon and Mascot algorithm (Matrix Sciences, London, UK) in ProteinPilot 3.0 software (AB 
Sciex) with mass tolerance for precurcor ions 0.02 Da, fragment ion tolerance 0.8 Da, no miss 
cleavage, carboxymethylation as fixed modification for cysteine, and several variable 
modifications such as oxidation for methionine and phosphorylation for serine, threonine and 
tyrosine.  
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In addition to MIDAS-MS, we employed a sensitive and specific for phosphorylation 
scans such as a precursor ion (PI) or neutral loss (NL). In combination with dependant enhanced 
resolution (ER) and enhanced product ion (EPI) scans. The method is automated by employing 
Information Dependent Acquisition (IDA). The 4000 Q  TRAP system selectively detects 
characteristic PO3 - fragment ion using precursor ion (PI) scan for negative 79 f ragment. For 
tyrosine phosphorylation sites the 4000 Q TRAP spectrometer was set to detect  precursors in PI 
scan with diagnostic fragment m/z 216 in the a triple quadrupole mode. Phosphorylated serines 
and threonine were analyzed in Neutral Loss scan (NL) scan of (+) 49.0 for 2+ charge. The first 
mass analyzer scans all the masses. The second mass analyzer also scans, but at a set offset from 
the first mass analyzer. This offset corresponds to a neutral loss that is commonly observed for 
the class of compounds. Neutral loss scans cannot be done with time based MS instruments. In a 
-neutral-loss scan, both quadrupole are in scan mode simultaneously, but with a mass offset 49.  

Data base analysis of triggered NL scan and PI scans were done in similar way as with 
MIDAS-MS data sets. 

The main challenge for ER analysis is very low basal level of protein (see arrowed upper 
band Fig 21 below) and down regulation/degradation upon estrogen treatment that represent a 
challenge for mass spectrometry. MALDI-TOF/TOF was unable to identified both ER and AIB1 
proteins from pull down. That is why we continued our analysis with LC-MS platforms. ER  and 
AIB1 proteins were positively identified, validated and pattern of estradiol-induced 
phosphorylation were collected using MRM methods on 4000QTRAP mass spectrometer. Data, 
presented in the table reflect position of phosphorylated amino acid residue, Mascot score, and 
sequence of peptide used for analysis.   

Figure 21: CoMassie stain gel of ER alpha immunoprecipitate. 
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Figure 22: 

ERα protein was positively identified, validated and pattern of estradiol-induced 
phosphorylation were collected using MRM methods on 4000QTRAP mass 

spectrometer. Data, presented in the table reflect position of phosphorylated 
amino acid residue, Mascot score, and sequence of peptide used for analysis. 

ph-Residue WS8/E2- WS8/E2+ 2A/E2- 2A/E2+ 5C/E2- 5C/E2+
Threonine 7 18 (Ch 6-15) 3(Tr 1-8) 10 (Ch 6-15)

Serine 10 20 (Ch 6-15) 10 (Ch 6-15) 13 (Ch 6-15)
Serine 102 14 (Ch 101-110) 21 (Ch 101-110) 19 (Ch 101-110)
Serine 104 15 (Ch 101-110) 14 (Ch 101-110)
Serine 106 20 (Ch 101-110) 13 (Ch 101-110) 26 (Ch 101-110)

Serines 102/104 20  (Ch 101-110) 9 (Ch 101-110)
Serines 102/106 14 (Ch 101-110) 13 (Ch 101-110) 19 (Ch 101-110)
Serines 104/106 20 (Ch 101-110) 18 (Ch 101-110)

Serine 118 8 (Ch 111-120)
Threonine 140 15 (Ch 140-149) 38 (Ch 140-149) 15 (Ch 140-149)

Serine 167 7 (Tr 165-171) 2 (Tr 165-171)
Threonine 168 18 (Tr 165-180) 10 (Tr 165-180) 11 (Tr 165-180)

Serine 173 12 (Tr 172-183) 11 (Tr 165-180) 13 (Tr 172-180) 10 (Tr 172-183)
Serine 178 6 (Tr 172-183) 6 (Tr 172-183) 16 (Tr 172-180)

Serines 173/178 12 (Tr 172-183) 15 (Tr 172-183) 12 (Tr 172-180)
Threonine 182 14 (Tr 172-183) 23 (Tr 172-183) 6 (Tr 172-183)

Serine 173/Threonine 182 7 (Tr 172-183) 11 (Tr 172-183)
Serine 193 6 (Tr 184-206)

Serine 193/Tyrosine197 23 (Tr 184-206)
Serine 212 13 (Tr 212-231)

Tyrosine 219 9 (Tr 212-231)
Tyrosine 219/Threonines224 7 (Tr 212-231)

Threonines 224/228 6 (Tr 212-231) 8 (Tr 212-231)
Serine 212/Threonine 228 16 (Tr 212-231) 16 (Tr 212-231)

Threonine 228 6 (Tr 212-231)
Serine 236 10 (Tr 236-243)

Tyrosine 246 11 (Tr 245-256) 9 (Tr 245-256) 11 (Tr 245-252) 12 (Tr 245-256) 4 (Tr 245-252) 8 (Tr 245-252)
Serine 282 13 (Tr 278-299) 21 (Tr 278-299) 18 (Tr 278-287) 21 (Tr 278-299) 15 (Tr 278-299)
Serine  294 9 (Tr 278-299) 7 (Tr 278-299)

Serine 282/294 9 (Tr 278-299) 14 (Tr 278-299)
Serine  309 9 (Ch 307-320) 
Serine  311 8 (Ch 307-320) 14 (Ch 307-320) 
Serine  317 23 (Ch 307-320) 
Serine 371 10 (Ch 361-372)
Serine 433 10 (Ch 430-440) 5 (Tr 417-436)

Serine 432/433 10 (Ch 426-435)
Serine 456 5 (Tr 437-467) 5 (Tr 437-467)
Serine 450 13 (Tr 437-467) 8 (Tr 450-472) 9 (Tr 437-467)

Serine 463/468 10 (Ch 462-469) 13 (Ch 462-469) 
Serine 463 13 (Ch 462-469) 

Threonine 465 6 (Tr 450-472) 10 (Tr 450-472)
Serine 464/Threonine 465 7  (Tr 450-465)

Serine 468 10  (Tr 450-472)
Serine 450/  Serine468 11  (Tr 450-472)

Serine 512 3 (Tr 504-515) 9 (Tr 504-515)
Serine 518 26 (Tr 516-520) 19 (Tr 516-520) 26 (Tr 516-520)

Tyrosine 526 6(Tr 521-529)
Serine 527 24(Tr 521-529) 5 (TR 521-529) 14 (Ch 527-539) 18 (Ch 527-539)  

Tyrosine 526/Serine 527 9(Tr 521-529) 11(Tr 521-529) 7(Tr 521-529)
Tyrosine 526/537 14 (Ch 526-537)    

Tyrosine 537 3 (Tr 532-548) 4 (Tr 532-548) 7 (Tr 532-548)
Threonine 543 3 (Tr 549-555)
Threonine 553 13 (Tr 549-555) 11 (Tr 549-555)

Serine 554 18 (Tr 549-555) 11 (Tr 549-555) 3 (Tr 549-555) 20 (Tr 549-555)
Treonine553/Serine 554 12  (Tr 549-555) 2 (Tr 549-555) 5 (Tr 549-555)

Threonine 570 13 (Ch 569-582) 13 (Ch 569-582)
Serine 575 17 (Ch 569-582) 17 (Ch 569-582)

Threonine 574 12 (Ch 569-579)
Serine 578 17 (Ch 569-579)

Tyrosine 582 14 (Ch 569-582) 11 (Ch 569-582)

Figure 22. Data base analysis of triggered MIDAS-MS/MS.  
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Figure 23: 
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Domain structure of ERα with reported E2 -induced phosphorylation 
sites. Positions of modifications identified in the present work by mass 
spectrometry are shown below: red- novel sites, blue – phosphosites 
reported before in literature.

phos-Residue Max Mascot score 
(peptide rresidues)

Threonine 7 18 ( 6-15)
Serine 10 20 ( 6-15)

Serine 102 21 ( 101-110)
Serine 104 15 ( 101-110)
Serine 106 26 ( 101-110)
Serine 118 8 ( 111-120)

Threonine 140 38 ( 140-149) 
Serine 167 7 ( 165-171)

Threonine 168 18 ( 165-180)
Serine 173 13 ( 172-180)
Serine 178 16 ( 172-180)

Threonine 182 23 ( 172-183)
Serine 193 23 ( 184-206)

Tyrosine197 23 ( 184-206)
Serine 212 16 ( 212-231)

Tyrosine 219 9 ( 212-231)
Threonines 224 16 ( 212-231)
Threonine 228 16 ( 212-231)

Serine 236 10 ( 236-243)
Tyrosine 246 12 ( 245-256)

Serine 282 21 ( 278-299)
Serine  294 14 ( 278-299)
Serine  309 9 ( 307-320) 
Serine  311 14 ( 307-320) 
Serine  317 23 ( 307-320) 
Serine 371 10 ( 361-372)
Serine 432 10 ( 430-440)
Serine 433 10 ( 426-435)
Serine 456 12  ( 450-472)
Serine 450 13 ( 437-467)

Threonine460 12  ( 450-472)
Serine 463 13 ( 462-469) 

Threonine 464 10 ( 450-472)
Threonine 465 10 ( 450-472)

Serine 468 13 ( 462-469) 
Serine 512 9 ( 504-515)
Serine 518 26 ( 516-520)

Tyrosine 526 14 ( 526-537)    
Serine 527 24( 521-529)

Tyrosine 537 14 ( 526-537)    
Threonine 553 13 ( 549-555)

Serine 554 20 ( 549-555)
Threonine 570 13 ( 569-582)

Serine 575 17 ( 569-582)
Threonine 574 12 ( 569-579)

Serine 578 17 ( 569-579)
Tyrosine 582 14 ( 569-582)
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Figure 24: 

Phospho-pattern of AIB1 protein.
Y axis- Mascot score

 

Figure 24A: Overall phosphorylation pattern of AIB1 +/- E2 in MCF-7 (WS8) or MCF7:5C or MCF7:2A 
identified by mass spectrometry 
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 Multiple phosphorylations at serine, threonine and some tyrosine residues of AIB1were 
observed and some of these were regulated by estrogen treatment in the MCF7:5C line but not in 
the parental MCF-7 cell line. In year 5 we will select several of these sites for further functional 
analysis for their role in E2-induced apoptosis.  

Figure 24B: 

 

Figure 24B: Overall AIB1 phosphorylation pattern determined by mass spec proteomics in MCF7:5C in 
the absence (upper) or presence (lower) of estrogen after 2 hrs treatment. 
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Figure 25: 

Estrogen-responsive phosphorylation in AIB1. WS8 cells versus 5C.
Quantitation on the base of MRM analysis. These transitions were verified with MS/MS and Mascot data 

base search . Position of phosphorylated amino acid residue in the AIB1 protein. MRM transitions 
including m/z of precursor (Q1 mass) and of fragment ion (Q3 mass), as well as the Mascot score of 

MS/MS for corresponding phosphopeptides. 
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Figure 26:  

                   -E2                                                          +E2  

 S15             ND    10 

S102            ND       9       

S336            ND     9      

S423            ND     9        

S628            ND    16 

S635            ND    18 

T711.S712   ND    13 

S901            ND      8 

S1329          ND     9 

 

Figure 26: Selected sites at which E2 upregulates AIB1 phosphorylation in MCF7:5C 

 

Part II: regulation of AIB1 phosphorylation in MCF-7 or MCF7:5C by growth factors 
A number of recent studies e.g. (30) have indicated that estrogen and HER/EGFR are co-

regulated and that there is significant cross talk between these two pathways in the proliferative 
response in breast cancer epithelial cells and in the development of endocrine resistance. In 
addition, a pivotal molecule in the responsive to Estrogen and HER2 and EGFR is the nuclear 
coactivator AIB1 which is involved in estrogen control of HER2 expression and is also involved 
in control of overall HER2 response in breast epithelium (31, 32). Given the role of AIB1 in 
HER2 and EGFR signaling in breast cancer we decided to also examine how phosphorylation of 
AIB1 by these oncogenic growth factors is altered in the MCF-7 vs MCF7:5C pathway.  Our 
first experiments were performed with EGF treatment of AIB1 for short periods in MCF-7 cells 
followed my IP of AIB1 and resolution by MS proteomics. Although phosphorylation is usually 
a low % of total protein a predominant phosphorylation peak was detected at Ser 214 after EGF 
treatment. (Figure 27). 
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Figure 27: 

 

Figure 27: indicates MS species obtained from EGF treated MCF7 cells . AIB1 was IPed and resolved by 
MS. The peaks were resolved +/- phosphatase and peaks that are removed indicate a phopho-peptide 
fragment. The phospho peak for phospho Ser 214 is indicated. 

To determine whether phosphorylation of Ser 214 altered the interaction of AIB1 with 
the estrogen receptor we mutated the Ser site and expressed this mutant as a FLAG tagged 
protein.  After IP with a Flag antibody we determined how much of the AIB1 mutant bound to 
ER vs the wild type AIB1 (Figure 28). Interestingly, mutation of the 214 site appeared to slightly 
increase the interaction with the ER, which would suggest that EGF phosphorylation would 
induce less coactivation of ER, and possibly increase interaction with other AIB1 transcription 
factors such as AP-1. 

Figure 28: 
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Phosphorylation of the Y1357 site has been reported by us previously (33) and in contrast 
to ser 214, mutation of the Y at 1357 decreases the interaction with the ER (Figure 26).  

We decided that the EGF phosphorylation at Ser 214 w as of potential interest for non 
steroidal regulation of the coactivator AIB1 and could play a major role in the switch of  AIB1 
from interactions with nuclear coactivators to interactions with  other transcription factors such 
as AP-1,SP-1 E2F1 (34) and potentially alter cellular responses to estrogen.  We raised a poly 
clonal antibody to the Ser 214 phospho peptide site and tested the antibody for its interaction 
with AIB1.  The antibody worked for specific IP of AIB1 serine phosphorylated at 214 although 
it did not work in direct western analysis.  Using this antibody we determined that IGF-1 and 
EGF caused a rapid increase in phosphorylation of Ser 214.  

Figure 29: 

 

Figure 29: Growth factors increase phosphorylation of Ser 214 AIB1. MCF7 cells were treated with 
IGF-1 or EGF for the times indicated and cell lysates were prepared. IP with phospho Ser 214 Ab was 
followed by Western analysis and AIB1 detected with a pan AIB1 antibody. 

 
Thus, several tyrosine kinase receptors that are activated by growth factors bring about 

rapid phosphorylation of the Ser 214 site.  
The next question was to determine the functional consequence of changes in 

phosphorylation of this site. It is know that phosphorylation  at other sites on AIB1 can lead to 
changes in protein half life (35) and we determined that was also the case for Ser 214. 
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Figure 30: 

 

Figure 30: Phosphorylation of Ser 214 extends the half life of AIB1 from 16hrs to 28 hrs. Half life of 
the protein was determined after cycloheximide treatment of MCF-7 cells. 

We also determined if mutation of the Ser 214 site affected the transcriptional activity of 
factors know to bind to AIB1. We tested the Wt vs the Ser 214 A  mutation on a n estrogen 
responsive luciferase construct and also an AP-1 responsive promoter (Figure 31). We found that 
mutation of Ser 214 reduced the basal and estrogen responsive promoter response, however, in 
contrast the basal and AP-1 responsiveness is increased by mutation of Ser 214. Although the 
earlier data suggested that mutation of this site increases interaction with ER, it is possible that 
the shorter half life of the mutant just reduces the amount of available coactivator for the 
transcription complex. In contrast, despite the reduced half life of the Ser 214 construct. It is still 
more active than the Wt protein at the Ap-1 site, suggesting that in MCF7 cells EGF induction of 
phospho Ser 214 would inhibit use of AP-1 sites and would favor cross talk with the estrogen 
receptor. We are now testing whether this paradigm is altered in the MCF7:5C cells, i.e. does 
mutation of the phospho sites of AIB1 reveal a regulatory pathway that is activated by 
HER2/EGF in MCF7:5C that activates an Estrogen -dependent apoptotic gene expression 
pattern?  
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Figure 31: 

A 

 

 

B 

 

Figure 31: A) Each mutation or WT AIB1 was overexpressed +/- E2. the reporter readout was an A) 
ERE-luciferase construct or B) +/- EGF with an AP-1 luciferase reporter 
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In conclusion: In year 4 of  this COE we have performed extensive analysis of the 
phopshorylation profile of ER and AIB1 induced by Estrogen and growth factors in the MCF7 
and MCF7:5C lines. We have found significant regulated differences at specific phosphorylation 
sites and have now embarked on functional analysis of the role of some of majorly modified site 
s to determine whether these post transitional modifications play a role in the switch from an 
estrogen induced proliferative to an estrogen induced apoptotic response.  

 

TASK 4: (FCCC/Ariazi; TGen/Cunliffe; Jordan/LCCC) – To analyze E2-induced survival 
and apoptotic pathways using gene arrays and siRNAs.  

Task 4a: (Ariazi, Cunliffe, and Jordan) - Catalogue the transcriptional response using 
array-based expression profiling.  

Task 4b: (Ariazi, Cunliffe, and Jordan) - Identify regulatory networks for pathways 
indicative of differential responses to E2.  

ESTROGEN-INDUCES APOPTOSIS IN ESTROGEN DEPRIVATION-RESISTANT 
BREAST CANCER VIA STRESS RESPONSES AS IDENTIFIED BY GLOBAL GENE 
EXPRESSION 

Goal of this reporting: This section is critical for the ultimate success of our collaborative CoE 
grant. Using our unique cell lines, we have generated a time curve over the two weeks of study to 
precisely quantify each gene in the human genome related to the life and death of breast cancer 
cells in response to estrogen. This experiment in biology conducted as Task 1 ha s been 
completed in conjunction with TGen of Task 4. We report here select biological interrogation of 
our database, as the overall database for this work is too enormous to report here. This reporting 
will be done in Year 5, with the publication of our work in the Proceedings of the National 
Academy of Sciences. This is still a work in progress and the paper has yet to be submitted. 
Suffice to say, that our subsequent analysis through gene enrichment pathways will be the basis 
of all of our future studies to modulate estrogen-induced apoptosis.  
 
Studies/analyses carried out by Eric Ariazi at FCCC in collaboration with Heather Cunliffe at 
TGen. 

Here we report work completed on T asks 4a and 4b dur ing year 4 of  this COE. Cell 
lysate samples were generated at FCCC, RNA was purified from lysates at TGen, microarray 
hybridizations were conducted at TGen, and analyses and interpretation of the data were 
conducted at FCCC. Work accomplished for Tasks 4a and 4b are presented in an integrated 
format. 
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Introduction/Abstract:  
Acquired resistance to long-term antihormonal therapy in breast cancer evolves through 

two phases over 5 years. Phase I develops within a year, and tumor growth occurs with either E2 
or tamoxifen. Phase II resistance develops after five years of therapy, and tamoxifen still 
stimulates growth, but E2 paradoxically induces apoptosis. This is the basis for therapeutic use of 
estrogen to treat advanced antihormone-resistant breast cancer. We interrogated E2-induced 
apoptosis by comparing E2-regulated gene expression across time (2-96 h) in MCF-7 cell 
variants which were estrogen-dependent (WS8), or resistant to estrogen deprivation and 
refractory (2A) or sensitive (5C) to E2-induced apoptosis. We developed a method termed dAUC 
(differential area-under-the-curve) analysis that allowed identification of genes differentially 
regulated by E2 in 5C compared to both WS8 and 2A cells, and hence, were associated with E2-
induced apoptosis. Estrogen signaling, ERS (endoplasmic reticulum stress) and inflammatory 
response genes were over-represented among the 5C-specific genes. The identified ERS genes 
indicated E2 inhibited protein folding, translation and fatty acid synthesis. Meanwhile, the ERS-
associated apoptotic genes BAX, BIM and CASP4 (caspase 4), among others, were induced. 
Evaluation of a caspase peptide inhibitor panel demonstrated the CASP4 inhibitor z-LEVD-fmk 
was the most active at blocking E2-induced apoptosis.  F urther, z-LEVD-fmk completely 
prevented PARP (Poly ADP-ribose polymerase) cleavage, E2-inhibited growth, and apoptotic 
morphology. The up-regulated pro-inflammatory genes included interleukin, interferon and AA 
(arachidonic acid)-related genes. Functional testing demonstrated AA and E2 interacted to super-
additively induce apoptosis. Therefore, these data indicate that E2-induced apoptosis via ERS and 
inflammatory responses in advanced antihormone-resistant breast cancer. 

WORK ACCOMPLISHED: – Task 4a and 4b. 
We have developed a series of MCF-7 variants that are either estrogen-dependent for 

growth [MCF-7:WS8 cells (8)], or resistant to estrogen deprivation (ED) and refractory [MCF-
7:2A (37-39)] or sensitive [MCF-7:5C (1, 12, 36)] to E2-induced apoptosis. To identify genes 
differentially regulated by E2 specifically associated with apoptosis, we interrogated these 
models for changes in E2-regulated global gene expression as a function of time using Agilent 
4x44K oligonucleotide microarrays. We developed a new method termed dAUC (differential 
area-under-the-curve) analysis to identify genes that exhibited significantly altered regulation by 
E2 across time specifically in the apoptosis sensitive 5C cells compared to both the estrogen-
dependent WS8 and apoptosis refractory 2A cells. Examination of the identified 5C-specific 
genes and functional testing indicated that E2 elicited ERS (endoplasmic reticulum stress) and 
inflammatory responses, which then led to apoptosis. 

Cell Line Characterization.  Before gene expression profiling of WS8, 2A and 5C cells was 
conducted, we first confirmed the expected growth/apoptotic responses of these cell lines to E2, 
biomarker status of ERα, PR, and HER2, and ER-regulated transcriptional activity (Fig. 32). The 
estrogen-dependent WS8 cells exhibited a 6.8-fold increase in growth after 7 days of 10-9 M E2 
treatment compared to control (no E2) treatment (Fig. 32A). The estrogen deprivation-resistant 



   Jordan, V.C. 
 

56 
 

2A cells grew robustly in the absence of E2 over 12 days. E2 did not affect growth of the 2A cells 
over the first 6 days, but did inhibit growth beginning at day 7 through day 12 by 62.5% (Fig. 
32B). Hence, the 2A cells exhibited an initial phase of E2-independent growth followed by a 
second phase of E2-inhibited growth. The resistant 5C cells continually proliferated in the 
absence of E2 over 7 days. The DNA mass per well of the 5C cells also increased in the presence 
of E2, but only for the first 4 da ys. It is important to note that within this period of apparent 
growth, E2 caused subtle morphologic changes by day 2 and gross morphologic changes in the 
5C cells such as rounding, blebbing and detachment from the plate by day 3 (Fig. 43D). In E2-
treated 5C cells, DNA mass per well steadily decreased from day 4 to day 7 such that by day 7, 
there was 5% less DNA then at day 1 of  the experiment (Fig. 32C). Therefore, the 5C cells 
displayed a relatively rapid E2-induced growth inhibitory response compared to the delayed 
growth inhibitory response in the 2A cells. We previously reported that these growth inhibitory 
responses to E2 in 5C cells reflect induction of apoptosis (36). 

Protein levels of ERα, PR and HER2 were characterized by semi-quantitative 
immunoblot analysis in the wild-type WS8 and ED-resistant 2A and 5C cells (Fig. 32D). Both 
2A and 5C cells overexpressed ERα, 2A cells by 5.8-fold and 5C cells by 2.3-fold compared to 
WS8 cells. It is likely that derivation of the 2A and 5C cells under estrogen-free conditions 
selected for increased ERα expression since this would translate into an increase in unliganded 
ER activity to promote survival of the cells. Incubation of the cells with 10-9 M E2 for 48h 
induced PR in WS8 and 2A cells, but not in 5C cells. Thus, WS8 and 2A cells were PR positive 
(37), whereas 5C cells were PR negative as previously reported (36). HER2 protein levels in 
control-treated cells were not substantially different in 2A and 5C cells versus WS8 cells, after 
correction for the loading control β-actin. Therefore HER2 was unlikely to have contributed to 
the development of ED-resistance in these cells.  

ER transcriptional activity was evaluated using an ERE (estrogen responsive element) –
regulated dual-luciferase reporter gene assay (40). Cells were transiently co-transfected with an 
ERE(5x)-TATA box driven firefly luciferase reporter plasmid and a basal TATA box-regulated 
renilla luciferase reporter plasmid. Cells were then treated with increasing concentrations E2 for 
24 h as indicated in Fig. 37E. Basal (control treatment) ERE-dependent transcriptional activity 
was 5.8-fold in 2A cells P < 0.0001), and 1.7-fold in 5C cells (P = 0.001) relative to control-
treated WS8 cells (Fig. 37E). Hence, unliganded ER transcriptional activity was higher in the 2A 
and 5C cells and correlated with increased ERα protein levels (Fig. 37D). E2 at 10-9 M 
stimulated ER-dependent transcriptional activity in both ED-resistant cell lines, to a greater 
extent in resistant 2A cells (22.5-fold) than in wild-type WS8 cells (15.4-fold), and to a lesser 
extent in resistant 5C cells (7.4-fold), in which E2-induces apoptosis. 

Gene Expression Microarrays and Differential AUC Analysis.  To identify genes and 
pathways/processes associated with E2-induced apoptosis, differential regulation of global gene 
expression in response to E2 was interrogated in ED-resistant/apoptotic-sensitive 5C cells vs. 
estrogen-dependent WS8 and ED-resistant/apoptotic-refractory 2A cells. Each cell line was 
treated with 10-9 M E2 or without E2 (control) over a 96 h time course consisting of 7 time points 
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(2, 6, 12, 24, 48,  72, and 96 h). Each RNA sample in all three cell lines were quality controlled 
for expected induction of TFF1 (trefoil factor 1) and MYC mRNA expression in E2-treated 
samples and for no i nduction in control-treated samples (Fig. 34-36). Gene expression was 
measured using 2-color Agilent 4x44k human oligonucleotide microarrays. Each individual E2-
treated RNA sample was competitively hybridized to an array against time-point matched and 
pooled control-treated RNA samples. Gene expression values were extracted from arrays as 
relative log2-ratios of E2/control-treated cells. The AUC of each probe’s profile was calculated as 
a measure of expression across time. The AUCs of each probe were then compared between all 
pairwise combinations of the 3 c ell lines over the entire 2 - 96 time course, and to delineate 
relatively early and lates genes, over 2 - 24 h and 24 - 96 h time periods. To determine whether a 
gene’s regulation by E2 was significantly different between cell lines, a method termed 
differential AUC analysis was developed.  In this method, the null hypothesis was there is no real 
difference in a probe’s expression profile between the 2 cell lines being compared. If this is the 
case, then a probe’s actual expression values can be permutated by pooling observed values from 
both cell lines, shuffling the values, and re-assigning them back to either cell line, all on a time 
point matched basis. This permutation of expression values was carried out a total of 20,000 
times for every probe in each paired cell line comparison, followed by re-calculation of AUCs. 
This set of 20,000 pe rmuted AUCs provided an estimate of how large and variable the 
differences in AUCs (or differential AUCs) can be when there is no real difference between the 
profiles. Then, a probe’s profile was considered significantly different between the 2 cell lines 
being compared if the observed differential AUC was greater than that derived from all 20,000 
permutations. This corresponded to a P-value = 0. A second requirement for significance was a 
probe’s differential AUC must have exhibited an average log2 fold-change of 0.58 ( 1.5 on a  
linear scale) across a given time period.  

To focus on genes associated specifically with E2-induced apoptosis, genes were selected 
which were regulated significantly differently by E2 in the 5C cells vs. both the WS8 and 2A 
cells as defined in the methods. A total of 1,142 genes were identified as significantly 
differentially regulated by E2 specifically in the 5C cells. These genes were examined for over-
representation of those mapping to a particular curated process (or pathway, network etc.) 
according to GeneGo’s Metacore enrichment analysis functions. The top 10 e nriched broad 
category biological processes are shown in Fig. 37A. As expected, estrogen signaling and 
apoptosis genes were significantly enriched. Within the apoptosis category, ERS was the most 
enriched subcategory (Fig. 37B). Inflammatory response genes were also enriched, and this was 
interesting because ERS and inflammatory stress have been linked mechanistically (41). The top 
scoring process was cell differentiation; yet our purpose was to elucidate how estrogen induces 
apoptosis. However, we do not discount that genes involved in cell differentiation can also play 
roles in apoptosis, and if so, those genes should have still been identified. A total of 350 of the 
1,142 identified 5C-specific genes mapped to estrogen signaling, apoptosis, and inflammatory 
response. The relatedness of these 3 processes is illustrated by the Venn diagram in Fig. 37C, in 
which many of the identified 5C specific genes have overlapping roles.   
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Estrogen Signaling Genes.  Estrogen signaling genes selectively regulated by E2 in 5C cells 
relative to both WS8 and 2A cells that are discussed are shown in Fig. 38 (unless otherwise 
indicated). Examination of these genes reveals alterations at many levels in estrogen signaling 
during apoptosis such as covalent modification of  ERα (SETD7), estrogen metabolism 
(CYP1B1 and HSD17B11), ERα-related growth factor signaling (AREG, CAV1, ERBB4, 
IGF1R, PIK3CB, and PIK3R1), ERα-regulated transcription via interactions with other 
transcription factors, [AR, CEBPB (Fig. 40), FOS, FOXO1, JUN, JUND, NR2F1/COUP-TF1, 
SMAD3, SP3, THRA/TRα, and XBP1 (Fig. 39)], repression of  ERα RNA expression (INHBA, 
INHBB, RUNX2, SNAI1, ZN217), and ERα-regulated genes [ACOX2 (Fig. 40), BCL9, BMP7, 
ITGA2, MYBL1, RAB31, RET, RUNX2, VEGFA (vascular endothelial growth factor A) (Fig. 
40)]. These genes may modulate estrogen signaling by the following means: SETD7 methylates 
ER to stabilize the protein, and SETD7 was down-regulated by E2 selectively in 5C cells which 
would lead to accelerated E2-induced ERα protein degradation.  In support of this, ERα was 
expressed at higher levels in 5C cells than WS8, yet E2 down-regulated the protein to similar 
levels in both cell lines (Fig. 32D). CYP1B1 and HSD17B11 were up-regulated by E2 in 5C 
cells, which is logical since these enzymes metabolically eliminate E2 to remove the apoptotic 
signal. The ER co-activator NCOA3 (also AIB1/SRC3) was up-regulated, and facilitates ligand-
dependent and independent ER activation. Importantly, we recently found that AIB1 was 
required for E2-induced apoptosis in 5C cells (See #16 i n Appendix). Multiple transcription 
factors with which ERα interacts were up-regulated by E2 in 5C cells including JUN, JUND, 
FOS, SP3 and SMAD3. Thus, ERα could potentially differentially target a wide array of genes 
via these factors, and in particular, JUN, JUND and FOS form AP-1 complexes which play roles 
in apoptosis as discussed later. AR failed to down-regulate in response to E2 in 5C cells 
compared to WS8 and 2A cells. Since non-aromatizable androgens can inhibit E2-stimulated 
growth of MCF-7 cells (42), AR may have been opposing ERα activity in 5C cells to dampen the 
apoptotic signal. ERα transcriptional activity can also be suppressed by activin, a TGFβ family 
member, in MCF-7 cells (43). E2 induced INHBA (inhibin β A subunit) selectively in 5Cs, while 
repressing INHA (inhibin α subunit) in all cell lines (not shown) to promote INHBA 
homodimerization which constitutes Activin A. Several transcription factors were up-regulated 
that repress ERα RNA expression, i.e. FHL2, SNAI1 (Snail 1), and ZNF217; or compete with 
ERα for binding extended ERE half-sites, i.e. NR2F1/COUP-TF1 and THRA/TRα. FHL2 (44, 
45) and SNAI1 (Snail 1) are also interesting since it p romotes epithelial-to-mesenchymal 
transition, and EMT-related genes were enriched in the 5C-specific gene dataset (Fig. 37B). 
TGFβ signaling promotes EMT, and E2 selectively up-regulated in 5C cells the TGFβ pathway-
related genes BMP7, RUNX2 and SMAD3. Interestingly, the growth factor BMP7 can stimulate 
expression of the transcription factor RNX2 (46), which plays a key role in osteoblast 
differentiation, and RNX2 can interact with SMAD3 (47), forming a potential pathway.  PI3K 
(phosphatidylinositol-3-OH kinase) activates Akt and thereby promotes cell survival, but PI3K’s 
catalytic subunit PIK3CB was down-regulated while its regulatory subunit PIK3R1 was up-
regulated by E2 in 5C cells, suggesting suppression of this survival pathway during E2-induced 
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apoptosis. The receptor tyrosine kinase and proto-oncogene RET (rearranged during 
transfection) was preferentially down-regulated by E2 in 5Cs.  Interestingly mutations in RET are 
associated with multiple endocrine neoplasia. Hence E2 suppressed another proliferation/survival 
pathway. Taken together, E2-bound ERα was likely antagonized by several incoming pathways 
to restrain the apoptotic signal, while outgoing pathways from E2-bound ERα likely suppressed 
survival and promoted features of EMT (epithelial-mesenchymal transition) in contrast to its 
normal functions, promoting survival and enforcing epithelial differentiation. 

Apoptosis Genes.  Apoptosis genes selectively regulated by E2 in 5C cells relative to both WS8 
and 2A cells that are discussed are shown in Fig. 38. Additional enrichment analysis indicated 
ERS-mediated apoptosis as the top scoring individual pathways comprising the apoptosis 
category (Fig. 38B). Folding of secreted, membrane bound, and some organelle-target proteins 
occurs in the endoplasmic reticulum. To promote optimal protein folding, important enzymatic 
steps and molecular chaperones involved in this process require several factors such as ATP 
(adenosine triphosphate), calcium (Ca2+) and an oxidizing environment. Protein folding often 
occurs in an ATP-dependent manner, many chaperones require Ca2+ as a bound c ofactor, and 
formation of disulfide bonds requires and an oxidizing environment. When cellular stresses 
perturb energy levels, the redox state, or the Ca2+ concentration, accumulation of unfolded 
proteins and protein aggregation occurs; this condition is referred to as ERS. To relieve ERS, an 
UPR (unfolded protein response) is triggered to clear the unfolded proteins and export them to 
the cytosol for degradation. The UPR is initiated by a key chaperone termed HSPA5/GRP78/BiP 
(heat shock 70kDa protein 5; glucose-regulated protein, 78kDa; immunoglobulin heavy chain-
binding protein). GRP78 not only binds unfolded proteins to facilitate proper folding, but also 
binds the luminal domains of endoplasmic reticulum transmembrane receptors, preventing their 
oligomerization. When unfolded proteins accumulate, GRP78 is released from binding the 
transmembrane receptors, allowing them to oligomerize and autophosphorylate to initiate a UPR 
signal. Although some unfolded proteins may also directly bind and activate the transmembrane 
receptors. The critical endoplasmic reticulum transmembrane receptors include EIF2AK3/PERK 
(eukaryotic translation initiation factor 2-alpha kinase 3; protein kinase-like endoplasmic 
reticulum kinase), IRE1α/ERN1 (endoribonuclease inositol-requiring enzyme-1α; endoplasmic 
reticulum to nucleus signaling 1) and ATF6 (activating transcription factor 6). The UPR signals 
to attenuate protein translation, induce expression of additional chaperones, and export misfolded 
proteins to the cytosol for ubiquitylation and proteasome-mediated degradation. If the UPR fails 
to relieve the stress, the function of the UPR switches from promoting cell survival to promoting 
cell death. Thus, excessive or prolonged ERS typically induces apoptosis (48).  

Stimulation of hormonally responsive cells by E2 leads to global increases in nascent 
polypeptides which require folding. In WS8, and to a lesser extent in 2A clls, an increased need 
for protein folding in response to E2 stimulation was indicated by induction of multiple UPR 
genes including GRP78 and XBP1 (X-box binding protein 1), a transcription factor which up-
regulates many UPR genes including GRP78. However, GRP78 and XBP1 failed to increase in 
response to E2 in 5C cells compared to WS8 and 2A cells. The lack of GRP78 and XBP1 
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induction in 5C cells may indicate a deficiency in mounting a survival UPR, which would lead to 
pronounced accumulation of unfolded/misfolded proteins. A deficiency in mounting a survival 
UPR was also indicated by decreased levels in 5C cells of MBTPS1/S1P (membrane-bound 
transcription factor peptidase, site 1), which cleaves ATF6 to activate its translocation to the 
nucleus where it induces transcription of UPR genes such as XBP1. Thus decreased S1P in 5C 
cells compared to WS8 and 5C cells may have contributed to the attenuated induction of XBP1 
in 5C vs. WS8 and 2A cells. As a cascade effect of decreased XBP1, its target genes would also 
show a lack of induction, as observed for HERPUD1/HERP1 (homocysteine-inducible, ERS-
inducible, ubiquitin-like domain member 1) and DERL1 (degradation in endoplasmic reticulum 
protein 1) in 5C cells compared to WS8 and 2A cells. These factors promote degradation of 
endoplasmic reticulum-resident proteins, and hence decreased expression of HERP1 and DERL1 
would lead to reduced clearance of unfolded/misfolded proteins. A deficiency in the UPR in 5C 
cells was further indicated by a failure to increase protein folding genes localized to the 
endoplasmic reticulum including ERO1L, FKBP10, PDIA6, and UGGT1. But the deficiency in 
protein folding was not limited to the endoplasmic reticulum, as cytoplasmic protein folding 
genes were also down-regulated in 5C cells vs. WS8 and 2A cells including 
HSP90AB1/HSP90B, PPIAL4A, and PPIF. A global inhibition of protein translation was 
indicated in E2-treated 5C cells. In 5C compared to WS8 and 2A cells, E2 rapidly (within 24 h) 
up-regulated DNAJC3/p58IPK (protein kinase inhibitor p58). p58IPK binds to and inactivates 
EIF2AK3/PERK, leading to reduced global translational initiation (41). Several aminoacyl tRNA 
synthetases and interacting factors also failed to increase in response to E2 in 5Cs including 
AIMP1, CARS, LARS (not shown), SARS (not shown), and YARS. Other translational factors 
which failed in induce in 5C cells include EEF1A1, EEF2K, ETF1, GSPT1/ERF3A, and 
PABPC4. Taken together, we propose that 5C cells were deficient in folding polypeptides and 
degrading mal-folded proteins in response to E2, resulting in pronounced unfolded protein 
accumulation. 

ERS has been implicated in the regulation of lipogenesis involving fatty acid synthesis 
and cholesterol metabolism. Under physiological levels of ERS, the UPR can increase 
lipogenesis, but under severe ERS, the UPR can shut down lipogenesis as cells commit to death 
(41). This was likely the case in E2-treated 5C cells which showed a lack of induction of critical 
genes involved in fatty acid synthesis, including ACLY (ATP citrate lyase), SCD/ACOD 
[stearoyl-CoA desaturase (Δ-9-desaturase); acyl-CoA desaturase], ELOVL1 (elongation of very 
long chain fatty acids-like 1). ACLY is the primary enzyme responsible for synthesis of acetyl-
CoA, the basic building block of fatty acids. SCD introduces a C-C double bound in a spectrum 
of fatty acyl-CoA substrates including stearoyl-CoA and palmitoyl-CoA; this is key step in 
producing monounsaturated fatty acids. ELOVL1 condenses both saturated and monounsaturated 
fatty acids.  Interestingly, SCD and ELOVL1 are localized to the endoplasmic reticulum 
membrane.  

In response to ERS, specific BCL2 and BH3-only family members are targeted (48). 
BCL2 family members possess either pro- or anti-apoptotic activities. Prototypical BCL2 inhibits 
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cell death by binding and inactivating pro-apoptotic members such as BAX. BH3 (Bcl-2 
homology domain 3) -only containing proteins, such as BCL2L11 (BIM, BCL2 interacting 
mediator of cell death) indirectly activate BAX by binding BCL2 (via the BH3 motif), thereby 
releasing BAX from the complex. BAX then permeabolizes the mitochondrial outer membrane 
allowing cytochrome C release to the cytoplasm (49). Under ERS conditions, BAX also interacts 
with and activates IRE1α. IRE1α then signals to JNK (Jun N-terminal kinase) to simultaneously 
activate BIM and inhibit BCL2 (50). BIM is implicated in ERS as a variety of inducers of such 
stress stimulate BIM expression, and BIM is essential in this form of apoptosis in a wide range of 
cell types (51). This pathway was likely activated by E2 in 5C cells. E2 repressed MAPK10 
(JNK3) in WS8 and 2A cells, but not in 5C cells indicating higher JNK3 activity in 5C cells. 
Meanwhile, E2 selectively up-regulated pro-apoptotic BAX and BIM in 5C cells compared to 
WS8 and 2A cells. Another BH3-only protein HRK (harakiri) was also upregulated by E2 in 5C 
cells, and may have contributed to apoptosis in a similar manner as BIM by promoting BAX 
activity. Noteworthy, BCL2 remained low in E2-treated 5C cells compared to its induction in E2-
treated WS8 cells. Yet it was not listed as a 5C-specific gene since BCL2 was lower still in E2-
treated 2A cells compared to 5C cells (Fig. 41). We have previously verified the importance of 
BAX and BIM by showing that E2 induced these genes at the protein level in 5C vs. WS8 cells, 
and that siRNA-mediated knockdown of BAX and BIM dramatically blocked E2-induced 
apoptosis by 76% and 85%, respectively, compared to control (1). We further demonstrated that 
E2 led to loss of mitochondrial membrane potential (integrity) and caused cytochrome C release 
into the cytoplasm in 5C cells (1).  Therefore, ERS, together with mitochondrial stress, likely led 
to apoptotic cell death. 

Additional pro-apoptotic genes selectively induced by E2 in 5C cells including 
CXXC5/CF5, DAPK2/DRP-1, DDIT4/REDD1/RTP801, LGALS1/Galectin 1, a nd 
PDCD7/ES18. CF5 induces p53 and apoptosis in response to DNA damage (51). DAPK2/DRP-1 
is a C a2+/calmodulin-regulated Ser/Thr death kinase that mediates membrane blebbing during 
apoptosis (52). LGALS1 causes flipping of phosphatidylserine to mark cells for phagocytosis 
(53), and sensitizes MCF-7 cells to apoptosis in conjunction with additional stress stimuli (54). 
DDIT4/REDD1 is induced by oxidative stress and DNA damage, and its induction involves 
CEBPB (55), another E2-up-regulated 5C-specific gene (Fig. 40). PDCD7 is also induced by 
oxidative stress (56), and its overexpression can provoke apoptosis (57). 

Following prolonged ERS, specific caspases are activated to enact cell death. 
Examination of the 5C-specific differentially regulated genes revealed that, of the caspases, only 
CASP4 met the stringent significance criteria. CASP1, CASP5 and CASP8 also showed up-
regulation in 5C cells, but did not meet the significance requirements (Fig. 41). CASP4 belongs 
to the inflammatory subgroup of caspases, along with CASP1 and CASP5 in humans (58). These 
caspases are termed ‘inflammatory’ because the founding member CASP1 proteolytically 
activates proIL-1β and proIL-18, cytokines which play critical roles in inflammation (58). 
CASP4 specifically localizes to the endoplasmic reticulum, undergoes cleavage in response to 
ERS-inducing agents but not other apoptotic agents, and its depletion by siRNA can prevent 
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endoplasmic stress-induced apoptosis in multiple model systems (59-63). Therefore CASP4 may 
be vital for ERS-induced apoptosis. Importantly, CASP4 auto-activates by dimerizing and 
undergoing interdomain cleavage (64), and thus, simply overexpressing this caspase is sufficient 
to cause apoptosis (65). CASP4 can also be activated by other proteases, such as calpain under 
ERS (66), and CAPN12 and CAPN13 were selectively up-regulated in 5C cells.  

Inflammatory Response Genes.  Inflammatory response genes selectively regulated by E2 in 
5C cells relative to both WS8 and 2A cells that are discussed are shown in Fig. 40. In 5C cells, 
E2 elicited up-regulation of many pro-inflammatory cytokine/cytokine receptors including, 
CSF3/GCSF (colony stimulating factor 3; granulocyte), IL4R (interleukin 4 r eceptor), IL6R, 
IL6ST/gp130 (IL6 signal transducer), IL17RD/Sef (IL17 receptor D), IL22RA1 (IL22 receptor, 
alpha 1), IL29/IFNL1 (interleukin 29; interferon lambda 1), and VEGFA. IL4R was induced with 
early kinetics, indicating it may be a primary response. IL6R was up-regulated shortly after 
IL4R, while gp130, also an IL4R subunit, was already up-regulated at 2 h. Hence IL6 signaling 
was likely activated in 5Cs. IL17RD/Sef not only mediates IL17 signaling, its overexpression 
also leads to JNK activation and apoptosis (67), which links inflammatory responses and ERS. 
GCSF (granulocyte colony-stimulating factor) and VEGFA are well known as growth and 
angiogenic factors, respectively, but they can also participate in inflammation. GCSF and 
VEGFA reciprocally transphosphorylate VEGF-R2 (vascular endothelial growth factor receptor 
2) and GCSF receptor, respectively, leading to activation of pro-inflammatory p38 MAPK (68). 
VEGFA also leads to activation of p38 MAPK and JNK in tamoxifen-resistant MCF-7 cells (69). 
An interferon response was likely activated since the interferon IL29/IFNL1 and the interferon-
responsive genes, IFI6 (interferon, alpha-inducible protein 6), IFI16 (interferon, gamma-
inducible protein 16) were up-regulated. CASP4 can also be induced by interferon (70). 

A number of inflammatory markers were up-regulated by E2 specifically in 5C cells 
including ADM (adrenomedullin), CEBPB (CCAAT/enhancer binding protein (C/EBP), beta), 
CP (ceruloplasmin, ferroxidase), ITGB2/CD18 (integrin, beta 2; complement component 3 
receptor 3 and 4 subunit), LTB/TNF-C (lymphotoxin beta; TNF superfamily, member 3), NTN1 
(netrin 1). Some of these markers and other inflammatory genes already mentioned, such as CP, 
IFI16, IL29/IFNL1, and LTB, showed dramatic increases in expression following 72 h of E2 
exposure indicating these changes may be secondary inflammatory responses. Other 
inflammatory genes were selectively up-regulated in 5C cells with relatively early kinetic, 
indicating a more mechanistic role, such as CEBPB, ITGB2, NTN1, and UNC5C. CEBPB plays 
in important role in induction of IL-6, is activated by ERS (71), is required for nuclear import of 
CHOP/GADD153 (CAAT-binding homologous protein) in ERS (72), and enhances NFκB 
signaling (73, 74). ITGB2 is a leukocyte adhesion molecule, but also signals to activate NFκB to 
induce TNF and other inflammatory cytokines in response to lipopolysaccharide (75). NTN1 is a 
secreted factor and serves as an inflammatory marker, but protects tissues from inflammatory 
injury by suppressing cytokine production, repulsing leukocyte infiltration, and acts as an anti-
inflammatory and anti-apoptotic ligand of its receptors DCC (deleted in colorectal cancer) and 
the UNC-5 family members (76). Interestingly, E2 rapidly down-regulated UNC5C in WS8 and 
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2A cells within 6 h, bu t failed to do s o resulting in higher UNC5C expression in 5C cells. 
UNC5C may have a pro-inflammatory role as synovial cells from patients with rheumatoid 
arthritis and osteoarthritis overexpress UNC5C (769-fold) compared to those of healthy donors 
(77). The co-ordinated up-regulation of NTN1 and UNC5C indicates an active pathway. In the 
context of E2-induced apoptosis, NTN1 may have been up-regulated to limit o r resolve the 
inflammatory response, possibly by neutralizing UNC5C. Since NTN1 is secreted, it has 
potential to be developed as a circulating marker of E2 response in the clinic. Further, NTN1 may 
be selective to E2-induced apoptosis and therefore targeted blockade of NTN1 activity could 
potentially increase clinical response rates to E2 without engaging systemic inflammatory 
responses. 

Arachidonic acid [AA; 20:4n-6)] is a 20-carbon ω-6 PUFA (polyunsaturated fatty acid) 
with 4 C-C double bonds that plays a key role as an inflammatory mediator. Enzymes involved 
in AA biosynthesis were up-regulated by E2 in 5C cells such as FADS1 (fatty acid desaturase 1, 
Δ-5 desaturase), FADS3 (Δ-6 desaturase), PLA2G10 (phospholipase A2, group X), and PLCD3 
(phospholipase C, delta 3). AA is synthesized from the ω-6 PUFA linoleic acid (LA; 18:2n-6). 
FADS3 and FADS1 catalyze the first and last steps in AA biosynthesis by introducing C-C 
double-bonds in LA producing gamma-linolenic acid (GLA; 18:3n-6), and in dihomo-γ-linolenic 
acid (DGLA; 20:3n-6) producing AA, respectively. PLA2s hydrolyze phospholipids releasing 
AA, while PLCs cleave AA from diacylglycerol (DAG). Other 5C up-regulated enzymes which 
feed into AA production were MGLL/MAGL (monoglyceride lipase; monoacylglycerol lipase), 
PPAP2A/LPP1 (phosphatidic acid phosphatase type 2A; lipid phosphate phosphohydrolase 1), 
and SGMS1/SMS1. MGLL converts manoacylglycerides such as 2-arachidonoylglycerol to free 
fatty acids including AA. PPAP2A/LPP1 converts phosphatidic acid to DAG, and 
SGMS1/SMS1 converts ceramide plus phosphatidylcholine into sphingomyelin plus DAG. Thus 
both of these enzymes produce DAG, providing increased substrate levels for PLCD3 to release 
AA. ACOX2 (acyl-CoA oxidase 2, branched chain) was rapidly selectively induced within 12 h 
by E2 in 5C cells, and ACOX2 can be induced by LA (78). This suggests that the induced 
ACOX2 expression reflected a possible E2-induced rise in LA concentrations in 5C cells needed 
to produce AA. As an inflammatory mediator, AA is utilized as a precursor by COX 
(cyclooxygenase) and LOX (lipoxygenase) to generate inflammatory prostaglandins and 
leukotrienes, respectively. The COX pathway was unlikely to have been employed in E2-induced 
apoptosis since PTGES (prostaglandin E synthase) was down-regulated in 5C cells compared to 
WS8 and 2A cells. In hormone-dependent breast cancer cells, E2 is known to induce PTGES 
(prostaglandin E synthase) expression via an ERE, which may promote breast cancer 
proliferation since the increased prostaglandin E2 may enhance aromatase expression and further 
promote local productions of estrogens (79). Thus, a failure to induce PTGES may ultimately 
have served to prevent any potential increases in estrogen concentrations in 5C cells. 
Considering that ERS likely led to a block of fatty acid synthesis and conversion to 
monounsaturated fatty acids (i.e. no i nduction of ACLY and SCD), the selective increases in 
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AA-related genes indicate the importance of AA in promoting an inflammatory response in E2-
induced apoptosis. 

As mentioned previously, ERS and inflammatory pathways intersect. The key ERS genes 
IRE1α, ATF6, and PERK can all activate NF-κB, which serves as a master regulator of 
inflammatory response gene transcription (41). NFκB is well known as a pro-survival factor, yet 
depending on c ontext, it also promotes apoptosis. The NF-κB family consists of 5 members 
defined by Rel homology domain, NFKB1 (p105/p50), NFKB2 (p100/p52), REL/c-Rel (p65), 
RELA, and RELB. NFKB1 and NFKB2 are initially synthesized as p105 and p100 pr ecursor 
proteins, which then undergo maturation to the smaller proteins p50 and p52, respectively. The 
NF-κB members form homo- and heterodimers in various combinations to regulate distinct 
subsets of genes. In canonical NF-κB signaling, RELA-containing dimers are retained in the 
cytoplasm in a latent state by IκBs (inhibitor of NF-κB). Upon an inflammatory stimulus (IL-1, 
TNF (tumor necrosis factor), others), IKKs (IκB kinase) and predominantly IKKβ, phosphorylate 
IκBs to signal IκB ubiquitination and degradation, which releases NFκB dimers to translocate to 
the nucleus. In non-canonical NF-κB signaling, a subset of NFκB-induction stimuli such as by 
LTB, activate MAP3K14/NIK (NFκB inducing kinase), which in an IKKα-dependent manner, 
leads to phosphorylation of p100 t o promote its processing to p52. The mature p52 t hen 
heterodimerizes with RelB, and together translocate to the nucleus to regulate a s et of genes 
distinct from canonical NF-κB complexes (80).  

REL was already down-regulated in 5C cells by the first time point at 2 h, and remained 
so for 48h. Meanwhile, NFKBIZ/IκBζ (NF-kappa-B inhibitor zeta; I-kappa-B-zeta) was 
selectively up-regulated in 5Cs within 24 h  of E2 exposure. Consistent with kinetics observed 
here, IκBζ has been shown to be an inflammatory primary response gene that associates with 
NFκB p50 homodimers in the nucleus to direct transcription of a subset of secondary response 
genes (41). Additional genes which activate NFκB signaling were also selectively induced by E2 
in 5C cells including BCL10, CXXC5, and LTB. BCL10 is required for both canonical and non-
canonical NFκB signaling (81). CXXC5, which as mentioned induces p53 (51), also activates 
NFκB (82). LTB, as previously mentioned, activates the non-canonical NFκB pathway (80). 
Also, many of the identified cytokine/cytokine receptors can activate NF-κB pathways. Further, 
multiple 5C-specific genes have been shown as NFκB responsive including BIM (83, 84), 
CASP4 (85), CEBPB (86), CP (87), NTN1(88) and VEGFA (89). Moreover, ERα and NFκB can 
interact to transcriptionally regulate promoters, providing a direct mechanism for E2 to target a 
diverse array of inflammatory and apoptotic genes. Therefore, NFκB signaling was very likely 
involved in E2-induced apoptosis, and we are pursuing this hypothesis in future studies. 

ERS intersects with inflammatory responses not only through NFκB, but also via JNK 
activated by IRE1α and PERK. JNK then phosphorylates AP-1 transcription factor complexes to 
switch on e xpression of inflammatory response genes (41). AP-1 complexes are heterodimers 
composed of various combinations of JUN, JUND and FOS subunits, and as previously 
mentioned, all of which were selectively induced by E2 in 5C cells, with significant FOS 
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induction within 24 h (Fig. 38). As in the case of NFκB, ERα interacts with AP-1 complexes in 
promoters and provides a means for ERα to target AP-1-regulated genes.  

Functional Involvement of AA and CASP4 in E2-induced Apoptosis.  The involvement of 
endoplasmic reticulum and inflammatory stresses in E2-induced apoptosis was functionally 
examined. First, whether E2-induced apoptosis could be promoted by the AA was tested. AA was 
chosen because 1) it is widely recognized as a pro-inflammatory agent; 2) it induces apoptosis 
(90), likely at least in part by depleting the endoplasmic reticulum of Ca2+ thereby inhibiting 
protein folding and eliciting ERS (91); 3) it can activate NFκB in mammary epithelial cells (92); 
and 4) several genes which increase AA levels, e.g. FADS1 and PLA2G10, were up-regulated in 
response to E2 in 5C vs. WS8 and 2A cells (Fig. 40). 5C cells were exposed to varying 
concentrations of both AA and E2 in a factorial design, and then apoptosis was measured by YO-
PRO-1 and 7AAD staining and flow cytometry (Fig. 42A). Since E2-induced apoptosis occurs 
maximally with 10-9 M E2 after 96 h of exposure, E2 was used at very low concentrations of 2.5 
and 5 × 10-11 M, and apoptosis was assayed at 72 h to allow observation of potential AA effects. 
The combination of AA plus E2 at all varied concentrations increased the percentage of apoptotic 
plus dead cells in a greater than additive manner relative to either agent alone. Fitting the data to 
a multiple regression model showed the rate of increase (slope) in apoptotic plus dead cells 
progressively and significantly increased when comparing E2 alone vs. E2 + 10 µM AA vs. E2 + 
20 µM AA. Therefore, AA and E2 showed a statistical interaction indicating functional 
involvement of AA in E2-induced apoptosis. 

We sought to validate the importance of CASP4 by evaluating a panel of irreversible 
caspase peptide inhibitors selectively targeting caspases 1 through 9 (except caspase-3 which is 
not expressed in MCF-7 cells (93).  5 C cells were treated with 10-9 M E2 plus each CASP 
inhibitor as indicated for 96 h t o induce apoptosis, which was measured by altered plasma 
membrane permeability (Fig. 42B). The broad spectrum caspase inhibitor z-VAD-fmk was used 
as a positive control, since we previously reported this inhibitor completely blocks E2-induced 
apoptosis (1), while the inactive inhibitor z-FA-fmk was used as a negative control. In an effort 
to prevent off-target caspase inhibition, the blockers were used at 10 µ M, which was the 
concentration that reduced apoptosis by approximately one-half rather than complete inhibition 
by the pan inhibitor z-VAD-fmk.  The most active inhibitor was the CASP4 blocker z-LEVD-
fmk, which was slightly more effective than the pan CASP inhibitor. The CASP8 inhibitor z-
IETD-fmk was the next most active blocker, but was significantly less potent than z-LEVD (P-
value = 0.0026). Therefore, in an unbiased comparison of caspases 1 t hrough 9, C ASP4 was 
validated as functionally critical in E2-induced apoptosis. 

The functional activity of CASP4 was further studied. Real-time qPCR and 
immunoblotting confirmed induction of CASP4 expression at the mRNA and protein levels, 
respectively, occurred specifically in 5C cells in response to E2 (Fig. 43A-B). Importantly, in 5C 
cells z-LEVD at 20 µM completely blocked E2-induced PARP cleavage (Fig. 43B), reversed E2-
inhibited growth (Fig. 43C), and prevented morphologic alterations associated with apoptosis in 
5C cells. Since z-LEVD-fmk was used at 20 µ M rather than 10 µ M, we do not  discount the 
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possibility that some caspases in addition to CASP4 were also inhibited and that other caspases 
could still play an important role. Yet these data establish a critical role for CASP4 in E2-induced 
apoptosis. 

Methods 

Cell Lines and Compounds.  MCF-7:WS8 human breast cancer cells were clonally selected 
from MCF-7 cells for sensitivity to E2-stimulated growth (36-38) and employed here as the wild-
type estrogen-dependent reference cell line. Estrogen deprivation (ED)-resistant MCF-7:2A (37-
39) and MCF-7:5C (1, 12, 36) human breast cancer cells were also clonally selected from MCF-
7 cells for maximal growth under long-term estrogen-free conditions. Wild-type WS8 cells were 
maintained in fully-estrogenized media [phenol red-containing RPMI-1640 and 10% whole FBS 
(fetal bovine serum), supplemented with 6 ng/ml insulin, 2 mM glutamine, 100 µM non-essential 
amino acids, and 100 U  of penicillin and streptomycin per ml], while 5C and 2A cells were 
maintained in estrogen-free medium (phenol red-free RPMI-1640 plus 10% dextran-coated 
charcoal-stripped FBS and the same supplements as for fully-estrogenized medium) as 
previously described. Cells were maintained at 37° C in a humidified 5% CO2 atmosphere. Wild-
type WS8 cells were switched to estrogen-free media for 3 days before all experiments. E2 and 
DES (diethylstilbestrol) were from Sigma-Aldrich. FUL (Fulvestrant; also termed ICI 182,780, 
Faslodex) was from Tocris. All cell culture reagents were from Invitrogen. Caspase substrate 
peptide inhibitors of the generalized sequence z-XXXX-FMK (z, benzyloxycarbonyl; X, any 
amino acid; FMK, fluoromethyl ketone), were from Biovision. The peptides are derivatized as 
methyl esters to promote cell permeability and to FMK, which irreversibly inhibits the caspase 
by alkylating a cysteine residue in the catalytic site. All test agents were added to culture 
medium at 1:10,000 to 1:1,000 (v/v).  

Cellular Proliferation.  Cellular proliferation was assessed according to DNA mass per well 
using Hoechst 33258 (Invitrogen) as previously described (1). WS8 and 5C cells were seeded at 
15,000 and 20,000 cells per well, respectively, in 24-well plates and allowed to grow for 7 days. 
2A cells were seeded at 30,000 cells per well in 6-well plates and allowed to grow for 12 days. 
Cells were treated without (control) or with 10-9 M E2 every other day.  

Immunoblot Analyses.  Whole cell protein lysates were prepared and immunoblotted using 40 
µg protein per lane as previously described (40) Membranes were probed using antibodies 
against ERα (AER6111; Lab Vision), HER2 (EP1045Y; Epitomics), PgR (YR85; Epitomics), 
CASP4 (CAS4; Sigma-Aldrich), PARP (46D11; Cell Signaling Technology), β-actin (AC-15; 
Sigma-Aldrich) and GAPDH (14C10; Cell Signaling Technology). Blots were visualized and 
quantified using the Odyssey Infrared Imaging System (Li-Cor Biosciences). Protein units in 
figures reflect the relative level of the target protein normalized to the endogenous control 
protein. 
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ERE (Estrogen-response Element) Dual-luciferase Assays.  ERE dual-luciferase assays were 
conducted by transfecting cells with an ERE(5x)-regulated (pERE(5x)TA-ffLuc) firefly 
luciferase expression plasmid, and co-transfected with a basal TATA promoter-regulated (pTA-
srLuc) Renilla luciferase expression plasmid as previously described (40).  

Apoptosis Analysis by Cell Membrane Permeability Assay.  The percentage of apoptotic cells 
was determined based on altered plasma membrane permeability to the nucleic acid stains YO-
PRO-1 and 7AAD and analyzed by flow cytometry. Using these dyes, viable cells stain weakly, 
apoptotic cells stain moderately, and dead (necrotic) cells stain strongly. Adherent cells were 
harvested by trypsinization and combined with floating cells. Cells were suspended to ~300,000 
cells per 300 µl in complete estrogen-free media (containing serum), and incubated with 100 nM 
YO-PRO-1 (Invitrogen) plus 1 µg/ml 7AAD (7-aminoactinomycin D; Invitrogen) at 37° C  for 
exactly 60 m. Immediately afterwards, cells were kept on ice, and then analyzed using a B D 
LSR-II flow cytometer (BD Biosciences). Stains were excited using a 488 nm laser, and detected 
using 530 nm  (YO-PRO-1) and 670 nm  (7AAD) bandpass filters. Spectral compensation 
between dyes was accomplished using single-stained cells. Sequential gating of the relevant 
FSC-A (forward scatter-area) vs. FSC-H (height) and FSC-H vs. SSC-A (side scatter-area) 
population subsets allowed for the selection of single cells. Data were analyzed using FloJo 7.6.1 
for Windows (Tree Star).  

RNA Sample Generation for Microarray Analysis.  WS8, 2A, and 5C cells were seeded at 2, 
4, and 5 million cells per 15 cm plate, respectively, in estrogen-free media. Cells were parsed 
into 2 groups of 6 replicate plates per treatment per time point, and then treated with either 0.1% 
ethanol (control) or 10-9 M E2 for 2, 6, 12, 24, 48, 72, and 96 h. At 48h, media of remaining cells 
was replenished. Cells were harvested for RNA using TRIzol. In full, 252 s amples were 
collected. Total RNA was isolated as previously described (94). RNA samples were controlled 
for purity and integrity using an Agilent Bioanalyzer by requiring each sample to exhibit an RIN 
number of 9.8-10.0. 

Real-time Quantitative Polymerase Chain Reaction (qPCR) Assays.  Real-time qPCR was 
conducted as previously described (41). Target mRNA levels were normalized to PUM1 
[pumilio homolog 1 (Drosophila)] mRNA levels (95). Data were analyzed by comparison to a 
serial-dilution series of WS8 cell cDNA. PCR primer sequences were as follows: PUM1 forward 
5'-AAT GCA GGC GCG AGA AAT -3', PUM1 reverse 5'-TTG TGC AGC TGA GGA AC T 
AAT GA-3, PUM1 probe 5'-[6FAM]-CCT GTT CGA CTT GTA GCT CCT GCC CC-[BHQ1]-
3'; MYC forward 5'-GCC ACG TCT CCA CAC ATC AG-3', MYC reverse 5'-TCT TGG CAG 
CAG GAT AGT CCT T-3', MYC probe 5'-[6FAM]-ACG CAG CGC CTC CCT CCA CTC-
[BHQ1]-3'; TFF1 forward 5'-CAT CGA CGT CCC TCC AGA AGA G-3', TFF1 reverse 5'-CTC 
TGG GAC TAA TCA CCG TGC TG-3', (no probe for TFF1); CASP4 forward 5'-TTT CCT 
GGC AAT TGA AAA TGG-3', CASP4 reverse 5'-AAG GTG CTC CTT GAA GTT GAT TAA 
G-3', CASP4 probe 5'-[6FAM]-AGC CAC AAG CAG CCC AGC CCT-[BHQ1]-3'. 
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Gene Expression Microarrays.  Gene expression profiling was carried out using 2-color 
Agilent 4x44k Whole Human Genome oligonucleotide microarrays (Palo Alto, CA). RNA 
labeling, hybridization to the arrays, and quality assessment of hybridizations were performed 
using protocols recommended by Agilent Technologies as previously described (94). Each 
individual E2-treated RNA sample was competitively hybridized against a time point-matched 
control-treated reference RNA, which consisted of a pool of equal amounts of RNA from 6 
replicate control-treated samples (in some cases 5 samples if a sample could not be validated). 
Individual E2-treated RNA samples were labeled with Cy3, and control-treated RNA reference 
pools were labeled using Cy5. All replicate Cy3 samples were competitively hybridized against 
the same reference pool within each time point. Raw data were extracted, processed and 
normalized using Agilent’s Feature Extraction (FE) software (v10.7) as previously described 
(94).  After applying a set of array hybridization QC criteria (94), 6 arrays were excluded from 
further analysis – as a result, four of the 21 (cell line/time point) combinations had five replicate 
array, one had four replicate arrays, and the remaining 16 combinations had six replicate arrays 
each; in total 120 arrays.   

Several steps were taken to minimize variability across this large gene expression 
microarray series.  The cell line treatment series were conducted consecutively (WS8, followed 
by 5C, followed by 2A).  Within each cell line series, the same lot numbers of Qiagen RNeasy 
kits, Agilent arrays, gasket  backings, Cy-dyes labeling kits, hybridization kits and wash buffers 
were used. All arrays were washed in an ozone-controlled environment (<0.1 ppb). Samples 
representing replicate (cell line/time point) assays were hybridized to different arrays to 
minimize any chip to chip variation across replicates.  

Differential AUC Analysis.  The expression measurements used in all analyses were the 
LogRatio (log2-ratio) values produced by Agilent’s FE software. Prior to analysis, identical 
probes appearing on multiple spots were replaced by their first occurrence, and probes lacking a 
valid Entrez identifier (based on Bioconductor annotation) were omitted. Probes which were 
absent (those with signals indistinguishable from background as defined by FE software) in both 
channels across all arrays involved in the comparison of interest were removed. Probes which 
were flagged by FE as “non-uniformity outliers” in any of the replicate arrays were also 
removed. 

For a given cell line (WS8, 2A, 5C) and probe, a measure of the effect of E2 treatment 
over all or part of the time-course is given by the area under the log2-ratio profile over the time 
period of interest. Let xijk be the observed log2-ratio for probe p for cell line i, time tj  (t1 = 2,…, 
t7 = 96), and replicate k (where k ranges from 1 to the total number of replicate arrays for cell 
line i, and time tj (six, in most cases)), and let xij be the average log2-ratio across replicates. Then 
the area AUCi under the log2-ratio profile can be calculated as a sum of trapezoidal areas: 

∑
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This area can be positive or negative, reflecting respectively a net up- or down-regulation 

with E2 treatment across the time-course. The difference  = AUCi – AUCj (or differential 
AUC) provides a measure of differential regulation between two cell lines i and j across the full 
time-course. To assess the statistical significance of this difference, we generate a r eference 
distribution for each probe for Δ under the null hypothesis that the true differential AUC is 0: we 
repeatedly (n = 20,000) permute the cell line labels within each time point and calculate Δperm for 
each reordering. The two-sided P-value of the test is the proportion of permutations for which 

the absolute value of the calculated Δperm exceeds the absolute value of . Only those probes 

whose observed  value (or differential AUC value) exceeded all 20,000 resampled Δperm 
values (i.e. P-value = 0) were considered significant. To select only those probes exhibiting a 
substantial separation between expression profiles, differential AUCs were also required to 
exhibit an average log2 fold difference of at least 0.58 (corresponding to a 1.5-fold change on the 

linear scale). The average log2 fold-difference across the time-course is the ratio of  to the 
length of the time-course. All three pairwise comparisons between the 3 cell lines were 
performed.  The AUC statistics for the full time course, and the early (t = 2, 6, 12, and 24 h) and 
late (t = 24, 48,  72, and 96 h)  subsets of the time-course were computed. Finally, if multiple 
distinct probes mapped to the same Entrez gene, only the probe exhibiting the greatest overall 
expression intensity, measured by the sum of the log2-intensities in both channels across all 
arrays in the comparison, was retained. All identified 5C-specific genes are listed in Dataset S1 
with full annotation, differential AUC values, and P-values. 

In some instances, it was necessary to assess differential expression at a single time point. 
For these comparisons, we used the limma package (96, 97) implemented in the R/Bioconductor 
platform (98). Limma was used to compute empirical Bayes moderated t-statistics, analogous to 
classical t-statistics, except that information on all probes is used to produce more stable standard 
error estimates of log-fold changes. P-values of moderated t-statistics were adjusted for multiple 
comparisons by using the method of Benjamini and Hochberg (99) to control the FDR (false 
discovery rate), the expected false positive rate among rejected null hypotheses. 

Gene Enrichment and Pathway Analysis.  Gene enrichment and pathway analysis (Fig. 37) 
was conducted using GeneGo’s MetaCore version 6.5. This software generates P-values based 
on a hypergeometric test of enrichment, and measures the probability of observing the number of 
identified genes mapping to a p articular curated process by chance, as a function of the total 
number of identified genes, the number of curated genes in the pathway, and the size of the “full 
set” of all genes in all curated pathways.  S ignificantly enriched processes/pathways/networks 
were required to pass a false discovery rate of 0.05.  

Statistical Analyses not related to Microarray Data.  Excel 2003 for Windows (Microsoft) 
was used to perform 1-way ANOVA or T tests, as appropriate. Non-linear curve fitting and EC50 
determinations were performed using Prism 4.03 (GraphPad Software). To assess the interaction 
between AA and E2-induced apoptosis, the multiple regression model Pct = E2 + AA + E2 × AA 
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was fit in which Pct was the percentage of apoptotic + dead cells, E2 was the E2 concentration, 
and AA was the concentration of arachidonic acid. AA was coded as a categorical factor with 
three levels (0 µM, 10 µM, and 20 µM). 
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Figure 32: Characterization of estrogen-dependent MCF-7:WS8 and estrogen deprivation-
resistant MCF-7:2A and MCF-7:5C cell lines.  E2-regulated growth of (A) MCF-7:WS8, (B) MCF-
7:2A and (C) MCF-7:5C cell lines. Cells were seeded in 24-well (WS8 and 5C cells) or 6-well plates 
(2A cells) and allowed to grow in the presence or absence of E2 over 7 days (WS8 and 5C cells) or 12 
days (2A cells). DNA mass per well was measured daily using the DNA-binding fluorescent dye 
Hoechst 33258 compared to a standard curve. Data shown represent 8 replicate wells and associated 
SDs per condition and time point. 
 

 

 

Figure 32 
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Figure 33:  E2 induces apoptosis in 5C cells in a concentration dependent manner via ER. (A and 
B) Concentration response of E2-induced apoptosis. Apoptosis was determined by flow cytometric 
analysis of cells stained with the DNA-specific binding dyes YO-PRO-1 and 7AAD. Double-negative 
staining cells were defined as viable, double-positive staining cells as dead, and intermediately 
staining cells as apoptotic. Cells were not-treated (Control) or treated with the indicated increasing E2 
concentrations for 96 h.  Examples of flow cytometry data are shown in (A), and quantitation of 
apoptotic and dead cells is shown in (B). (C) ER-dependent apoptosis in 5C cells. E2 and DES 
induced apoptosis in 5Cs was completely blocked by FUL. 5C cells were treated with the indicated 
ER ligands for 96 h, and analysed for apoptotic and dead cells as in (A). Data shown in (B and C) 
represent triplicates and associated SDs. 

 Figure 33 
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Figure 14:  MCF-7:WS8 RNA sample quality control for estrogenic responses of TFF1 and MYC. 
Only samples which passed quality control are shown. TFF1 and MYC were measured by qRT-PCR. 
 

Figure 34 
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Figure 35:  MCF-7:2A RNA sample quality control for estrogenic responses of TFF1 and MYC. 
Only samples which passed quality control are shown. TFF1 and MYC were measured by qRT-PCR. 
 

Figure 35 
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Figure 36:  MCF-7:5C RNA sample quality control for estrogenic responses of TFF1 and MYC. 
Only samples which passed quality control are shown. TFF1 and MYC were measured by qRT-PCR. 

Figure 36 
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Figure 37: Gene enrichment analysis of genes differentially regulated by E2 in 5C cells relative 
to both WS8 and 5C cells. (A) Broad pathway categories. (B) Detailed pathway/network categories. 
(C) Venn diagram showing the total and overlapping number of genes involved in estrogen signaling, 
inflammatory response, and apoptosis. 

Figure 37 
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Figure 38: Examples of estrogen signaling genes. 

Figure 38 
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Figure 39:  Examples of apoptosis genes. 

Figure 39 
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Figure 40: Examples of inflammatory response genes. 

Figure 40 
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Figure 41: Apoptotic 5C-specific genes that were below the significance cut-off parameters. 

Figure 41 
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Figure 42: Functional interrogation of E2-induced apoptosis. (A) AA a nd E2 interact to super-
additively induce apoptosis. 5C cells were treated with combinations of AA and E2 as indicated for 72 h. 
(B) Screening of selective CASP inhibitors. The selectivity of the inhibitors for individual caspases is 
indicated according to the manufacturer. 5C cells were treated with 10-9 M E2 and 10 μM of each CASP 
inhibitor as indicated for 96 h. The CASP4 inhibitor Z-LEVD-fmk was the most active of the inhibitors 
tested. Apoptosis in (A and B) was quantified by altered plasma membrane permeability as in Fig. 2. 
Data shown in (B) represent triplicates and associated SDs. 

Figure 42 
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Figure 43:  The inflammatory CASP4 is functionally involved in E2-induced apoptosis. (A) CASP4 
mRNA was induced by E2 in 5C cells but not in WS8 or 2A cells. (B) E2 also induced CASP4 at the 
protein level specifically in the 5C cells, and led to cleavage of the apoptotic marker PARP, which was 
blocked by the CASP4 inhibitor z-LEVD-fmk. (C) E2-inhibited growth and (D) morphologic 
alterations associated with apoptosis in 5C cells were completely reversed by the CASP4 inhibitor z-
LEVD-fmk. 

Figure 43 
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 Future Directions: 
• We intend to investigate the functional involvement of the NFκB pathway in E2-induced 

apoptosis. 
• The identified 5C-specific genes may serve as biomarkers to predict response to estrogen 

therapy. Additionally, since VEGFA and LTB are secreted factors, they could be rapidly 
developed and assayed from blood samples.  These identified 5C-specific genes also provide 
the basis for potentially improving clinical response rates to estrogen by combining it with 
agents that promote ERS and/or tumor-specific inflammation.  F or example neutralizing 
NTN1 antibodies, AA or its precursor conjugated LA may increase response rates. Further, 
these findings lead to the conclusion that anti-inflammatory agents prescribed for ancillary 
clinical problems should not be used during anti-tumor estrogen therapy. 

 
TASK 4: (FCCC/Ariazi; TGen/Cunliffe; Jordan/GU) – To analyze E2-induced survival and 
apoptotic pathways using gene arrays and siRNAs.  

Task 4c (Azorsa, Balagurunathan, Cunliffe). Interrogate pathways of endocrine resistance 
using high throughput RNA interference (HT-RNAi)  

Introduction:  

Here we report work completed on Task 4c at The Translational Genomics Research 
Institute (TGen) site during year 4. We report completion of the high throughput RNAi screening 
in three formats: The Kinome, the druggable genome (which includes a significant overlap with 
the kinome), and validation of candidate hits from these high-density screens in custom-designed 
“flexiplate” format. Biological duplicate screens were performed for both the druggable genome 
and kinome screens by Dr. David Azorsa’s laboratory at TGen.  C andidate genes that were 
protective against E2-mediated apoptosis in duplicate screens were selected, and used to custom-
design and purchase in flexi-plate format. Flexiplate screens include an additional two siRNA’s 
per candidate gene, and are used specifically to further interrogate the functional significance of 
candidate genes that are protective of E2-mediated apoptosis in MCF7:5C cells. In this report, we 
provide a comprehensive explanation of the high-throughput screening approaches implemented 
and summarized analysis performed by Dr. Yoganand Balagurunathan at TGen to select 
candidate hits from the druggable genome screen. Current investigations are focused on 2 k ey 
areas: 1) verification and validation of the top hits from the MCF7:5C RNAi screens, 2) 
Integration of the candidate hits with the E2-regulated genes significantly deregulated in the 
temporal expression analysis reported in Task 4a,b. 

WORK ACCOMPLISHED - Task 4c, Year 4. 

High-throughput siRNA Screen of estrogen deprivation-resistant MCF-7:5C cells (David 
Azorsa, PhD, Yoganand Balagurunathan, PhD and Heather Cunliffe, PhD)  
 A detailed assay development summary is provided in Year 3 pr ogress report for high 
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throughput siRNA screening of MCF-7:5C cells using siRNA libraries.  Validation screens were 
conducted using libraries targeting kinases and apoptosis-associated genes followed by the high 
throughput, large-scale screen done using a “druggable genome” siRNA library targeting 7000 
genes. Details are provided below for each screen. 
 
Kinase siRNA library screen: 

An siRNA screen targeting 572 individual kinases was initially conducted. The siRNA 
library plate set up i s shown in Figure 44. M CF-7:5C cells were transfected with two sets of 
siRNA library plates, with one set treated with vehicle and the other with 3 nM estradiol, which 
was found to be optimal at inducing E2-mediated apoptosis in this assay format (Figure 45).  The 
screens were conducted in duplicate. The results of the scatter plot are shown in Figure 46. Assay 
Run B performed better than A, showing a larger number of genes whose viability in E2 (y axis) 
was stronger compared to the same siRNA in the vehicle control plate.  
 

 
 

 
 
 

Figure 44: siRNA library plate format Blue reference (REF) wells contain cells, media, 
transfection reagent, no E2 or vehicle, and no siRNA.  They are used for plate-to-plate normalization. 
The Qiagen validated kinase library (572 genes, 2 siRNAs per gene) was used. siRNA negative and 
positive controls are shown on the right two columns. 

 

Figure 44 
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Figure 45: Treatment of siRNA plates with E2 or vehicle control MCF7:5C cells plated in 
phenol-red free media with charcoal stripped fetal bovine serum, as previously optimized. Cells 
were transfected at 1000 cells/well by reverse transfection using diluted Dharmafect 3 at an 8:1 
lipid to siRNA ratio.  At 24 h pos t transfection, replicate plates were treated with either vehicle 
control (Veh) or 3nM E2.  At 144 h, cell number was measured using the cell Titer Glo assay. 

 

Figure 45 
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Selected gene hits from the kinase screens were further tested in a “ flexiplate” format, 

which included additional functionally validated siRNAs targeting the candidate hits from the 
screens as well as breast cancer associated genes.  F unctional evaluation of these kinases on 
modulating the response of MCF-7:5C cells to E2 is currently in progress in the laboratories of 
Drs. Cunlffe and Azorsa.  Additionally and importantly, the data sets for the vehicle treated only 
sets of siRNA will be evaluated separately in order to identify cell specific genes in MCF7:5C 
that when silenced greatly affect cell growth. These “Achilles’ Heel” targets will shed additional 
light on the molecular mechanisms essential to the survival of MCF7:5C cells in the absence of 
estrogen. 
 
Druggable Genome siRNA library screen: 

For the druggable genome (DG) screen, assay conditions similar to the kinase screen and 
flexiplate validation assays were used, with the plate setup shown in Figure 47.  Similarly, two 
replicate siRNA screens were performed, both using two sets of druggable genome plates; one 
treated with vehicle and one treated with 1 nM estradiol.   

 

Figure 46: Normalized ratios for each siRNA in replicate kinase screens (Run A and B). 
The cell titer Glo readout for each siRNA was normalized to the median REF value for each 
plate. The ratio of E2-treated (y axis) vs vehicle treated control (x-axis) was then derived. 
Plotted ratios falling close to the 45 degree line are the candidate hits that are protective against 
E2-mediated apoptosis.  

 

Figure 46 
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Quality control measurements were conducted for the DG screens to evaluate the 
robustness of the assay.  Measurements included plotting of reference and control wells averages 
per plate and treatment.  An example plot for DG1 is shown in Figure 48.  The E2-treated plates 
averaged lower values for the control siRNA wells indicating the apoptosis induction by E2.  Z-
factor measurements were also calculated for each plate and ranged from 0.2-0.8 signifying 
marginal to excellent assay plate results with the majority of the plates in the good-excellent 
range. Plotting of the log2 ratios of each well identified the outlier plate sets for the screens.  The 
plotted ratios for DG 1 screen are shown in Figure 49.  

 

 

Figure 47: DG siRNA library plate format Blue reference wells as in Figure 4.1.  U BBs1 is a 
lethal siRNA (positive control). SCRAM are scrambled non-targeting siRNAs (negative control). 
GFP is a positive control for transfection efficiency. 

 

Figure 47 
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Figure 48. Control siRNA plot for DG screen. siRNA RLU (Relative light units) for each siRNA 
control are plotted for each plate in the assay. Paired plates without and with E2 are plotted 
consecutively (X-axis). The overall RLU for the second plate in each pair shows reduced intensity for 
the scrambled, GFP and buffer controls as expected, as the E2 treatment in these plates is causing 
apoptosis of the MCF7:5C cells (expected drop in RLU is evident in the oscillating pattern).  The UBB 
lethal control siRNA shows complete cell death in each plate, except for the last plate pair, which did 
not contain any UBB siRNA. The REF controls for each plate display more uniformity across the 
entire screen (the REF wells contain MCF7:5C cells not treated with either Vehicle or E2, so they 
represent the natural variability inherent in the screen, which is ultimately used in the plate local and 
global normalization during candidate hit selection described later in this report). 

 

 

 

 

 

 

 

Figure 48 
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Figure 49. Normalized ratios for siRNA DG 
screen 1 in MCF7:5C cells. 15,000 siRNA hits 
representing 7000 genes. Plotted ratios (E2-treated vs 
Vehicle control) that meet the 45 degree axis are 
those protective of E2-apoptosis in this screen.  
Genes in the lower right quadrant are not protective 
of E2-mediated apoptosis. Several candidate hits 
were >90 percent effective in blocking E2-induced 
apoptosis and are currently being investigated.   

 

 

 

 
 
Candidate hit identification from RNAi- Druggable genome screens 
 
The experimental setup had observations from 17,280 w ells, spread over 45 plates (384 
wells/plate). 
 
Table 1: Control probe count for Run A&B each run contained 45 plates. 
Probe/Well 
type 

Expt. A or B Per Run 

Blank 8 per plate 1224 

Reference 32 per plate 1440 

Scrambled 8 per plate 178 

GFP 8 per plate 178 

UBBs ~8 per plate 358 

 
 A variety of normalization procedures commonly used in published literature for RNAi 
screening data.  Our data were analyzed in a plate wise format as outlined in our previous study 
(Y.Balagurunathan, S. Mousses, M.Bittner, siRNA screening: A process model to evaluate hit 
rate discovery., IEEE Genomics Signal processing and statistics ((GENSiPS) 2008, conference, 

Figure 49 
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pp1-5, June 2008).  Methods include: median normalization, median-polish, B score and 
regression (1st & 2nd order). 

After data standardization, the system variability was measured by taking the difference 
between treated to untreated for the control probes (Reference and Blank Probes). The inherent 
variability measure of the controls was applied to the rest of the probes after appropriate level 
shift in significance (1σ, 2σ or 3σ). Any probes that are above the set limits were marked hits 
(Tables 2a-c). The probes that are on t he right side of the distribution are the hits of interest 
(treated ≥ untreated), as they are associated with protection of E2-mediated apoptosis in the 
MCF7:5C cells. The level of acceptance is set by the confidence (user defined). For an example 
of hits, we present a summary of those selected using our analysis at 2σ, for the 5 different 
methods of normalization (Table 2a-c).  The regression-based normalization methods are global, 
whereas the rest are local plate based normalization methods. Several of the candidate hits in 
common to the two DG screens, as outlined in Table 2c are currently under functional 
investigation in the laboratory. Prioritization to candidates for evaluation are being made with 
consideration to the data reported in Task 4a,b.   
 
Table 2a. DG screen Run A  (Hits at 2σ cutoff) 
Normalization Type Confidence level   Number of Hits  

Left Right Num-
Positive 
(Right if CI) 

Num-Neg 

(Left of 
CI) 

Total 

No-Norm -2.9749 0.6369  263 360 623 

Median(local) -0.0690 0.0716  312 437 749 

Median-polish -1.1487 1.2961  939 972 1911 

B-score -1.4964 1.5514  789 727 1516 

Regression(1st order) -3.6668 1.2812  211 355 566 

Regression(2nd order) -3.6649 1.2707  203 346 549 

  

 

 

 

 



   Jordan, V.C. 
 

91 
 

Table 2b. DG screen Run B  (Hits at 2σ cutoff) 

Normalization Type Confidence level   Number of Hits  

Left Right Num-
Positive 

Num-Neg Total 

No-Norm -1.9707 0.5823  728 686 1414 

Median(local) -0.0640 0.0553  556 604 1160 

Median-polish -1.1871 1.1561  679 814 1493 

B-score -1.4780 1.5158  656 688 1344 

Regression(1st order) -2.4990 1.0587  627 704 1331 

Regression(2nd order) -2.4877 1.0406  619 713 1332 

  

 

 

Table 2c. DG screen Common probes between two experiments A & B ( Hits at 2σ cutoff) 

Normalization Type                Hits in Run A & B 

Run.A Run.B Common 
Hits 

Useful  

( Treated > Untreated &  

   Non Control Probe) 

No-Norm 623 1414 133 36 

Loc.Median(local) 749 1160 95 15 

Median-polish 1911 1493 233 94 

B-score 1516 1344 157 65 

Regression(1st order) 566 1331 74 13 

Regression(2nd order) 549 1332 72 12 
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Comparison of basal levels of gene expression in MCF7:5C and MCF7:2A compared to 
wild type MCF7 cells using gene expression microarrays 

An important consideration for the interpretation of the RNAi data obtained is knowledge 
of the basal-levels of gene expression the MCF7:5C and MCF7:2A cell lines relative to wild type 
MCF7 cells. The gene expression microarray platform used to perform the time course of E2-
induced gene expression in MCF7:5C, MCF7:2A and MCF7:WS8 resulted in identification of 
valid gene candidates likely to play a role in mediating E2-induced apoptosis, these dual-color 
arrays result in gene ‘ratio’ data which can be compared across experiments.  It is thus an 
electronic challenge to reliably compare the basal level of gene expression between cell lines 
(without addition of E2) using this platform, as single channel ‘intensity’ data cannot be easily 
normalized across array experiments for comparative analysis.  To resolve this important issue, 
six gene expression microarrays were performed, comparing RNA from exponentially growing 
cultures of MCF7:5C and MCF7:2A (in the absence of estrogen), and from MCF7 wild type cells 
growing in replete conditions (with estrogen). RNA from the MFF7:5C and MCF7:2A were 
hybridized in triplicate against MCF7 wild type cells (therefore 6 hybridizations in total with the 
same MCF7 reference pool). RNA for the triplicate repeats were isolated from cells seeded on 3 
separate occasions for data reproducibility and reliability. Normalized gene expression ratio data 
was extracted into a filemaker pro database, a weighted average calculated for each array feature. 
This data is currently being exploited to further prioritize candidate hits from the RNAi screens, 
and is also available for use by all laboratories integrating data for this study.  
 

 
Key Research Accomplishments (For All Tasks of the CoE): 
Task 1 (LCCC, Isaacs, Swaby/Daly) 

• The clinical trial to evaluate dose de-escalation of estrogen (Estrace) to reverse 
antihormone resistance in patients treated exhaustively with antihormone therapy 
continues to actively recruit subjects.  

• Including all sites, 12 subjects were screened and 7 subjects were enrolled.  
• Of the 11 enrolled subjects, 5 consented to undergo the optional research biopsy for 

acquisition of tissue samples as proposed in Task 1b. In total, 11 s ubjects have been 
enrolled and 2 subjects remain on study.  

• AstraZeneca has withdrawn continued funding of the clinical operations but we plan to 
continue the clinical trial and plan to transfer the coordinating center to Georgetown 
University’s Lombardi Comprehensive Cancer Center with Dr. Claudine Isaacs as the 
Study Chair and Principal Investigator.   

• Institutional funds from the Lombardi Comprehensive Cancer Center will provide 
support for the continued accrual and conduct of the trial.  A ccrual at other sites will 
cease at other institutions but will continue at LCCC.   

• LCCC is planning to advertise for the trial to ensure continued accrual.     
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Task 2a (FCCC – Jordan/Ariazi) 
• Task 2a was completed during prior Years 1 – 3 at the Fox Chase Cancer Center (FCCC) 

site. The experiments were described in prior Years 1 - 3 Progress Reports. No new 
samples were generated during Year 4.  

Task 2b-1 (GU – Jordan/Fan) 
• The c-Src inhibitor PP2 blocked estrogen-induced apoptosis in long-term estrogen 

deprived breast cancer cells MCF-7:5C and MCF-7:2A (Fig 2, Fig 3).  
• Surprisingly, treatment of MCF-7:5C cells under E2 plus PP2 conditions produced a cell 

line in which not only E2 was unable to induce apoptosis, but E2 dramatically stimulated 
growth (Fig. 4, Fig. 5). 

• Treatment of MCF-7:5C cells under E2 plus PP2 conditions also activate endogenous ER 
target genes and growth factor receptor (Fig. 6, Fig.7). 

• The implication of these results is potentially clinically important that a Src inhibitor 
should not be combined with estrogen to treat advanced aromatase inhibitor resistant 
breast cancer patients although both are in the clinical trials right now. 

 
Task 2b-2 (GU – Jordan/Sengupta) 

• Triphenylethylenes (Non-planar/type II estrogens) act as an anti-estrogen in MCF7:5C 
cells as they cannot induce effective apoptosis and block E2-induced apoptosis. 

• Triphenylethylene treated MCF7:WS8 or MCF7:5C cells recruit very low levels of co-
activator SRC3 as compared to E2 treatment at the promoter of estrogen-responsive gene 
PS2 (TFF1). 

• The aspartate amino acid at 351 pos ition of estrogen receptor plays a critical role in 
manifesting the estrogenic properties of the non-planar estrogen (triphenylethylenes). 

• Molecular docking studies suggests that ethoxy-triphenylethylene fits into the ligand 
binding pocket of the estrogen receptor alpha in a antagonistic mode as the non-planar 
structure prevents it from binding in agonist conformation due to steric hindrance.     

 
Task 2b-3 (FCCC – Jordan/Lewis-Wambi) 

• We characterized the effects of BZA and several other SERMs on the proliferation of 
hormone-dependent MCF-7 and T47D breast cancer cells and hormone-independent 
MCF-7:5C and MCF-7:2A cells and examined their mechanism of action in these cells. 

• We found that all of the SERMs inhibited the growth of MCF-7 and T47D cells, 
however, BZA was the only SERM that inhibited the growth of hormone-independent 
MCF-7:5C and MCF-7:2A cells.  

• Consistent with these growth results, we found that BZA induced G1 blockade in MCF-
7:5C and MCF-7:2A cells and it significantly downregulated ERα and cyclin D1 which 
were constitutively overexpressed in these cells.  
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• siRNA knockdown of ERα and/or cyclin D1 significantly reduced the inhibitory effect of 
BZA in MCF-7:5C cells.  

• Further analysis revealed that BZA downregulated ERα protein by increasing its 
degradation and it suppressed cyclin D1 protein and promoter activity in MCF-7:5C cells. 
Lastly, molecular modeling studies demonstrated that BZA bound t o ERα in an 
orientation similar to raloxifene and had the tendency to form the same contacts with the 
aminoacids lining the binding cavity.  

• The manuscript entitled “The Selective Estrogen Receptor Modulator Bazedoxifene 
Inhibits Hormone-Independent Breast Cancer Cell Growth and Downregulates Estrogen 
Receptor α and Cyclin D1” is under consideration in Molecular Pharmacology and cited 
as paper #18 in the Reportable Outcomes and Appendix sections.  
 

Task 3 (GU – Riegel/Wellstein) 
• We have completed validation of a number of proteins that were detected in initial 

proteomic comparison of AIB1 and pY interacting proteins. This data and proteomic 
analysis is now in press  in PloS one 

• We have conducted a phosphor proteomic analysis of the ER alpha in the MCF7, 
MCF7:5C and MCF7:2A lines in the presence or absence of estrogen 

• We have conducted phospho proteomic analysis of AIB1 in alpha in the MCF7, 
MCF7:5C and MCF7:2A lines in the presence or absence of estrogen 

• We have conducted phospho proteomic analysis of AIB1 in alpha in the MCF7, 
MCF7:5C and MCF7:2A lines in the presence or absence of EGF 

• We have determined that Ser 214 is a site that is  m ajorly phosphorylated by EGF in 
MCF7 cells 

• We have determined that phosphorylation at the Ser 214 pr oduces opposite effects on 
estrogen vs AP-1 responsive gene promoters 

• We have determined that mutation of the Ser 214 site significantly alters the half life of 
the AIB1 protein. 

Tasks 4a and 4b (FCCC – Ariazi, TGen – Cunliffe, GU – Jordan) 
• We have interrogated E2-induced apoptosis by identifying differentially-regulated genes 

across time associated with this process compared to E2-stimulated and E2-independent 
growth using a newly developed method termed differential AUC analysis.  

• Over-representation analysis of the identified genes indicated 5C cells respond to E2 with 
inflammatory and ERS.  

• Inflammatory stress was indicated by up-regulation of cytokines/cytokine receptors 
(IL4R, IL6R), interferon responsive genes (IFI6, IFI16), AA biosynthetic genes (FADS1, 
PLA2G10), and other inflammatory markers (NTN1, UNC5C).  

• AA interacted with E2 to super-additively induce apoptosis in 5C cells, indicating AA 
metabolism was likely involved in E2-induced apoptosis. 
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• ERS was indicated by a deficiency in up-regulating genes involved in initiating a UPR 
(decreased GRP78, XBP1) protein folding (decreased GRP78, PDIA6, UGGT1) and 
degradation of malfolded proteins (decreased HERP1, DERL1), which would lead to 
accumulation of unfolded proteins. Meanwhile, expression profiles indicated a 
widespread inhibition of protein translation (increased p58IPK; decreased AIMP1, 
aminoacyl tRNA synthetases, EEF2K, ERF3A) which in combination with accumulation 
of unfolded proteins, would further promote stress and death. ERS was also indicated by 
induction of BIM and BAX, and the inflammatory caspase CASP4.  

• Inhibiting CASP4 activity with z-LEVD-fmk blocked E2-induced apoptosis. Thus, 
CASP4 plays an important role in E2-induced apoptosis. 
 

Task 4c (TGen – Azorsa/Balagurunathan/Cunliffe) 
• We have completed replicate kinase RNAi screens, and replicate druggable genome 

RNAi screens in MCF7:5C cells in the presence and absence of estrogen. 
• We have identified several candidate genes that are protective against E2-mediated 

apoptosis in MCF7:5C cells. 
• We have identified a number of novel “Achilles heel” genes in MCF7:5C cells, without 

which these cells cannot survive in estrogen-deprived medium.  Several of these genes 
are specific to survival of MCF7:5C cells (siRNA reduction of the same gene in MCF7 
cells is non-lethal). 

• Gene expression microarray studies have been conducted to identify the basal level of 
expression of all genes in the MCF7:5C and MCF7:2A cell lines compared to wild type 
MCF7 cells in the absence of E2. This work was accomplished to empower integration of 
multiple analytical approaches, including the RNAi screens, the E2 time course gene 
expression microarray data and the comparative proteomic analyses generated from these 
same cell lines. 

• Microarray-based Data integration efforts from all Task 4 components together with the 
proteomic data are the focus of current efforts, to elucidate the mechanism by which E2-
mediates apoptosis in the MCF7:5C model. 

 
Reportable Outcomes: 
 

 Publications 
1. Peng J, Jordan VC. Expression of estrogen receptor alpha with a Tet-off adenoviral system 

induces G0/G1 cell cycle arrest in SKBr3 breast cancer cells. International Journal of 
Oncology 2010: 36(2):451-458. 

2. Ariazi EA, Brailoiu E, Yerrum S, Shupp HA, Slifker MJ, Cunliffe HE, Black MA, Donato 
AL, Arterburn JB, Oprea TI, Prossnitz ER, Dun NJ, Jordan VC. The G Protein-Coupled 
Receptor GPR30 Inhibits Proliferation of Estrogen Receptor-Positive Breast Cancer Cells. 
Cancer Research 2010: 70:1184-1194. (Selected for Faculty of 1000 Medicine, identified as 
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an important article published in Medicine for its scientific merit and positive contribution to 
the medical literature). 

3. Patel RR, Sengupta S, Kim HR, Klein-Szanto AJ, Pyle JR, Zhu F, Li T, Ross EA, Oseni S, 
Fargnoli J, Jordan VC. Experimental treatment of estrogen receptor (ER) positive breast 
cancer with tamoxifen and brivanib alaninate, a V EGFR-2/FGFR-1 kinase inhibitor: a 
potential clinical application of angiogenesis inhibitors. European Journal of Cancer 2010: 
46:1537-1553.  
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Relationships of Estrogenic Triphenylethylenes Related to Endoxifen and 4-
Hydroxytamoxifen. Journal of Medicinal Chemistry 2010: 53:3273-3283. 
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Cancer Prevention Research 2010: 3:696-706. 
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conformation of the estrogen receptor directs estrogen-induced apoptosis in breast cancer: a 
hypothesis. Hormone Molecular Biology and Clinical Investigation 2011: 5:27-34. 
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cancer in postmenopausal women with raloxifene. Expert Opinion on Pharmacotherapy 
2011: 12:657-74. 
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Term Adjuvant Anti-hormone Therapy: Consequences and Opportunities: The St. Gallen 
Prize Lecture. Breast 2011 (in press). 

15. Jordan VC. Decades of Discovery: The Selective Estrogen Receptor Modulator (SERM) 
Story: The St. Gallen Prize. References en Gynecologie Obstetrique 2011 (in press). 
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growth and apoptosis of breast cancer cells. PLoS ONE 2011 (in press). 
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Role of the nuclear receptor co-activator AIB1-4 in the control of gene transcription. Journal 
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Estrogen Receptor Modulator Bazedoxifene Inhibits Hormone-Independent Breast Cancer 
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 Abstracts  
1. Abstract was presented at the 27th Annual Miami Breast Cancer Conference, Miami, FL, 

March 3-6, 2010. 
Challenges to improve adjuvant endocrine therapy. 
V. Craig Jordan. 

2. Abstract was presented at the 27th Annual Miami Breast Cancer Conference, Miami, FL, 
March 3-6, 2010. 
Chemoprevention in the high risk patient. 
V. Craig Jordan. 

3. Abstract was presented at the 27th Annual Miami Breast Cancer Conference, Miami, FL, 
March 3-6, 2010. 
Predictor of permanent menopause after chemotherapy. 
V. Craig Jordan. 

4. Abstract #607 was published in the 2010 Proceedings of the 101st Annual Meeting of the 
American Association for Cancer Research, Washington, DC, April 17-21, 2010. 
Loss of pigment epithelium derived-factor (PEDF) is associated with breast cancer 
progression and antihormone drug resistance. 
Joan S. Lewis-Wambi, Helen Kim, V. Craig Jordan. 

5. Abstract #609 was published in the 2010 Proceedings of the 101st Annual Meeting of the 
American Association for Cancer Research, Washington, DC, April 17-21, 2010. 
Paradoxical actions of a c-Src inhibitor on estradiol-induced apoptosis in long-term 
estrogen deprivation breast cancer cells. 
Ping Fan, Helen Kim, V. Craig Jordan. 

6. Abstract #1279 was published in the 2010 Proceedings of the 101st Annual Meeting of the 
American Association for Cancer Research, Washington, DC, April 17-21, 2010. 
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Caspase-4 is critical in estrogen-induced apoptosis in antihormone-resistant breast 
cancer. 
V. Craig Jordan, Eric A. Ariazi, Heather E. Cunliffe, Joan S. Lewis-Wambi, Smitha Yerrum, 
Helen R. Kim, Catherine G.N. Sharma, Amanda Willis, Pilar Ramos, Coya Tapia, Michael J. 
Slifker, Suraj Peri, Eric A. Ross. 

7. Abstract was presented at the Cold Spring Harbor Laboratory/Wellcome Trust Scientific 
Conference, Cambridge UK, August 11-15, 2010. 
Proteomics and systems analysis of estrogen-induced cell growth or cell death in breast 
cancer cells. 
Zhang-Zhi Hu, Benjamin L. Kagan, Lihua Zhang, V. Craig Jordan, Anna T. Riegel, Anton 
Wellstein.  

8. Abstract was presented at the 2010 Taipei International Breast Cancer Symposium, Taiwan, 
September 4, 2010. 
Selective Oestrogen Receptor Modulators: Concept to Reality, Drugs and Medicines to 
Prevent Multiple Diseases in Women. 
V. Craig Jordan. 

9. Abstract was presented at the 2010 Taipei International Breast Cancer Symposium, Taiwan, 
September 4, 2010. 
Antihormone Resistance: The New Biology of Low Dose Estrogen Treatment for Breast 
Cancer. 
V. Craig Jordan. 

10. Abstract was presented at the 1st International Symposium of the Journal: Hormone 
Molecular Biology and Clinical Investigation, Seefeld, Tyrol, Austria, September 11-14, 
2010. 
Mechanisms of oestrogen-induced apoptosis in breast cancer. 
V. Craig Jordan. 

11. Abstract was presented at the European Molecular Biology Organization Conference Series 
Chemical Biology 2010: From Functional Genomics to Systems Biology, Heidelberg, 
Germany, September 22-25, 2010. 
Proteomics and systems analysis of estrogen-induced cell growth or cell death in breast 
cancer cells. 
Zhangzhi Hu, Benjamin Kagan, Lihua Zhang, Cathy Wu, Eric Ariazi, V. Craig Jordan, Anna 
T. Riegel, Anton Wellstein. 

12. Abstract #B61 was published in the 2010 Proceedings of the 3rd Science of Cancer Health 
Disparities in Racial/Ethnic Minorities and the Medically Underserved Conference of the 
American Association for Cancer Research, Miami, FL, September 30 – October 3, 2010. 
Phospholipid scramblase is a critical mediator of estrogen-induced apoptosis in 
antihormone resistant breast cancer cells. 
Joan S. Lewis-Wambi, Tabitha King, Annalese Smith. 
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13. Abstract was presented at the TGen Annual Scientific Retreat, Phoenix Convention Center, 
September 4, 2009. 
Investigating mechanisms of PKC signaling deregulation in endocrine-resistant breast 
cancer: The role of RACK7. 
Pilar Ramos, Amanda L. Willis, JM Chatigny, Megan L. Russell, Joan S. Lewis-Wambi, Eric 
A. Ariazi, V. Craig Jordan, Heather E. Cunliffe. 

14. Abstract was presented at the Amazon Project 8th Conference, Palermo, Italy, November 15-
20, 2010. 
Estrogen action in the life and death of breast cancer cells. 
V. Craig Jordan. 

15. Abstract was presented at the 12th St. Gallen International Breast Cancer Conference, St. 
Gallen, Switzerland, March 16-19, 2011. 
Evolution of long-term adjuvant antihormone therapy: Consequences and 
opportunities. 
V. Craig Jordan. 

16. Abstract #774 was published in the 2011 Proceedings of the 102nd Annual Meeting of the 
American Association for Cancer Research, Orlando, FL, April 2-6, 2011. 
PEDF silencing a novel mechanism of antihormone resistance in breast cancer. 
Joan S. Lewis-Wambi, Min Huang. 

17. Abstract #2291 was published in the 2011 Proceedings of the 102nd Annual Meeting of the 
American Association for Cancer Research, Orlando, FL, April 2-6, 2011. 
Inhibition of c-Src restores estrogen-stimulated growth in estrogen-deprivation 
resistant MCF-7 breast cancer cells. 
Ping Fan, Helen Kim, Russell E. McDaniel, V. Craig Jordan. 

18. Abstract was presented at the Cologne Cancer Club, Cologne, Germany, May 4, 2011. 
Tamoxifen: a pioneering medicine that gave us SERMs to prevent multiple diseases in 
women’s health. 
V. Craig Jordan. 

 
 Presentations 
  

 2010: 
1. Ramos P. “Investigating mechanisms of PKC signaling deregulation in endocrine-resistant 

breast cancer: The role of RACK7.” Glendale Community College Lecture Series, Glendale, 
AZ, February 19, 2010. 

2. Jordan VC. “Chemoprevention in the High Risk Patient.” 27th Annual Miami Breast Cancer 
Conference, Prevention Strategies, Miami, FL, March 3, 2010. 

3. Jordan VC. “Predictor of Permanent Menopause After Chemotherapy.” 27th Annual Miami 
Breast Cancer Conference, Emerging and Controversial Topics in Systemic Adjuvant 
Therapy, Miami, FL, March 5, 2010. 
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4. Jordan VC. “Challenges to Improve Adjuvant Endocrine Therapy.” 27th Annual Miami 
Breast Cancer Conference, Future Challenges, Miami, FL, March 6, 2010. 

5. Jordan VC. “Overcoming Hormone Therapy Resistance.” 5th Annual Georgetown Breast 
Cancer Update: Emerging Trends in Management of Breast Cancer, Washington, DC, March 
13, 2010. 

6. Jordan VC. “Amplifying the apoptotic actions of oestrogen to treat metastatic breast cancer.” 
Translational Cancer Medicine, American Association for Cancer Research, Amsterdam, 
Netherlands, March 22, 2010. 

7. Jordan VC. “Targeted Therapy to Steroid Hormone Receptors: Evolution of Ideas Into Lives 
Saved.” AACR 101st Annual Meeting, Walter E. Washington Convention Center, 
Washington, DC, April 17-21, 2010. 

8. Jordan VC. “Estrogen in the life and death of breast cancer cells.” NIH/NCI Distinguished 
Speaker, Distinguished Scientist Lecture Series, National Cancer Institute, Frederick, MD, 
May 4, 2010. 

9. Jordan VC. “The discovery and application of selective estrogen receptor modulators.” 
Department of Pharmacology seminar, Georgetown University Medical Center, Washington 
DC, May 21, 2010. 

10. Obiorah I. “Estrogen regulated growth and apoptosis.” Cancer Research Data Meeting, 
Lombardi Comprehensive Cancer Center, Georgetown University Medical Center, 
Washington, DC, June 24, 2010. 

11. Jordan VC. “The quest for multi-functional medicines: path for progress: the tamoxifen 
story.” Moscow, Russia, July 14-18, 2010. 

12. Jordan VC. “The quest for multi-functional medicines: path for progress: the SERM story.” 
Moscow, Russia, July 14-18, 2010. 

13. Hu ZZ, Kagan BL, Zhang L, Jordan VC, Riegel AT, Wellstein A. “Proteomics and systems 
analysis of estrogen-induced cell growth or cell death in breast cancer cells.” Systems 
Biology: Networks Plenary Lecture. Cold Spring Harbor Laboratory/Wellcome Trust 
Scientific Conference, Cambridge UK, August 11-15, 2010. 

14. Jordan VC. “Anti-hormone resistance: the new biology of low dose oestrogen treatment for 
breast cancer.” 2010 T aipei International Breast Cancer Symposium, The Breast Cancer 
Society of Taiwan, Taipei, Taiwan, September 4, 2010. 

15. Jordan VC. “Selective oestrogen receptor modulators: concept to reality. Drugs and 
medicines to prevent multiple diseases in women.” 2010 Taipei International Breast Cancer 
Symposium, The Breast Cancer Society of Taiwan, Taipei, Taiwan, September 4, 2010. 

16. Jordan VC. “Mechanisms of oestrogen-induced apoptosis in breast cancer.” 1st International 
Symposium of the Journal: Hormone Molecular Biology and Clinical Investigation, Seefeld, 
Tyrol, Austria, September 11-14, 2010. 

17. Jordan VC. “Hormone receptor positive disease subgroup update (recent progress).” Stand 
Up 2 C ancer (SU2C), 2nd AACR Breast Cancer Dream Team (BCDT) Update Meeting, 
Dallas, TX, September 25-26, 2010. 
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18. Jordan VC. “Hormone receptor positive disease subgroup follow-on meeting (animal 
models).” Stand Up 2 C ancer (SU2C), 2nd AACR Breast Cancer Dream Team (BCDT) 
Update Meeting, Dallas, TX, September 25-26, 2010. 

19. Jordan VC. “Estrogen-induced apoptosis in breast cancer.” Research Update Seminar Series, 
Lombardi Comprehensive Cancer Center, Georgetown University Medical Center, 
Washington, DC, September 29, 2010. 

20. Ariazi EA. “Deciphering Global Gene Expression Across Time by Differential Area-Under-
the-Curve Analysis to Examine Estrogen-induced Apoptosis in Aromatase Inhibitor-resistant 
Breast Cancer Cells.” Research Update Seminar Series, Lombardi Comprehensive Cancer 
Center, Georgetown University Medical Center, Washington, DC, October 6, 2010. 

21. Jordan VC. “Breast Cancer Chemoprevention: Have We Made Progress?” 12th Annual Lynn 
Sage Breast Cancer Symposium, Chicago, IL, October 28-31, 2010. 

22. Jordan VC. “Oestrogen action in the life and death of breast cancer cells.” Amazon Project, 
8th Conference, Palermo, Italy, November 15-20, 2010. 

23. Fan P. “Modulation of Estrogen-Induced Apoptosis by Inhibiting c-Src in Estrogen-Deprived 
Resistant MCF-7 Breast Cancer Cells: Potential Clinical Implications.” Research Update 
Seminar Series, Lombardi Comprehensive Cancer Center, Georgetown University Medical 
Center, Washington, DC, November 17, 2010. 

24. Riegel AT. “Co-activators in Malignant Progression.” Research Update Seminar Series, 
Lombardi Comprehensive Cancer Center, Georgetown University Medical Center, 
Washington, DC, December 8, 2010. 

25. Jordan VC. “Evolution of hormone therapy for the prevention and treatment of breast cancer: 
new opportunities.” A New Era In The Diagnosis and Treatment of Breast Cancer, Bangkok, 
Thailand, December 10-19, 2010. 

 
 2011: 

1. Jordan VC. “Deciphering the molecular pharmacology of tamoxifen treatment for breast 
cancer: the critical role of the graduate student.” Uniformed Services University, Molecular 
& Cell Biology Graduate Program, Bethesda, MD, January 13,2011. 

2. Jordan VC. “Modulation of Estrogen-Induced Apoptosis in Breast Cancer.” Think Tank 21, 
Breast Cancer Symposium, Montego Bay, Jamaica, January 16-22, 2011. 

3. Wellstein A. “Understanding and targeting cancer/stromal interactions.” Research Update 
Seminar Series, Lombardi Comprehensive Cancer Center, Georgetown University Medical 
Center, Washington, DC, January 26, 2011. 

4. Jordan VC. “Evolution of long-term adjuvant anti-hormone therapy: consequences and 
opportunities.” 12th St. Gallen International Breast Cancer Conference, St. Gallen, 
Switzerland, March 16-19, 2011. 

5. Obiorah I. “Modulation of estrogen-induced apoptosis in breast cancer.” Cancer Research 
Data Meeting, Lombardi Comprehensive Cancer Center, Georgetown University Medical 
Center, Washington, DC, April 14, 2011. 
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6. Jordan VC. “Tamoxifen: A Pioneering Medicine That Gave Us SERMs to Prevent Multiple 
Diseases in Women’s Health.” Cologne Cancer Club, Cologne, Germany, May 4, 2011. 

 
 Grants 

1. Susan G. Komen For The Cure Award # SAC100009 for the Susan G Komen For The Cure 
Foundation. “Molecular modification of the estrogen receptor (ER) for estrogen action 
antagonism and apoptosis.” Period: July 1, 2010 – June 30, 2012 

2. SU2C (Stand Up 2 Cancer) Grant number SU2C-AACR-DT0409, subcontract under Stand 
Up 2 Cancer, American Association for Cancer Research (AACR). “An integrated approach 
to targeting breast cancer molecular subtypes and their “resistance” phenotypes.” Period: 
October 1, 2009 – September 30, 2012 

 
 Awards and Honorary Memberships 

1. April 29, 2010: Dr. V. Craig Jordan appointed to the Susan G. Komen Scientific Advisory 
Council. Term duration: 2 years, renewable terms. Appointment to the Komen Scientific 
Advisory Council is reserved for those who have a distinguished record of leadership and 
commitment to breast cancer research, as well as innovative contributions to breast cancer 
advancements. Those who are appointed as Council members “will serve as distinguished 
scholars advising and providing expertise to Susan G. Komen for the Cure in peer review, 
scientific research, sponsored programs, program development and review, and public 
policy.” 

2. May 24, 2010: PhD degree awarded to Dr. Philipp Maximov from the Russian State Medical 
University, Moscow, Russia. Dr. Maximov was formerly Dr. Jordan’s PhD Graduate Student 
(2006-2009) when the Jordan Lab was at the Fox Chase Cancer Center, Philadelphia, PA. 

3. August 2010: V. Craig Jordan elected as the new President for the Royal Society of 
Medicine (RSM) Foundation in the United States, 2010-present. In this role, Dr. Jordan is 
representing the Royal Society of Medicine in the United States and will work closely with 
the RSM in London to enhance awareness of the opportunities of Fellowship in the Society 
and to focus on specific educational opportunities in global health to foster exchanges across 
the Atlantic. 

4. October 8, 2010: V. Craig Jordan inducted into the Susan G. Komen For The Cure 
Investigator Hall of Fame as its Inaugural Recipient, at the John F. Kennedy Center, 
Washington, DC. Awarded for practical contributions to enhancing survivorship in breast 
cancer. 

5. October 16, 2010: V. Craig Jordan awarded with the Susan G. Komen For The Cure 
Scientific and Medical Distinction Award at the John F. Kennedy Center, Washington, DC. 
Awarded for contributions to developing tamoxifen and SERMs. 

6. February 4, 2011: V. Craig Jordan selected for inclusion in Who’s Who 2012 in the United 
Kingdom, the 164th annual edition, the oldest professional biography in the world. Who’s 
Who is the world-renowned biographical reference book, r ecognized as the source of 
information on people of distinction, influence and interest in all fields. 
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7. March 16, 2011: V. Craig Jordan awarded the St. Gallen Breast Cancer Award in Clinical 
Breast Cancer Research to V. Craig Jordan, OBE, PhD, DSc, FMedSci in St. Gallen, 
Switzerland at the 12th St. Gallen International Breast Cancer Conference. This award 
recognizes outstanding contributions to the adjuvant therapy of breast cancer and is the most 
prestigious clinical breast cancer award in the world. 

8. May 11, 2011: V. Craig Jordan honored at the Embassy of Switzerland, Washington, DC for 
contributions to breast cancer research and for enhancing the international research 
cooperation between Switzerland and the United States of America for the past thirty years.  

 
 Appointments 

1. Julia J. Tijerina 
March 17, 2010, Executive Assistant to Dr. V. Craig Jordan 

2. Russell E. McDaniel, BS 
March 17, 2010, Research Assistant I 

3. Seungsang Ko, MD, PhD 
July 28, 2010, V isiting Associate Professor from the Cheil General Hospital & Women’s 
Health Care Center, Department of Surgery, KwanDong University College of Medicine, 
Seoul, South Korea 

4. Philipp Y. Maximov, MD, PhD 
February 28, 2011, Susan G. Komen Foundation For The Cure Postdoctoral Research Fellow 

 
CONCLUSIONS 

The successful transition from FCCC to LCCC has been complex, time-consuming and 
momentum has been retarded through administrative delays. Despite this challenge and the 
delays in our projected timetable, we are now completely re-organized, re-invigorated and back 
to the Tasks in hand to achieve our goal to decipher the molecular mechanisms of estrogen-
induced apoptosis in breast cancer. It is, however, important to stress at the outset of this section, 
that there is growing momentum within the clinical community that our work is an important 
new dimension in women’s health. This is illustrated by three, well-defined facts: 
1) Our focus on t he applicability of our laboratory results through the use of low dose 

estrogen for the treatment of metastatic breast cancer following antihormone drug 
resistance, is now a general topic of discussion. Our work has been pivotal for the 
publication of others; the concept we proposed from the laboratory data enhances the 
treatment of women with breast cancer (2, 100). 

2) Our concepts form the basis of a major clinical trial in Europe and around the world, 
described as the Study of Letrozole Extension (SOLE) (see #11 i n Appendix). The 
strategy for the study is to examine whether continuous long term antihormone therapy is 
better or worse for the adjuvant treatment of ER-positive breast cancer than therapy that 
has three months per year drug holidays, where the women’s own estrogen can destroy 
the antihormone resistant breast cancer cells before drug resistance disease gets a hold.  
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3) The recent published findings of the Women’s Health Initiative (WHI) of estrogen 
replacement therapy in hysterectomized postmenopausal women showed a reduction in 
the incidence of breast cancer that in fact continues for five years after estrogen therapy 
stops (10). We are providing all of the scientific knowledge database to explain this 
apparently paradoxical finding (estrogen replacement reduces the risk of breast cancer!). 
We obviously take very seriously, the fact that we are the pioneering group scientifically 
in this area and through the investment of the DOD CoE grant via their visionary peer-
reviewed system, we have been given the responsibility to decipher the mechanisms 
involved in this new biology of estrogen-induced apoptosis in breast cancer.  
It is clear from the aforementioned three broad applications in clinical medicine that we 

have a responsibility and opportunity to revolutionize women’s health through the prudent 
application of remaining resources to be awarded through our CoE grant. I will systematically 
create an executive summary conclusion for each of our ongoing Tasks.  

The proposed clinical trials (Task 1) have suffered from the general withdrawal of the 
pharmaceutical industry from university, scientific-based programs. Despite this apparent 
setback, we are moving the coordinating center from FCCC to LCCC, as I have acquired funding 
to maintain patient accrual through the clinical PI, Dr. Claudine Isaacs. All of the biological 
materials collected at FCCC are invaluable and will be transferred to LCCC for evaluation, 
analysis and data mining. It is our intention to maintain patient accrual with our primary 
objective of sample acquisition, but with the full knowledge that our original concept is already 
in the clinical domain and available for all clinicians to use in their treatment plans. This 
demonstrates a clear success story for our commitment to this translational research.  

Our major accomplishment on the grant to create a map of the life and death of breast 
cancer cells in response to physiological estrogen has been achieved (Task 2a). This is a new 
unique dataset that is invaluable, but the complexity of our dataset is currently a challenge to the 
best brains in bioinformatics in the world, with whom we are currently collaborating. It is 
important to realize that our visionary approach proposed the equivalence of a movie, of the life 
and death of breast cancer cells through gene activation and suppression, but every other 
research group in the world is studying only single photographs of cells and tumors at a single 
point in time. Nevertheless, it is  our accomplishment that has been enhanced by considerable 
bioinformatics input and the development of new computer modeling systems to analyze gene 
dosing activation against time for the growth and death of human breast cancer cells in response 
to estrogen. With my election to the National Academy of Sciences and my induction during this 
reporting period, we are in the process of submitting our pioneering work as my inaugural paper 
to the Proceedings of the National Academy of the Sciences (PNAS) (Tasks 4a and 4b). With 
our database, we have already identified an initial molecular mechanism for estrogen-induced 
apoptosis in our endocrine resistant breast cancer cells. Estrogen induces a stress response and 
activates inflammatory genes. This discovery now allows us to interrogate this mechanism of 
inflammation-mediated cell death through its modulation with anti-inflammatory agents. 
Glucocorticoids are used universally in clinical care and are essential in human physiology. Our 
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preliminary findings are that glucocorticoids inhibit estrogen-induced apoptosis, which 
potentially will allow us to define and propose clinical strategies to amplify estrogen-induced 
apoptosis. The other major finding from our database is a definition of the caspase cascade that 
provokes cell death and destruction following estrogen-induced apoptosis. We have precisely 
defined and identified caspase 4 a s the trigger caspase in the initiation of estrogen-induced 
apoptosis. However, we now seek to build upon our database and use molecular pharmacology to 
define and refine the input signal through the estrogen receptor that modulates estrogen-induced 
apoptosis. We are addressing two issues: 1) What are the basic estrogen-ER related events that 
trigger estrogen-induced apoptosis (Tasks 2b-1 and 2b-2) and 2) Can a SERM be discovered 
that will kill antihormone resistant breast cancer cells in our laboratory models (Task 2b-3). 

We have addressed the hypothesis that by blocking cellular survival signaling, we should 
be able to enhance estrogen-induced apoptosis (Task 2b-1). The c-Src oncogene is present in 
70% of breast cancers and is clearly a survival pathway of potential importance. We have made 
the novel discovery that blocking c-Src actually blocks estrogen-induced apoptosis. This counter-
intuitive observation that is unique to our laboratory has two important ramifications: 1) 
Clinically available c-Src inhibitors should not be used or tested in breast cancer patients 
following drug resistance to antihormones. The c-Src inhibitor has the potential to prevent 
naturally occurring estrogen-induced apoptosis and this will be of detriment to the patient. 2) Our 
observation that blockade of c-Src has potential to inhibit estrogen-induced apoptosis has 
resulted in a collaboration with a new grant (SU2C) to evaluate the molecular mechanism that 
was previously unknown. It is important to emphasize that this grant at SU2C has now 
introduced us to a group of the most prominent analytical experts and world leaders in the 
molecular aspects of breast cancer in the world. This would not have happened but for the 
investment in our DOD CoE grant.  

Another important aspect of the triggering of estrogen-induced apoptosis is the actual 
shape and conformation of the ER complex in the cell (Task 2b-2). Earlier, we described a new 
classification of synthetic and natural estrogens binding to the estrogen receptor, and this 
classification really segregated the molecules into planar and non-planar estrogens. As a result of 
ligand binding, the planar estrogens (Class I) produced a neat protein complex around the planar 
estrogen. In contrast, non-planar estrogens (Class II) do not allow the estrogen receptor to close 
neatly around the ligand and at its extreme, an antiestrogen produces an abnormal shape, thereby 
blocking estrogen action (13). Earlier we discovered that non-steroidal antiestrogens (SERMs) 
such as 4-hydroxytamoxifen, completely blocked estrogen-induced apoptosis. The shape of the 
complex clearly was critical to trigger apoptosis. However, we have also extended our 
investigation using Class II estrogens, although estrogen-like, Class II estrogens stimulate breast 
cancer cell replication, but do not in fact stimulate estrogen-induced apoptosis. This insight into 
the modulation of the shape of the ER complex now draws us to the conclusion that co-activators 
that would normally bind to the ER complex for full estrogen action are clearly critical for 
estrogen-induced apoptosis.  We are currently engaged in a major project studying the structure 
function relationships of Class II estrogens and their ability to modulate apoptosis and deliver 
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appropriate co-activators to promoter sites on estrogen target genes. It is important to stress that 
the goal of this molecular enterprise of the shape of the ER to modulate estrogen-induced 
apoptosis now perfectly intersects with Task 3, the proteomics of estrogen-induced apoptosis 
(see later). 

A central question that we posed was why in some of our antihormone resistant cells is 
that the antiestrogen and SERM, 4-hydroxytamoxifen, has absolutely no effect on the growth of 
these cells? Bazedoxifene is a new SERM developed by the pharmaceutical industry that will be 
used for the treatment of osteoporosis and prevention of breast cancer at the same time. 
Additionally, bazedoxifene will be administered with estrogen replacement therapy to ameliorate 
hot flashes in women as they progress through the menopause, but the SERM will protect them 
from endometrial and breast cancer. Although we have been prohibited from obtaining 
bazedoxifene from the pharmaceutical industry, one of my colleagues in the Royal Society in 
England, under contract, has synthesized the drug. We have made a remarkable discovery: 
bazedoxifene has the ability to kill antihormone resistant breast cancer cells (Task 2b-3). Our 
manuscript, noted in the Appendix, has been accepted by Molecular Pharmacology (see 
Appendix) and we will be continuing this work in our laboratory to refine and define 
mechanisms.  

The role of our proteomic groups (Task 3) is to look at the early stages of estrogen 
receptor mediated estrogen-induced apoptosis to define key components of the ER complex or 
pathways emanating from an important node. Our proteomics group has integrated a global co-
activator signaling network (AIB1) that appears to control the growth and apoptosis of breast 
cancer cells. The importance of G-protein coupled receptors, PI3 kinase, Wnt and Notch 
signaling pathways are strongly associated with estrogen-induced proliferation or apoptosis. 
These findings link in to our prior publication on GPR30 (29; see #2 in Appendix) and our work 
on the shape of the ER and estrogen-induced apoptosis. In our parallel studies, we concluded that 
AIB1 is the controlling mechanism to trigger estrogen-induced apoptosis in our antihormone 
resistant breast cancer cells. In our current studies and for Year 5 of  our grant, we are using 
breast cancer tumors artificially grown in athymic mice to address the same questions we have 
derived here in cell culture, but in vivo.  

The genomics program at TGen (Task 4c) has accomplished a remarkable analysis of the 
resting and gene activation states of our antihormone resistant breast cancer cells in culture. 
These data married with their accomplishment to measure the CGH of each of our cell lines (to 
determine gene copies) now positions us uniquely to understand what drives antihormone 
resistant growth. Again, through our collaboration with our new grant (SU2C) and the head of 
breakthrough breast cancer, Professor Alan Ashworth, FRS, we are collaborating internationally 
with their group, who has recently published a set sequence of genes that need to be activated to 
create tamoxifen resistance. Our models are field testing their gene set. In combination with this, 
TGen has conducted a h igh-throughput analysis using siRNAs to determine the precise genes 
activated by estrogen-induced apoptosis. These data are unique and meld perfectly with all of our 
other tasks.  
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Overall, our future plans described in our original grant application are moving forward 
with an integrated approach to deciphering the molecular mechanism (mechanisms) of estrogen-
induced apoptosis. Our unique team has built on our strengths and we are now poised to analyze 
and integrate our data for publication. These data have been used to obtain grants from other 
sources (SU2C, Susan G. Komen For The Cure) which enhances our capacity for interaction 
with the best breast cancer research scientists in the world.  
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The G protein–coupled receptor GPR30 binds 17β-estradiol (E2) yet differs from classic estrogen receptors
(ERα and ERβ). GPR30 can mediate E2-induced nongenomic signaling, but its role in ERα-positive breast
cancer remains unclear. Gene expression microarray data from five cohorts comprising 1,250 breast carcino-
mas showed an association between increased GPR30 expression and ERα-positive status. We therefore ex-
amined GPR30 in estrogenic activities in ER-positive MCF-7 breast cancer cells using G-1 and diethylstilbestrol
(DES), ligands that selectively activate GPR30 and ER, respectively, and small interfering RNAs. In expression
studies, E2 and DES, but not G-1, transiently downregulated both ER and GPR30, indicating that this was ER
mediated. In Ca2+ mobilization studies, GPR30, but not ERα, mediated E2-induced Ca2+ responses because E2,
4-hydroxytamoxifen (activates GPR30), and G-1, but not DES, elicited cytosolic Ca2+ increases not only in
MCF-7 cells but also in ER-negative SKBr3 cells. Additionally, in MCF-7 cells, GPR30 depletion blocked E2-
induced and G-1–induced Ca2+ mobilization, but ERα depletion did not. Interestingly, GPR30-coupled Ca2+

responses were sustained and inositol triphosphate receptor mediated in ER-positive MCF-7 cells but transi-
tory and ryanodine receptor mediated in ER-negative SKBr3 cells. Proliferation studies involving GPR30 de-
pletion indicated that the role of GPR30 was to promote SKBr3 cell growth but reduce MCF-7 cell growth.
Supporting this, G-1 profoundly inhibited MCF-7 cell growth, potentially via p53 and p21 induction. Further,
flow cytometry showed that G-1 blocked MCF-7 cell cycle progression at the G1 phase. Thus, GPR30 antag-
onizes growth of ERα-positive breast cancer and may represent a new target to combat this disease. Cancer Res;
70(3); 1184–94. ©2010 AACR.
Introduction

The G protein–coupled receptor GPR30 is a seven-
transmembrane domain protein identified as a novel 17β-
estradiol (E2)–binding protein structurally distinct from
the classic estrogen receptors α and β (ERα and ERβ).
GPR30 can mediate rapid E2-induced nongenomic signaling
events, including stimulation of adenylyl cyclase, and,
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via transactivation of epidermal growth factor receptors, in-
duces mobilization of intracellular calcium (Ca2+) stores
and activation of mitogen-activated protein kinase (MAPK)
and phosphoinositide 3-kinase (PI3K) signaling pathways (1,
2). GPR30 also exhibits prognostic utility in endometrial (3),
ovarian (4), and breast cancer (5, 6) and can modulate
growth of hormonally responsive cancer cells (7–11). There-
fore, GPR30 likely plays important roles in modulating es-
trogen responsiveness and in the development and/or
progression of hormonally responsive cancers. Moreover,
GPR30 represents a promising new target for drug discovery
in hormonally responsive disease.
In addition to E2, the selective ER modulator (SERM) ta-

moxifen, one of its active metabolites 4-hydroxytamoxifen
(4OHT), and the complete antiestrogen fulvestrant all acti-
vate GPR30 (12–14). GPR30 does not significantly bind the
nonsteroidal full ER agonist diethylstilbestrol (DES; ref. 12).
Drug discovery efforts have yielded two GPR30-selective
high-affinity ligands: an agonist termed G-1 (15) and, re-
cently, an antagonist termed G-15 (16). G-1 and G-15 do
not bind ERs at concentrations up to 10−6 mol/L (15, 16).
Moreover, G-1 specificity for GPR30 was illustrated by
showing it does not significantly bind 25 other G protein–
coupled receptors (17).
GPR30 has been shown to mediate the proliferative effects

of E2 in thyroid (7), endometrial (8, 18), ovarian (9), and
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ER-negative SKBr3 breast cancer cell lines (9, 10) because
GPR30 depletion, using antisense oligonucleotides or RNA in-
terference (RNAi) methodologies, abrogated E2-stimulated
growth in these cells. However, GPR30-mediated growth ef-
fects differ in ER-positive MCF-7 breast cancer cells. Ahola
and colleagues (11) reported that transient overexpression
of GPR30 in MCF-7 cells inhibited bromodeoxyuridine incor-
poration, an indicator of proliferation.
We investigated GPR30 largely in ER-positive MCF-7 with

some comparisons to ER-negative SKBr3 breast cancer cells.
First, a statistical association was sought between GPR30 and
ERα-positive status in publicly available breast carcinoma
microarray data sets. Next, the contribution of ERα and
GPR30 in several E2-responsive activities, including regula-
tion of GPR30 expression, intracellular Ca2+ mobilization, cel-
lular growth, and cell cycle progression, was studied using
receptor-specific ligands and small interfering RNA (siRNA)
methodology.

Materials and Methods

Breast cancer microarray data mining. GPR30 mRNA
levels and ER status were extracted from gene expression
microarrays comprising 1,250 breast carcinomas across five
distinct cohorts. The first cohort or the NKI cohort (n =
295; Netherlands Cancer Institute, Amsterdam, the Nether-
lands) was derived from van de Vijver and colleagues (19).8

NKI data were obtained using two-color 60-polymer oligo-
nucleotide arrays. cRNA from one tumor was competitively
hybridized against a pooled reference cRNA from all tu-
mors. Expression values corresponded to normalized log2
ratio intensity units. ER-positive status was supplied with
the microarray data (19). Pearson's correlation coefficients
were computed between GPR30 and all other genes using
the R software package.9 Cohorts 2 to 5 were obtained
from Gene Expression Omnibus (GEO; ref. 20). These co-
horts are termed the Uppsala cohort (GSE3494/GSE4922/
GSE6532; samples collected in Uppsala County, Sweden),
the Stockholm cohort (GSE1456; samples collected at the
Karolinska Hospital in Stockholm, Sweden), the EMC co-
hort (GSE2034/GSE5327; samples collected at the Erasmus
Medical Center, Rotterdam, the Netherlands), and the
TRANSBIG cohort (GSE7390; samples collected by the
translational research network managed by the Breast In-
ternational Group). The Uppsala and EMC cohorts
contained samples processed at the same institution that
span multiple GEO accession numbers. These four cohorts
used Affymetrix microarray technology. Where available,
raw data (in the form of CEL files) were downloaded; oth-
erwise, MAS5.0 normalized data were downloaded (CEL
files were available for all studies except GSE2034 and
GSE5327). All data preprocessing and MAS5.0 normaliza-
tion were performed using R software and the justMAS
function in the simpleAffy library from Bioconductor (no
8 http://www.rii.com/publications/2002/nejm.html
9 http://www.R-project.org
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background correction, target intensity of 600; ref. 21). Af-
ter normalization, gene expression data were extracted for
the GPR30 probe 210640_s_at. ER status was provided via
Supplementary Data in GEO.
Compounds and cell lines. E2, DES, and 2-aminoethyldi-

phenylborinate (2APB) were from Sigma-Aldrich. G-1 and
fulvestrant (ICI 182,780, Faslodex) were from Tocris. Xestos-
pongin C (XeC) and ryanodine (Ry) were from Calbiochem,
EMD Biosciences. All agents were added to culture medium
at 1:10,000 to 1:1,000 (v/v). Fura-2 AM and all cell culture re-
agents were from Invitrogen. MCF-7:WS8 human mammary
carcinoma cells were used in all experiments indicating
MCF-7 cells; they were clonally selected for sensitivity to
E2-stimulated growth (22). SKBr3 cells were purchased from
the American Type Culture Collection. Both cell lines were
maintained in estrogenized medium [RPMI-1640 plus 10%
fetal bovine serum (FBS)]. MCF-7 cells were switched to
estrogen-free medium (phenol red–free RPMI-1640 plus
10% charcoal-stripped FBS) for 2 d before all experiments,
except where noted.
Real-time quantitative PCR assays. Quantitative PCR

(qPCR) was conducted as previously described (23). Target
mRNA levels were normalized to PUM1 [pumilio homologue
1 (Drosophila)] mRNA levels (24). See Supplementary Materi-
als and Methods for primer sequences. Data were analyzed
by comparison with a serial dilution series of MCF-7 cell
cDNA. Values in each group were averaged from four biolog-
ical replicates (unless otherwise indicated), and each biolog-
ical replicate was averaged from four technical replicates.
siRNA transfection. MCF-7 cells that had been maintained

in estrogenized medium were transfected with siRNAs for 6
h in serum-free Opti-MEM (Invitrogen) using Dharmafect 1
(Dharmacon RNAi Technologies) followed by overnight re-
covery in estrogenized medium. The transfection was carried
out a second time, and then the cells were immediately
switched to estrogen-free medium and again allowed over-
night recovery. siRNAs were transfected at 200 nmol/L final
concentration, except in Ca2+ experiments in which siRNAs
were transfected at 100 nmol/L and cotransfected with si-
GLO Green, a 6-carboxyfluorescein–labeled inactive double-
stranded RNA. See Supplementary Materials and Methods
for ERα and GPR30 siRNA sequences (Dharmacon RNAi
Technologies).
Ca2+ imaging. Cytoplasmic Ca2+concentrations were mea-

sured using Fura-2 AM and microscopy as previously de-
scribed (25). Flat SKBr3 cells were imaged because they
were the major morphologic cell type, whereas rounded
SKBr3 cells were not imaged. All compounds were adminis-
tered at 1 min.
Cellular proliferation. Cell growth was assessed using

Hoechst 33258 (Invitrogen) and compared with a standard
curve of serial-diluted calf thymus DNA as previously de-
scribed (26, 27).
Cell cycle analyses. Cell cycle distribution was determined

by propidium iodide staining and using a fluorescence-
activated cell sorter (Becton Dickinson) as previously de-
scribed (27). Datawere analyzed using FlowJo 7.2.5 forWindows
(Tree Star).
Cancer Res; 70(3) February 1, 2010 1185
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Immunoblot analyses. Immunoblotting was carried out
using 40 μg protein per lane as previously described (23).
Membranes were probed using antibodies against ERα
(AER 611; Lab Vision), p53 (DO-1; Calbiochem), p21 (F-5; San-
ta Cruz Biotechnology), cyclin D1 (DCS-6; Santa Cruz Bio-
technology), cyclin B1 (D-11; Santa Cruz Biotechnology),
and β-actin (AC-15; Sigma-Aldrich). Membranes were visual-
ized using the Odyssey Infrared Imaging System (LI-COR
Biosciences).
Statistical analyses. Mann-Whitney tests were performed

using Prism 4.03 for Windows (GraphPad Software). All other
statistical analyses were performed using Excel 2003 for
Windows (Microsoft). Error is represented by SEMs in Ca2+

mobilization experiments and by SDs in all other experi-
ments. Also in the Ca2+ experiments, P values reflect one-
way ANOVA comparing the maximum Ca2+ concentration
versus the concentration at the treatment start time, unless
otherwise stated.
Results

Increased GPR30 mRNA expression associates with ERα-
positive status in 1,250 breast carcinomas. Evidence of a
relationship between GPR30 and ERα expression was sought
by mining publicly available and well-annotated gene expres-
sion microarray data sets across five independent cohorts
comprising 1,250 breast carcinomas. In the NKI cohort (n =
254), data were collected using two-color oligonucleotide
microarrays (Fig. 1A). According to the nonparametric
Mann-Whitney rank sum test, GPR30 mRNA levels were sig-
nificantly higher in ERα-positive versus ERα-negative tumors
(P < 0.0001). The upper range of GPR30 expression was 7.7-fold
higher on a linear scale in the ERα-positive compared with
ERα-negative carcinomas. In addition, GPR30 and ERαmRNA
levels correlated as continuous variables (Pearson's coefficient
ρ = 0.30, adjusted P < 0.0001). The other four cohorts used one-
color Affymetrix oligonucleotide microarrays (Fig. 1B). In each
of these four cohorts, GPR30 mRNA levels were significantly
higher in the ERα-positive compared with the ERα-negative
breast cancers (Uppsala cohort, n = 244, P = 0.040; Stockholm
cohort, n = 159, P = 0.0091; EMC cohort, n = 344, P = 0.0050;
TRANSBIG cohort, n = 198, P = 0.0024).
E2 downregulates GPR30 mRNA expression via ER and

not GPR30. GPR30 regulation in response to E2 was inves-
tigated. MCF-7 cells were treated with E2 or without E2
(control, vehicle only) over a 96-hour time course followed
by determination of ERα and GPR30 mRNA levels by qPCR.
As expected, E2 steadily downregulated ERα mRNA levels
by 59% over 96 hours (Fig. 2A). E2 also downregulated
GPR30 but with faster kinetics than with ERα (Fig. 2B);
GPR30 mRNA levels were decreased by 37% at 2 hours
(P = 0.0013) and by 79% at 24 hours (P < 0.0001). Afterwards,
GPR30 mRNA levels rebounded. Additionally, GPR30 mRNA
expression decreased in a concentration-dependent manner
from 10−12 mol/L E2 to 10−10 mol/L E2 (Fig. 2C). The GPR30-
specific agonist G-1 did not alter GPR30 mRNA expression,
but the ER-specific agonist DES did repress GPR30 expres-
Cancer Res; 70(3) February 1, 2010
sion relative to control treatment by 54% P = 0.0009), which
was very similar to the effect of E2 (Fig. 2D). Fulvestrant
completely blocked E2 and DES effects. Therefore, E2 likely
acted via ER and not GPR30 to transiently downregulate
GPR30 mRNA expression.
GPR30 and not ERαmediates E2-induced Ca2+ mobiliza-

tion responses. To begin to delineate whether endogenous
ERα and/or GPR30 mediates E2-induced Ca2+ responses in
breast cancer cells, changes in intracellular Ca2+ concentra-
tions [Ca2+]i were measured in ER-positive MCF-7 and ER-
negative SKBr3 breast cancer cells at the single-cell level
using Fura-2 AM (Fig. 3). In ER-positive MCF-7 cells
(Fig. 3A), E2 induced [Ca2+]i by 112 ± 1.6 nmol/L (n = 47 cells,
P = 0.0063), G-1 by 511 ± 3.4 nmol/L (n = 58 cells, P = 0.0007),
and 4OHT by 234 ± 3.4 nmol/L (n = 31 cells, P = 0.0017),
whereas DES did not significantly increase the [Ca2+]i
(change = 41 ± 0.8 nmol/L, n = 23 cells, P = 0.66). In ER-neg-
ative SKBr3 cells (Fig. 3B), the rank order of ligand-induced
cytosolic Ca2+ increases was the same as in MCF-7 cells, but
the magnitude of the increases was much greater and the re-
sponses were transitory instead of sustained. In ER-negative
SKBr3 cells, E2 induced oscillating increases in [Ca2+]i with
an average maximum of 294 ± 1.6 nmol/L (n = 36 cells, P =
0.0037). G-1 and 4OHT induced transitory increases in [Ca2+]i
of 1,517 ± 10.3 nmol/L (n = 79 cells, P = 0.0001) and of 558 ±
2.7 nmol/L (n = 37 cells, P = 0.0013), respectively, whereas
DES did not ([Ca2+]i change = 51 ± 1.3 nmol/L, n = 21 cells,
P = 0.26). Therefore, because G-1 and two ER ligands that
also bind GPR30, E2 and 4OHT, but not ER-selective DES, eli-
cited Ca2+ responses in both ER-positive MCF-7 cells and ER-
negative SKBr3 cells, they likely did so via GPR30.
Two of the major Ca2+ channels, inositol triphosphate re-

ceptors (IP3R) and Ry receptors (RyR; ref. 28), were tested for
whether they mediated G-1–induced Ca2+ mobilization. The
pharmacologic probes 2APB and XeC, both of which inhibit
IP3Rs, and Ry, which at high concentrations blocks RyRs,
were used. Cells were pretreated for 30 min before inducing
Ca2+ responses with G-1. In MCF-7 cells, both 2APB and XeC
blocked G-1–induced [Ca2+]i increases by 78% (both 2APB +
G-1 versus G-1 alone and XeC + G-1 versus G-1 alone, P =
0.0018) but Ry did not. In contrast, in SKBr3 cells, Ry blocked
G-1–induced [Ca2+]i increases by 80% (Ry + G-1 versus G-1
alone, P = 0.0006), whereas XeC did not. In addition, 2APB
allowed G-1 to almost fully induce [Ca2+]i increases, although
the response was significantly lower by 17% versus G-1 alone
(P = 0.0094), but this was likely due to blockade of store-
operated Ca2+ entry, another activity of 2APB. Therefore,
GPR30 was coupled to IP3Rs in ER-positive MCF-7 cells but
to RyRs in ER-negative SKBr3 cells.
To confirm that GPR30 and not ERα mediates Ca2+

mobilization in response to E2 in MCF-7 cells, cells were
transfected with siRNAs targeting these receptors (character-
ization of siRNAs in Supplementary Materials and Methods)
and a nontargeting siRNA pool as a control. First, the GPR30
siRNA was validated by showing that it led to an almost
complete blockade of G-1–induced Ca2+ responses ([Ca2+]i
increase = 58 ± 1.3 nmol/L, n = 19 cells, P = 0.62; Fig. 4A). Next,
E2-induced Ca2+ mobilization responses were investigated
Cancer Research
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(Fig. 4B). In nontargeting siRNA–transfected cells, E2 induced
an [Ca2+]i increase of 159 ± 1.6 nmol/L (n = 14 cells, P =
0.0075). However, in ERα siRNA–transfected cells, E2 caused
almost a 2-fold further rise in [Ca2+]i (314 ± 3.2 nmol/L,
n = 17 cells; P = 0.0006). In GPR30 siRNA–transfected
cells, the E2-induced Ca2+ response was blocked ([Ca2+]i
increase = 52 ± 0.8 nmol/L, n = 16 cells, P = 0.35). ERα
and GPR30 expression were depleted in the appropriate
siRNA-transfected cells (Fig. 4C). However, GPR30 mRNA
www.aacrjournals.org
levels were increased by 73% in ERα-depleted cells, a find-
ing consistent with the prior observation that E2 and DES
repressed GPR30 expression (Fig. 2B–D). Hence, the 2-fold
potentiation of E2-induced [Ca2+]i in ERα-depleted cells
likely reflected, at least in part, the increased GPR30
expression.
GPR30 functions to promote growth of ER-negative

SKBr3 cells but to inhibit growth of ER-positive MCF-7
cells. The role of GPR30 in cellular proliferation was examined
Figure 1. GPR30 mRNA expression shows an association with ERα-positive status in human breast carcinomas. A, GPR30 mRNA levels in the NKI cohort
derived from two-color arrays. Expression values are normalized log2 ratio intensity units corresponding to a single tumor cRNA hybridized against a
pooled reference cRNA from all tumors. B, GPR30 mRNA levels in the Uppsala, Stockholm, EMC, and TRANSBIG cohorts all derived from one-color arrays.
Expression values are MAS5.0 normalized intensity units. A and B, sample sizes of ERα-positive (ER+) and ER-negative (ER−) cancers are shown, and
bars indicate the 75th, 50th (median), and 25th percentiles. Significance was assessed using the nonparametric Mann-Whitney rank test.
Cancer Res; 70(3) February 1, 2010 1187
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by transfecting cells with nontargeting and GPR30 siRNAs and
then measuring cellular DNA mass after 5 days of growth.
First, SKBr3 cells were evaluated (Fig. 5A). The number of cells
seeded in each group was similar as indicated by a lack of dif-
ference in DNA masses at day 0. After 5 days of growth, DNA
mass was 45% lower in GPR30 siRNA compared with nontar-
geting siRNA–transfected cells (P < 0.0001). Thus, the function
of GPR30 was to promote growth of SKBr3 cells, in accordance
with other reports (9, 10). Next, MCF-7 cells were similarly
evaluated (Fig. 5B). Again, equivalent numbers of nontargeting
and GPR30 siRNA–transfected cells were seeded as indicated
by DNAmasses at day 0. After 5 days, GPR30 depletion did not
affect basal growth (control treatment). However, GPR30 de-
Cancer Res; 70(3) February 1, 2010
pletion did potentiate E2-stimulated growth by 2.1-fold (non-
targeting versus GPR30 siRNA–transfected cells, P < 0.0001).
Analysis of progesterone receptor (PgR) and TFF1 (pS2)
mRNA levels by qPCR indicated no significant differences
in their induction by E2 between nontargeting and GPR30
siRNA–transfected cells (data not shown). Therefore, in con-
trast to SKBr3 cells, the function of GPR30 in MCF-7 cells was
to inhibit growth.
The role of GPR30 in MCF-7 cell proliferation was further

evaluated by examining effects of G-1 on E2-stimulated (Fig.
5C) and DES-stimulated (Fig. 5D) growth over 6 days. G-1
blocked the concentration-dependent growth stimulatory re-
sponse of E2 (all E2 treatment groups versus paired E2 + G-1
Figure 2. E2 represses ERα and GPR30 mRNA levels via ER and not GPR30 in MCF-7 cells. E2 regulation of ERα (A) and GPR30 mRNA (B) levels across a
time course. MCF-7 cells were treated with 10−9 mol/L E2 or with the vehicle ethanol alone for 2, 6, 12, 24, 48, 72, and 96 h. C, GPR30 mRNA levels
in response to 24-h treatment with a serial dilution series of E2. D, ERα and GPR30 mRNA levels in response to 48-h treatment with ER and GPR30 ligands
as determined by qPCR. Each data point represents the average of six (A and B) or four (C and D) biological replicates. FUL, fulvestrant.
Cancer Research
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treatment groups, P = 0.0001, one-way ANOVA); in particular,
G-1 inhibited 10−10 mol/L E2-stimulated growth by 77% rela-
tive to E2 alone (P < 0.0001, t test). G-1 also blocked DES-
stimulated growth by 72% (DES versus DES + G-1, P <
0.0001). Additionally, in both the E2 and DES experiments,
G-1 inhibited basal (control treatment) growth by 32% (P <
0.0001) and 47% (P < 0.0001), respectively. Therefore, G-1–
activated GPR30 blocked growth of ER-positive breast cancer
cells but did so independently of ligand-activated ER.
G-1–activated GPR30 blocks cell cycle progression

at G1 phase. The effect of G-1 on cell cycle progression
was investigated. MCF-7 cells were synchronized by estro-
gen withdrawal and then treated with E2 and G-1 for 24
hours followed by propidium iodide staining and flow cyto-
metric analysis (Fig. 6A). Treatment with G-1 alone signifi-
cantly decreased the proportion of S-phase cells from 19.8%
(control) to 14.7% (G-1; P < 0.0001). Importantly, the addi-
tion of G-1 to E2 led to retention of an additional 11.6% of
the cells in G1 phase (42.7% in E2-treated cells versus 54.4%
in E2 + G-1–treated cells, P < 0.0001) and prevented 13.2%
of cells from entering S phase (37.7% in E2-treated cells ver-
sus 24.5% in E2 + G-1–treated cells, P < 0.0001). Therefore, G-1
blocked E2-stimulated cells from cell cycle progression at the
G1 phase.
The G-1–induced cell cycle block was further investigated

by measuring protein expression of the tumor suppressor
www.aacrjournals.org
p53, the cyclin-dependent kinase inhibitor (CDK-I) p21 (Fig.
6B), the G1-phase–specific cyclin D1, and the G2/M-phase–
specific cyclin B1 (Fig. 6C). MCF-7 cells were treated with
E2 and G-1 and then collected at 24, 48, and 72 hours for im-
munoblot analysis. Both p53 and p21 proteins were upregu-
lated in G-1 and E2 + G-1–treated cells across all time points
compared with control-treated cells (Fig. 6B). As expected, E2
upregulated both cyclins D1 and B1 across the time course
compared with control treatment, whereas G-1 alone did not
(Fig. 6C). However, the addition of G-1 to E2 potentiated the
upregulation of cyclin D1 while nearly completely preventing
cyclin B1 accumulation compared with E2 alone across the
time points. Because cyclin D1 is induced during G1 phase
and degraded in S phase (29, 30), whereas cyclin B1 accumu-
lates during G2-phase and degrades on M-phase entry (31),
these data are consistent with G-1 blocking cell cycle pro-
gression in G1 phase before cyclin D1 degradation occurred
and before cyclin B1 accumulated.

Discussion

Filardo and colleagues (5) and Kuo and colleagues (6)
have previously shown in breast carcinomas a positive as-
sociation between GPR30 and ERα expression by immu-
nohistochemistry and qPCR, respectively. We confirmed
and extended this finding by examining gene expression
Figure 3. ER ligands that also
activate GPR30 induce Ca2+

mobilization responses in both
ER-positive MCF-7 and
ER-negative SKBr3 cells.
Ligand-induced Ca2+ responses
(A and B) and blockade of
G-1–induced responses using
Ca2+ channel inhibitors (C and D) in
MCF-7 and SKBr3 cells. Cells
were loaded with Fura-2 AM, and
intracellular Ca2+ concentrations
[Ca2+]i were determined in
individual cells versus time using
fluorescence microscopy. Cells
were perfused with all ligands at
10−6 mol/L starting at 1 min. 2APB
was used at 10−4 mol/L, XeC at
10−5 mol/L, and Ry at 10−5 mol/L.
SKBr3 cells with flat, not
rounded, morphology were
imaged. G-1–induced Ca2+ traces
in A and B were redrawn in C
and D, respectively.
Cancer Res; 70(3) February 1, 2010 1189
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microarray data sets of five independent patient cohorts
comprising 1,250 breast cancers. In all cohorts, high
GPR30 mRNA levels showed an association with ERα pos-
itivity (Fig. 1). It is unknown why high GPR30 levels
would be selected for in ERα-positive breast carcinomas
given GPR30 attenuates growth of ER-positive breast can-
Cancer Res; 70(3) February 1, 2010
cer, but some GPR30-dependent functions may be neces-
sary for tumorigenesis and cell survival, such as activation
of adenylyl cyclase, PI3K, and MAPK (1, 2). Additional
roles of GPR30 may be needed for disease progression,
such as in cell migration (15, 32), which may then pro-
mote metastasis (5).
Figure 4. GPR30 and not ERα mediates E2-induced Ca2+ mobilization in MCF-7 cells. G-1–induced (A) and E2-induced (B) Ca2+ responses. Cells were
transfected with nontargeting pool, ERα, and GPR30 siRNAs. Transfected cells were labeled using siGLO Green and appear green. Ca2+ imaging was
performed 48 h following the transfection as in Fig. 3. Low levels of basal [Ca2+]i are visualized as blue and then green, whereas higher levels of [Ca2+]i are
seen as red and then white. C, ERα protein levels were measured by immunoblotting and GPR30 mRNA levels by qPCR in siRNA-transfected cells
48 h following transfection.
Cancer Research
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The interplay between GPR30 and ERα was further inves-
tigated using MCF-7 breast cancer cells. E2 repressed GPR30
expression in a time- and concentration-dependent manner
(Fig. 2B and C). In addition, DES but not G-1 downregulated
www.aacrjournals.org
GPR30; therefore, ER mediated this effect (Fig. 2D). The
inverse functional relationship between ERα and GPR30
was also shown by depleting ERα, which led to derepression
of GPR30 mRNA expression and consequently potentiated
Figure 5. GPR30 promotes growth of
ER-negative SKBr3 but inhibits growth
of ER-positive MCF-7 cells. Proliferation
of SKBr3 (A) and MCF-7 (B) cells
transfected with the nontargeting pool
and GPR30 siRNAs. Cells were
transfected and then seeded at 15,000
per well in 24-well dishes. Medium was
replenished the day after seeding on
day 0 and every other day thereafter.
Cells were collected on days 0 and
5. SKBr3 cells were cultivated in their
passage medium, and MCF-7 cells
in estrogen-free medium supplemented
with 10−9 mol/L E2 or without E2

[control (C)]. Proliferation was assessed
as cellular DNA mass (μg/well) using
24 replicate wells. GPR30 mRNA levels
were determined by qPCR 48 h
following the transfection in both cell
lines, and in MCF-7 cells, after 24 h of
10−9 mol/L E2 or control treatment. C
and D, proliferation of MCF-7 cells over
6 d treated with a serial dilution series
of E2 (C) or with 10−9 mol/L DES (D)
in the presence and absence of
10−6 mol/L G-1. Twelve replicate wells
were used per group.
Cancer Res; 70(3) February 1, 2010 1191
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E2-induced Ca2+ mobilization responses (Fig. 4). E2 is known
to downregulate ERα expression in MCF-7 cells as a negative
feedback regulatory loop to prevent overresponsiveness (26).
Likewise, GPR30 may also be negatively regulated by E2 via ER
to prevent excessive GPR30-dependent activity, such as aber-
rantly high [Ca2+]i. Interestingly, the maximum increases in
[Ca2+]i were much larger in SKBr3 cells than in MCF-7 cells
(Fig. 3B versus Fig. 3A). It is possible that this was due to
the lack of ERs in SKBr3 cells, which translated into a lack
of negative feedback regulation.
Cancer Res; 70(3) February 1, 2010
GPR30 depletion decreased growth of SKBr3 cells (Fig. 5A)
but potentiated E2-stimulated growth in MCF-7 cells
(Fig. 5B), indicating that GPR30 functions to promote SKBr3
but to inhibit MCF-7 cellular proliferation. Also in MCF-7
cells, G-1 profoundly inhibited E2-stimulated (Fig. 5C) and
DES-stimulated growth (Fig. 5D) as well as decreased the
percentage of cells entering S phase (Fig. 6A). However,
these G-1 effects occurred in both the presence and the
absence of E2. These findings in MCF-7 cells complement
those of Ahola and colleagues (11) who reported that transient
Figure 6. G-1 inhibits cell cycle progression in E2-stimulated MCF-7 cells by producing a block at G1 phase. A, cell cycle distribution as determined by
propidium iodide staining of DNA content and flow cytometry. Cells were synchronized by 3-d cultivation in estrogen-free medium and then treated as
indicated for 24 h. Thirty-thousand cells per sample and three replicates per group were collected. Representative histograms are shown. Immunoblot
analyses of p53 and p21 (B) and of cyclin D1 and cyclin B1 (C) protein levels. MCF-7 cells were control (C)-, 10−9 mol/L E2 (E)-, and 10−6 mol/L G-1
(G)–treated as indicated. Quantitated protein levels normalized to β-actin are indicated.
Cancer Research



GPR30 Inhibits Growth of ER-Positive Breast Cancer
GPR30 overexpression decreased the percentage of proliferat-
ing MCF-7 cells independent of E2. Indeed, GPR30 likely does
not directly regulate ER transcriptional activity because
there were no significant differences in E2-induced mRNA
expression of well-established ER target genes PgR and
TFF1 between GPR30 siRNA–transfected and nontargeting
siRNA–transfected cells (data not shown).
Rather, we propose that GPR30 antagonizes growth of

MCF-7 cells by inducing sustained increases in cytosolic
Ca2+ concentrations (Figs. 3A and 4), in contrast to transitory
increases in SKBr3 cells where GPR30 promotes growth. Ab-
errant sustained increases in intracellular Ca2+ levels can
lead to inhibition of proliferation and induce apoptosis
(33). For example, the plasma membrane Ca2+-ATPase
(PMCA) pumps Ca2+ across the plasma membrane out of
the cell to lower cytosolic Ca2+ levels after Ca2+ increases.
Partial inhibition of PMCA in MCF-7 cells causes a moderate
increase in intracellular Ca2+ levels, which leads to inhibition
of proliferation by altering cell cycle kinetics (34). Addition-
ally, the mechanism of action of numerous antitumor agents
involves increases in [Ca2+]i (35).
It is possible that differences in GPR30-coupled Ca2+ sig-

naling, which mediate sustained versus transitory responses,
associate with ER status. In support of this hypothesis,
GPR30 was coupled to differing Ca2+ channels: to IP3Rs in
ER-positive MCF-7 cells but to RyRs in ER-negative SKBr3
cells. Alternatively, sustained versus transitory Ca2+ re-
sponses could have been due to potential alterations in fac-
tors that participate in lowering cytosolic Ca2+, such as
plasma membrane or sarcoplasmic/endoplasmic reticulum
Ca2+-ATPase pumps. We intend to explore these possibilities
involving differing Ca2+ responses in future studies.
As shown by propidium iodide staining and flow cytome-

try, G-1 induced a cell cycle block at the G1 phase (Fig. 6A).
Consistent with a G1-phase arrest, G-1 increased accumula-
tion of the tumor suppressor p53, the CDK-I p21, and the
G1-phase–specific cyclin D1 but prevented E2-induced accu-
mulation of the G2/M-phase–specific cyclin B1 (Fig. 6B and
C). Ca2+ signaling has been shown to induce p53 via activa-
tion of cyclic AMP–responsive element binding protein (28).
In MCF-7 cells, p53 induction by E2 is Ca

2+ and calmodulin
kinase IV dependent (36). In addition, aberrant Ca2+ mobili-
zation in response to anticancer/cytotoxic agents correlates
www.aacrjournals.org
with p53 induction (35). Thus, G-1 could lead to p53 induc-
tion via Ca2+ mobilization in MCF-7 cells. Then, p53 could
induce p21 via a p53 response element to mediate arrest in
G1 phase of the cell cycle (28).
As a SERM, tamoxifen acts as an antiestrogen in ER-posi-

tive breast cancer but as an estrogen in the endometrium
and bone (37). Similarly, G-1 inhibits growth of ER-positive
MCF-7 breast cancer cells but promotes growth of the endo-
metrium (16) and plays an important role in promoting bone
growth in vivo (38, 39). Thus, the tissue-specific proliferative
effects of G-1 may parallel those of tamoxifen. It is interesting
to speculate that 4OHT-induced Ca2+ mobilization (Fig. 3A
and B) may be involved in some of the tissue-specific effects
of tamoxifen.
Taken together, GPR30 inhibits growth of ERα-positive

breast cancer. Our studies also indicate that pharmacologic
activation of GPR30 shows promise in combating ER-positive
breast cancer. G-1 would also probably be well tolerated be-
cause it, like E2, exerts beneficial effects against an animal
model of multiple sclerosis but without E2-associated side ef-
fects (17, 40). Thus, G-1 may represent the first in a new class
of therapeutically relevant agents for use alone or in conjunc-
tion with conventional antihormonal therapeutics in breast
cancer.
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Supplementary Materials 

 

Characterization of ERα and GPR30 siRNAs  

Before examining effects of RNAi-mediated depletion of ERα and GPR30, an ERα 

siRNA pool, a GPR30 siRNA pool, and the four individual siRNAs in each pool were evaluated 

(Supplemental Fig. 1). Since ERα regulated expression of GPR30 in MCF-7 cells (Fig. 2B-C), 

siRNA–mediated depletion of ERα could potentially alter expression of GPR30. Therefore, 

evaluation of the ERα and GPR30 siRNAs was carried out in a non–breast cancer cell type. 

ERα–positive ECC-1 endometrial cancer cells were chosen since we had observed that E2 does 

not significantly regulate GPR30 mRNA expression in this cell line (data not shown). ECC-1 

cells were transfected with the siRNAs as described in the Methods, and 48 h later, ERα protein 

(Supplemental Fig. 1A) and GPR30 mRNA expression (Supplemental Fig. 1B) were determined 

by semi-quantitative immunoblot analysis and real-time qPCR, respectively. The ERα pool and 

individual siRNAs (#11 to #14) all effectively depleted ERα by greater than 90 %. Similarly, the 

GPR30 pool and individual siRNAs (#6 to #9) depleted GPR30 mRNA expression from 86 % to 

71 %. However, the ERα pool siRNA, and ERα siRNAs #11 and #14 decreased GPR30 mRNA 

expression by 70 %, 44 %, and 62 % respectively, while ERα siRNA #13 did not. Likewise, the 

GPR30 siRNA pool and siRNAs #6 and #7 significantly decreased ERα protein expression by 92 

%, 79 %, and 62 %, respectively, while GPR30 siRNA #8 did not. Since the ERα siRNAs led to 

varying decreases in GPR30 expression, and similarly since the GPR30 siRNAs led to varying 

decreases in ERα expression, it was concluded that these effects were off–target. Additionally, 

while the fourth GPR30 siRNA evaluated, #9, only showed a modest off-target effect of 

decreasing ERα protein levels by 22 %, it appeared to be toxic (data not shown). Therefore, for 
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all further siRNA–based experiments presented, the ERα siRNA #13 and GPR30 siRNA #8 were 

employed as these siRNAs exhibited the least off–target effects. 

 

PCR primer sequences 

PCR primer sequences used were as follows : ERα forward 5’–GGA GGG CAG GGG 

TGA A–3’, ERα reverse 5’-GGC CAG GCT GTT CTT CTT AGA-3’; GPR30 forward 5’-TGG 

GGA AGA GGC CAC CA-3’, GPR30 reverse 5’-CGT GGA GCT GCT CAC TCT CTG-3’; 

PUM1 forward 5’-AAT GCA GGC GCG AGA AAT-3’, PUM1 reverse 5’-TTG TGC AGC 

TGA GGA ACT AAT GA-3’. 

 

siRNA sense oligonucleotide sequences 

The siRNA sense oligonucleotide sequences were as follows : GPR30 #6 GGG UGA 

AGC GCC UCA GUU Auu; GPR30 #7 GAC GAG GCC UGC UUC UGU Uuu, GPR30 #8 

UAG GAA ACC UCA CGA CUG Guu; GPR30 #9 GGA UGA GCU UCG ACC GCU Auu; 

ESR1 #11 GAU CAA ACG CUC UAA GAA Guu; ESR1 #12 GAA UGU GCC UGG CUA 

GAG Auu; ESR1 #13 GAU GAA AGG UGG GAU ACG Auu; ESR1 #14 GCC AGC AGG 

UGC CCU ACU Auu.  
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Supplemental Figure 1. Characterization of ERα and GPR30 siRNA pools in ECC-1 

endometrial cancer cells. (A) ERα protein levels by immnoblot analysis and (B) GPR30 mRNA 

levels by qPCR in ERα siRNA and GPR30 siRNA-transfected ECC-1 endometrial cancer cells. 

ECC-1 cells were transfected and assayed under estrogen-free conditions at 48 h following the 

transfection. The immunoblot was visualized using a Li-Cor Odyssey infrared scanner. 

Quantitation of ERα protein levels normalized to β-actin is indicated. GPR30 mRNA levels 

represent the average of 4 biological replicates and error bars their associated SDs. Testing of 

individual siRNAs indicated that only ERα siRNA #13 and GPR30 siRNA #8 exhibit on-target 

knockdown without off-target effects. 
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Purpose: Tamoxifen, a selective oestrogen receptor modulator (SERM), and brivanib alan-

inate, a vascular endothelial growth factor receptor 2 (VEGFR-2) inhibitor, are two target

specific agents that result in a substantial decrease in tumour growth when given alone.

Tamoxifen activates SERM stimulated breast and endometrial tumour growth. Tamoxifen

and brivanib alaninate have side-effects that can affect therapeutic outcomes. The pri-

mary goal of the current study was to evaluate the therapeutic effects of lower doses

of both agents when given in combination to mice with SERM sensitive, oestrogen stim-

ulated tumour xenografts (MCF-7 E2 tumours). Experiments were conducted to evaluate

the response of SERM stimulated breast (MCF-7 Tam, MCF-7 Ral) and endometrial

tumours (EnCa 101) to demonstrate the activity of brivanib alaninate in SERM resistant

models.

Experimental design: In the current study, tumour xenografts were minced and bi-trans-

planted into the mammary fat pads of athymic, ovariectomised mice. Preliminary exper-

iments were conducted to determine an effective oral dose of tamoxifen and brivanib

alaninate that had minimal effect on tumour growth. Doses of 125 lg of tamoxifen and

0.05 mg/g of brivanib alaninate were evaluated. An experiment was designed to evaluate

the effect of the two agents together when started at the time of tumour implantation.

An additional experiment was done in which tumours were already established and then

treated, to obtain enough tumour tissue for molecular analysis.

Results: Brivanib alaninate was effective at inhibiting tumour growth in SERM sensitive

(MCF-7 E2) and SERM stimulated (EnCa 101, MCF-7 Ral, MCF-7 Tam) models. The effect
er Ltd. All rights reserved.
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of the low dose drug combination as an anti-tumour strategy for SERM sensitive (MCF-7

E2) in early treatment was as effective as higher doses of either drug used alone. In estab-

lished tumours, the combination is successful at decreasing tumour growth, while nei-

ther agent alone is effective. Molecular analysis revealed a decreased phosphorylation

of VEGFR-2 in tumours that were treated with brivanib alaninate and an increase in VEG-

FA transcription to compensate for the blockade of VEGFR-2 by increasing the transcrip-

tion of VEGFA. Tamoxifen increases the phosphorylation of VEGFR-2 and this effect is

abrogated by brivanib alaninate. There was also increased necrosis in tumours treated

with brivanib alaninate.

Conclusion: Historically, tamoxifen has a role in blocking angiogenesis as well as the

blockade of the ER. Tamoxifen and a low dose of an angiogenesis inhibitor, brivanib alan-

inate, can potentially be combined not only to maximise therapeutic efficacy but also to

retard SERM resistant tumour growth.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Angiogenesis is a major requirement for tumours to grow suc-

cessfully and spread. Early work1–3 characterised many of the

factors involved in the regulation of angiogenesis and how

these factors can become disregulated in tumour pathogene-

sis.4–6 One of the most important factors in the positive mod-

ulation of angiogenesis is the vascular endothelial growth

factor (VEGF) family of growth factors and their correspond-

ing receptors. Angiogenesis in tumours is different from

physiological angiogenesis seen with normal development

and wound healing. In wound healing, angiogenesis is a care-

fully orchestrated process and occurs in a short time. By con-

trast, the blood vessels that form in the tumour bed are thin,

disorganised and leaky. The growth of such vessels persists

over years as long as viable tumour tissue is present.3

In oestrogen receptor (ER) positive breast cancer, it is clear

that adjuvant anti-oestrogenical therapy must be extended to

5 years and beyond to prevent recurrence and improve sur-

vival.7–9 However, toxicities, the development of resistance

to anti-hormonal therapy, and side-effects from therapy such

as clots and endometrial cancer with tamoxifen10,11 and frac-

tures and joint pain with aromatase inhibitors11,12 often limit

long-term treatment. Clearly new treatment strategies need

to be developed to enhance the activity of anti-hormonal

therapy by improving efficacy. Oestrogen enhances the angio-

genic cascade critical for tumour growth, primarily through

the release of VEGF.13–16 Tamoxifen has a historical role in

the prevention of tumour angiogenesis as it was one of the

three drugs in the ‘Navy Regimen’ developed by Folkman.17

Tamoxifen is also reported18 to reduce angiogenesis for ER

negative tumours. An anti-oestrogen for the treatment of ER

positive breast cancer can potentially regulate VEGF produc-

tion. However, with the development of acquired resistance10

in breast and endometrial tumours it is axiomatic that selec-

tive oestrogen receptor modulator (SERM) (tamoxifen and

raloxifene) stimulated tumours must induce angiogenesis to

grow. We hypothesise that limiting angiogenesis with angio-

genic drugs during anti-hormonal therapy could potentially

improve adjuvant therapeutic regimens. However, there are

significant toxicities with current antiangiogenic drugs that

limit their usefulness for long-term therapy.
Several antiangiogenic agents are either used in clinical

practice or are in clinical trials. Most notably, bevacizumab,

a monoclonal antibody that binds to VEGFA and as a result,

prevents phosphorylation and activation of its target recep-

tors, vascular endothelial growth factor receptors 1 and 2

(VEGFR-1 and VEGFR-2), has shown promise in combination

with chemotherapy for breast cancer.19–21 In a phase 3 trial

of 722 patients, the disease-free survival time in patients with

metastatic breast cancer has been shown to double (5.9 ver-

sus 11.8 months) when treated with paclitaxel in conjunction

with bevacizumab.21 Unfortunately, the overall survival does

not change when bevacizumab is included as a part of ther-

apy. Toxicities such as infection (9.3% versus 2.9%), protein-

uria (3.6% versus 0.0%), hypertension (14.8% versus 0.0%)

and cerebrovascular ischaemia (1.9% versus 0.0%) also limit

long-term therapy.21 Part of the problem with the therapeutic

use of monoclonal antibodies is that VEGFA is not the only li-

gand that can bind to these receptors. Other members of the

VEGF family such as VEGFC and VEGFD can bind to VEGFR-2,

while VEGFB has been shown to bind and activate VEGFR-

1.19,22 With this in mind, other agents, which target the tyro-

sine kinase domain of the receptor, have been developed and

several pre-clinical and clinical trials are investigating the use

of such agents.2,23 Many of the newer agents that are being

developed also target other growth factor receptor tyrosine ki-

nases such as PDGF, FGFR, and c-Kit with the idea that block-

ing several receptors will prevent resistance to therapy that

results from the activation of alternate pathways by co-regu-

latory proteins.2

One dual-targeting drug is brivanib alaninate (BMS 582664,

Bristol Myers Squibb, Princeton, NJ), a VEGFR-2/FGFR-1 inhib-

itor. Pre-clinical studies in vivo have shown that brivanib alan-

inate is effective in reducing the growth of a lung tumour

xenograft, L2987, a panel of human derived hepatocellular

carcinomas,24 and an ER negative breast tumour H3396.25

Pharmacological studies in a phase I clinical trials have

shown that doses of brivanib alaninate below 800 mg/d are

tolerable, but have associated toxicities such as hypertension

(>150/100), elevated transaminases, fatigue and dizziness as

the dosage increases from a baseline of 180 mg/d. Several

phase 1 clinical trials are underway in patients with a variety

of solid tumours.26,27
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We have addressed the hypothesis that combining tamox-

ifen, a SERM with a sub-therapeutic dose of brivanib alaninate

would be a beneficial strategy for long-term therapy in the

treatment of breast cancer. We report the first studies testing

the efficacy of brivanib alaninate to control tumour growth of

ER regulated SERM sensitive (MCF-7 E2) and SERM stimulated

(MCF-7 Ral, MCF-7 Tam), and endometrial (EnCa 101) tu-

mours. We find that the combination of tamoxifen and briva-

nib alaninate in a laboratory model provided a therapeutic

advantage for the control of breast tumour growth over

tamoxifen or brivanib alaninate alone.

2. Materials and methods

2.1. Tumour xenografts

SERM sensitive tumours were previously developed by inject-

ing the mammary fat pads of ovariectomised, BALB/c athymic

mice (Harlan Sprague Dawley, Madison, WI) with 1 · 107 WS8

human breast cancer cells.28 Tumour growth was sustained

with 0.3 cm silastic capsules containing estradiol (Sigma, St.

Louis, MO) delivering 83.8 ± 34.6 pg/mL oestrogen over an

eight-week period.29 Over time, the tumours were serially

passaged by bi-transplanting the established tumours into

the mammary fat pads of estradiol treated mice. The develop-

ment and characterisation of the SERM stimulated EnCa 101

endometrial cancer model,30 MCF-7 Ral model,31 and MCF-7

Tam model32 have been reported previously.

For the experiments in the current study, athymic ovariec-

tomised CrTac: NCr-Foxn1nu mice were obtained from Tacon-

ic (Hudson, NY). Mice were placed under anaesthesia, using a

mixture of isoflurane and 100% oxygen delivered via inhala-

tion. Healthy tumour tissue was sectioned into 1 mm3 pieces

and implanted bilaterally into the mammary fat pads. Estra-

diol capsules (0.3 cm silastic capsule) were placed subcutane-

ously on the dorsal surface of the mice to maintain tumour

growth.

Tumours were measured with calipers once a week. Cross-

sectional areas (CSAs) were calculated by measuring the

length and width of the tumours and then using an Excel

(Microsoft) spreadsheet to calculate the CSA (length

(cm) · width (cm) · p/4). Growth curves were derived from

the determining the average CSA per treatment group per

week. In the case of EnCa 101 endometrial tumours, growth

characteristics were atypical with a prolonged latent period

of tumour spreading subcutaneously with an eventual rapid

haemorrhagical growth phase reminiscent of the ‘angiogenic

trigger’. Tumour volumes were measured for EnCa 101 using

the formula 4/3pr3.

Six sets of experiments were completed. The first experi-

ment was specifically conducted to evaluate where VEGFR-2

and VEGFA are expressed and how expression changes in re-

sponse to hormonal and anti-hormonal manipulation. Exper-

iments 2–5 were conducted to determine dosing of brivanib

alaninate to prevent the growth in MCF-7 E2, a SERM sensitive

tumour, and MCF-7 Ral, MCF-7 Tam, and EnCa 101 SERM stim-

ulated tumours. The fourth experiment determined the dos-

ing of tamoxifen to block estradiol stimulated tumour

growth in MCF-7 E2 tumours. The fifth and sixth experiments

determined the effects of combined therapy when started
24 h after initial tumour implantation versus giving the drug

to animals with the established tumours for a two-week time

period.
2.2. Drug preparation

Bristol Myers Squibb (Princeton, NJ) provided brivanib alani-

nate in powder form. The drug was suspended in a citric acid

buffer solution and the pH was gradually titrated to a pH of

3.5 after the drug dissolved. The final concentration was

10 mg/mL.

Tamoxifen (Sigma Chemical Co., St. Louis, MO) was

weighed and suspended in 10% Tween 80/polyethylene glycol

(PEG) 400 (99.5% PEG 400/0.5% Tween 80) and 90% carboxy-

methylcellulose (CMC, 1% CMC dissolved in double distilled

water). The final concentration of the tamoxifen solution

was 2.5 mg/mL and administered by gavage at the doses indi-

cated. Administration of tamoxifen to animals bearing EnCa

101 tumours was at a dose of 500 lg/mouse by gavage.

Raloxifene (Evista, Eli Lilly, IN) was prepared by placing five

raloxifene tablets in a conical tube and dissolving them via

centrifugation in 27 mL double distilled water. Once the tab-

lets were dissolved, 3 mL of 90% CMC and 10% PEG 400/Tween

80 was added to the raloxifene solution. The final concentra-

tion was 10 mg/mL. Raloxifene was administered at a daily

dose of 1.5 mg/mouse by gavage.

Estradiol capsules were prepared by plugging one end

0.3 cm length of medical grade silastic tubing and filling it

with 17b-estradiol (Sigma Chemical Company, St. Louis, MO)

mixed 1:3 with elastomer. Capsules sealed by placing elasto-

mer at the open ends and then sterilised with radiation

(20,000 rad).33

Fulvestrant (Faslodex, AstraZeneca, Wilmington, DE) was

purchased from the pharmacy at Fox Chase Cancer Center

as a solution of fulvestrant suspended in EtOH and castor

oil (50 mg/ml).
2.3. Drug administration

Brivanib alaninate was dosed orally 7 d a week, according to

the weight of each mouse. Mice were weighed once weekly.

For the high dose, a 20 g mouse was given 200 lL (2 mg) and

for the low dose a 20 g mouse was given 100 lL (1 mg). Tamox-

ifen was also administered 7 d a week. Dosing of tamoxifen

was as follows: 125 lg (50 lL), for 250 lg (100 lL), or 500 lg

(200 lL). Fulvestrant was administered as 2 mg (40 lL) injec-

tions 5 d per week.

2.4. Experiment 1: the effect of hormonal manipulation on
VEGFA and VEGFR-2 expression

Tumours were grown in the presence of estradiol (0.3 cm

silastic capsule) until the tumours reached 0.4 cm2. The mice

were then treated with different drug regimens for 2 weeks.

The treatments after tumours reached 0.4 cm2 were as

follows:

(1) continue estradiol (0.3 cm silastic capsule),

(2) withdraw estradiol,
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(3) estradiol + 125 lg tamoxifen daily,

(4) withdraw estradiol (0.3 cm silastic capsule) and 2 mg/

40 lL fulvestrant injections given subcutaneously daily.
2.5. Experiment 2: effects of different doses of brivanib
alaninate on SERM sensitive MCF-7 E2 tumours

We evaluated the effects of a high dose and low dose of briv-

anib alaninate. The brivanib alaninate treatment was started

24 h after tumour implantation. Treatment groups (five ani-

mals) were as follows:

(1) estradiol (0.3 cm silastic capsule) + placebo given orally

(citric acid buffer: pH 3.5),

(2) estradiol (0.3 cm silastic capsule) + low dose brivanib

alaninate given orally (.05 mg/g),

(3) estradiol (0.3 cm silastic capsule) + high dose brivanib

alaninate given orally (0.1 mg/g).
2.6. Experiment 3: the effects of brivanib alaninate on
SERM stimulated tumours

2.6.1. Experiment 3A: the effects of different doses of brivanib
alaninate on SERM resistant MCF-7 Ral tumours
We evaluated the effects of a high dose and low dose of briv-

anib alaninate. The brivanib alaninate treatment was started

24 h after tumour implantation. Treatment groups (five ani-

mals) were as follows:

placebo (citric acid buffer),

1.5 mg raloxifene,

2 mg fulvestrant – pure anti-oestrogen (subcutaneous),

1.5 mg raloxifene + high dose VEGFR antagonist (0.1 mg/g).

2.6.2. Experiment 3B: the effect of brivanib alaninate on
established SERM resistant MCF-7 Ral tumour models
Tumours were grown up to an average 0.5 cm2 CSA. The mice

were randomised to receive 2 weeks of therapy with the high

dose brivanib alaninate.

Groups:

10 mice each after randomisation:

1.5 mg raloxifene,

1.5 mg raloxifene + high dose brivanib alaninate (0.1 mg/g).
2.6.3. Experiment 3C: the effect of brivanib alaninate on
SERM resistant MCF-7 Tam tumours
We examined the effects of the high dose brivanib alaninate

on another SERM resistant model. There were two compo-

nents to this experiment. The first was to determine whether

brivanib alaninate inhibited tumour growth and the second

was to determine whether brivanib alaninate was effective

in established tumours

(1) 1.5 mg tamoxifen first 48 d of the experiment (8 mice,

16 tumours),
– this group was used for the second part of the

experiment,
(2) placebo: citric acid buffer (0.15 mL) (5 mice, 10

tumours),

(3) 1.5 mg tamoxifen + 0.1 mg/g brivanib alaninate (4 mice,

6 tumours).

Once the tumours in group one reached a CSA of 0.5 cm 2,

48 d after tumour implantation, group 1 was subdivided:

(1) continue 1.5 mg tamoxifen for two more weeks (4 mice,

8 tumours),

(2) 1.5 mg tamoxifen + high dose brivanib alaninate

(0.1 mg/g) for 2 weeks (4 mice, 8 tumours).

2.6.4. Experiment 3D: the effect of brivanib alaninate on EnCa
Tam endometrial tumours
This experiment determined whether brivanib alaninate

inhibited the growth of endometrial tumours that normally

grow with 500 lg of tamoxifen daily. Tumours initially are

not evident until after one month after which they grow rap-

idly. Twenty mice were treated with tamoxifen for 40 d and

then randomised into two groups. After randomisation, treat-

ments were given for 3 weeks.

Control group: 500 lg tamoxifen daily(10 mice).

Experimental group: 500 lg tamoxifen daily + 0.1 mg/g briva-

nib alaninate (started on day 40) (10 mice).
2.7. Experiment 4: determination of tamoxifen dosing in
SERM sensitive MCF-7 E2 tumours

We determined a dose response curve of various oral doses of

tamoxifen to determine the lowest dose that was effective in

decreasing the rate of tumour growth

(1) no estradiol,

(2) estradiol (0.3 cm silastic capsule),

(3) estradiol (0.3 cm silastic capsule) + 500 lg tamoxifen

given orally,

(4) estradiol (0.3 cm silastic capsule) + 250 lg tamoxifen

given orally,

(5) estradiol (0.3 cm silastic capsule) + 125 lg tamoxifen

given orally.
2.8. Experiment 5: the combined effect of a lower dose of
tamoxifen and brivanib alaninate in SERM sensitive MCF-7
E2 tumours

This experiment determined the combined effects of a sub-

maximal dose of tamoxifen and a sub-maximal dose of briv-

anib alaninate on oestrogen stimulated tumour growth. Drug

dosing was commenced 24 h after tumour implantation

(1) control with estradiol (0.3 cm silastic capsule),

(2) experimental group with estradiol (0.3 cm silastic cap-

sule) + 125 lg tamoxifen given orally,

(3) experimental group with estradiol (0.3 cm silastic cap-

sule) + low dose brivanib alaninate (.05 mg/g dose)

given orally,



Table 1 – Primers used for RTPCR.

VEGFA Fwd: 5 0 GGGCAGAATCATCACGAAGTG 3 0

Rev: 5 0 TCAGGGTACTCCTGGAAGATGTC 30

VEGFB Fwd: 5 0 AGCCAGTGTGAATGCAGACCTA 3 0

Rev: 5 0 AGTCCCAGCCCGGAACAG 30

VEGFC Fwd: 5 0 CCTCAGCAAGACGTTATTTGAAATT 3 0

Rev: 5 0 TGGCAAAACTGATTGTTACTGGTT 30

VEGFD Fwd: 5 0 CGTACATTTCCAAACAGCTCTTTG 3 0

Rev: 5 0 GGCAAGCACTTACAACCTGTATGA 3 0

VEGFR-1 Fwd: 5 0 TTCTCACAGGATCTAGTTCAGGTTCA 3 0

Rev: 5 0 CTGCTTCCCCCCTGCAT 3 0

VEGFR-2 Fwd: 5 0 CAGAGTGGCAGTGAGCAAAGG 3 0

Rev: 5 0 TTGTAGGCTCCAGTGTCATTTCC 3 0
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(4) experimental group with estradiol (0.3 cm silastic cap-

sule) + 125 lg tamoxifen given orally + low dose briva-

nib alaninate (0.05 mg/g dose) given orally.

2.9. Experiment 6: the combined effect of a lower dose of
tamoxifen and brivanib alaninate in established SERM
sensitive MCF-7 E2 tumours

Experiment 8 was similar to Experiment 7 with one exception.

The tumours were grown to an average CSA of 0.43 mm3 and

drug therapy was given for 2 weeks.
Mouse
VEGFR-1

Fwd: 5 0 TCCTATCGGCTGTCCATGAAA 30

Rev: 5 0 CCAAATAGCGAGCAGACTTCAA 3 0

Mouse
VEGFR-2

Fwd: 5 0 ACCAGCATGGCATCGTGTAC 3 0

Rev: 5 0 CCTAGCGCAAAGAGACACATTG 30

Mouse
VEGFR-3

Fwd: 5 0 GTATGAAATTGACCCGTACGAAAA 3 0

Rev: 5 0 AGGAAATGAGGCTTGAGAGAAGATC 30

VEGFA Fwd: 5 0 GGGCAGAATCATCACGAAGTG 3 0

Rev: 5 0 TCAGGGTACTCCTGGAAGATGTC 30

VEGFB Fwd: 5 0 AGCCAGTGTGAATGCAGACCTA 3 0

Rev: 5 0 AGTCCCAGCCCGGAACAG 30

VEGFC Fwd: 5 0 CCTCAGCAAGACGTTATTTGAAATT 3 0

Rev: 5 0 TGGCAAAACTGATTGTTACTGGTT 30

VEGFD Fwd: 5 0 CGTACATTTCCAAACAGCTCTTTG 3 0

Rev: 5 0 GGCAAGCACTTACAACCTGTATGA 3 0

VEGFR-1 Fwd: 5 0 TTCTCACAGGATCTAGTTCAGGTTCA 3 0

Rev: 5 0 CTGCTTCCCCCCTGCAT 3 0

VEGFR-2 Fwd: 5 0 CAGAGTGGCAGTGAGCAAAGG 3 0

Rev: 5 0 TTGTAGGCTCCAGTGTCATTTCC 3 0

Mouse
VEGFR-1

Fwd: 5 0 TCCTATCGGCTGTCCATGAAA 30

Rev: 5 0 CCAAATAGCGAGCAGACTTCAA 3 0

Mouse
VEGFR-2

Fwd: 5 0 ACCAGCATGGCATCGTGTAC 3 0

Rev: 5 0 CCTAGCGCAAAGAGACACATTG 30

Mouse
VEGFR-3

Fwd: 5 0 GTATGAAATTGACCCGTACGAAAA 3 0

Rev: 5 0 AGGAAATGAGGCTTGAGAGAAGATC 30
2.10. Western immunoblotting

Tumours were harvested and placed in foils and frozen imme-

diately in liquid nitrogen. Tumours were kept at –80 �C until

they were processed. For processing, tumours were placed

in liquid nitrogen and homogenised using a mortar and pes-

tle. The extract was suspended in RIPA buffer (Sigma, St.

Louis, MO) with protease (Roche, Nutley, NJ) and phosphatase

(Calbiochem, San Diego, CA) inhibitors. The mixture was

briefly sonicated and centrifuged for 10 min at 5000g. The

supernatant was removed and protein concentration was

determined using the Bradford assay (BCA assay, Pierce, Rock-

ford, IL) with a Spectramax machine (Molecular Devices, Sun-

nyvale, CA). Equal amounts (25 lg) and concentrations of

protein were loaded into 4–12% Nupage Bis-tris (Invitrogen,

Carlsabad, CA) gels, and transferred to nitrocellulose mem-

branes. Immunoblotting was carried out with the following

antibodies: total VEGFR-2 (1:1000, rabbit polyclonal, Cell Sig-

naling Technologies, Beverly, MA), phospho-VEGFR-2 Tyr
951(1:200, rabbit polyclonal, Santa Cruz, Biotechnology, Santa

Cruz, CA), total FGFR-1 and total VEGFR-3 (1:200, rabbit poly-

clonal, Santa Cruz Biotechnology, Santa Cruz, CA), total VEG-

FR-1 (rabbit polyclonal, 1:200, Labvision, Fremont, CA), total

ER alpha (ERa) (rabbit polyclonal, 1:200, G20, Santa Cruz, Santa

Cruz, CA), phospho-ERa (rabbit monoclonal, 1:2000, Ser 118,

clone NL 44, Upstate, Billerica, MA), b-actin (mouse monoclo-

nal, 1:30,000, Sigma–Aldrich, St. Louis, MO).
2.11. Real time polymerase chain reaction (RT-PCR)

Total RNA was extracted from frozen tumour tissues using

RNA mini easy kit (Qiagen, Venlo, The Netherlands) as per

the manufacturer’s instructions. Two micrograms of total

RNA were reverse transcribed using a cDNA high capacity re-

verse transcription kit (Applied Biosystem, Carlsbad, CA) in

20 lL of total volume, as per manufacturer’s instruction. The

resulting cDNA was diluted to a total volume of 200 lL using

sterile water. The real time PCR was carried out on an ABI

7900 HT Fast Real Time PCR system using 1X SYBR green PCR

master mix (Applied Biosystem, Carlsbad, CA) and 100 nM of

forward and reverse primers. All the forward and reverse

primers (Table 1) were designed using Primer Express 3 soft-

ware (Applied Biosystem, Carlsbad, CA) except ERa34 and

mouse and human 36B4.35,36 The fold change in the expres-

sion of each gene was calculated by the DDCt37 method using

36B4, a ribosomal phospho-protein as an internal control.
2.12. Immunohistochemistry (IHC)/histology

Staining (IHC) was done to determine VEGFR-2 and VEGFA

expressions on tumour tissue from Experiments 2 and 6. Tu-

mours were placed in formalin for 48 h and subsequently

embedded in paraffin. Fixation was done with phosphate buf-

fered formaldehyde 10% (F79-4, Fisher Scientific, Pittsburgh,

PA). Xenografts were placed in the fixative for 48 h and subse-

quently embedded in paraffin. Paraffin sections were de-

waxed using xylenes and hydrated using a series of ethanol.

Antigen retrieval was performed with citrate buffer pH 6 for

10 min in a microwave oven (1500 W, 2 min at high and

8 min at the lowest power). Endogenous peroxidases were

quenched with 0.3% hydrogen peroxide in methanol for

30 min. Sections were incubated overnight with the primary

antibody raised against VEGFR-2 and VEGFA. Total VEGFR-2

(55B11) rabbit monoclonal antibody from Cell Signaling Tech-

nology (Beverly, MA) and anti-VEGF (A-20) purified rabbit poly-

clonal antibody from Santa Cruz (Santa Cruz, CA) were



1542 E U R O P E A N J O U R N A L O F C A N C E R 4 6 ( 2 0 1 0 ) 1 5 3 7 – 1 5 5 3
diluted 1/100 (2 lg/mL) in phosphate buffered saline (PBS),

washed the next day with PBS, incubated with biotinylated

secondary antibodies (Vector Labs), incubated with Vecta Elite

ABC kit (Vector Labs), developed with a DAB kit (Vector Labs)

and lightly counterstained with Gill’s haematoxylin. Negative

controls were stained without primary antibody or with the

corresponding concentration of rabbit IgG isotype. Specimens

were documented photographically using a Nikon Optiphot

microscope, equipped with an Optronics CCD camera. The

stained sections were scored on the basis of staining inten-

sity. The vast majority of tissues stained diffusely and all or

more than 70% of the tumour tissue was stained in the posi-

tive specimens. The score was defined as weak (1+), positive

(2+) or strong (3+).

For CD31 staining, in Experiment 3C, the sections were

washed in PBS and then treated with 3% H2O2 for 10 min to

block endogenous peroxidase activity and were blocked with

normal rabbit serum. Then, the sections were incubated with

rat anti-mouse CD31 (PECAM-1) monoclonal antibody (BD

Pharmingen, San Diego, CA) at a 1:300 dilution overnight at

4 �C. Negative controls were incubated with the rat serum

IgG at the same protein concentration. All sections were

washed in PBS containing 0.05% Tween-20, and were then

incubated with a second antibody, mouse anti-rat IgG (Vector

laboratories, Burlingame, CA) at a 1:200 dilution for 30 min at

room temperature again followed by washing with PBS con-

taining 0.05% Tween-20. The sections were incubated in a

1:400 dilution of Extravadin Peroxidase (Sigma, St. Louis,

MO) for 30 min. After washing in PBS containing 0.05%

Tween-20, the sections were incubated in peroxidase sub-

strate (Vector laboratories, Burlingame, CA) for 5 min. After

washing we used a Biotinyl-Tyramide enhancement kit

(TSA/Biotin Tyramide Reagent Pack, Perkin Elmer, Waltham,

MA) according to the manufacturer’s instructions. The sec-

tions were washed in PBS containing 0.05% Tween-20 and

were counterstained with Gill’s haematoxylin.

For general morphological evaluations, sections from each

tumour were stained with haematoxylin and eosin (H and E).
2.13. Statistical analysis

Tumour growth data were analysed using random effects

growth curve models, where tumour CSA was fit assuming a

quadratic function of time. Let Aijt be the CSA of tumour i

on mouse j, in treatment group k, measured t days after treat-

ment (or control) initiation. The growth curve model was of

the following form:

Aijkt ¼ b0j þ tb1ij þ t2b2ij þ
X

z¼1;...;K

c0zIðk ¼ zÞ

þ
X

z¼1;...;K

tc1zIðk ¼ zÞ þ
X

z¼1;...;K

t2c2zIðk ¼ zÞ þ eijkt

where the bs were assumed random terms with mean zero,

the cs were fixed effects and K is the number of treatment

groups. Random effects were included to allow deviation of

individual tumours from the mean growth of the group and

to account for within-animal clustering. The estimated

curves were plotted and the fit examined. Linear contrasts

were used to estimate mean tumour size differences (and

associated standard error) at a specified time t between any
two pre-specified experimental groups. Wald tests were used

to test the null hypothesis of equal tumour size between two

experimental groups at time t. For experiments with ran-

domisation and treatment initiated after day 0, only observa-

tions taken after randomisation were analysed. For example,

in Experiment 8, only observations after initiation of brivanib

alaninate or tamoxifen treatment (P35 d) were analysed.

Bonferroni corrections were used to adjust for multiple test-

ing within each experiment for these analyses. The experi-

ment-wise type I error was 5%. The RNA expression data

measured by RTPCR with high/low dose of VEGFR-2 inhibitor

and combination treatment were analysed using Wilcoxon

rank-sum tests. The RTPCR analyses were confirmatory and,

therefore no adjustment of the type I error for multiple test-

ing was used. All tests were two-sided. Statistical analyses

were performed using STATA version 10.1.

For the CD31 counts that were done for the MCF-7 Tam

model, the statistical analysis was done using a two tailed

Student’s t-test and a p-value that was less than 0.05 was con-

sidered significant.

3. Results

3.1. Immunohistochemistry

Immunohistochemistry was performed on representative

MCF-7 E2 tumours to determine whether the VEGFR-2 recep-

tor was expressed in response to estradiol and 2 weeks of

tamoxifen. We also determined VEGFR-2 receptor expression

in response to estradiol, estradiol withdrawal and the treat-

ment with the pure anti-oestrogen, fulvestrant. This analysis

demonstrated the presence of VEGFR-2 on both tumour cells

and endothelial cells (Fig. 1A). In addition, VEGFR-2 and

VEGFA expressions were increased on tumour cells in the

presence of estradiol. It is interesting to note that the combi-

nation of estradiol and 2 weeks of 125 lg tamoxifen did not

apparently change VEGFR-2 or VEGFA expression in compari-

son to estradiol treatment alone. However, as noted in Fig. 6A,

tamoxifen was not effective at controlling established estra-

diol stimulated tumour growth during the two-week treat-

ment period. With estradiol withdrawal alone, and the

subsequent destruction of the ER with fulvestrant, there

was very little expression of VEGFR-2 or VEGFA on the tumour

cells (Fig. 1A and B).

3.2. Effects of different doses of brivanib alaninate in
SERM sensitive MCF-7 E2 tumours

We evaluated the effects of a low dose (0.05 mg/g) and high

dose (0.1 mg/g) of brivanib alaninate on estradiol stimulated

tumour growth. The high dose was based on data demon-

strating the highest effective dose with minimal toxicity and

the low dose that was chosen was half of the high dose and

the minimally effective dose as determined by Bristol Myers

Squibb (Princeton, NJ).38 Statistical comparisons were done

to determine whether there was a difference in the average

CSA of tumours treated with estradiol versus those that re-

ceived the high dose (0.1 mg/g) or low dose (0.05 mg/g) of briv-

anib alaninate in the presence of estradiol. Estradiol caused

tumour growth, while the high dose of brivanib alaninate pro-



Fig. 1 – The distribution of the VEGFR-2 receptor (A) and VEGFA (B) in the MCF-7 E2 tumour model. Tumour bearing animals

were treated with estradiol (a), estradiol and 2 weeks of 125 lg tamoxifen (b), estradiol and then 2 weeks of estradiol

withdrawal (c), and estradiol followed by 2 weeks of estradiol withdrawal and fulvestrant (d). VEGFA and VEGFR-2

expressions decreased with estradiol withdrawal. The bars represent 50 lm.
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duced a dramatic decrease in estradiol-stimulated growth

(Fig. 2A). The average difference in tumour CSA at 6 weeks

in the mice that received the high dose of the brivanib alani-

nate and estradiol versus estradiol was –0.37 cm2 (p = 0.001,

a = 0.025). There was no significant difference (0.13 cm2) in

the average CSA of tumours treated with estradiol only and

those treated with estradiol and the low dose of brivanib alan-

inate (p = 0.202, a = 0.025).

The tumour tissue was further evaluated with H and E

staining (Fig. 2B). The purpose of this analysis was to detect
differences in the amount of necrotic tissue. In tumours in

which angiogenesis and thus, oxygen and nutrient delivery

is blocked, there would be a decrease in tumour cell viability

and hence an increase in necrosis. In tumours that received

brivanib alaninate, there was an increase in tissue necrosis

as exemplified by the areas that stain pink only. The necrosis

was most prominent in the tumours treated with the high

dose of the brivanib alaninate. There was mild necrosis in

the tumours that were treated with the low dose of the briv-

anib alaninate.



Fig. 2 – The growth characteristics of MCF-7 E2 tumours treated with estradiol alone or with estradiol and the lower (0.05 mg/g)

and higher doses (0.1 mg/g) of brivanib alaninate. There were five ovariectomised, athymic mice and 10 tumours per group.

The drug treatment resulted in a decreased average CSA of the tumours at the higher dose (0.1 mg/g) (p = .001, a = 0.025), but

there was no difference between the group treated with the low dose (0.05 mg/g) of brivanib alaninate and the oestrogen only

group (p = 0.2, a = 0.025). There were no significant differences in animal body weights between groups. H and E staining is

shown in panel B and reveals that with increases in the dosing of the drug, there was an increase in the amount of necrotic

tissue (*). The bar represents 100 lm. Panel C demonstrates that there was no significant change in the total amount of VEGFR-

2 expressed by the tumours, but there was a decrease in the phosphorylation pattern of the tumours treated with brivanib

alaninate, regardless of the dose given. The presence of ER and its phosphorylated form was indicative of active tumour tissue

in all the samples. Panel D demonstrates analysis by RTPCR. There was a significant increase in VEGFA in the high dose group

in comparison with tumours treated with oestrogen only (p = 0.02). There was a small, but significant decrease in ER mRNA in

the high dose (0.1 mg/g) group (p = 0.04). VEGFC transcription decreased significantly in tumours treated with the low dose

(0.05 mg/g) of brivanib alaninate. Mouse VEGFR-1 and mouse VEGFR-2 mRNA, which represented the endothelial component

of the tumour, significantly decreased in the high dose (0.1 mg/g) group (p = 0.02, p = .04).
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Western immunoblotting of tumour extracts did not reveal

a difference in total VEGFR-2, but there was less phosphoryla-

tion at the tyrosine 951 residue of VEGFR-2 in brivanib alani-

nate treated animals (Fig. 2C). The presence of ER and

phospho-ER demonstrated active tumour tissue and an acti-

vated ER. There was very little VEGFR-1, VEGFR-3 or FGFR-1

(data not shown) detected by immunoblotting. The use of

RTPCR analysis confirmed a significant increase in VEGFA

(p = 0.02) and a non-significant increase in human VEGFR-2

in tumours that were treated with the high dose of brivanib
alaninate (Fig. 2D). There was a significant decrease in mouse

VEGFR-1 and mouse VEGFR-2 in tumours that were treated

with the higher (p = 0.02, p = 0.04) dose of brivanib alaninate.

ER mRNA decreased slightly, but significantly (Fig. 2C) in those

tumours that were treated with the higher dose of brivanib

alaninate (p = 0.04), but there was no increase in ER protein

by Western blotting analysis (Fig. 2C). There was a significant

decrease in transcription of VEGFC mRNA (p = 0.04) in tu-

mours treated with the lower dose of brivanib alaninate

(Fig. 2D). There was very little or no VEGFB, VEGFD, mouse
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VEGFR-3 or human VEGFR-1 present in the tumours as evi-

denced by high CT values (>35) detected by RTPCR analysis

(data not shown).

3.3. Effect of brivanib alaninate on SERM stimulated
tumour growth

To establish that an inhibitor of VEGFR-2 would block the

growth of SERM stimulated tumours and as a consequence,

would have the potential to retard the development of ac-

quired SERM resistance in ER positive cancers, a series of mod-

els and designs was explored. The MCF-7 Ral tumour model39

grows without raloxifene, and to a greater extent in the pres-

ence of raloxifene. Fulvestrant retards tumour growth.39 This

is illustrated in Fig. 3A. Statistical comparisons were done to

determine whether there was a difference in the average CSA

of tumours treated with raloxifene versus those treated with

placebo, fulvestrant or high dose brivanib alaninate (0.1 mg/

g). Raloxifene stimulated tumour growth was significantly de-

creased in the presence of high dose brivanib alaninate

(0.1 mg/g) administered with raloxifene and the difference in

average CSA was 0.391 cm2 after 8 weeks (p < 0.001, a = 0.016).

A similar difference in average CSA (0.366 cm2) was also ob-

served with tumours treated with raloxifene versus tumours

treated with fulvestrant (p < 0.001, a = 0.016). There was no sig-

nificant difference between the average CSAs of tumours

(0.212 cm2) in the presence or absence of raloxifene

(p = 0.024, a = 0.016). The addition of high dose brivanib alani-

nate (0.1 mg/g) to a daily regimen of 1.5 mg of raloxifene

(0.1 mg/g) caused a rapid decrease in tumour growth (decrease

in average CSA = –0.294 cm2) (p < 0.001, a = 0.025) in established

raloxifene stimulated tumours (Fig. 3B) over a two-week peri-

od. At the time of randomisation, the group that was treated

with raloxifene (1.5 mg) and brivanib alaninate (0.1 mg/g)

demonstrated no difference in average CSA (–.0146 cm2) than

those that received raloxifene (1.5 mg) only (p = 0.73, a = 0.025).

Our MCF-7 Tam SERM stimulated model showed similar

effects with brivanib alaninate. Statistical comparisons were

done to determine whether there was a difference in the aver-

age CSA of tumours treated with 1.5 mg tamoxifen daily ver-

sus vehicle or 1.5 mg tamoxifen + 0.1 mg/g brivanib alaninate.

The difference in CSA between those tumours that received

1.5 mg tamoxifen daily versus 1.5 mg tamoxifen and the high

dose brivanib alaninate (0.1 mg/g) daily (p < 0.001, a = 0.025)

was 0.395 cm2. A similar difference in CSA (0.484 cm2) was ob-

served between tumours treated with tamoxifen alone versus

control treated with vehicle only (p < 0.001, a = 0.025). The

tamoxifen (1.5 mg/daily) treated group was then randomised

to continue 1.5 mg/d tamoxifen or 1.5 mg/d tamoxifen + high

dose brivanib alaninate for 2 weeks. At the time of randomi-

sation, the group that was treated with tamoxifen (1.5 mg)

and brivanib alaninate (0.1 mg/g) demonstrated no difference

in average CSA than those that received tamoxifen (1.5 mg/g)

only (p = 0.76, a = 0.25). The addition of brivanib alaninate

(0.1 mg/g) caused a rapid tumour regression (difference in

average CSA = –0.261 cm2) of established tumours after

2 weeks of treatment (p < 0.001, a = 0.025) (Fig. 3C). There

was a significant decrease in blood vessel density (CD31

counts) in the group that received 0.1 mg/g brivanib alaninate

and 1.5 mg tamoxifen for 2 weeks (average MVD/sq. mm = 76)
in comparison with the group that continued receiving 1.5 mg

tamoxifen (average MVD sq./mm = 156) (p = 0.003).

Finally, the tamoxifen-stimulated EnCa 101 endometrial tu-

mour model30 was also used to evaluate the efficacy of brivanib

alaninate (0.1 mg/g). Animals with bi-transplanted tumours

were treated with 500 lg of tamoxifen daily by oral gavage

for 40 d and then randomised. One group received 500 lg of

tamoxifen and 0.1 mg/g brivanib alaninate daily. The other

group continued to receive 500 lg of tamoxifen. At the time

of randomisation, the group that was treated with tamoxifen

(500 lg) and brivanib alaninate (0.1 mg/g) had a larger average

volume (difference = 40 mm3) than those that received tamox-

ifen (500 lg) only (p = 0.002, a = 0.025). Despite this initial differ-

ence, over a three-week period, animals treated with

tamoxifen alone subsequently had an average tumour volume

(difference = 0.168 mm3) that was much greater than those

animals treated with brivanib alaninate in combination with

tamoxifen (p < 0.001, a = 0.025) (Fig. 3D). All models demon-

strated that a VEGFR-2 inhibitor, brivanib alaninate would pre-

vent the growth of SERM stimulated tumours.

3.4. Determination of tamoxifen dosing in SERM sensitive
MCF-7 E2 tumours

We determined an anti-oestrogenical dose of tamoxifen that

would be approximately 50% effective in blocking estradiol

stimulated tumour growth. Previously, 1.5 mg/d of tamoxifen

has been used to almost completely block oestrogen stimu-

lated tumour growth.40 The differences in the CSAs of tu-

mours treated with estradiol and 125 lg tamoxifen (–

0.368 cm2, p = 0.01, a = 0.016), estradiol and 250 lg tamoxifen

(–0.479 cm2, p = 0.001, a = 0.016) or estradiol and 500 lg tamox-

ifen (–0.479 cm2, p < 0.001, a = 0.016) versus estradiol alone

were significant (Fig. 4). A dose of 125 lg was chosen for fur-

ther testing in combination with brivanib alaninate to deter-

mine whether there would be an improvement in

therapeutic efficacy.

3.5. The combined effect of a lower dose of tamoxifen and
brivanib alaninate in SERM sensitive MCF-7 E2 tumours

We hypothesise that a sub-therapeutic dose of brivanib alan-

inate may enhance a sub-optimal effective daily dose of

tamoxifen (125 lg) and thus improve tumour growth control.

The strategy of limiting angiogenesis would optimise long-

term anti-oestrogen therapy. Statistical comparisons were

done to determine whether there was a difference in the aver-

age CSA of tumours treated with 125 lg tamoxifen + 0.05 mg/g

brivanib alaninate versus 125 lg tamoxifen or 0.05 mg/g briv-

anib alaninate. The results illustrated in Fig. 5 demonstrated

that the combination of 125 lg of tamoxifen and 0.05 mg/g

of brivanib alaninate significantly improved the anti-tumour

action tamoxifen or brivanib alaninate alone after 6 weeks.

The difference in average CSAs of tumours treated with

125 lg tamoxifen and 0.05 mg/g brivanib alaninate versus

those treated 125 lg tamoxifen (–0.128 cm2, p = 0.01,

a = 0.025) was significant. Similarly, there was a significant

difference in the CSA of those tumours treated with the com-

bination therapy and those treated with brivanib alaninate

(–0.449 cm2, p < 0.001, a = 0.025).



Fig. 3 – The anti-tumour effects of high dose (0.1 mg/g) brivanib alaninate on the growth of human tumours with acquired

resistance to the SERMs raloxifene or tamoxifen. There were no significant differences in animal body weights between

groups. Unless stated otherwise, all groups had 5 ovariectomised athymic mice with 10 tumours. (A) Raloxifene stimulated

MCF-7 Ral. Groups were treated with raloxifene (1.5 mg daily by gavage), vehicle, fulvestrant (2 mg SQ 5 d per week), or

raloxifene plus brivanib alaninate (0.1 mg/g by gavage). Brivanib alaninate (0.1 mg/g) significantly prevented the growth of

raloxifene treated tumours (p < 0.001, a = 0.016). (B) Raloxifene (1.5 mg daily by gavage) stimulated MCF-7 RAL. Twenty

ovariectomised athymic mice were randomised into two groups of 10 mice each with continued raloxifene treatment (total of

17 tumours in the group) or raloxifene plus high dose brivanib alaninate (0.1 mg/g by gavage) (total of 19 tumours in the

group). There was a significant decrease in tumour size with brivanib alaninate (p < 0.001, a = 0.025). (C) Tamoxifen (1.5 mg

daily by gavage) stimulated MCF-7 TAM tumours. Athymic, ovariectomised mice were initially placed into three groups to

receive 1.5 mg tamoxifen (8 mice, 16 tumours), 1.5 mg tamoxifen plus 0.1 mg/g brivanib alaninate (4 mice, 6 tumours) or

control vehicle (5 mice, 10 tumours). The group that received tamoxifen was randomised to continue tamoxifen (4 mice, 8

tumours) or receive tamoxifen with 0.1 mg/g brivanib alaninate (4 mice, 8 tumours) once the tumours reached an average

CSA of 0.5 cm2. The VEGFR inhibitor produced significant decreases in tamoxifen-stimulated growth rate in early implanted

(p < 0.001, a = 0.025) or established (p < 0.001, a = 0.025) tumours. (D) Treatment of tamoxifen-stimulated (500 lg tamoxifen by

gavage daily) EnCa 101 endometrial tumours was continued in two groups of 10 ovariectomised, athymic mice (20 tumours

per group for 40 d). One group then received concomitant high dose brivanib alaninate (0.1 mg/g by gavage) for 3 weeks.

Tumour volume was significantly decreased in animals treated with brivanib alaninate and tamoxifen compared to

tamoxifen alone (p < 0.001, a = 0.025).
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3.6. The combined effect of a lower dose of tamoxifen and
brivanib alaninate in established SERM sensitive MCF-7 E2
tumours

The goal of this experiment was to obtain sufficient tumour

tissue for molecular analysis to evaluate the actions of

tamoxifen and brivanib alaninate. The results are summa-
rised in Figs. 6 and 7. The short-term combination of brivanib

alaninate and tamoxifen decreased tumour size during the

two-week period, whereas neither tamoxifen alone nor the

brivanib alaninate alone prevented an increase in established

tumour size (Fig. 6A). Statistical comparisons were done to

determine whether there was a difference in the average

CSA of tumours treated with 125 lg tamoxifen + 0.05 mg/g



Fig. 4 – The effect of daily oral tamoxifen dosing on the

estradiol-stimulated growth of MCF-7 E2 tumours delivered

by an implanted 0.3 cm sustained release silastic capsule.

There were five ovariectomised, athymic mice and 10

tumours per group. There was a dose-dependent decrease

in estradiol stimulated tumour growth. The tumours did not

grow without estradiol. The lowest dose of tamoxifen,

125 lg, suppressed tumour growth by 63%, whereas the

higher doses (250 lg and 500 lg) suppressed tumour growth

by 75%. There were no significant differences in animal

body weights between groups.

Fig. 5 – The effect of a combination of tamoxifen (125 lg

daily oral dose) and 0.05 mg/g brivanib alaninate on the

growth of established estradiol stimulated MCF-7 E2

tumours. There were five ovariectomised, athymic mice and

10 tumours per group. The combination of 125 lg tamoxifen

with 0.05 mg/g brivanib alaninate improved the effects of

125 lg tamoxifen (p < 0.01, a = 0.025) or 0.05 mg/g brivanib

alaninate (p < 0.001, a = 0.025). There were no significant

differences in animal body weights between groups.
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brivanib alaninate versus 125 lg tamoxifen or 0.05 mg/g briv-

anib alaninate. There was no difference in size at the time of

randomisation (tamoxifen versus combination therapy

(p = 0.87) and brivanib versus combination therapy

(p = 0.29)). The average CSA was significantly different be-

tween tumours treated with 125 lg tamoxifen versus those

treated with 125 lg tamoxifen and .05 mg/g brivanib alaninate

(–0.292 cm2, p = 0.01, a = 0.025). The same observation was
noted for those tumours treated with 0.05 mg/g brivanib alan-

inate versus those treated with 0.05 mg/g brivanib alaninate

and 125 lg tamoxifen (–0.341 cm2, p = 0.007, a = 0.025).

Consistent with our findings, illustrated in Fig. 2B, repre-

sentative histological analysis in this experiment confirmed

(Fig. 6B) increased necrosis in tumours that received only briv-

anib alaninate or brivanib alaninate plus tamoxifen.

Western immunoblotting (Fig. 6C) demonstrated a de-

crease in phosphorylation of the VEGFR-2, but not total VEG-

FR-2 in the two groups that received brivanib alaninate. Total

ER expression was reduced in the group receiving tamoxifen

and the brivanib alaninate compared to tamoxifen alone.

RTPCR analysis (Fig. 6D) demonstrated an increase in

mRNA for mouse VEGFR-1 and mouse VEGFR-2 in tumours

that receive brivanib alaninate with (p = 0.002, p = 0.002) or

without (p = 0.001, p = 0.001) tamoxifen. VEGFA mRNA is in-

creased with tamoxifen (p = 0.01), brivanib alaninate

(p = 0.001) or both drugs (p = 0.002) in combination. VEGFC in-

creased with the tamoxifen treated group (p = 0.001), but

decreased in the groups treated with the brivanib alaninate

(p = 0.004). ER mRNA levels increased (p = 0.04) with the

tamoxifen treated group, but decreased with the group that

received both the VEGFR inhibitor and tamoxifen (p = 0.04).

We further validated our molecular studies with immuno-

histochemistry. There was little change in total VEGFR-2

(Fig. 7A), which was consistent with the findings in Western

immunoblotting. VEGFA staining intensity increased in the

tumours treated with tamoxifen and brivanib alaninate,

which is consistent with the increased VEGFA mRNA seen

in RTPCR analysis (Fig. 7B). The nuclear staining of the VEGF

in the presence of brivanib (Fig. 7C) could be consistent with

the report by Rosenbaum-Dekel et al.41 with the nuclear local-

isation of L-VEGF, but no specific antibody was available to

test the hypothesis.
4. Discussion

We report the first study to explore the potential of combining

tamoxifen with low dose brivanib alaninate to block the

growth of ER positive breast cancer. Previous studies have

demonstrated the efficacy of brivanib in mouse models of hu-

man hepatocellular carcinoma24 and to inhibit growth in ER

negative H3396 xenografts in athymic mice.25 Our strategy is

to employ an anti-oestrogen (tamoxifen) to block oestrogen

stimulated VEGF production and to use a combination with

blockers of VEGFR-2 to reduce angiogenic survival mecha-

nisms in both the tumour and endothelial cells to enhance tu-

mour cell death. Our results demonstrate that the strategy is

feasible. We have advanced the idea with the demonstration

that a VEGFR-2 inhibitor, brivanib alaninate can not only inhi-

bit the growth of small SERM stimulated implants derived

from MCF-7 cells with acquired resistance to tamoxifen and

raloxifene, but also can inhibit SERM stimulated growth of

established tumours in athymic mice (Fig. 3A–C). Additionally,

brivanib alaninate inhibits tamoxifen-stimulated endometrial

cancer (EnCa 101) growth (Fig. 3D). Thus, the ability of a VEG-

FR-2 inhibitor to block the growth of tumours with acquired

SERM resistance supports the idea that this strategy might

improve adjuvant therapies.



Fig. 6 – Panel A: the efficacy of a combination of 125 lg tamoxifen and 0.05 mg/g brivanib alaninate on the growth of

established estradiol stimulated MCF-7 E2 tumours. There were five ovariectomised, athymic mice and 10 tumours per group.

Tumours were grown to approximately 0.46 cm2 and treated with the treatment regimens as indicated. There were no

significant differences in animal body weights between groups. However, the decrease in average CSA was significant when

comparing the combination treatment to tamoxifen (125 lg) treated tumours (p = 0.01, a = 0.025) or those treated with

0.05 mg/g brivanib alaninate (p = 0.007, a = 0.025). Panel B: H and E staining demonstrated an increase in necrotic tissue when

brivanib alaninate was given alone or with tamoxifen. Once again, the bar represented a 100 lm distance. Panel C: Western

blot analysis of tumour tissue did not illustrate a decrease in total VEGFR-2, regardless of the treatment group. The addition of

brivanib alaninate, decreased the phosphorylation of VEGFR-2. Expression of ER and phosphorylated ER in all tumours,

demonstrated the presence of active tumour tissue. Panel D: relative fold change in the mRNA levels of angiogenic factors in

tumours relative to estradiol treatment alone. Mouse VEGFR-1 and mouse VEGFR-2 mRNA increased dramatically in tumours

that received the inhibitor (p = 0.001, p = 0.001) or the inhibitor plus tamoxifen (p = 0.002, p = 0.002). VEGFA mRNA increased in

tumours in response to tamoxifen treatment (p = 0.01) brivanib alaninate treatment (p = 0.001) and the combination of

brivanib alaninate plus tamoxifen (p = 0.002). VEGFC increased in tamoxifen treated tumours (p = 0.001) and decreased in

tumours treated with brivanib alaninate (p < 0.004). There was a significant, but small decrease in ER mRNA (p = 0.04) in

tumours treated with the combination of tamoxifen plus brivanib alaninate and an increase in ER mRNA in tamoxifen treated

tumours (p = 0.04).
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Angiogenesis is important for tumour growth and metas-

tasis. Stable transfection of MCF-7 cells with the VEGF gene

results in hormone independent growth in vivo and tamoxifen

resistance.42 This is supported by the recent work by Aesoy

and coworkers43 using an anti-oestrogen resistant cell line

(LCC2) in vitro that has constitutive VEGF secretion relative

to wildtype MCF-7 cells. MCF-7 cells respond to 4-hydroxy-

tamoxifen with a reduction in VEGF, but the anti-oestrogen

resistant variant LCC2 does not. Oestrogen has been shown

to increase the synthesis of VEGFA13 and anti-oestrogens in-
hibit the process.13,43 This observation was validated in our

tumour models as the expression of VEGFA and VEGFR-2 is in-

creased in the presence of oestrogen and decreased with oest-

rogen withdrawal (Fig. 1A and B). As there is strong evidence

for the oestrogen mediated regulation of angiogenesis, com-

bining an anti-oestrogen with an antiangiogenic inhibitor to

diminish tumour growth is a reasonable therapeutic

approach.

There are fewer side-effects such as malignant hyperten-

sion with angiogenesis inhibitors when used lower doses.44



Fig. 7 – Panel A: there is no change in total VEGFR-2 expression by IHC in MCF-7 E2 tumours treated with estradiol (a), estradiol

and 2 weeks of 125 lg tamoxifen (b), estradiol and 2 weeks of 0.05 mg/g brivanib alaninate (c), or estradiol and 2 weeks of the

combination of 125 lg tamoxifen and 0.05 mg/g brivanib alaninate (d). Panel B: by IHC, the VEGFA staining intensity is

greatest with 2 weeks of the combination of 125 lg tamoxifen and 0.05 mg/g brivanib alaninate (d). Staining intensity is the

same with estradiol (a), estradiol and 2 weeks of 125 lg tamoxifen (b), estradiol, and 2 weeks of 0.05 mg/g brivanib alaninate

(c). The bars represent 50 lm.

E U R O P E A N J O U R N A L O F C A N C E R 4 6 ( 2 0 1 0 ) 1 5 3 7 – 1 5 5 3 1549
At higher doses, therapeutic efficacy may be diminished

when drug dosing is reduced or abbreviated. Therefore, we

advanced the concept of dual inhibition of angiogenesis fur-

ther and tested a combination of sub-effective tamoxifen

(125 lg) daily and the sub-therapeutic VEGFR-2 inhibitor briv-

anib alaninate (0.05 mg/g daily). The combination signifi-

cantly decreased tumour growth compared with estradiol

and either drug alone. This was true for the prevention of
early tumour development following initial implantation

(Fig. 5) or during the short-term treatment of established tu-

mours (Figs. 6 and 7). Thus, we have shown that using a com-

bination of lower, more tolerable doses of two drugs that are

as efficacious as higher, less tolerable doses of either drug

used alone, is a viable alternative for adjuvant therapy.

Drug treatments were evaluated in established tumours to

provide tissue to investigate molecular mechanisms. Total
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VEGFR-2 levels did not change in the tumours with treatment

(Figs. 6C and 7A), but the phosphorylation patterns were dif-

ferent (Fig. 6C). Brivanib alaninate inhibits phosphorylation

of the VEGFR-2 receptor. This confirmed the reported mecha-

nism of action24 of brivanib alaninate as an inhibitor of the

VEGFR-2 tyrosine kinase. Treatment of established tumours

with tamoxifen alone increased phosphorylation of VEGFR-2

and this increase in phosphorylation was inhibited when

brivanib alaninate was combined with tamoxifen. Thus, it is

possible to explain why a significant decrease in tumour size

resulted from the use of a two-drug combination rather than

a single drug that was individually ineffective in established

tumours.

Similarly, transcription of VEGFC mRNA increased during

tamoxifen treatment, but this was abrogated with brivanib

alaninate. This is an important finding because VEGFC also

activates VEGFR-2.22 There was a compensatory rise in VEGFA

with tamoxifen, brivanib alaninate, or the combination of the

two drugs. However, with the combination of tamoxifen and

brivanib alaninate, the compensatory mechanisms of the tu-

mour to overcome blockade of the ER and VEGFR-2 failed as

evidenced by increased tumour necrosis. The compensatory

rise in VEGFA was validated by IHC in tumours treated with

the combination of tamoxifen and brivanib alaninate. Overall,

our findings confirm and extend the recent findings of Aesoy

and co-workers43 who demonstrate a breast cancer cell sur-

vival of VEGF/VEGFR-2/p38 feedback loop in cells resistant

to anti-oestrogens.

Classically, the VEGF pathway in tumours has been

thought to result from VEGF secretion from tumour cell acti-

vation of VEGF receptors on endothelial cells. However, accu-

mulating evidence suggest that VEGFR-2 is most likely found

on both cancer cells and endothelial cells.43,45–47 By using IHC

to localise VEGFR-2 in the MCF-7 tumour model, there is

demonstrable expression of VEGFR-2 on the breast cancer

cells (Fig. 1A). Moreover, there is evidence of oestrogen medi-

ated regulation of VEGFR-2 expression on tumour cells as

VEGFR-2 expression decreases with the withdrawal of 17b-

estradiol. Ryden48 also demonstrated that VEGFR-2 is ex-

pressed on tumour material from patients. These findings

strengthen the argument to target VEGFR-2 in breast cancer.

By using RTPCR to differentiate between mouse and hu-

man VEGFR-2, we were able to evaluate the response to ther-

apy in the endothelial (mouse) and the tumour cell (human)

components. Interestingly, when the brivanib alaninate is

started at the time of implantation there is a significant de-

crease in mouse VEGFR-1 and VEGFR-2. There was a trend to-

wards an increase in human VEGFR-2 in mice treated with the

higher dose of brivanib alaninate, with a significant decrease

in mouse VEGFR-2 mRNA. When the angiogenesis inhibitor

was given to mice with established tumours, there was a

trend towards a decrease in human VEGFR-2 mRNA with a

significant increase in mouse VEGFR-1 and VEGFR-2 mRNA.

Thus, when the human VEGFR-2 is blocked, this then affects

the endothelial component and the cells attempt to manufac-

ture more receptor.

The ER is central to oestrogen-regulated events. As re-

ported in previous studies, tamoxifen blocks the E2-mediated

down-regulation of ER mRNA (Fig. 6D) and there is an increase
in total ER expression49 (Fig. 6C). Interestingly, the co-admin-

istration of brivanib alaninate prevented the tamoxifen in-

duced increase in ER mRNA (Fig. 6C) and there was a

decrease in total ER expression (Fig. 6D). It appears that the

administration of an inhibitor of VEGFR-2 can modulate the

ER during the anti-tumour process and this is an area worthy

of further investigation. Conversely, the expression of VEGFR-

2 on the cancer cells in response to oestrogen is clearly impor-

tant to maintain control of tumour growth. These observa-

tions further validate the use of a combination of an anti-

oestrogen and an angiogenesis inhibitor.

In addition to inhibiting VEGFR-2, the inhibitor has also

shown activity against FGFR-1 in other tumour models, and

is thus useful as a dual inhibitor for angiogenesis.24 In the

present study, however, we were unable to detect FGFR-1 in

our specific model.

Despite the encouraging results obtained in the present

study, several recent reports50–52 of either the development

of resistance to antiangiogenic drugs50 or enhanced meta-

static spread with low dose antiangiogenic drugs51,52 deserve

consideration. Clinical trials have shown that the majority of

human tumour types do not respond to inhibitors of integrin

as an antiangiogenic strategy. Laboratory models now show52

that low concentrations of avb3 and avb5 inhibitors increase tu-

mour growth via VEGFR-2 trafficking. This promotes endothe-

lial cell migration to VEGF. In related studies, inhibitors of

VEGFR can either enhance tumour cell seeding in ‘metastatic

assays’51 or cause adaptive–evasive responses by tumours

with greater malignancy and increased invasiveness.50

Clearly, the complexity of the angiogenic survival signalling

pathways present a challenge to seek the clinical relevance

of pre-clinical pharmacology. Nevertheless, in a recent review,

Ebos and co-workers53 contend that it remains unclear

whether antiangiogenic therapy will lead to increased inva-

sion or metastases after long- or short-term treatments. There

are more than 40+ adjuvant clinical trials in progress, so the

question of the premature tumour resistance caused by low

dose antiangiogenesis inhibitors will probably be answered

first in the clinical setting.53

With this concern in mind, we are currently considering

an initial short-term testing platform in ER positive meta-

static breast cancer that has failed exhaustive endocrine ther-

apy.54,55 It is known that apoptosis and tumour regression can

be induced by both high or low dose oestrogen clinically,56,57

but we propose to use low dose oestrogen to reduce thrombo-

embolic events. The therapeutic application of low dose oest-

rogen treatment is a direct translation of laboratory studies

over the past 15 years.58,59 By combining a dose escalation

schedule of brivanib alaninate, we will be able to monitor tu-

mour response precisely for the 12-week treatment schedule.

These preliminary clinical data will guide our future adjuvant

applications.

In summary, antiangiogenic agents have been utilised

clinically in patients who have breast cancer that is refractory

to other agents.44 In these instances, to see a partial clinical

benefit, higher doses that are potentially toxic have to be

used. The observations that elevations of VEGFA and VEG-

FR-2 are associated with poor prognosis and response to

tamoxifen therapy48,60 suggests that a strategy to combine
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anti-hormone treatment with an antiangiogenic strategy may

have merit to test in clinical trials. Based on an increasing lab-

oratory database that implicates an elevation in angiogenic

factors in endocrine resistant breast cancer in the presence

of tamoxifen,43 we have provided evidence that a combina-

tion of tamoxifen plus a low dose dual inhibitor of VEGFR-2

and FGFR-1, brivanib alaninate, effectively controlled tumour

growth. The strategy of combining a tyrosine kinase inhibitor

of VEGFR-2 has the advantage of reducing toxicity, permitting

long-term therapy and therefore compliance to enhance effi-

cacy for adjuvant tamoxifen therapy. Indeed, the strategy of

inhibiting angiogenesis, might in fact, improve responsive-

ness of those ER positive tumours that are refractory to

tamoxifen alone. We believe this issue should be addressed

in clinical trial.
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Estrogens can potentially be classified into planar (class I) or nonplanar (class II) categories, which
might have biological consequences. 1,1,2-Triphenylethylene (TPE) derivatives were synthesized
and evaluated against 17β-estradiol (E2) for their estrogenic activity in MCF-7 human breast cancer
cells. All TPEs were estrogenic and, unlike 4-hydroxytamoxifen (4OHTAM) and Endoxifen, induced
cell growth to a level comparable to that of E2. All the TPEs increased ERE activity inMCF-7:WS8 cells
with the order of potency as followed: E2 > 1,1-bis(4,40-hydroxyphenyl)-2-phenylbut-1-ene (15) >
1,1,2-tris(4-hydroxyphenyl)but-1-ene (3) > Z 4-(1-(4-hydroxyphenyl)-1-phenylbut-1-en-2-yl)phenol
(7) > E 4-(1-(4-hydroxyphenyl)-1-phenylbut-1-en-2-yl)phenol (6) > Z(4-(1-(4-ethoxyphenyl)-1-(4-
hydroxyphenyl)but-1-en-2-yl)phenol (12) > 4-OHTAM. Transient transfection of the ER-negative
breast cancer cell line T47D:C4:2 with wild-type ER or D351G ERmutant revealed that all of the TPEs
increased ERE activity in the cells expressing the wild-type ER but not the mutant, thus confirming the
importance of Asp351 for ER activation by the TPEs. The findings confirm E2 as a class I estrogen and
the TPEs as class II estrogens. Using available conformations of the ER liganded with 4OHTAM or
diethylstilbestrol, the TPEs optimally occupy the 4OHTAM ER conformation that expresses Asp351.

Introduction

Breast cancer is one of the most frequently diagnosed
cancers amongwomen in theUnited States, with an estimated
192370 new cases of invasive disease and 40170 deaths in
2009.1 Although the exact etiology of breast cancer is not
known, there is strong evidence that estrogen plays a role in its
development and progression.2 The effects of estrogen are
mediated via the estrogen receptors (ERsa), ER-alpha (ERR)
and ER-beta (ERβ), which are present in more than 80% of
breast tumors. With regard to the therapy of breast cancer,
ERR remains the most important target and its presence in
breast tumors is routinely used to predict response to selective
ERmodulators (SERMs), such as tamoxifen (TAM).3,4 TAM
(Figure 1) is also the first chemotherapeutic drug to targetER-
positivebreast cancer cells5 andprevent tumorigenesis inhigh-
risk women.6 TAM is available worldwide to treat patients
with ER-positive breast cancers.

TAM is a substituted derivative7,8 of the long-acting estro-
gen triphenylethylene.9 TAM efficacy depends on the forma-
tion of clinically active metabolites 4-hydroxytamoxifen
(4OHTAM)10 and Endoxifen11 (Figure 1), which have a
greater affinity to ERR and a much higher antiestrogenic
potency in breast cancer cells compared to the parent drug.
We are unaware of the subtle molecular changes that occur

when estrogen binds to the ER to produce the ER complex
because the whole complex has not been crystallized. As a
consequence of this gap in our knowledge, the modulation of
ERR can only be deduced by exploring structure-function
relationships. However, the ligand binding domain (LBD) of
ERR has been crystallized12,13 with the estrogens 17β-estra-
diol (E2), diethylstilbestrol (DES), and the SERMs, 4OH-
TAM and raloxifene (Figure 1). The resolution of the
structure of the estrogen: LBD complex by X-ray crystal-
lography demonstrates that the planar estrogens E2 andDES
are sealed within the LBD by helix 12.12,13 This activates
activating function (AF)-2 at the upper surface of helix 12 by
the interaction with coactivators to facilitate full estrogen
action. In contrast, the bulky side chain of 4OHTAM and
raloxifene prevents helix-12 from sealing the LBD and this
produces antiestrogenic action.12,13 However, although AF-2
is deactivated, the 4OHTAM:ERR complex has estrogen-like
activity,14 whereas raloxifene does not.15 This is believed to be
because the side chain of raloxifene shields and neutralizes
asp351 to block estrogen action.16 In contrast, the side chain
of tamoxifen is too short. It appears that when helix 12 is not
positioned correctly the exposed asp351 can interact withAF-
1 toproduce estrogen action. This estrogen-like activity canbe

*To whom correspondence should be addressed. Phone: (202) 687-
2795. Fax: (202) 687-6402. E-mail: vcj2@georgetown.edu.

aAbbreviations: ER, estrogen receptor; SERM, selective estrogen
receptor modulators; TAM, tamoxifen; 4OHTAM, 4-hydroxytamox-
ifen; LBD, ligand binding domain; E2, 17β-estradiol; DES, diethylstil-
bestrol; AF, activating function; TPE, triphenylethylene; EC50, effective
concentration 50%; ERE, estrogen response element; rmsd, root-mean-
square deviation; THF, tetrahydrofuran; RPMI, Roswell ParkMemor-
ial Institute; FBS, fetal bovine serum; SFS, stripped fetal bovine serum;
PBS, phosphate buffered saline; OPTI-MEM, Optimum Eagle’s Mini-
mum Essential Media; RCSB, Research Collaboratory for Structural
Bioinformatics; PDB, Protein Data Bank; OPLS, optimized potential
for liquid simulations; IFD, induced fit.
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inhibited by substituting asp351 for glycine an uncharged
amino acid.17

Planar or nonplanar compounds are both classified as
estrogens based on their actions to cause growth of the
immature rodent uterus or provoke vaginal cornification in
castrate animals. However, knowledge of the structure of the
4OHTAM:ER LBD complex13 led to the idea that all estro-
gens may not be the same in their interactions with ER.18

Previous studies suggest that nonplanar triphenylethylenes
(TPEs)with a bulky phenyl substituent prevents helix-12 from
completely sealing the LBD pocket.18 This physical event
creates a putative “antiestrogen like” configuration within
the complex. However, the complex is not antiestrogenic
because Asp351 is exposed to communicate with AF-1, there-
by causing estrogen-like action.Thus, there are putative class I
(planar) and class II (nonplanar) estrogens.18 A similar clas-
sification and conclusion has been proposed,19 but the biolo-
gical consequences of this classification are unknown.
In this report, we further addressed the hypothesis that the

shape of the ER complex can be controlled by the shape of an
estrogen. We have synthesized a range of hydroxylated TPEs
to establish new tools to investigate the relationship of shape
with estrogenic activity through the exposure of Asp351. For
convenience, the structure of nonsteroidal antiestrogens de-
scribed in the text are illustrated in Figure 1 and the test
compounds in Table 1.

Results

Chemistry. The general synthetic routes used to prepare
substituted 1,1,2-tribenzyl-but-1-ene compounds are out-
lined in Scheme 1. Desoxyanisoin was treated with potas-
sium t-butoxide followed by reflux with ethyl iodide to give 1
in 74% yield. Intermediate 1 was refluxed with the formed
Grignard reagent of 4-bromoanisole and then treated with
phosphoric acid to yield 2. Removal of themethoxide groups
was accomplished with boron tribromide to give 3. Isomers
6-7 were synthesized from 1 by treatment with the formed
Grignard reagent of bromobenzene followed by reflux in
phosphoric acid to yield isomers 4-5. Removal of the two
methoxides was accomplished with boron tribromide result-
ing in isomers 6-7. Compounds 11-12 were obtained by
reaction of desoxyanisoin with glacial acetic acid and hydro-
iodic acid to give 8 in 90% yield. Dihydroxy 8 was protected
using 3,4-dihydro-2H-pyran and p-toluene sulfonic acid to
form 9. Compound 9 was treated with potassium t-butoxide
followed by reflux with ethyl iodide to yield 10 in 87%.
Compound 10 was refluxed with the formed Grignard
reagent of 4-bromophenetole, followed by acid hydrolysis
using phosphoric acid to yield isomers 11-12. Synthesis of
15 proceeded from reaction of anisole with 2-phenylbutyryl
chloride to form monomethoxide 13 in 94% yield. Com-
pound 13 was coupled with 4-methoxyphenyl magnesium
bromide, followed by phosphoric acid to produce 14. The
methoxides of 14 were treated with boron tribromide to give
dihydroxy 15.

Pharmacology.Wecompared and contrasted the estrogen-
like properties of the hydroxylated TPEs to promote
proliferation in the ERR-positive human breast cancer cell

Figure 1. The formula of tamoxifen and its hydroxylated metabo-
lites Endoxifen, and 4OHTAM. The related SERM raloxifene is
shown for comparison.

Table 1. The EC50 Values for E2 and the Tested Triphenylethylenes in
MCF-7:WS8 Cells Proliferation Assays
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line MCF-7:WS8. Compounds were compared with the
tamoxifen metabolites 4-OHTAM and Endoxifen, which
have a high affinity for the ER (because of the appropriately
positioned phenolic hydroxyl) but are antiestrogenic because
of the alkylaminoethoxy-side chain. To compare the biolo-
gical activities of the tested TPEs, we employed DNA
proliferation assays which are described in the Materials
and Methods.
Figure 2 shows that ourMCF-7:WS8 humanbreast cancer

cells were exquisitely sensitive to E2, which produced a
concentration-dependent increase in growth with maximal
stimulation at 1 � 10-11 M. All of the TPE’s were potent

agonists with the ability to stimulate MCF-7:WS8 breast
cancer cell growth, however, their agonist potency was less
compared to E2, which had an effective concentration 50%
(EC50) of 1� 10-12M. Themost potent of the phenolic TPEs
was bisphenol (15), with an EC50 of approximately 5� 10-11

M. The second potent were the E and Z-isomers of the
diphenolic TPEs, compounds 6 and 7, which both had
an EC50 of approximately 1 � 10-10 M. The triphenolic
TPE (3) was slightly less active, with an EC50 of approxi-
mately 1.5 � 10-10 M, whereas the ethoxy TPE (12) was the
least potent, with an EC50 of approximately 4 � 10-9 M.
The EC50 values for all the tested compounds are outlined

Figure 2. Effects of E2, test TPEs 3, 6, 7, 12, and 15 and antiestrogens 4OHTAM and Endoxifen on the proliferation of MCF-7:WS8 breast
cancer cells. Cells were treated with the indicated compounds for 7 days.

Scheme 1. Synthesis of Substituted 1,1,2-Tribenzyl-but-1-ene Compoundsa

aReaction conditions: (a) KOtBu, ether, 1 h, then, EtI, reflux 12 h; (b) 4-BrMgC6H4R2, THF, refluxed 12 h, then, H3PO4, refluxed 2 h; (c) BBr3,

CH2Cl2, 4 days; (d) HI, AcOH, 130-140 �C, 4 h; (e) C5H8O, p-CH3C6H4SO3H-H2O, 0 �C 4.5 h; (f) AlCl3, CS2, 20 �C, 22 h.
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in Table 1. The compound 12 was prepared to replicate a
molecule without the alkyl nitrogen group of 4-OHTAM or
Endoxifen, and this derivative had reduced estrogenic po-
tency comparison to the other TPEs, however, the mole-
cule remained a full estrogen agonist in our proliferation
assays. The metabolites, 4-OHTAM and Endoxifen, had no
significant agonist effect in MCF-7:WS8 cells, however,
these compounds at 1 μM were able to completely inhibit
estradiol-stimulated MCF-7:WS8 breast cancer cell growth
(Figure 3), thus confirming their role as antagonists/anti-
estrogens. Similar experiments performedwith compounds 3
and 12 showed an inability to block estradiol-stimulated
growth in MCF-7:WS8 cells at concentrations up to 1 μM
(Figure 3). On the basis of these findings, compounds 3

and 12 were classified as estrogens with a pharmacology,
in this assay, indistinguishable from the natural planar
estrogen E2.
It is interesting to note that compounds 6 and 7, which are

the E- and Z-isomers of the diphenolic TPEs, were equiva-
lent in their agonistic potency, thus suggesting that isomer-
ization occurs in vitro given an equilibrium mixture. This
phenomenon has been noted previously with theE-isomer of
4-OHTAM,20 but the true pharmacology of the separate
isomers was eventually resolved by the synthesis of fixed ring
analogues.20,21 Both the E- andZ-isomers of 4-OHTAM are
antiestrogenic because they block the proliferation of estra-
diol-stimulated growth in MCF-7 breast cancer cells and
they inhibit estradiol-stimulated prolactin gene activation.

Figure 3. The ability of the tested TPEs 3 and 12 and 4OHTAMand Endoxifen to inhibit estradiol-stimulatedMCF-7:WS8 breast cancer cell
growth. Cells were treated with indicated compounds for 7 days.

Figure 4. ERE luciferase assay inMCF-7:WS8 cells transiently transfected with an ERE luciferase construct and treated with E2, test TPEs 3,
6, 7, 12, and 15 and 4OHTAM.
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TheE-isomer is however approximately 1/100 the potency of
the Z-isomer.
To determine the ability of the test TPEs to activate the

ER, MCF-7:WS8 cells were transiently transfected with an
estrogen response element (ERE)-luciferase reporter gene
encoding the firefly reporter genewith five consecutive EREs
under the control of a TATA promoter. The binding of
ligand-activated ER complex at the EREs in the promoter of
the luciferase gene activates transcription. The measurement
of the luciferase expression levels permits a determination of
agonist activity of the TPE:ER complex. Figure 4 shows that
all the phenolic TPEs were estrogenic, but E2 was 100 times
more potent than the most potent TPE bisphenol (15). The
order of potency was as follows: E2 > 15 > 3 > 7 > 6 >
12 > 4-OHTAM. None of the tested TPEs were antiestro-
genic in this assay.
Our goal was to confirm and advance the hypothesis that

the shape of the estrogen ER complex was different for
planar and nonplanar (TPE -like) estrogens. This hypothesis
has been advanced independently by ourselves18,22 and
Gust’s group.19 Through a series of studies using mutant
ER expression in an ER negative breast cancer cell line, we
found that the mutant D351G ER completely suppressed
estrogen-like properties of 4-OHTAM at an endogenous
TGFR target gene.17 Use of this assay led us to classify
planar estrogens (DES or E2) as class I and nonplanar
estrogens (TPE-type) as class II. A broad group of compound

structureswereused in this study to establishwhether a class II
compound could become nonestrogenic with the D351G ER
mutant.
Our series of phenolic TPEs were evaluated in the ER-

negative breast cancer cell line T47D:C42,23 which was
transiently transfected with an ERE luciferase plasmid and
either the wild-type ERor theD351Gmutant ER. Figure 5A
shows that in the presence of the wild-type ER all of the
tested TPE compounds were potent agonists with the ability
to significantly enhance ERE luciferase activity. In contrast,
when the D351G mutant ER gene was transfected with the
ERE luciferase reporter, only the planar E2 was estrogenic,
whereas the TPEs did not activate the ERE reporter gene
(Figure 5B). Overall, these results confirm the importance of
Asp351 in ER activation by TPE ligands to trigger estrogen
action.

Analysis of the Induced Fit Models for Tested TPEs. Data
analysis was performed on top ranked poses for each of the
tested TPEs and for comparison reasons on 4OHTAM
(Figure 6A). The top ranked structure from induced fit for
4OHTAM has a ligand root-mean-square deviation (rmsd)
of 0.55 Å compared with the experimental structure. In
addition to the low ligand rmsd, there is a good similarity
between the 3ert crystal structure and the top-ranked struc-
tures from docking (Figure 6B), the conformations of D351,
E353, R394, T347, H524, and the rest of amino acids which
line the binding site are nearly superimposable in both
structures. Also, the well-known network of H-bonds is
formed between 4OHTAM and E353, R394, and water
molecules. The most significant difference is that in the top
docked pose of 4OHTAM, the antiestrogenic chain is moved
closer to D351 to form the interaction between the amino
group of 4OHTAM and carboxylate of D351. Induced fit
docking of the TPE derivatives: 3, 6, 7, 12, 15, and Endoxifen
in the ligand binding domain of ERR (3ert) has yielded
ligand poses which display a binding mode (Figure 6B) very
similar with that of 4OHTAM in the ER binding site
(Figure 6A). Thus, the superimposition of the top ranked
poses of each ligand onto the 4OHTAM cocrystallized with
ERR (binding cavity filled with water) shows the ligands
binding to the receptor in a similar mode with 4OHTAM,
having the propensity to form the same hydrophobic con-
tacts with the amino acids lining the binding cavity. Further-
more, the complex H-bond network is formed with E353,
R394, H524, and a highly orderedwatermolecule positioned
betweenE353 andR394 (Figure 6B). Interestingly, aH-bond
has been noticed between the hydroxyl group of 15, 3, 7, and
the side chain of T347 is stabilized by an additional interac-
tion with a water molecule from close proximity and pre-
cludes the interaction of the ligands withD351. The situation
is different when water is removed from the binding site. In
this case, the OH is shifted so that the H interacts with the
carboxylate group of D351 and the HO group of T347 is
shifted to form aH-bond with the oxygen. (data not shown).
The molecular docking results have shown that most of the
compounds form the H-bond network encountered in the
case of agonists (E353, R394, H524, water) and display
hydrophobic interactions with the amino acids lining the
binding site. An interesting interaction is the hydrogen bond
with T347 which seems to be stabilized by a water molecule
and it was observed in different docking simulations (flexible
and rigid). However, analysis of other ER crystal structures
has not revealed additional data to confirm this interaction.
Additional work has to be done to verify the hypothesis

Figure 5. Luciferase assay in ER-negative T47D:C4:2 cells, tran-
siently transfected with ERE luciferase and wild type (A) and
D351G (B) mutant ER constructs, respectively, and treated with
E2, tested TPEs 3, 6, 7, 12, and 15 and 4OHTAM. Results
demonstrate that substitution of Asp351 to Gly in ER abrogates
the agonistic activity on all tested TPEs (class II estrogens), except
planar E2 (class I estrogen).
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(docking, binding energy calculations through semiempircal
and/or ab initio methods, etc.). The interaction with D351 is

weak (3.8-4 Å), and it was mostly noticed when the simula-
tions were run with the receptor without water in the binding
site. This would mean that D351 is exposed and not shielded
so it could communicate intrinsic estrogenic properties of the
complex to AF-1.
The best poses of the tested TPEs 3, 6, 7, 12, 15, and

Endoxifen, obtained from docking simulations ran against
the antagonist conformation of the ER, were superimposed
on the experimental agonist conformation of the ER (ER
cocrystallizedwith estradiol, PDB code 1GWR) (Figure 7A).
This has shown that these ligands are unlikely to be accom-
modated in the agonist conformation of the ER due to the
sterical clashes between “Leu crown”, mostly Leu525 and
Leu540, helix 12, and ligands as depicted in Figure 7B,
indicating, that these ligands most likely bind to ER’s
conformation more closely related with the antagonist form.

Discussion

The aim of this structure function relationship study was to
evaluate the pharmacological properties of synthetic TPEs as
estrogens inMCF-7 humanbreast cancer cells using theDNA
proliferation assay and ERE luciferase assays. Our results
show that all of the synthesizedTPEs possess potent estrogen-
like properties in ourMCF-7 humanbreast cancer cells. These
TPEs markedly increased cell growth and enhanced ERE
luciferase activity. In contrast, the tamoxifen metabolites
4OHTAM and Endoxifen, which possess an alkylami-
noethoxy side chain in their structure, failed to induce growth
or increase ERE luciferase activity, thus confirming their role
as antiestrogens.
X-ray crystallography of ER-4OHTAM and ER-Raloxi-

fene complexes demonstrate that the presence of the alkya-
minoethoxy side chain of 4OHTAM is crucial for the ER to
gain an antagonistic conformation by displacing the H12 of
the receptor by 4OHTAM’s bulky side chain, thus preventing
the binding of the coactivators.13 On the basis of the results of
our proliferation assays and the luciferase assays, it is clear
that repositioning of the hydroxyl groups changed the biolo-
gical potencies of the tested TPE compounds, which lowered
their estrogenic potency compared to that of E2.However, the
fact that these TPEs were able to significantly induce growth
and ERE activation in MCF-7:WS8 cells demonstrated that
they are still full agonists. The absence of the alkyami-
noethoxy side chain on the tested TPEs does not allow these
compounds to act as antiestrogens, like 4-OHTAM or En-
doxifen, which possesses the alkyaminoethoxy side chain.13

However, despite the changes in biological potencies of the
tested TPEs, due to repositioning of the hydroxyl groups and
addition of the ethoxy group, these compounds also main-
tained their ability to activate theEREaswas demonstrated in
our ERE luciferase assays.
Another interesting aspect in our study is the importance of

Asp351 in activation of the ER thereby acting as a molecular
test for the presumed structure of the TPE:ER complex. On
the basis of the X-ray crystallography of the ER in complex
with 4OHTAM13andRaloxifene,12 it was determined that the
basic side chains of these antiestrogens are in proximity of
Asp351 in the ER. It was hypothesized that this interaction
with Raloxifene actually neutralizes and shields Asp351,
preventing it from interacting with ligand-independent acti-
vating function 1 (AF-1). In contrast, 4OHTAM possesses
some estrogenic activity because the side chain is too short.13

Substitution of Asp351 with glycine leads to loss of estrogenic

Figure 6. (A) Cartoon representation of the human ERR ligand
binding domain complexed with 4-hydroxy tamoxifen, the antagonist
conformation of the receptor. Helix 12 is depicted in blue, the amino
acids involved in theH-bond networkwith the ligand are displayed as
sticks. and the ligand is colored in purple. (B) Molecular docking of
TPE derivatives into the binding site of ERR. For comparison
reasons, the top ranked ligand-protein complex is superimposed on
the crystal structure of the receptor cocrystallized with 4-OHT; the
amino acids lining the biding sites of both complexes are shown and
the complex H-bond network between ligand and the binding site is
displayed. The induced fit docking poses of the ligands are colored as
follow: 15 in cyan, 3 in blue, 6 in orange, 7 in pink, 12 in green,
Endoxifen in yellow, while the crystal structure is depicted in purple.
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activity of the ER bound with 4OHTAM.17,24 Results from
ERE luciferase assays in T47:C4:2 cells transiently transfected
with wild type and D351G mutant ER expression plasmids
demonstrated that wild type ER was activated by all of the
tested TPEs, however substitution of Asp351 by Gly pre-
vented the increase of ERE luciferase activity by all TPEs and
only planar E2, which does not interact with Asp351 at all, or
exposes it on the surface of the complex, was able to activate
ERE in D351G ER transfected cells. This confirms and
expands the classificationof estrogens,whereplanar estrogens
such as E2 are classified as class I and all TPE-related
estrogens are classified as class II estrogens based on the
mechanism of activation of the ER.18

It is important to note that all of the tested TPEs were
agonists in our wild type ER assay systems, however, exten-
sive studies of the structure-function relationship of phenolic
TPEsbyGust and co-workers,25,26 demonstrated that someof
these compounds were potent antagonists in theirMCF-7:2A
cells stably transfected with an ERE luciferase plasmid.
Specifically, these investigators found that compounds 1,1,2-
tris(4-hydroxyphenyl)but-1-ene and 1,1-bis(4,40-hydroxy-
phenyl)-2-phenylbut-1-ene, which correspond to compounds
3 and 15 in this study, were able to completely inhibit
estradiol-stimulated ERE luciferase activity at 100 nM. The
antagonistic potency of these compounds, however, did not
correlate with results from the cytotoxicity assays perfor-
med in their wild-type MCF-7 cells.25,26 Both compounds
1,1,2-tris(4-hydroxyphenyl)but-1-ene (designated as 3 in this
study) and 1,1-bis(4,40-hydroxyphenyl)-2-phenylbut-1-
ene (designated as 15 in this study) produced weak cytotoxic
effects only at concentrations above 5 uM, which were well
beyond the concentration range used in our study. Thus it is
possible that the variation in findings between our laboratory
and that of Gust and co-workers25,26 might be due to differ-
ences in our in vitro model systems and our experimental
design.

Conclusions

Wehave confirmedandadvanced the hypothesis18,19,22 that
estrogens can be classified into planar class I compounds (E2)
and nonplanar class II compounds (TPEs). Armed with these
new tools, we are now poised to examine the biological
consequences of estrogen classification based on the shape
of the resulting ER complex.

Materials and Methods

Chemistry. 1,1,2-Tris(4-hydroxyphenyl)but-1-ene (3). 1,1,2-
Tris(4-hydroxyphenyl)but-1-ene (3) was synthesized according
to the method of Lubczyk, Bachmann, and Gust.26

1,2-Bis(4-methoxyphenyl)butanone (1). Potassium tert-butox-
ide (1.35 g, 12 mmol) was added to a solution of desoxyanisoin
(2.55 g, 10 mmol) in anhydrous ether under a nitrogen atmo-
sphere, and the mixture was stirred for 1 h. At which time,
iodoethane (0.8 mL, 10 mmol) was added dropwise and the
mixturewas refluxed for 12 h.Water (40mL)was added, and the
product was extracted with ether. The ether extracts were
combined, dried over sodium sulfate, and evaporated under
reduced pressure. The crude product was dissolved in carbon
tetrachloride (10mL), andpetroleum etherwas added to crystal-
lize unreacted desoxyanisoin. Dexosyanisoin was filtered off,
and the filtrate was evaporated in vacuo to yield 1 as colorless oil
(2.11 g, 74%). 1H NMR (CDCl3): δ=0.88 (t, 3H, J=7.5 Hz),
1.81 (m, 1H), 2.15 (m, 1H), 3.75 (s, 3H, OCH3), 3.82 (s, 3H,
CH3), 4.34 (t, 1H, J = 7.5 Hz), 6.84 (d, 2H, J = 8.7 Hz), 6.88

Figure 7. (A) View of ERR binding cavity. The X-ray crystal
structure of ERR complexed with estradiol (PDB code 1GWR),
the agonist conformation of the receptor. The amino acids lining
the binding site are depicted as sticks colored by element. The color
code is blue for carbon, red for oxygen, gray for nitrogen, and
yellow for sulfur. The ligand is represented as sticks having the
same colored code like the receptor and the ligand’s surface is
colored in gray. (B) View of ERR binding cavity. The best poses of
BisPhen, TriOHTPE, EDiOHTPE, ZDiOHTPE, Z4EthoxDiO-
HTPE, Endox obtained from docking simulations ran against
the antagonist conformation of the receptor are superimposed on
the agonist conformation of the receptor, ERR cocrystallized
with estradiol (PDB code 1GWR). The amino acids involved in
steric clashes with the ligands, Leu525 and Leu540, are depicted
as molecular surfaces colored in blue while the rest of amino acids
lining the binding site are depicted as sticks colored by element, the
color code is blue for carbon, red for oxygen, gray for nitrogen,
and yellow for sulfur. The ligands are represented in sticks with the
associated molecular surfaces. They respect the same coloring
code with the exception of carbons which are colored as follow:
BisPhen in cyan, TriOHTPE in blue, EDiOHTPE in orange,
ZDiOHTPE in pink, ZEthoxDiOHTPE in green, Endoxifen in
yellow. For clarity, waters and hydrogen atoms were omitted from
the binding site.
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(d, 2H, J= 9.0 Hz), 7.26 (d, 2H, J= 9.0 Hz), 7.97 (d, 2H, J=
9.0 Hz).

E/Z-4,40-(1-Phenylbut-1-ene-1,2-diyl)bis(methoxybenzene) (4)
and (5).Bromobenzene (1.12mL, 1.664 g, 10.6mmol) was added
dropwise over 30 min to a stirred solution of magnesium turn-
ings (0.26 g, 10.6 mmol) in dry tetrahydrofuran (THF) (10 mL)
under a nitrogen atmosphere. Once the Grignard reagent
formed and went into solution, 1 (2.03 g, 7.0 mmol) in THF
(10 mL) was added dropwise over 60 min. The reaction was
refluxed for 12 h then quenchedwithwater (10mL) and theTHF
removed under reduced pressure. The aqueous layer was ex-
tracted with ether (3 � 50 mL). The ether extracts were washed
with saturated sodium bicarbonate and water and dried over
sodium sulfate. The crude carbinol was refluxed with 85%
phosphoric acid (10 mL) in dry THF (20 mL) for 2 h. The
reaction mixture was diluted with water (30 mL) and extracted
with of dichloromethane (3 � 50 mL). The dichloromethane
layers were washed with sodium bicarbonate and water and
dried over sodium sulfate. It was filtered and the solvent
removed under reduced pressure, yielding a brown oil. Purifica-
tion by flash chromatography over silica (3.0 � 30 cm) and
elution with 200 mL of petroleum ether, 300 mL of 5% ether
95% pet ether, and 500 mL of 10% ether 90% petroleum ether
yielded two isomers. Isomer E 4 (0.322 g; 15% yield) was
collected in fractions 17 to 19 while Z-isomer 5 was collected
in fractions 20 to 28 (0.746 g, 31% yield). 1H NMR E-isomer
(CDCl3): δ=0.96 (t, 3H, J=7.5Hz), 2.49 (q, 2H, J=7.5Hz),
3.76 (s, 3H), 3.84 (s, 3H), 6.71 (d, 2H, 8.7 Hz), 6.89 (dd, 4H, J=
8.7 and 2.1 Hz), 6.88-7.05 (m, 5H), 7.15 (d, 2H, J = 8.7). 1H
NMR Z-isomer (CDCl3): δ=0.93 (t, 3H, J=7.5 Hz), 2.44 (q,
2H, J= 7.5 Hz), 3.71 (s, 3H), 3.78 (s, 3H), 6.57 (d, 2H, 8.7 Hz),
6.72 (d, 2H, J= 8.7 Hz), 6.89 (d, 2H, J= 8.7 Hz), 7.05 (d, 2H,
J = 8.7), 7.22-7.37 (m, 5H).

E/Z-4-(1-(4-Hydroxyphenyl)-1-phenylbut-1-en-2-yl)phenol (6)
and (7). Boron tribromide (1.23 mL; 3.25 g; 0.0129 mols) in
dichloromethane (5 mL) was added dropwise over 60 min to
4,40-(1-phenylbut-1-ene-1,2-diyl)bis(methoxybenzene) 4 or 5

(0.746, 2.17 mmol) in dry dichloromethane (20 mL) cooled in
a dry ice/ethanol bath while stirring under a nitrogen atmo-
sphere. The solution turned dark immediately and was allowed
to warm to room temperature after the addition was complete.
The reaction mixture was stirred for a total of 4 days at room
temperature. Excess boron tribromide was removed using a
nitrogen stream then anhydrous methanol (3 � 25 mL) was
added and it was evaporated in vacuo three times. It was
recrystallized from benzene and purified further by preparative
HPLC using 70% methanol 30% water. Fractions were col-
lected as follows: E-isomer 6 (28-39 min, 1.814 abs; 40 mg); Z-
isomer 7 (41-58 min, 2.007 Abs; 78 mg). 1H NMR E-isomer 6
(MeOD): δ=0.90 (t, 3H, J=7.5Hz), 2.47 (q, 2H, J=7.5Hz),
6.39 (d, 2H, J=8.4 Hz), 6.65 (d, 2H, J=8.7), 6.76 (d, 2H, J=
8.4 Hz), 7.02 (d, 2H, J= 8.7), 7.07-7.12 (m, 5H). 1H NMR Z-
isomer 7 (MeOD): δ=0.90 (t, 3H, J=7.5Hz), 2.38 (q, 2H, J=
7.5 Hz), 6.43 (d, 2H, 8.4 Hz), 6.59 (d, 2H, J = 8.4 Hz), 6.66 (d,
2H, J = 8.4 Hz), 6.93 (d, 2H, J = 8.4 Hz), 7.16-7.32 (m, 5H).
MS m/z calcd for C22H20O2 315.14 (M - H)-; found 315 for
both samples.

1,2-Bis(4-hydroxyphenyl)ethanone (8). Desoxyanisoin (1.0 g;
3.90 mmol) was dissolved in glacial acetic acid (1 mL) with
stirring. Next, hydroiodic acid (5 mL, 36.5 mmol) was added
and the solution was heated to 130-140 �C for 4 h. The reaction
mixture was poured into water (50 mL) and the blue-gray
colored solid was filtered and washed with water. It was dried in
vacuo to yield 9 (0.80 g; 90%). Melting point 205-208 �C. 1H
NMR (MeOD): δ=4.13 (s, 2H), 6.71 (d, 2H, J=8.7 Hz), 6.83
(d, 2H, J= 8.7 Hz), 7.06 (d, 2H, J= 8.7 Hz), 7.93 (d, 2H, J=
8.7 Hz).

1,2-Bis(4-(tetrahydro-2H-pyran-2-yloxy)phenyl)ethanone (9).
1,2-Bis(4-hydroxyphenyl)ethanone (8) (700mg, 3.07 mmol) was
suspended in benzene (35 mL) with stirring under nitrogen

atmosphere. Then, 3,4-dihydro-2H-pyran (6 mL, 65.6 mmol)
was added, followed by p-toluenesulfonic acid monohydrate
(53mg, 0.28mmol), and the solutionwas stirred at 0 �C for 4.5 h.
The solution changed frompurple to pink to clear. It was poured
into saturated sodium bicarbonate solution and extracted with
ethyl acetate. The combined ethyl acetate layers were washed
with water, dried over magnesium sulfate, and evaporated in
vacuo to a yellow solid. The residue was triturated with carbon
tetrachloride to remove unreacted pyran. The white solid
(548 mg) was collected by filtration, and the filtrate was purified
by column chromatography over silica (2.7� 4 on 2.7� 22). The
product was eluted with 100 mL of pet ether, 200 mL of 10%
ether 90% pet ether, 200 mL of 20% ether 80% pet ether,
200 mL of 30% ether 70% pet ether, and 200 mL of 40% ether
60% pet ether. Fractions 33-40 were combined and evaporated
in vacuo to give 243 mg of additional product (791 mg, 65%
yield). 1H NMR (CDCl3): δ = 1.59-2.00 (m, 12H), 3.60 (m,
2H), 3.86 (m, 2H), 4.16 (s, 2H), 5.38 (t, 1H, J = 3.0 Hz), 5.50
(t, 1H, J = 3.0 Hz), 7.00 (d, 2H, J = 8.7 Hz), 7.07 (d, 2H, J =
8.7 Hz), 7.17 (d, 2H, J = 8.7 Hz), 7.97 (d, 2H, J = 9.0 Hz).

1,2-Bis(4-(tetrahydro-2H-pyran-2-yloxy)phenyl)butan-1-one (10).
Potassium tert-butoxide 9 (229 mg, 2.04 mmol) was added to
1,2-bis(4-(tetrahydro-2H-pyran-2-yloxy)phenyl)ethanone (9)
(672 mg, 1.69 mmol) dissolved in anhydrous THF (25 mL)
under a nitrogen atmosphere with stirring. The mixture was
stirred at room temperature for 1 h. Next, iodoethane (0.136mL
1.70 mmol) was added dropwise, and the reaction mixture was
refluxed for 6 h. After cooling, the THF was removed under
reduced pressure. Water (30 mL) was added, and the product
was extracted with ether. The ether extracts were combined,
dried over sodium sulfate, and evaporated under reduced pres-
sure to 10 (623 mg, 87% yield). 1H NMR (CDCl3): δ= 0.88 (t,
3H, J=7.2 Hz), 1.60-1.97 (m, 12H), 2.13 (m, 2H, J=7.2 Hz),
3.58 (m, 2H), 3.864 (m, 2H), 4.34 (t, 1H, J=7.2Hz), 5.34 (t, 1H,
J= 3.0 Hz), 5.46 (t, 1H, J= 3.0 Hz), 6.95 (d, 2H, J= 8.4 Hz),
7.01 (d, 2H, J= 8.4 Hz), 7.20 (d, 2H, J= 8.7 Hz), 7.93 (d, 2H,
J = 8.7 Hz).

E/Z(4-(1-(4-ethoxyphenyl)-1-(4-hydroxyphenyl)but-1-en-2-yl)-
phenol (11) and (12). 4-Bromophenetole (0.160 mL, 1.11 mmol)
in dry THF (10 mL) was added dropwise over 30 min to
magnesium turnings (27 mg, 1.11 mmol) with stirring under a
nitrogen atmosphere. An iodine crystal was added to initiate the
reaction, and it was refluxed until the magnesium turnings dis-
solved. Next, 1,2-bis(4-(tetrahydro-2H-pyran-2-yloxy)phenyl)-
butan-1-one (10) (0.311 g; 0.735 mmol) was added and the
reaction was refluxed for 12 h. After cooling, the reaction
mixture was evaporated in vacuo to an orange residue. Water
(20mL), dichloromethane (20mL), and acetic acid (1 drop)were
added to the orange residue, and the aqueous layer was ex-
tracted with dichloromethane (3� 25mL). The organic extracts
were washed with saturated sodium bicarbonate and water and
dried over sodium sulfate. Filtration and evaporation provide
the crude carbinol, which was hydrolyzed by refluxing for 2 h
with 85% phosphoric acid (1 mL) in dry THF (10 mL). The
reaction mixture was diluted with water (30 mL) and extracted
with dichloromethane (3 � 50 mL). The dichloromethane was
washed with sodium bicarbonate and water and dried over
sodium sulfate. It was filtered, and the solvent was removed
under reduced pressure to a yellow oil. It was purified by prep
HPLC over C-18 Delta Pak column eluting with 40% H2O and
60% MeOH. Flow rate was 100 mL/min. The elution was
monitored by UV set to 254. Two fractions were collected: E-
isomer 11 (54-64 m, 14 mg) and Z-isomer 12 (92-100 m, 16
mg). 1HNMR 11 (CDCl3): δ=0.92 (t, 3H, J=7.5Hz), 1.34 (t,
3H, J= 6.9 Hz), 2.44 (q, 2H, J= 7.5 Hz), 3.90 (q, 2H, J= 6.9
Hz), 6.55 (d, 2H, J=8.7 Hz), 6.63 (d, 2H, J= 8.4 Hz), 6.76 (d,
2H, J = 8.7 Hz), 6.80 (d, 2H, J = 8.7 Hz), 6.97 (d, 2H, J =
8.7Hz), 7.12 (d, 2H, J=8.4Hz). 1HNMR 12 (CDCl3):δ=0.92
(t, 3H, J = 7.5 Hz), 1.40 (t, 3H, J = 6.9 Hz), 2.45 (q, 2H, J =
7.5 Hz), 4.02 (q, 2H, J=6.9 Hz), 6.49 (d, 2H, J=8.7 Hz), 6.63
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(d, 2H, J= 8.4 Hz), 6.73 (d, 2H, J= 7.8 Hz), 6.86 (d, 2H, J=
8.4 Hz), 6.97 (d, 2H, J= 8.4 Hz), 7.12 (d, 2H, J= 8.7 Hz). MS
m/z calcd for C24H24O3 360; (M - H)- found 359; (M þ H)þ

found 361.
1-(4-Methoxyphenyl)-2-phenylbutan-1-one (13).Anisole (5.861 g,

54.2 mmol) and 2-phenylbutyryl chloride (9.90 g, 54.2 mmol) were
dissolved in20mLof carbondisulfidewith stirringunder anitrogen
atmosphere. The reaction mixture was cooled in an ice bath while
AlCl3 (7.6 g, 57.0 mmol) was added, keeping the temperature
between 10 and 20 o C. It was stirred at room temperature for
20 h. The dark-red reaction mixture was poured into ice, and the
aqueous layer was extractedwith ether (3� 75mL). The combined
ether layers werewashedwith 10%KOH, 10%HCl, and saturated
sodium bicarbonate solutions. The ether layer was then dried over
MgSO4 and evaporated under reduced pressure to a yellow solid 18
(13.01 g; 94% yield); mp 41-42.5 o C. TLC: (CHCl3) Rf = 0.57.
NMR (CDCl3): δ=0.90 (t, 3H, J=7.2Hz), 1.84 (m, 1H, J=7.2
Hz), 2.19 (m, 1H,J=7.2Hz), 3.82 (s, 3H), 4.40 (t, 1H, J=7.2Hz),
6.86 (d, 2H, J=9Hz), 7.16-7.41 (m, 5H), 7.96 (d, 2H, J=9Hz).

1,1-Bis(4,40-methoxyphenyl)-2-phenylbut-1-ene (14). Com-
pound 18 (1.0 g, 3.93 mmol) in 10 mL of THF was added
dropwise over 15 min to a 1 M THF solution of 4-methoxyphe-
nyl magnesium bromide (5.8 mL, 5.8 mmol) cooled in an ice
bath under a nitrogen atmosphere with stirring. The solution
was refluxed for 17.5 h. The reaction mixture was poured into
20 mL of water and 8 mL of 6N acetic acid. The aqueous layer
was extracted with ether (3 � 50 mL). The ether extracts were
washedwith saturated sodiumbicarbonate andbrine, dried over
sodium sulfate, and evaporated under reduced pressure to an oil.
The crude carbinol was refluxed with 85% phosphoric acid
(10 mL) in dry THF (20 mL) for 2 h. The reaction mixture was
diluted with water (60 mL) and extracted with dichloromethane
(3 � 50 mL). The dichloromethane layers were washed with
sodium bicarbonate and water then dried over sodium sulfate.
The solvent was removed under reduced pressure, yielding a
cream solid. Purification by flash chromatography over silica
(2.7� 37 cm) and elutionwith 500mLof hexanes gave pure 19 in
fractions 7-18, which were combined and evaporated in vacuo;
yield 1.30 g (96%); mp 116-118 o C. TLC: (CHCl3) Rf = 0.68.
NMR (CDCl3): δ = 0.93 (t, 3H, J= 7.5 Hz), 2.48 (q, 2H, J =
7.5Hz), 3.68 (s, 3H), 3.83 (s, 3H), 6.54 (d, 2H, J=9Hz), 6.77 (d,
2H, J = 9 Hz), 6.88 (d, 2H, J = 9 Hz), 7.07-7.19 (m, 7H).

1,1-Bis(4,40-hydroxyphenyl)-2-phenylbut-1-ene (15). Compound
19 (1.9 g, 3.79mmol) in 18mL dry dichloromethane was cooled to
-55 o C under a nitrogen atmosphere with stirring. Then, BBr3
(2.17 mL, 22.95 mmol) in 10 mL of dichloromethane was added
over 30 min while the temperature was kept at -55 o�C. The
reaction mixture was stirred at room temperature for 90 h. The
reactionwasquenchedbyadditionofmethanol.Themethanolwas
evaporated, and this was performed three more times, which
resulted in a green residue. The crude product was purified by
flash chromatography on a silica column (4 cm � 26 cm) equili-
brated with hexane. It was eluted with chloroform:methanol
(85:15), and 20mL fractions were collected. Fractions 18-27were
combined and evaporated under reduced pressure. The resulting
solid was recrystallized from chloroform but contained a small
impurity byHPLC. It was purified by prepHPLCoverC-18Delta
Pak column eluting with 20% H2O and 80% MeOH. Flow rate
was 30mL/min.TheUVdetectorwas set to 254λ. The productwas
collect from 20 to 24min, and the solvent was evaporated in vacuo
to give 20 (75 mg, 5% yield); mp 206-206.5 o C. TLC: (CHCl3 9:
methanol 1) Rf = 0.50. NMR (CDCl3): δ= 0.92 (t, 3H, J= 7.5
Hz), 2.47 (q, 2H, J=7.5Hz), 4.48 (s, 1H), 4.71 (s. 1H), 6.46 (d, 2H,
J=8.4 Hz),; 6.73 (d, 2H, J=8.4 Hz),; 6.81 (d, 2H, J=8.4 Hz),
7.10-7.16 (m, 7H).

Cell Culture. The ER-positive human breast cancer cell line
MCF-7:WS8 and the ER-negative breast cancer cell line T47D:
C4:2were used in our study.MCF-7:WS8 cells were cloned from
wild type MCF-7 cells that were originally obtained from Dr.
Dean Edwards (University of Texas, San Antonio, TX) and

were maintained in phenol-red RPMI 1640 medium containing
10% fetal bovine serum (FBS), 2 mM glutamine, penicillin at
100 units/mL, streptomycin at 100 μg/mL, 1� nonessential
amino acids (all from Invitrogen, Carlsbad, CA), and bovine
insulin at 6 ng/mL (Sigma-Aldrich, St. Louis, MO). The hor-
mone-independent T47D:C4:2 cells were subcloned fromT47D:
C4 clones of T47D cells that were originally obtained from the
ATCC (Rockville, MD). The T47D:C4:2 cells are ER-negative
hormone-independent cells and they do not re-express ERR
following growth in estrogen-containing media.23 T47D:C4:2
cells were maintained in estrogen-free RPMI 1640 medium,
containing 10% dextran charcoal-stripped fetal bovine serum
(SFS). All cells were cultured in T185 culture flasks (NalgeNunc
International, Rochester, NY) and passaged twice a week in 1:4
ratio. All cultures were grown in 5%CO2, 37 �C.

Cell Proliferation Assays. MCF-7:WS8 cells were cultured in
estrogen-free medium (phenol red-free RPMI 1640 media sup-
plemented with 10% charcoal-stripped FBS) for 4 days before
beginning the proliferation assay. On day 0 of the experiment,
MCF-7:WS8 cells were seeded in estrogen-free RPMI media
containing 10% SFS at a density of 20000 cells per well
respectively in NunclonΔ Surface 24-well plates (Nalge Nunc
International, Rochester, NY). After 24 h, cells were treated
with various concentrations of the tested compounds, prepared
via serial dilutions. All concentration points were performed in
triplicate. The compound-containing medium was changed on
days 3 and 5, and the experiment was stopped on day 7. Cells
were washed with cold PBS (Invitrogen, Carlsbad, CA) at least
twice and analyzed with Fluorescent DNA quantification kit
(Bio-Rad, Hercules, CA) according to manufacturers instruc-
tions, and samples were read on Mithras LB540 fluorometer/
luminometer (Berthold Technologies, Oak Ridge, TN) in black
wall 96-well plates (Nalge Nunc International, Rochester, NY) .

DNA Plasmids. Estrogen Response Element activity was
determined via Luciferase assays with pERE(5X)TA-ffLuc
and pTA-srLuc reporter plasmids. These plasmids contained
the TATA-box basal promoter firefly and the Renilla luciferase
reporter genes, respectively, and were constructed by insertion
viaHindIII linkers of the nucleotides-31 andþ31 region of the
herpes simplex virus thymidine kinase promoter into pGL3-
Basic and phRG-B (Promega, Madison, WI).27 For transient
expression of wild-type ERR and 351 aspartate-to-glycine-
substituted mutant ERR, pSG5HEGO and pSG5D351-
GER plasmids were used, respectively. pSG5HEGO was ori-
ginally provided by Professor Pierre Chambon, University of
Strasbourg, France, and pSG5D351GER was generated using
QuichChange Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA) and pSG5HEGO as a template.17 All plasmids for
this study were purified using HiSpeed Plasmid Maxi Kit
(Qiagen, Valencia, CA) and were grown via OneShot TOP10
Chemically Competent Escherichia coli cells (Invitrogen,
Carlsbad, CA).

Transient Transfections andLuciferaseActivityAssays.MCF-
7:WS8 cells were cultured in estrogen-free RPMImedia for 24 h
prior to transfection. On the day of the experiment, cells were
seeded in estrogen-freemedia at a density of 100000 cells perwell
in 24-well plates. After 24 h, MCF-7:WS8 cells were transfected
with 28.8 μg of pERE(5X)TA-ffLuc and 9.6 μg of pTA-srLuc
reporter plasmids, using 3 μL of TransIT-LT1 transfection
reagent (Mirus Biolabs, Madison, WI) per 1 μg of plasmid
DNA in 52.5 mL of OPTI-MEM serum-free media (Invitro-
gen, Carlsbad, CA). Transfection mix containing transfection
complexes of the transfection reagent and plasmid DNA in
OPTI-MEMmedia was added to cell in growth media to a final
concentration of 0.3 μg pERE(5X)TA-ffLuc and 0.1 μg of pTA-
srLuc reporter plasmids per well. After 18 h, transfection
reagents were removed and fresh media was added. Cells were
then treated with the various test compounds for 24 h. At the
indicated time point, cells were washed once with cold PBS
(Invitrogen, Carlsbad, CA), lysed, and ERE luciferase activity
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was determinedusing theDual-LuciferaseReporterAssay System
(Promega,Madison,WI) according tomanufacturers recommen-
dations. Samples were then read on a Mithras MB540 fluorom-
eter/luminometer (Berthold Technologies, Oak Ridge, TN).

T47D:C4:2 cells were seeded in estrogen-free RPMI 1640
media at a density of 200000 cells per well in 24-well plates.
T47D:C4:2 cells are ER-negative cells, therefore these cells were
transiently transfected with wild-type ERR (pSG5HEGO) or
D351G mutant ERR (pSG5D351GER), along with pERE-
(5X)TA-ffLuc and pTA-srLuc reporter plasmids. Transfection
mix contained7.2μgof pSG5HEGOor7.2μgof pSG5D351GER,
7.2μg of pERE(5X)TA-ffLuc, and 2.4μg of pTA-srLuc reporter
plasmids, and 3 μL of FuGene HD transfection reagent (Roche
Diagnostics, Indianapolis, IN) per 1 μg of plasmid DNA, and
13 mL of OPTI-MEM serum-free media (Invitrogen, Carlsbad,
CA) for 1� 24-well plate. Transfection complexes of the reagent
and plasmidDNAwere added to cells in growthmedia to a final
concentration of 0.3 μg of pSG5HEGO or 0.3 μg of pSG5D-
351GER, 0.3 μg of pERE(5X)TA-ffLuc, and 0.1 μg of pTA-
srLuc per well. After 18 h, transfection reagents were removed
and fresh media was added. Cell were then treated with the
various test compounds for 24 h, and ERE luciferase activity
was determined as described above.

Reagents and Supplies. Estradiol (E2), 4-hydroxy-tamoxifen
(4OHTAM), and bovine insulin, was obtained from Sigma, St.
Louis, MO. Endoxifen (Z-isomer) was a kind gift from Dr.
James Ingle (Mayo Clinic). Fetal bovine serum (FBS), 2 mM
glutamine, penicillin at 100 units/mL, streptomycin at 100 μg/
mL, 1� nonessential amino acids, RPMI 1640 with phenol-red
media, PBS buffer, RPMI 1640 phenol-red-free media, and
OPTI-MEM serum-free media were all obtained from Invitro-
gen, Carlsbad, CA. Fluorescent DNA quantification kit ob-
tained fromBio-Rad, Hercules, CA. HiSpeed PlasmidMaxi Kit
was obtained from Qiagen, Valencia, CA. TransIT-LT1 trans-
fection reagent was obtained fromMirus Biolabs,Madison,WI.
FuGene HD transfection reagent was obtained from Roche
Diagnostics, Indianapolis, IN. Dual-Luciferase Reporter Assay
System was obtained from Promega, Madison, WI. Anhydrous
ether was purchased from Fisher. Potassium tert-butoxide,
desoxyanisoin, magnesium turnings, bromobenzene, boron tri-
bromide, anhydrous methylene chloride, 3,4-dihydro-2H-pyr-
an, oxalyl chloride, N,O-dimethylhydroxylamine, aluminum
chloride, and cyclohexene were purchased from Acros. Ethyl
iodide, hydroiodic acid (55% ACS unstabilized), p-toluene
sulfonic acid monohydrate, 2-fluoro-3-trifluoromethylbenzoic
acid, 2,4-dimethoxymagnesium bromide (0.5 M solution in
THF), anisole, 2-phenylbutyryl chloride, phenyl magnesium
bromide (1 M solution in THF), sodium hydride (60% in
mineral oil), and allylbromide was purchased from Aldrich.
Carbon disulfide was purchased from Baker. THF was distilled
and stored over calcium hydride. Benzene was distilled from
calcium hydride and stored over molecular sieves. Flash chro-
matography was run using Whatman 230-400 mesh silica gel
60. Preparative chromatography was run on a Waters Delta
Prep 3000 HPLC system using a prep pak C-18 delta-pak
column (47 nn � 300 mm). UV detection was set at 254λ. Flow
rate was 50 mL per min. 1H NMR was performed on a Bruker
WB Advance 300 MHz instrument. MS analysis performed by
HT Laboratories (San Diego, CA) using electrospray ioniza-
tion. LC-MS was performed using a Waters 2545 binary gra-
dientmodule and a 2487 dual wavelength detector set to 254 and
365, a 2424 ELS detector, and a 3100MS detector. The gradient
was linear 5% MeOH 95% H2O to 95% MeOH 5% H2O over
20 min. The column was aWaters Delta Pak C-18 15μ 100A 3.9
mm � 300 mm (catalogue number 11797) run at a flow rate of
0.8 mL permin. The purity of all compounds was determined by
LC-MS to be 95% or greater.

Molecular Modeling. The coordinates for the antagonist
conformation of human ER ligand binding domain cocrystal-
lized with 4OHTAM were extracted from the RCSB Protein

Data Bank (PDB),28 entry 3ert, was selected for further model-
ing with ER in antagonist conformation and 1GWR was
selected for modeling of the ER in the agonist conformation.
The protein was prepared for the docking experiments using the
Protein Preparation Workflow (Protein Preparation Wizard,
Schr€odinger, LLC, Portland, OR) implemented in Schr€odinger
suite and accessible from within theMaestro program (Maestro
8.5, Schr€odinger, LLC, Portland, OR). Briefly, the hydrogen
atoms were added, water molecules beyond 5 Å from the ligand
were deleted, and the orientation of hydroxyl groups, Asn, Gln,
and the protonation state of His were optimized to maximize
hydrogen bonding. All Asp, Glu, Arg, and Lys residues were left
in their charged state. Finally, the ligand-protein complex was
refined with a restrained minimization performed by Impref
utility, which is based on the Impact molecular mechanics
engine (Impact 4.5, Schr€odinger, LLC, Portland, OR) and the
OPLS2001 force field, setting a max rmsd of 0.30.

Ligands preparation for dockingwas performedwithLigPrep
(LigPrep 2.1, Schr€odinger, LLC, Portland, OR) application
which consists of a series of steps that perform conversions,
apply corrections to the structure, generate ionization states and
tautomers, and optimize the geometries.

Molecular docking was performed using Glide 4.5 (Glide 4.5,
Schr€odinger, LLC, Portland, OR) followed by the Induced Fit
protocol (Induced Fit protocol, Schr€odinger, LLC, Portland,
OR), which is intended to circumvent the inflexible binding site
and accounts for the side chainor backbonemovements, or both,
upon ligand binding.29 In the first stage of the IFD protocol,
softened-potential docking step, 20 poses per ligand were re-
tained. In the second step, for each docking pose, a full cycle of
protein refinement was performed, with Prime 1.6 (Prime 1.6,
Schr€odinger, LLC, Portland, OR) on all residues having at least
one atomwithin 8 Å of an atom in anyof the 20 ligandposes. The
Prime refinement starts with a conformational search and mini-
mization of the side chains of the selected residues and after
convergence to a low-energy solution, an additional minimiza-
tion of all selected residues (side chain and backbone) is per-
formed with the truncated-Newton algorithm using the OPLS
parameter set and a surface Generalized Born implicit solvent
model. The obtained complexes are ranked according to Prime
calculated energy (molecular mechanics and solvation), and
those within 30 kcal/mol of the minimum energy structure are
used in the last step of the process, redocking with Glide 4.5
(extended precision), and scoring. In the final round, the ligands
used in the first docking step is redocked into each of the receptor
structures retained from the refinement step. The final ranking of
the complexes is done by a composite score which accounts for
the receptor-ligand interaction energy (GlideScore) and recep-
tor strain and solvation energies (Prime energy).29
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Abstract

Background: X-box binding protein 1 (XBP1), a transcrip-
tion factor involved in unfolded protein response, is also an
estrogen-regulated gene and strongly correlates with estrogen
receptor alpha (ERa) expression in breast cancers. We inves-
tigated the functional role of XBP1 in estrogen responsive
breast and endometrial cancer cells as its functions are not
fully understood.
Materials and methods: ERa positive breast (MCF7) and
endometrial (ECC1) cancer cells were used to study XBP1
gene regulation by 17-b-estradiol (E2) and to investigate the
role of XBP1 in E2-mediated growth using short interfering
RNA. Quantitative real-time PCR and Western blot were
used to assess RNA and protein levels. Recruitment of ERa

and other cofactors at the promoter and enhancer region of
the XBP1 gene was investigated by chromatin immunopre-
cipitation. Estrogen responsive element (ERE)-mediated
transcriptional activity was evaluated by a luciferase reporter
assay.
Results: E2 induced the transcription of XBP1 in both MCF7
and ECC1 cells. E2-dependent recruitment of ERa, steroid
receptor coactivator (SRC)-1 and SRC-3, and RNA poly-
merase II were observed at the promoter and/or enhancer
region of the XBP1 gene. Depletion of XBP1 markedly
inhibited the E2-induced growth in MCF7 and ECC1 cells.
However, ERE-mediated transcription was not altered in
XBP1-overexpressing or XBP1-depleted MCF7 cells.
Conclusion: Our results confirm E2-induced transcription of
XBP1 and demonstrate the crucial role of XBP1 in E2-
induced growth of ERa positive breast and endometrial can-
cer cells without modulating the classical ERE-mediated
transcription by ER. This knowledge creates new opportu-
nities for therapeutic interventions.
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Introduction

Estrogen is the principal growth mediator of the estrogen
receptor (ER) positive breast and endometrial cancers (1).
Estrogen acts by binding to ERa or b and the resulting com-
plex can activate transcription of estrogen responsive genes.
Examples of estrogen responsive genes include the transcrip-
tion factors which crucially regulate estrogen-dependent
growth. X-box binding protein 1 (XBP1) is a tran-
scription factor, identified as basic region leucine zipper
belonging to the ATF/CREB family, strongly coexpressed in
ERa positive luminal epithelial breast cancers (2, 3). Several
DNA microarray studies have also found XBP1 as an estro-
gen-regulated gene in ER positive breast cancer cell lines as
well as in breast cancers (4–9). In addition, recruitment of
ERa on the XBP1 promoter as well as enhancer regions has
been confirmed using chromatin immunoprecipitation (ChIP)
followed by tiled microarray on human chromosomes 21 and
22 (10).

XBP1 is an important component of unfolded protein
response (UPR) where it activates a distinct set of genes and
regulates endoplasmic reticulum stress-mediated apoptosis
(11). Studies have found that XBP1 is essential for survival
of mouse embryonic fibroblasts and is also required for
tumor growth of human fibrosarcoma cells under hypoxic
conditions, as XBP1-deficient cells show impaired survival
(12). Consistent with these findings, XBP1 knockout mice
are found to be embryonic lethal as embryonic livers at 13.5
day from XBP–/– mouse exhibited increased apoptosis com-
pared with wild type embryos (13). Further studies show that
embryonic lethality of the XBP–/– can be rescued by selec-
tively expressing XBP1 in the hepatocytes. However, these
animals died in early postnatal period with pancreatic insuf-
ficiency (14). Likewise, XBP1 is essential for UPR and dif-
ferentiation of plasma cells (15). In multiple myeloma, a
plasma cell malignancy, XBP1 deficiency can induce apop-
tosis in response to endoplasmic reticulum stress (16). A
recent study observed apoptosis in XBP1-depleted intestinal
epithelial cells from mouse and a concurrent increase in their
susceptibility to developing inflammatory bowel disease
(17).

Interestingly, XBP1 is reported (18) to interact with ERa

in a ligand-independent manner and can also induce tran-
scription from estrogen responsive element (ERE) containing
luciferase reporter gene even in the absence of estrogen. Fur-
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ther studies found large-scale chromatin unfolding associated
with XBP1-mediated increase in ERa transcriptional activity
(19). Although these findings strongly suggest an interaction
of XBP1 with ERa and its involvement in the ERa-mediated
transcriptional process, the precise underlying mechanisms
are unknown in ER positive breast and endometrial cancers.

Overexpression of XBP1 in ER positive breast cancer cells
not only induces estrogen-independent growth of ER positive
breast cancer cells but also confers resistance to the anti-
estrogen tamoxifen (20). However, no data are available to
explain the relevance of endogenous level of XBP1 and also
how estrogen mediated upregulation of XBP1 could have a
functional role in estrogen-induced growth of ERa positive
breast and endometrial cancer cells.

We report the estrogen regulation of endogenous XBP1
and show that coactivators steroid receptor coactivator
(SRC)-1 and SRC-3 along with ERa are recruited at the
promoter and/or enhancer elements of the XBP1 gene. By
depleting XBP1 levels using siRNA, we also show that
XBP1 is required to mediate the estrogen-induced growth of
MCF7 breast and ECC1 endometrial cancer cells.

Materials and methods

Cell culture and reagents

Cell culture media were purchased from Invitrogen Inc. (Grand
Island, NY, USA) and fetal calf serum (FCS) was obtained from
HyClone Laboratories (Logan, UT, USA). The ER positive breast
cancer cells MCF7:WS8 used in this study were derived from MCF7
cells obtained from the American Type Culture Collection as report-
ed previously (21). The ER positive endometrial cancer cells ECC1
cells were originally from Dr. Myles Brown’s lab. MCF7 cells were
routinely maintained in RPMI media and ECC1 cells were main-
tained in Dulbecco’s Modified Eagle Medium media supplemented
with 10% FCS, 6 ng/mL bovine insulin and penicillin and strepto-
mycin. Three to four days prior to harvesting, cells were switched
to phenol red-free media containing 10% charcoal dextran treated
FCS. Media was changed every other day. The cells were treated
with indicated reagents for the specified time and were subsequently
harvested for total RNA isolation or protein lysate. Cycloheximide
(CHX) and 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (DRB)
were purchased from Sigma chemicals (St. Louis, MO, USA) and
fulvestrant (FUL) was from Tocris Pharmaceuticals (Ellisville, MI,
USA). Cells were pretreated for 30 min with CHX, DRB or FUL
before treating with 17b-estradiol (E2) or vehicle for specified times
as mentioned in Figure legends. All experiments were repeated at
least three times, in triplicate to confirm the results.

Total RNA isolation and real-time polymerase

chain reaction (PCR)

Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) and an RNeasy kit (Qiagen Inc.) according to the manu-
facturer’s instructions. Real-time PCR was performed by reverse
transcribing 1 mg of total RNA in a total volume of 20 mL using
a high-capacity cDNA reverse transcription kit (Applied Biosys-
tems, Foster City, CA, USA) as per manufacturer’s instructions and
subsequently diluted to 200 mL with sterile water. The real-time
PCR was performed in a 20 mL reaction which included 1= SYBR
green PCR master mix (Applied Biosystems), 100 nM each of for-

ward and reverse primers and 2 mL of diluted cDNA using an ABI
Prism 7900 HT Sequence Detection System (Applied Biosystems)
for 40 cycles (958C for 15 s, 608C for 1 min) following an initial
10 min incubation at 958C. The fold change in expression of tran-
scripts was calculated using the DDCt method, with the ribosomal
protein 36B4 mRNA as the internal control (22). The primer
sequences used were the same as previously reported for XBP1 (10)
and 36B4 (23).

Growth assay

Cells were grown in 10 cm plates in charcoal-stripped media for
4 days before plating for the growth assay. In total, 12,000 cells
were plated in each well of 24-well plates and allowed to attach for
at least 16 h before treating them with vehicle or 1 nM E2. One
untreated plate was collected at the start day of treatment and this
served as the baseline for the comparison of the growth of cells.
Cells were then collected on the second, fourth and sixth days of
treatment and frozen in –308C. The growth was assessed by meas-
uring the DNA content in each well using a fluorescent DNA quan-
titation kit (Bio-Rad, Hercules, CA, USA) according to the
manufacturer’s instructions. Calf thymus DNA was used to plot the
standard curve for the DNA assay with each set of quantitation. The
experiments were repeated three times in quadruplicates to confirm
the data.

Chromatin immunoprecipitation (ChIP) assay

ChIP was performed as described by Shang et al. (24) with minor
modifications. Cells were grown in 15 cm plates in phenol red-free
RPMI media containing 10% charcoal stripped fetal bovine serum
for 3 days before treating with vehicle or 1 nM estradiol for 45 min.
Cells were then washed with phosphate buffered saline (PBS) fol-
lowed by crosslinking with 1% formaldehyde at room temperature
for 15 min and then stopped it using 125 mM glycine. Cells were
then rinsed with PBS and collected in PBS containing protease
inhibitors (Roche Diagnostics, Indianapolis, IN, USA) and 10 mM
dithiothreitol (DTT), followed by centrifuging at 2000=g for 5 min
at 48C. Subsequently, cells were resuspended in nuclei isolation buf-
fer (50 mM Tris Cl, 60 mM KCl, 0.5% NP40, protease inhibitors
and 10 mM DTT) followed by centrifugation to isolate the nuclei.
Isolated nuclei were resuspended in sodium dodecyl sulfate (SDS)
lysis buffer (50 mM Tris Cl, 1% SDS, 10 mM EDTA, pH 8.1 with
protease inhibitors) and sonicated (Microson ultrasonic dismembra-
tor) three times at setting ‘10’ followed by centrifugation at
14,000=g for 20 min at 48C. Fixed chromatin supernatant was
diluted using ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100,
1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl with
1= protease inhibitors) followed by immunoclearing using normal
rabbit serum and 60 mL of protein A agarose (Upstate Cell Signal-
ing Solutions, Temecula, CA, USA). Immunoprecipitation was per-
formed overnight with antibodies against ERa, SRC-1, SRC-3 and
phospho-2-serine-RNA polymerase II (p-RNA polII). The immu-
nocomplexes were precipitated using 60 mL of protein A agarose
and incubated for an additional 2 h followed by centrifugation at
700=g for 5 min. The beads bound to immunocomplexes were
sequentially washed 10 min each using buffer I (20 mM Tris Cl,
2 mM EDTA, 0.1% SDS, 1% Triton X-100 and 150 mM NaCl),
buffer II (20 mM Tris Cl, 2 mM EDTA, 0.1% SDS, 1% Triton X-
100 and 250 mM NaCl), buffer III (0.25 M LiCl, 1% NP-40, 1%
deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1). Precipitates
were then washed twice with TE buffer and extracted twice with
freshly made 1% SDS and 0.1 M NaHCO3. Pooled elutes were
decrosslinked using 200 mM of NaCl and heated at 658C overnight.
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Figure 1 E2-mediated upregulation of XBP1 in MCF7 cells.
MCF7 cells were treated with different concentrations of E2 for 8 h
and expression of XBP1 was measured using quantitative real-time
PCR and compared with vehicle-treated cells (A). MCF7 cells treat-
ed with E2 (1 nM) for 2, 4, 8, 16, 24 or 48 h and expression of
XBP1 was measured using quantitative real-time PCR and com-
pared with vehicle-treated cells (B). MCF7 cells were treated with
CHX (10 mg/mL), DRB (75 mM) or FUL (1 mM) in absence or
presence of E2 (1 nM) for 24 h and expression of XBP1 was
assessed using real-time PCR (C). *p-0.05 compared with respec-
tive vehicle-treated group.

The DNA fragments were purified using a Qiaquick PCR purifi-
cation kit (Qiagen Inc.). Then, 1–2 mL of eluted DNA was used
for real-time PCR analysis. The primer sequences used are as fol-
lows: XBP1 promoter: 59TCTGGAAAGCTCTCGGTTTG39 (for-
ward); 59AATCCCTGGCCAAAGGTACT39 (reverse); XBP1 en-
hancer: 59ATACTTGGCAGCCTGTGACC39 (forward); 59GTG-
CCACAAAGCAGGAAAAA39 (reverse). The data are expressed as
percent input of 1/20th part of starting chromatin material and are
representative of three separate experiments with similar results.

Western immunoblotting

MCF7 and ECC1 cells were grown in phenol red-free media con-
taining charcoal stripped serum. After treatments with the com-
pounds for the indicated time periods, cells were rinsed with cold
PBS and then lysed by RIPA buffer (Sigma Chemicals, St. Louis,
MO, USA) supplemented with protease inhibitors (Roche Diagnos-
tics, Indianapolis, IN, USA) and phosphatase inhibitor cocktails I
and II (Calbiochem, La Jolla, CA, USA). Cell lysates were collect-
ed, sonicated (3= for 10 s, on ice) and centrifuged at 14,000 rpm
for 20 min at 48C. Cell supernatants were aliquoted and stored at
–808C. Protein concentration was determined using a BCA Protein
Assay Kit (Pierce, Rockford, IL, USA). Proteins (20–40 mg) were
separated by electrophoresis using 10% polyacrylamide gels con-
taining sodium dodecyl sulfate (SDS-PAGE) and transferred onto
PVDF transfer membranes (GE Healthcare Bio-Sciences Corp., Pis-
cataway, NJ, USA). Primary antibodies used for Western blotting
were raised against XBP1 (Santa Cruz, CA, USA) and b-actin (Sig-
ma-Aldrich Corp., St. Louis, MO, USA). The bands were visualized
using an ECL Western blotting detection system (GE Healthcare
Bio-Sciences Corp) as per manufacturer’s instructions. The experi-
ments were repeated at least three times with similar results.

Short interfering RNA (siRNA) experiments

For siRNA experiments, MCF7 or ECC1 cells were grown in 10 cm
plates, in antibiotic-free media. Cells were transfected with 100 nM
XBP1 siRNA (on target plus, cat �009552; Dharmacon, Inc.) or
control siRNA (on target plus, non-targeting pool, cat �D-001810;
Dharmacon, Inc.) using 20 mL of Dharmafect transfection reagent
as per manufacturer’s instruction, for 48 h. Cells were allowed to
recover in complete medium (without antibiotics) for 16 h, followed
by reseeding in 24-well plates for growth assay or in 6-well plates
for RNA and protein isolation. Cells were then treated with vehicle
or E2 for indicated times. RNA and protein was extracted by meth-
ods as mentioned earlier. The experiments were repeated at least
three times, in triplicate to confirm the results.

Luciferase reporter assays

Plasmid pERE(5X)TA-ffLuc (25) containing five tandem copies of
the consensus palindromic ERE and firefly luciferase was trans-
fected to assess the ERE-mediated transcriptional activity in the
MCF7 cells. Plasmid pTA-srluc (25) expressing renilla luciferase
reporter gene was cotransfected as an internal control. Then, 300 ng
of pERE(5X)TA-ffLuc and 50 ng of pTA-srluc was cotransfected in
each well containing 105 cells treated with control or XBP1 siRNA.
Cells were further treated with vehicle or E2 for 48 h before har-
vesting for the assay.

In another set of experiments, cells were cotransfected with either
20 ng or 500 ng of XBP1 expressing plasmid along with 300 ng of
pERE(5X)TA-ffLuc and 50 ng of pTA-srluc. The entire assay was

performed using dual luciferase assay kits (Promega). All data are
represented in terms of ratio of firefly/renilla RLU values. The
experiments were repeated three times, in quadruplicates to confirm
the results.

Statistics

Statistical significance of our data were assessed using the Student
t-test. A p-value -0.05 was considered as statistically significant.
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Figure 2 E2-mediated upregulation of XBP1 in ECC1 cells. ECC1 cells treated with E2 (1 nM) for 2, 4, 8, 16, 24 or 48 h and expression
of XBP1 was measured using quantitative real-time PCR and compared with vehicle-treated cells (A). ECC1 cells were treated with CHX
(10 mg/mL), DRB (75 mM) or FUL (1 mM) in absence or presence of E2 (1 nM) for 24 h and expression of XBP1 was assessed using
real-time PCR (B). SKBR-3 and MDA-MB-231 cells were treated with E2 (1 nM) or vehicle (0.1% ethanol) for 24 h and expression of
XBP1 was measured using quantitative real-time PCR and compared with vehicle-treated cells (C). Total RNA from MCF7 and MCF:5C
was isolated and expression of XBP1 was measured using quantitative real-time PCR relative to MCF7 cells (D). MCF7:5C cells were
treated with vehicle (0.1% ethanol) or E2 (1 nM) for 48 h and expression of XBP1 was measured using quantitative real-time PCR and
compared with vehicle-treated cells (E). *p-0.05 compared with vehicle-treated group (B). **p-0.05 compared with MCF7 cells (D) or
vehicle-treated group (E).

Results

Estrogen upregulates XBP1 in MCF7 and ECC1 cells

and is a primary responsive gene

We first studied the dose-response of E2 on XBP1 mRNA
regulation in MCF7 breast cancer cells after 8 h of E2 treat-
ment using quantitative real-time PCR. Our data show that
XBP1 mRNA was induced by E2 in a dose-dependent man-
ner (Figure 1A). Low dose of E2 (10–14 M) was not able to
induce any upregulation of XBP1 levels, whereas 10–12 M
of E2 achieved the peak induction. Higher doses of E2 treat-
ment induced XBP1 levels similar to 10–12 M of E2. We
then studied the regulation of the XBP1 at various time
points after 1 nM (10–9 M) E2 treatment and found that it
was upregulated as early as 2 h after estrogen treatment and
maintained an elevated level even after 48 h of estrogen
treatment in breast cancer (MCF7) as well as in endometrial
cancer (ECC1) cells (Figures 1B and 2A). This upregulation
was completely abrogated in the presence of FUL, a com-

plete anti-estrogen, indicating an ERa-mediated mechanism
(Figures 1C and 2B). Pretreatment with CHX, an inhibitor
of protein synthesis, in the presence of E2 did not alter the
E2-mediated upregulation suggesting that de novo protein
synthesis is not required for the estrogen-mediated upregu-
lation of XBP1 (Figures 1C and 2B). Conversely, pretreat-
ment with DRB, a transcriptional inhibitor, completely
blocked the upregulation of XBP1 demonstrating involve-
ment of transcriptional machinery in upregulation of XBP1
by estrogen (Figures 1C and 2B).

We also studied the regulation of XBP1 in ER negative
breast cancer cells SKBR3 and MDA MB 231 cells. As
expected, XBP1 was not regulated by E2 in these cells (Fig-
ure 2C). Furthermore, we investigated the levels of XBP1
in long-term estrogen-deprived MCF7 cells, known as
MCF7:5C cells (26) which are estrogen-deprived resistant
cells. Paradoxically, low levels of E2 induce apoptosis in
these cells (27). Basal levels of XBP1 mRNA were found to
be around 23-fold higher in MCF7:5C cells compared with
MCF7 cells (Figure 2D). Interestingly, E2 treatment for 48 h
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Figure 3 Recruitment of ERa, phospho-serine-2-RNA polII, SRC-1 and SRC-3, at the proximal promoter and distal enhancer region of
the XBP1 gene assessed by chromatin immunoprecipitation (ChIP) assay. MCF7 cells were treated with vehicle or E2 (1 nM) for 45 min
and ChIP assay was performed as mentioned in the materials and methods section. Schematic representation of the promoter and enhancer
regions of the XBP1 gene (A). The extent of recruitment of the factors indicated is shown for promoter and enhancer region of the XBP1
gene. The data are expressed as percent input of 1/20th part of starting chromatin material in each case after subtracting non-specific binding.
The data shown are representative of three separate experiments with similar results.

drastically downregulated the XBP1 levels in MCF7:5C cells
(Figure 2E), which coincides with estrogen-induced apop-
tosis in these cells.

Recruitment of ERa and other factors at the

promoter and enhancer regions of the XBP1 gene

To further confirm the direct involvement of ERa in tran-
scriptional induction of the XBP1 gene, we performed ChIP
assay to assess the recruitment of ERa, SRC-1, SRC-3 and
serine-2-phosphorylated RNA polymerase II at ;0.3 kb
(promoter) and ;13 kb (enhancer) upstream of the transcrip-
tion start site of the XBP1 gene (Figure 3A) in the MCF7
cells treated with vehicle or 1 nM E2 for 45 min. We found
higher occupancy of ERa and SRC-3 at the enhancer region
but not at the promoter region. The occupancy of these fac-

tors at the enhancer region was further stimulated after
45 min of E2 treatment compared with vehicle treatment
(Figure 3B and C). In contrast, serine-2-phosphorylated RNA
polymerase II was found to be recruited 4-fold more at the
promoter region than at the enhancer region after 45 min of
E2 treatment (Figure 3D). Occupancy of SRC-1 was stimu-
lated after E2 treatment in both the promoter and enhancer
regions of the XBP1 gene (Figure 3E). These results indicate
that the enhancer region of XBP1 is involved in the regu-
lation of estrogen-induced transcriptional stimulation of the
XBP1 gene.

XBP1 depletion inhibits estrogen-mediated growth

To investigate the functional importance of XBP1, we eval-
uated the effect through loss-of-function using a pool of
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Figure 4 Short interfering RNA (siRNA)-mediated knockdown of XBP1 inhibits growth of MCF7 and ECC1 cells and its effect on
estrogen-mediated growth. MCF7 and ECC1 cells, transfected with XBP1 siRNA or control siRNA, were treated with E2 (1 nM) or vehicle
for 24 h and the extent of knockdown was assessed using quantitative real-time PCR compared with control siRNA, vehicle-treated cells
(A and D) and Western blotting (B and E). Subsequently, cells were reseeded and the growth of the cells was monitored over a 6-day
period. Total DNA content was measured as a marker of growth and the fold change in DNA content was calculated compared with the
number of cells at the time of the start of the treatment (baseline) (C and F). *p-0.05 compared with control siRNA group and **p-0.005,
using the unpaired Student t-test. The Western blots were scanned and quantified. Levels of XBP1 normalized for b-actin, relative to control
siRNA-vehicle treated cells, are indicated below each band.

siRNA against XBP1 in MCF7 and ECC1 cells. The extent
of XBP1 knockdown was confirmed by real-time PCR and
Western blotting (Figure 4A and B; Figure 4D and E, respec-
tively). A growth assay was performed after XBP1 knock-
down by siRNA and total DNA content was used as a
measure to determine the cell growth over a 6-day period.
A parallel identical growth assay was performed using pool
of non-targeting control siRNA for comparison. XBP1
knockdown attenuated the E2-induced growth of MCF7 and
ECC1 cells by 49% and 30%, respectively, compared with

cells treated with control siRNA (Figure 4C and F). These
data indicated that the level of XBP1 expression is critical
for inducing estradiol-mediated growth of breast and endo-
metrial cancer cells.

We further investigated if the levels of ERa were altered
in the XBP1-depleted MCF7 cells compared with control
siRNA-treated MCF7 cells. No differences were detected in
levels of ERa in XBP1-depleted cells compared with control
siRNA-treated cells in presence of vehicle or E2 for 24 h
(Figure 5). This rules out the possibility that growth
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Figure 5 ERa levels in MCF7 cells treated with control or XBP1
siRNA. MCF7 cells were transfected with control or XBP1 siRNA
and subsequently treated with vehicle or E2 for 24 h. ERa levels
were assessed by Western blotting. Levels of b-actin are shown as
loading control. The Western blots were scanned and quantified.
Levels of ERa protein normalized for b-actin, relative to control
siRNA-vehicle treated cells, are indicated below each band.

Figure 6 ERE-mediated luciferase activity in XBP1 overexpress-
ing or XBP1 depleted cells. MCF7 cells were transfected with emp-
ty vector (none), 20 ng or 500 ng of XBP1-expressing plasmid and
ERE-mediated luciferase activity was assessed in absence or pres-
ence of 1 nM E2 (A). MCF7 cells transfected with control or XBP1
siRNA were used to assess ERE-mediated luciferase activity in
presence or absence of 1 nM E2 (B). Renilla luciferase activity was
used as internal control and all values are represented as a ratio of
ERE-luciferase and renilla luciferase activity. The values are average
of at least four replicates "SD. *p-0.05 compared with respective
vehicle-treated group.

inhibition of XBP1-depleted cells was due to altered ERa

levels.

XBP1 overexpression or XBP1 depletion does not

affect ERE-mediated transcriptional activity

To understand the underlying mechanism by which XBP1
can influence estrogen-mediated growth, we examined the
effect of XBP1 overexpression or depletion on the transcrip-
tional activity of ER from a classical ERE. We performed an
ERE-luciferase reporter assay in the MCF7 cells transiently
transfected with XBP1 expression plasmid or XBP1 siRNA.
No differences were observed (Figure 6A and B) in tran-
scriptional activity (as measured by luciferase activity) of the
ERE-luciferase reporter in the cells either overexpressing
XBP1 or the cells depleted of XBP1 compared with their
respective controls. This result suggests that levels of XBP1
in the cell might not affect the classical transcriptional activ-
ity of ERa mediated through the direct binding of ERE.

Discussion

Estrogen is the prime growth regulator of ER positive breast
and endometrial cancer cells. To better understand the induc-
tion of estrogen-mediated growth in breast cancer, some
studies (6, 28) have explored the estrogen-induced transcrip-
tional network using DNA microarrays to identify down-
stream pathways. In these studies, many of the
estrogen-regulated genes are identified as transcription fac-
tors which could be collectively responsible for the pheno-
typic manifestations of estrogen-induced growth of ER
positive cancer cells. However, in the majority of cases, the
precise role of the downstream events in growth is not under-
stood. One solution which can be used to dissect the com-
plexities of clinical tissues is to interrogate estrogen
responsive cell lines. One such recent study (29) has noted
that the genes are similarly regulated by estrogen in breast

cancer cells in vitro and human breast tumors. This provides
a unique opportunity to study the underlying mechanism by
manipulating specific genes in the cells, which can influence
the progression of ER positive cancers and also provide
potential targets for therapeutic intervention. In this context,
some recent reports have identified the important roles
played by the estrogen-regulated genes such as FOXA1 (10,
30, 31), GREB1 (32) and GATA-3 (30, 33) in regulating
estrogen-induced growth in breast cancers.

In the present study, we evaluated the phenotypic effects
of the E2-regulated gene XBP1, which has been consistently
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shown to be highly coexpressed with ERa in breast cancer
patients and is also known to be upregulated by estrogen in
the ER positive breast cancer cells in vitro (4–9, 29).
Although it is well established that XBP1 plays a key role
in UPR and endoplasmic reticulum stress by acting as a tran-
scription factor for the genes involved in UPR, its role in
E2-dependent ER positive cancers is not fully understood.

Our results confirm that XBP1 is an E2-regulated gene
which is in agreement with previous studies (6, 10). The E2-
induction of XBP1 is mediated by ERa and does not need
de novo protein synthesis for the upregulation, as CHX did
not alter the regulation. Treatment with DRB, an inhibitor of
transcription, completely blocked the upregulation of XBP1
by estrogen, indicating transcriptional regulation. The ChIP
data further confirmed direct binding of ERa, SRC-1, SRC-
3 and serine-2-phosphorylated RNA polymerase II at the
promoter and/or enhancer region of the XBP1 gene. Inter-
estingly, recruitment of ERa and SRC-3 (AIB1) was higher
at the enhancer region of the XBP1 gene and very minimal
at the promoter region. ERa recruitment was induced dra-
matically at the enhancer region after 45 min of E2 treat-
ment. Recruitment of ERa was also accompanied by SRC-1
and SRC-3 at the enhancer region. However, as expected,
recruitment of serine-2-phosphorylated RNA polymerase II
was higher at the promoter region than the enhancer region.
These data strongly suggest that the enhancer region of the
XBP1 gene, which is approximately 13 kb upstream of the
transcription start site, is involved in the transcriptional reg-
ulation of XBP1 by ER. Indeed, recent studies (34–36) have
indicated that distal enhancers of E2-induced genes GREB1
and carbonic anhydrase 12 are involved in the transcriptional
regulation by ER. It has been shown that the distal enhancer
can interact with the proximal promoter region of these estro-
gen-regulated genes by intrachromosomal looping.

This study reports for the first time that the XBP1 level
is critical for E2-induced growth of ER positive breast and
endometrial cancer cells, as evidenced by marked inhibition
of E2-induced growth of XBP1-deficient MCF7 and ECC1
cells. This specifically demonstrates that the endogenous lev-
el of XBP1 and its upregulation by estrogen is intimately
involved in the growth regulation of estrogen responsive
breast and endometrial cancer cells. A recent study demon-
strated that overexpression of XBP1 in ER positive breast
cancer cells can lead to anti-estrogen resistance, by regulat-
ing genes associated with apoptosis and cell cycle progres-
sion (20).

To further understand the mechanism by which XBP1 can
influence E2-induced growth, we hypothesized that levels of
XBP1 could affect the ERE-mediated transcriptional activity
of ER. To test this we depleted or overexpressed XBP1 and
performed an ERE-luciferase reporter assay. Our data show
that the level of XBP1 in the MCF7 cells does not affect the
transcriptional activity of ER mediated through classical
ERE binding. This indicates that XBP1 can influence the
growth of the cells by either regulating a subset of genes
directly under the control of XBP1 or can also modulate the
E2 regulation of the genes which are not exclusively regu-
lated by classical ERE-mediated transcription. These data

are, however, in contrast to a previous study (19) where
XBP1 overexpression activated ER transcriptional activity in
a ligand-independent manner. The differences in the results
could be attributed to the exogenous overexpression of ERa

in the previous study, whereas in the present study we relied
on the intrinsic activity of ER in the MCF7 cells. Further
investigations are required to address the associated mecha-
nism of action.

In summary, our results demonstrate that XBP1 expression
is estrogen regulated at the transcriptional level and the
enhancer region of the XBP1 gene can play a critical role in
regulating E2-mediated transcriptional activation. Our find-
ings show that expression level of XBP1 is critical in achiev-
ing optimal E2-induced growth in breast and endometrial
cancer cells without influencing the classical ERE-mediated
transcriptional activity. Our findings also provide an expla-
nation for the strong correlation observed between ERa and
XBP1 expression in breast cancer patients. Taken together,
we suggest that this novel mechanism for the regulation of
cancer cell growth via XBP1 can be exploited as a novel
drug target in future studies of anti-hormonal resistance in
ER positive cancer cells.

Acknowledgements

This research was supported by the Department of Defense Breast
Program under award number BC050277 Center of Excellence; Fox
Chase Cancer Center Core Grant NIH P30 CA006927; the Weg
Fund of Fox Chase Cancer Center; the Genuardi fund and the Hol-
lenbach Family Fund. The views and opinions of the author(s) do
not reflect those of the US Army or the Department of Defense.

References

1. Jensen EV, Jordan VC. The estrogen receptor: a model for molec-
ular medicine. Clin Cancer Res 2003;9:1980–9.

2. van’t Veer LJ, Dai H, van de Vijver MJ, He YD, Hart AA, Mao
M, Peterse HL, van der Kooy K, Marton MJ, Witteveen AT,
Schreiber GJ, Kerkhoven RM, Roberts C, Linsley PS, Bernards
R, Friend SH. Gene expression profiling predicts clinical out-
come of breast cancer. Nature 2002;415:530–6.

3. Finlin BS, Gau CL, Murphy GA, Shao H, Kimel T, Seitz RS,
Chiu YF, Botstein D, Brown PO, Der CJ, Tamanoi F, Andres
DA, Perou CM. RERG is a novel ras-related, estrogen-regulated
and growth-inhibitory gene in breast cancer. J Biol Chem 2001;
276:42259–67.

4. Wang DY, Fulthorpe R, Liss SN, Edwards EA. Identification of
estrogen-responsive genes by complementary deoxyribonucleic
acid microarray and characterization of a novel early estrogen-
induced gene: EEIG1. Mol Endocrinol 2004;18:402–11.

5. Tozlu S, Girault I, Vacher S, Vendrell J, Andrieu C, Spyratos F,
Cohen P, Lidereau R, Bieche I. Identification of novel genes that
co-cluster with estrogen receptor alpha in breast tumor biopsy
specimens, using a large-scale real-time reverse transcription-
PCR approach. Endocr Relat Cancer 2006;13:1109–20.

6. Cunliffe HE, Ringner M, Bilke S, Walker RL, Cheung JM, Chen
Y, Meltzer PS. The gene expression response of breast cancer to
growth regulators: patterns and correlation with tumor expression
profiles. Cancer Res 2003;63:7158–66.



Sengupta et al.: Estrogen regulation of X-box binding protein-1 and its role in estrogen 243

Article in press - uncorrected proof

7. Bertucci F, Nasser V, Granjeaud S, Eisinger F, Adelaide J,
Tagett R, Loriod B, Giaconia A, Benziane A, Devilard E, Jac-
quemier J, Viens P, Nguyen C, Birnbaum D, Houlgatte R. Gene
expression profiles of poor-prognosis primary breast cancer cor-
relate with survival. Hum Mol Genet 2002;11:863–72.

8. Bertucci F, Houlgatte R, Benziane A, Granjeaud S, Adelaide J,
Tagett R, Loriod B, Jacquemier J, Viens P, Jordan B, Birnbaum
D, Nguyen C. Gene expression profiling of primary breast car-
cinomas using arrays of candidate genes. Hum Mol Genet
2000;9:2981–91.

9. Fujimoto T, Onda M, Nagai H, Nagahata T, Ogawa K, Emi M.
Upregulation and overexpression of human X-box binding pro-
tein 1 (hXBP-1) gene in primary breast cancers. Breast Cancer
2003;10:301–6.

10. Carroll JS, Liu XS, Brodsky AS, Li W, Meyer CA, Szary AJ,
Eeckhoute J, Shao W, Hestermann EV, Geistlinger TR, Fox EA,
Silver PA, Brown M. Chromosome-wide mapping of estrogen
receptor binding reveals long-range regulation requiring the
forkhead protein FoxA1. Cell 2005;122:33–43.

11. Koong AC, Chauhan V, Romero-Ramirez L. Targeting XBP-1
as a novel anti-cancer strategy. Cancer Biol Ther 2006;5:
756–9.

12. Romero-Ramirez L, Cao H, Nelson D, Hammond E, Lee AH,
Yoshida H, Mori K, Glimcher LH, Denko NC, Giaccia AJ, Le
QT, Koong AC. XBP1 is essential for survival under hypoxic
conditions and is required for tumor growth. Cancer Res
2004;64:5943–7.

13. Reimold AM, Etkin A, Clauss I, Perkins A, Friend DS, Zhang
J, Horton HF, Scott A, Orkin SH, Byrne MC, Grusby MJ, Glim-
cher LH. An essential role in liver development for transcrip-
tion factor XBP-1. Genes Dev 2000;14:152–7.

14. Lee AH, Chu GC, Iwakoshi NN, Glimcher LH. XBP-1 is
required for biogenesis of cellular secretory machinery of exo-
crine glands. EMBO J 2005;24:4368–80.

15. Iwakoshi NN, Lee AH, Glimcher LH. The X-box binding pro-
tein-1 transcription factor is required for plasma cell differen-
tiation and the unfolded protein response. Immunol Rev
2003;194:29–38.

16. Lee AH, Iwakoshi NN, Anderson KC, Glimcher LH. Protea-
some inhibitors disrupt the unfolded protein response in mye-
loma cells. Proc Natl Acad Sci USA 2003;100:9946–51.

17. Kaser A, Lee AH, Franke A, Glickman JN, Zeissig S, Tilg H,
Nieuwenhuis EE, Higgins DE, Schreiber S, Glimcher LH,
Blumberg RS. XBP1 links ER stress to intestinal inflammation
and confers genetic risk for human inflammatory bowel disease.
Cell 2008;134:743–56.

18. Ding L, Yan J, Zhu J, Zhong H, Lu Q, Wang Z, Huang C, Ye
Q. Ligand-independent activation of estrogen receptor alpha by
XBP-1. Nucleic Acids Res 2003;31:5266–74.

19. Fang Y, Yan J, Ding L, Liu Y, Zhu J, Huang C, Zhao H, Lu
Q, Zhang X, Yang X, Ye Q. XBP-1 increases ERa transcrip-
tional activity through regulation of large-scale chromatin
unfolding. Biochem Biophys Res Commun 2004;323:269–74.

20. Gomez BP, Riggins RB, Shajahan AN, Klimach U, Wang A,
Crawford AC, Zhu Y, Zwart A, Wang M, Clarke R. Human X-
box binding protein-1 confers both estrogen independence and
antiestrogen resistance in breast cancer cell lines. FASEB J
2007;21:4013–27.

21. Pink JJ, Jordan VC. Models of estrogen receptor regulation by
estrogens and antiestrogens in breast cancer cell lines. Cancer
Res 1996;56:2321–30.

22. Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001;25:402–8.

23. Frasor J, Danes JM, Komm B, Chang KC, Lyttle CR, Katze-
nellenbogen BS. Profiling of estrogen up- and down-regulated
gene expression in human breast cancer cells: insights into gene
networks and pathways underlying estrogenic control of prolif-
eration and cell phenotype. Endocrinology 2003;144:4562–74.

24. Shang Y, Hu X, DiRenzo J, Lazar MA, Brown M. Cofactor
dynamics and sufficiency in estrogen receptor-regulated tran-
scription. Cell 2000;103:843–52.

25. Ariazi EA, Kraus RJ, Farrell ML, Jordan VC, Mertz JE. Estro-
gen-related receptor a1 transcriptional activities are regulated
in part via the ErbB2/HER2 signaling pathway. Mol Cancer Res
2007;5:71–85.

26. Lewis JS, Osipo C, Meeke K, Jordan VC. Estrogen-induced
apoptosis in a breast cancer model resistant to long-term estro-
gen withdrawal. J Steroid Biochem Mol Biol 2005;94:131–41.

27. Lewis JS, Meeke K, Osipo C, Ross EA, Kidawi N, Li T, Bell
E, Chandel NS, Jordan VC. Intrinsic mechanism of estradiol-
induced apoptosis in breast cancer cells resistant to estrogen
deprivation. J Natl Cancer Inst 2005;97:1746–59.

28. DeNardo DG, Kim HT, Hilsenbeck S, Cuba V, Tsimelzon A,
Brown PH. Global gene expression analysis of estrogen recep-
tor transcription factor cross talk in breast cancer: identification
of estrogen-induced/activator protein-1-dependent genes. Mol
Endocrinol 2005;19:362–78.

29. Creighton CJ, Cordero KE, Larios JM, Miller RS, Johnson MD,
Chinnaiyan AM, Lippman ME, Rae JM. Genes regulated by
estrogen in breast tumor cells in vitro are similarly regulated in
vivo in tumor xenografts and human breast tumors. Genome
Biol 2006;7:R28.

30. Lacroix M, Leclercq G. About GATA3, HNF3A, and XBP1,
three genes co-expressed with the oestrogen receptor-alpha gene
(ESR1) in breast cancer. Mol Cell Endocrinol 2004;219:1–7.

31. Laganiere J, Deblois G, Lefebvre C, Bataille AR, Robert F,
Giguere V. From the cover: location analysis of estrogen recep-
tor alpha target promoters reveals that FOXA1 defines a domain
of the estrogen response. Proc Natl Acad Sci USA 2005;
102:11651–6.

32. Rae JM, Johnson MD, Scheys JO, Cordero KE, Larios JM,
Lippman ME. GREB 1 is a critical regulator of hormone
dependent breast cancer growth. Breast Cancer Res Treat
2005;92:141–9.

33. Eeckhoute J, Keeton EK, Lupien M, Krum SA, Carroll JS,
Brown M. Positive cross-regulatory loop ties GATA-3 to estro-
gen receptor alpha expression in breast cancer. Cancer Res
2007;67:6477–83.

34. Barnett DH, Sheng S, Charn TH, Waheed A, Sly WS, Lin CY,
Liu ET, Katzenellenbogen BS. Estrogen receptor regulation of
carbonic anhydrase XII through a distal enhancer in breast can-
cer. Cancer Res 2008;68:3505–15.

35. Deschenes J, Bourdeau V, White JH, Mader S. Regulation of
GREB1 transcription by estrogen receptor alpha through a mul-
tipartite enhancer spread over 20 kb of upstream flanking
sequences. J Biol Chem 2007;282:17335–9.

36. Sun J, Nawaz Z, Slingerland JM. Long-range activation of
GREB1 by estrogen receptor via three distal consensus estro-
gen-responsive elements in breast cancer cells. Mol Endocrinol
2007;21:2651–62.



























696
Research Article Cancer

Prevention
See perspectives pp. 681, 686, and 689

Research
Update of the National Surgical Adjuvant Breast and Bowel
Project Study of Tamoxifen and Raloxifene (STAR) P-2 Trial:
Preventing Breast Cancer
Victor G. Vogel1,2,7, Joseph P. Costantino3,4, D. Lawrence Wickerham1,5, Walter M. Cronin3,
Reena S. Cecchini3, James N. Atkins1,8, Therese B. Bevers1,9, Louis Fehrenbacher1,10, Eduardo R. Pajon1,11,
James L. Wade III1,12, André Robidoux1,13, Richard G. Margolese1,14, Joan James15, Carolyn D. Runowicz1,16,
Patricia A. Ganz1,17, Steven E. Reis1,6, Worta McCaskill-Stevens18, Leslie G. Ford18, V. Craig Jordan1,15,
and Norman Wolmark1,5; for the National Surgical Adjuvant Breast and Bowel Project19
Abstract
Authors' A
Project (NS
Biostatistic
Public He
Hospital; 6

Pennsylvan
Cancer Co
9MD Ande
Northern C
Program, D
13CHUM-H
Montreal, Q
Pennsylvan
Connecticu
Jonsson C
Angeles, C

Cancer P
The selective estrogen-receptor modulator (SERM) tamoxifen became the first U.S. Food and Drug Ad-
ministration (FDA)–approved agent for reducing breast cancer risk but did not gain wide acceptance for
prevention, largely because it increased endometrial cancer and thromboembolic events. The FDA ap-
proved the SERM raloxifene for breast cancer risk reduction following its demonstrated effectiveness in
preventing invasive breast cancer in the Study of Tamoxifen and Raloxifene (STAR). Raloxifene caused less
toxicity (versus tamoxifen), including reduced thromboembolic events and endometrial cancer. In
this report, we present an updated analysis with an 81-month median follow-up. STAR women were ran-
domly assigned to receive either tamoxifen (20 mg/d) or raloxifene (60 mg/d) for 5 years. The risk ratio
(RR; raloxifene:tamoxifen) for invasive breast cancer was 1.24 (95% confidence interval [CI], 1.05–1.47)
and for noninvasive disease, 1.22 (95% CI, 0.95–1.59). Compared with initial results, the RRs widened
for invasive and narrowed for noninvasive breast cancer. Toxicity RRs (raloxifene:tamoxifen) were 0.55
(95% CI, 0.36–0.83; P = 0.003) for endometrial cancer (this difference was not significant in the initial
results), 0.19 (95% CI, 0.12–0.29) for uterine hyperplasia, and 0.75 (95% CI, 0.60–0.93) for thrombo-
embolic events. There were no significant mortality differences. Long-term raloxifene retained 76% of the
effectiveness of tamoxifen in preventing invasive disease and grew closer over time to tamoxifen in pre-
venting noninvasive disease, with far less toxicity (e.g., highly significantly less endometrial cancer). These
results have important public health implications and clarify that both raloxifene and tamoxifen are good
preventive choices for postmenopausal women with elevated risk for breast cancer. Cancer Prev Res; 3(6);

696–706. ©2010 AACR.
Introduction

Despite improvements in the detection and treatment of
breast cancer, this disease still accounted for 192,000 new
cases and 40,000 deaths in the United States in 2009 (1).
Therefore, the concept of preventing the development of
invasive breast cancer remains an attractive one. The selec-
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tive estrogen-receptor modulator (SERM) tamoxifen has
well-known benefits in the treatment of receptor-positive
invasive breast cancer (2) and has been shown to be an
effective chemoprevention therapy (3–6). However, in
spite of its impressive efficacy in the prevention of breast
cancer, tamoxifen has not been widely used for prevention
because, in large part, of the increased risk of endometrial
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Update of STAR (P-2)
cancer and thromboembolic events associated with its use.
Another SERM, raloxifene, has been shown to reduce the
incidence of breast cancer in a series of clinical trials de-
signed primarily to evaluate it for treatment and preven-
tion of osteoporosis in postmenopausal women (7, 8).
The National Surgical Adjuvant Breast and Bowel Project

(NSABP) protocol P-2, the Study of Tamoxifen and Ralox-
ifene (STAR), directly compared tamoxifen with raloxifene
in 19,747 healthy postmenopausal women at an increased
risk for development of breast cancer. With 47 months of
follow-up, the initial STAR results demonstrated no signif-
icant difference between the two trial arms in the incidence
of invasive breast cancer, both with an estimated decreased
incidence of approximately 50% (vs untreated women;
ref. 9). Raloxifene did not appear to be as effective as ta-
moxifen in reducing the incidence of noninvasive breast
cancer (ductal carcinoma in situ [DCIS] and lobular carci-
noma in situ [LCIS] combined). The toxicity and side-effect
evaluations favored the raloxifene group, in which women
had significantly fewer deep-vein thromboses and pulmo-
nary emboli, cataracts, and hysterectomies for benign dis-
ease. The raloxifene group also had a nonsignificant
reduction in endometrial cancer. This report provides up-
dated STAR results.

Materials and Methods

STAR was a two-arm, randomized, double-blinded trial
of tamoxifen versus raloxifene for the reduction of breast
cancer incidence; participants and their physicians were
unaware of the treatment that was being administered
until the trial was unblinded in April 2006. All partici-
pants provided written informed consent that was re-
viewed and approved by the National Cancer Institute
and the institutional review boards of all participating in-
stitutions. The details of the trial methodology, including
the definition of endpoints and the methods used for
randomization, schedule of patient follow-up, patient
testing, and trial monitoring, are described in the initial
report of 2006, for which the data were cut off as of
December 31, 2005 (9). The update in the present report
is based on a cut-off date of March 31, 2009, providing a
median follow-up of 81 months. We focus here on up-
dating findings for the primary endpoint (incidence of
invasive breast cancer) and for all key secondary end-
points, including noninvasive breast cancer, endometrial
and other cancers, and vascular-related events. In the
original STAR report, no difference between treatment
groups was noted for the secondary endpoints ischemic
heart disease, stroke, and osteoporotic fractures. Because
our new analyses confirmed that this lack of differences
continued in the longer term, these endpoints are not
included in this report.

Participant characteristics
Only women who were postmenopausal, at least

35 years of age, and who had a 5-year predicted breast
cancer risk of at least 1.66% were eligible for STAR.
www.aacrjournals.org
The risk determination was based on the Gail model,
as modified and applied in the Breast Cancer Prevention
Trial (BCPT P-1; ref. 10). Participants were also required
to meet the following criteria: not taking either tamoxifen
or raloxifene, hormone therapy, oral contraceptives, or
androgens for at least 3 months before randomization;
not currently taking warfarin or cholestyramine; no histo-
ry of stroke, transient ischemic attack, pulmonary embo-
lism, or deep-vein thrombosis; no atrial fibrillation,
uncontrolled diabetes, or uncontrolled hypertension; no
psychiatric condition that would interfere with adher-
ence; a performance status that would not restrict normal
activity; and no history of previous malignancy except
basal cell or squamous cell carcinoma of the skin, carci-
noma in situ of the cervix, or LCIS of the breast. Eligible
women were randomly assigned to receive either 20 mg/d
of tamoxifen plus placebo, or 60 mg/d of raloxifene plus
placebo for 5 years; the placebo tablets were necessary to
maintain the double blinding of treatment assignment
because the formulations of tamoxifen and raloxifene tablets
were dissimilar.
A total 19,747 women were randomly assigned to one

of the two groups between July 1, 1999, and November 4,
2004, and 19,471 of these women (9,726 tamoxifen;
9,745 raloxifene) were included in the analysis of the orig-
inal report. Two hundred seventy-four women were not in-
cluded because of a lack of follow-up information (146
tamoxifen; 128 raloxifene). Two other women (in the ra-
loxifene group) were excluded because they had received
a prophylactic bilateral mastectomy before randomization
and were not at risk for the development of invasive breast
cancer. Since the time of the initial report, follow-up infor-
mation was collected on 20 of the women (10 tamoxifen;
10 raloxifene) who lacked follow-up information at the
time of the original report. One woman (in the raloxifene
group) in the original report has been excluded from the
follow-up analyses because she was discovered to have
been diagnosed with invasive breast cancer before
randomization. Therefore, this update report includes the
findings for 19,490 women—9,736 in the tamoxifen group
and 9,754 in the raloxifene group.
The characteristics of the participants included in the

current analysis are shown in Table 1. The mean age at
entry to the trial was 58.5 years (SD, 7.4). Nine percent of
the women were younger than 50 years, 49.8% were be-
tween ages 50 and 59, 32.4% were between ages 60 and
69, and 8.8% were aged 70 years or older. The percentages
of racial/ethnic groups were as follows: White = 93.5%,
African American = 2.4%, Hispanic = 2.0%, and “other” =
2.1%. More than half (51.5%) of the participants had un-
dergone a hysterectomy before entry to the study; over 70%
had a first-degree female relative with a history of breast
cancer; and 23% had a history of atypical hyperplasia of
the breast. The mean 5-year predicted breast cancer risk at
entry was 4.03% (SD, 2.2), subdivided as follows: 30.2%
with risks between 2.01% and 3.00%, 31.4% between
3.01% and 5.00%, and 27.3% greater than 5.00%. The
mean lifetime risk was 14.73% (SD, 7.4).
Cancer Prev Res; 3(6) June 2010 697
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The mean duration of treatment was 43.5 months
(SD, 20.7) for the tamoxifen group and 46.8 months
(SD, 20.0) for the raloxifene group. Participant adherence
to 5 years of therapy was within the limits anticipated
when the trial was designed. Also, since the original report
and unblinding of treatment assignment, any woman who
had not completed her 5-year course of tamoxifen was of-
fered the option to switch to raloxifene for the remaining
portion of her treatment course. A total of 879 women
chose this option.

Statistical analyses
Analyses included all randomly assigned at-risk women

for whom follow-up information was available. All analyses
Cancer Prev Res; 3(6) June 2010
were based on the intention-to-treat principle and used the
treatment assignment determined at randomization, re-
gardless of the treatment status at the time of analysis.
Rates per 1,000 person-years for each of the study end-
points were determined for each treatment group by divid-
ing the number of events within each treatment group by
the total number of event-specific person-years of follow-
up within the group. Comparisons of rates between treat-
ment groups were based on the risk ratio (RR) and the
95% confidence interval (CI) for the RR. The RR was deter-
mined as the rate in the raloxifene group divided by the
rate in the tamoxifen group. The 95% CI for each RR was
determined assuming a Poisson distribution, conditioning
on the total number of events and the person-years at risk.
RRs for which the 95% CI did not include 1.00 were con-
sidered to be statistically significant. Plots of the cumula-
tive incidence over time of follow-up were also developed.
The cumulative incidence accounted for the competing risk
of death (11). P-values to assess statistically significant dif-
ferences between treatment group–specific cumulative
incidence curves were determined by the log-rank test.
All P-values are 2-sided using P < 0.05 to determine statis-
tical significance. Analyses were performed using SAS ver-
sion 9.1 software (SAS Institute, Inc.).

Results

Breast cancer
The updated findings for invasive breast cancer are

shown in the left panel of Fig. 1. In contrast with the re-
sults documented in the original report, there is now a sig-
nificant difference between the treatment groups, with 310
cases of invasive breast cancer in the raloxifene group and
247 in the tamoxifen group. The invasive breast cancer RR
(raloxifene:tamoxifen) is 1.24 (95% CI, 1.05–1.47), indi-
cating that the rate in the raloxifene group is about 24%
higher than the rate in the tamoxifen group. As demon-
strated in the BCPT, compared with placebo, tamoxifen re-
duces the risk of invasive breast cancer by about 50% (3).
Therefore, if there were no breast cancer RR effect from ra-
loxifene, the expected rate of breast cancer in the raloxi-
fene group would be about twice the rate in the
tamoxifen group, yielding an RR of 2.00. Based on this in-
formation and the actual 1.24 RR observed in this study,
one can extrapolate that raloxifene is about 76% as effec-
tive as tamoxifen in reducing breast cancer risk [{(2.00–
1.24)/(2.00–1.00)} × 100 = 76%]. Then, compared with
placebo, raloxifene would reduce the risk of invasive
breast cancer by about 38% (50% × 76% = 38%), versus
the 50% reduction seen with tamoxifen.
The rate of invasive breast cancer by participant

demographic characteristics is provided in Table 2.
The number of events and the point estimates of
the rate are higher in the raloxifene arm than in the
tamoxifen arm for all categories of participant charac-
teristics, and there is no indication of a quantitative in-
teraction between treatment and any of the participant
characteristics.
Table 1. Characteristics at entry to the NSABP
STAR Trial (P-2) for women included in the
STAR-update analyses
Participant
characteristics
Tamoxifen
 Raloxifene
No.
 %
 No.
 %
Age (years)

≤49
 884
 9.1
 878
 9.0

50–59
 4,856
 49.9
 4,855
 49.8

60–69
 3,137
 32.2
 3,174
 32.5

≥70
 859
 8.8
 847
 8.7
Race/ethnicity

White
 9,105
 93.5
 9,115
 93.4

African-American
 233
 2.4
 243
 2.5

Hispanic
 192
 2.0
 193
 2.0

Other
 206
 2.1
 203
 2.1
No. 1° relatives with breast cancer

0
 2,838
 29.1
 2,791
 28.6

1
 5,046
 51.8
 5,135
 52.6

2
 1,532
 15.7
 1,561
 16.0

≥3
 320
 3.3
 267
 2.7
History of hysterectomy

No
 4,739
 48.7
 4,717
 48.4

Yes
 4,997
 51.3
 5,037
 51.6
History of lobular carcinoma in situ

No
 8,844
 90.8
 8,865
 90.9

Yes
 892
 9.2
 889
 9.1
History of breast atypical hyperplasia

No
 7,545
 77.5
 7,513
 77.0

Yes
 2,191
 22.5
 2,241
 23.0
5-year predicted breast cancer risk (%)*

≤2.00
 1,055
 10.8
 1,102
 11.3

2.01-3.00
 2,993
 30.7
 2,893
 29.7

3.01-5.00
 3,042
 31.2
 3,086
 31.6

≥5.01
 2,646
 27.2
 2,673
 27.4
Total
 9,736
 100.0
 9,754
 100.0
Abbreviation: NSABP STAR, National Surgical Adjuvant
Breast andBowel Project Study of Tamoxifen andRaloxifene.
*Determined by the Gail model.
Cancer Prevention Research
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In our original report, the difference between treatment
groups for the rate of noninvasive breast cancer was bor-
derline for statistical significance (RR = 1.40; 95% CI,
0.98–2.00; P = 0.052). Currently, the difference between
www.aacrjournals.org
treatment groups for this event is less than originally seen
(right panel of Fig. 1). There are 137 cases in the raloxifene
group compared with 111 in the tamoxifen group, for an
RR of 1.22 (95% CI, 0.95–1.59). The difference between
Fig. 1. Cumulative incidences of invasive and noninvasive breast cancer.
Table 2. Annual rates of invasive breast cancer—NSABP STAR Trial (P-2)
Participant characteristic
at baseline
Number of events
 Rate per 1000
Cancer P
RR*
rev Res
RR (95% CI)
Tamoxifen
 Raloxifene
 Tamoxifen
 Raloxifene
 Difference†
Age at entry (years)

≤49
 10
 15
 1.84
 2.80
 −0.96
 1.53
 0.64–3.80

50-59
 125
 155
 4.09
 5.03
 −0.94
 1.23
 0.97–1.57

≥60
 112
 140
 4.47
 5.48
 −1.01
 1.22
 0.95–1.58
History of lobular carcinoma in situ

No
 197
 253
 3.54
 4.50
 −0.96
 1.27
 1.05–1.54

Yes
 50
 57
 9.14
 10.34
 −1.20
 1.13
 0.76–1.69
History of atypical hyperplasia

No
 187
 218
 3.90
 4.52
 −0.62
 1.16
 0.95–1.42

Yes
 60
 92
 4.58
 6.79
 −2.21
 1.48
 1.06–2.09
5-year predicted breast cancer risk (%)

≤3.00
 61
 81
 2.39
 3.21
 −0.82
 1.34
 0.95–1.90

3.01-5.00
 84
 91
 4.43
 4.63
 −0.20
 1.05
 0.77–1.42

≥5.01
 102
 138
 6.13
 8.17
 −2.04
 1.33
 1.02–1.74
No. 10 relatives with breast cancer

0
 82
 105
 4.77
 6.17
 −1.40
 1.29
 0.96–1.75

1
 112
 135
 3.51
 4.10
 −0.59
 1.17
 0.90–1.51

≥2
 53
 70
 4.44
 5.96
 −1.52
 1.34
 0.93–1.96
Total
 247
 310
 4.04
 5.02
 −0.98
 1.24
 1.05–1.47
Abbreviations: CI, confidence interval; NSABP STAR, National Surgical Adjuvant Breast and Bowel Project Study of Tamoxifen and
Raloxifene; RR, risk ratio.
*Risk ratio for women in the raloxifene group compared to women in the tamoxifen group.
†Rate in the tamoxifen group minus rate in the raloxifene group.
; 3(6) June 2010 699
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treatment groups in noninvasive breast cancer appears
to be limited to cases of pure DCIS or cases of mixed
DCIS and LCIS (top portion of Table 3). There was no
difference between the groups for pure LCIS cases; the
numbers of women diagnosed with this condition were
33 (tamoxifen) and 34 (raloxifene; RR = 1.02; 95% CI,
0.61–1.70). In parallel with the analysis presented above
for invasive breast cancer, tamoxifen was shown in the
BCPT to reduce the risk of noninvasive breast cancer by
about 50%. Therefore, if there were no noninvasive breast
Cancer Prev Res; 3(6) June 2010
cancer risk reduction effect of raloxifene, the expected rate
of noninvasive breast cancer in the raloxifene group would
be about twice the rate in the tamoxifen group, yielding
an RR (raloxifene:tamoxifen) of 2.00. Based on this infor-
mation and the actual 1.22 RR observed in this study, one
can extrapolate that raloxifene is about 78% as effective as
tamoxifen in reducing noninvasive breast cancer risk
[{(2.00-1.22)/(2.00-1.00)} × 100 = 78%]. Then, com-
pared with placebo, raloxifene reduces the risk of noninva-
sive breast cancer by about 39% (50% × 78% = 39%).
Table 3. Annual rates of noninvasive breast cancer and uterine disease/hysterectomy—NSABP STAR
Trial (P-2)
Disease/uterine event type
 Events, n
 Rate per 1,000
Cancer
RR*
Preven
RR (95% CI)
Tamoxifen
 Raloxifene
 Tamoxifen
 Raloxifene
 Difference†
Noninvasive breast cancer

DCIS
 70
 86
 1.15
 1.40
 −0.25
 1.22
 0.88–1.69

LCIS
 33
 34
 0.54
 0.55
 −0.01
 1.02
 0.61–1.70

Mixed
 8
 17
 0.13
 0.28
 −0.15
 2.11
 0.86–5.64

Total
 111
 137
 1.83
 2.23
 −0.40
 1.22
 0.95–1.59
Uterine disease and hysterectomy‡
Invasive Cancer
 65
 37
 2.25
 1.23
 1.02
 0.55
 0.36–0.83

Hyperplasia§
 126
 25
 4.40
 0.84
 3.56
 0.19
 0.12–0.29
Without atypia§
 104
 21
 3.63
 0.70
 2.93
 0.19
 0.11–0.31

With atypia§
 22
 4
 0.77
 0.13
 0.64
 0.17
 0.04–0.51
Hysterectomy during follow-up
 349
 162
 12.08
 5.41
 6.67
 0.45
 0.37–0.54
Abbreviations: CI, confidence interval; DCIS, ductal carcinoma in situ; LCIS, lobular carcinoma in situ; NSABP STAR, National
Surgical Adjuvant Breast and Bowel Project Study of Tamoxifen and Raloxifene; RR, risk ratio.
*Risk ratio for women in the raloxifene group compared with women in the tamoxifen group.
†Rate in the tamoxifen group minus rate in the raloxifene group.
‡Women at risk were those with an intact uterus at entry (see Table 1).
§Among women not diagnosed with uterine cancer.
Fig. 2. Cumulative incidences of invasive uterine cancer and thromboembolic events.
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Uterine disease
Invasive uterine cancer and uterine hyperplasia are

well-established toxicities associated with tamoxifen treat-
ment. When compared with tamoxifen, raloxifene does
not have such a profile (bottom portion of Table 3).
The incidence of invasive uterine cancer is significantly
lower in the raloxifene group (P = 0.003; left panel of
Fig. 2). The annual average rate per 1,000 was 2.25 in
the tamoxifen group compared with 1.23 in the raloxi-
fene group (RR = 0.55; 95% CI, 0.36–0.83). In our orig-
inal report, the difference between treatment groups for
the rate of invasive uterine cancer was not statistically
significant. The average annual incidence rate of uterine
hyperplasia, the majority of which was hyperplasia with-
out atypia, was 5 times higher in the tamoxifen group
(4.40 per 1,000) than in the raloxifene group (0.84 per
1,000; RR = 0.19; 95% CI, 0.12–0.29). The number of
www.aacrjournals.org
hysterectomies performed in the tamoxifen group
(349), including those done for benign disease, was
more than double that performed in the raloxifene group
(162; RR = 0.45; 95% CI, 0.37–0.54).

Other cancers
Comparisons between treatment groups for the average

annual rates of invasive cancer at sites other than the breast
or uterus are presented in Table 4. These data are consistent
with those in the original report, which also showed no
significant differences for cancers other than in breast or
uterus cancer.

Thromboembolic events
Pulmonary embolism and deep-vein thrombosis are

other toxicities with a well-recognized association with
tamoxifen treatment. The incidence of such events was
Table 4. Annual rates of site-specific invasive cancer cases other than breast and uterine cancer—
NSABP STAR Trial (P-2)
Site of cancer
 Events, n
 Rate per 1000
Cancer Pr
RR*
ev Res
RR (95% CI)
Tamoxifen
 Raloxifene
 Tamoxifen
 Raloxifene
 Difference†
Adrenal gland
 0
 1
 0
 0.02
 −0.02
 —
 —

Bone/cartilage/connective tissue
 3
 4
 0.05
 0.06
 −0.01
 1.32
 0.22–8.98

Buccal cavity and pharynx
 4
 6
 0.06
 0.10
 −0.04
 1.48
 0.35–7.13

Cervix
 3
 0
 0.05
 0
 0.05
 —
 —

Colorectal
 48
 45
 0.78
 0.72
 0.06
 0.93
 0.60 to 1.42

Esophagus
 2
 0
 0.03
 0
 0.03
 —
 —

Eye
 1
 1
 0.02
 0.02
 0
 0.99
 0.01–77.48

Gallbladder
 5
 2
 0.08
 0.03
 0.05
 0.39
 0.04–2.41

Kidney
 14
 21
 0.23
 0.34
 −0.11
 1.48
 0.72–3.15

Larynx
 0
 1
 0
 0.02
 −0.02
 —
 —

Leukemia/other lymph/hemato
 60
 53
 0.97
 0.85
 0.12
 0.87
 0.59–1.28

Liver
 7
 2
 0.11
 0.03
 0.08
 0.28
 0.03–1.48

Lung, trachea, bronchus
 57
 64
 0.92
 1.02
 −0.10
 1.11
 0.76–1.61

Nasal/middle ear/sinuses
 1
 1
 0.02
 0.02
 0
 0.99
 0.01–77.48

Nervous system
 9
 10
 0.15
 0.16
 −0.01
 1.10
 0.40–3.05

Other gyn
 2
 2
 0.03
 0.03
 0
 0.99
 0.07–13.62

Ovary
 21
 34
 0.50
 0.79
 −0.29
 1.58
 0.89–2.86

Pancreas
 12
 11
 0.19
 0.18
 0.01
 0.90
 0.36–2.24

Retroperitoneum
 7
 4
 0.11
 0.06
 0.05
 0.56
 0.12–2.22

Skin
 25
 24
 0.40
 0.38
 0.02
 0.95
 0.52–1.73

Small intestine
 0
 2
 0
 0.03
 −0.03
 —
 —

Spleen
 0
 2
 0
 0.03
 −0.03
 —
 —

Stomach
 5
 1
 0.08
 0.02
 0.06
 0.20
 0.004–1.76

Thyroid gland
 18
 32
 0.29
 0.51
 −0.22
 1.76
 0.96–3.32

Urinary bladder
 15
 12
 0.24
 0.19
 0.05
 0.79
 0.34–1.81

Site unspecified/unspecified nature
 15
 19
 0.24
 0.30
 −0.06
 1.25
 0.60–2.64

Secondary/uncertain
 4
 5
 0.06
 0.08
 −0.02
 1.23
 0.27–6.22
Abbreviations: CI, confidence interval; gyn, gynecologic; hemato, hematopoietic; lymph, lymphatic; NSABP STAR, National
Surgical Adjuvant Breast and Bowel Project Study of Tamoxifen and Raloxifene; RR, risk ratio.
*Risk ratio for women in the raloxifene group compared with women in the tamoxifen group.
†Rate in the tamoxifen group minus rate in the raloxifene group.
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significantly elevated in the tamoxifen group compared
with the raloxifene group (P = 0.007; right panel of Fig.
2 and top of Table 5). The average annual rates of throm-
boembolic events were 3.30 per 1,000 (tamoxifen) and
2.47 per 1,000 (raloxifene; RR = 0.75; 95% CI, 0.60–0.93).

Cataracts
When compared with the results in the placebo group in

the BCPT, tamoxifen increased the incidence of cataract
development and cataract surgery (3). Raloxifene does
not have this effect. In the original report of STAR, cataract
events were significantly elevated in the tamoxifen group
compared with the raloxifene group, and these differences
persisted in the current analysis (bottom of Table 5). The
rate of cataract development (RR = 0.80; 95% CI, 0.72–
0.89) and the rate of cataract surgery (RR = 0.79; 95%
CI, 0.70–0.90) are about 20% less in the raloxifene group
than in the tamoxifen group.

Mortality
The number of deaths observed during follow-up is

shown in Table 6. There is no statistically significant mor-
tality difference between the treatment groups. Overall,
236 deaths occurred in the tamoxifen group and 202
deaths in the raloxifene group, for an RR of 0.84, which
was not statistically significant (95% CI, 0.70–1.02). When
the differences between treatment groups are compared by
specific causes of death, the data are consistent with varia-
tion due to chance.
Discussion

Tamoxifen has been shown to reduce the risk of con-
tralateral breast cancer in women with invasive breast
cancer and DCIS (12, 13). The benefit appears to be very
durable. After 2 to 5 years of adjuvant tamoxifen, the
contralateral breast cancer reduction continued through at
least 15 years of follow-up (2, 14). In primary prevention
Cancer Prev Res; 3(6) June 2010
trials of tamoxifen in women at risk for the future develop-
ment of breast cancer, 5 to 8 years of tamoxifen significantly
reduced the incidence of invasive breast cancer, and this
benefit persisted for at least 7 to 12 years (6, 15, 16).
Raloxifene has also been shown to reduce the incidence

of primary invasive breast cancer (compared with place-
bo). The Multiple Outcomes of Raloxifene Evaluation
(MORE) trial randomized 7,704 postmenopausal women
with osteoporosis; with a median follow-up of 45 months,
raloxifene (given for 4 years) reduced the incidence of
breast cancer by 76% (RR = 0.24; 95% CI, 0.13–0.44;
ref. 7). In the Raloxifene Use for the Heart (RUTH) trial,
10,101 postmenopausal women with coronary heart dis-
ease or multiple risk factors for this disease were assigned
to either raloxifene (60 mg/d) or placebo. With 5.6 years
median follow-up, raloxifene reduced the incidence of in-
vasive breast cancer by a significant 44% (hazard ratio
[HR] = 0.56; 95% CI, 0.38–0.83; ref. 17). As detailed in
the initial report of STAR, after a median follow-up of
47 months, raloxifene was as effective as tamoxifen in re-
ducing the risk of invasive breast cancer. The updated re-
sults reported here demonstrate that after a median
follow-up of 81 months, which represents 60 months of
treatment plus an additional 21 months of follow-up, ra-
loxifene no longer appears to be as effective as tamoxifen
in preventing primary invasive breast cancer. Raloxifene
does appear, however, to retain approximately 76% of ta-
moxifen's effectiveness, which represents as much as a
38% reduction in invasive breast cancer (compared with
an untreated group). The initial STAR report also suggested
that raloxifene may not be as effective as tamoxifen in pre-
venting the development of noninvasive breast cancers
(LCIS and DCIS combined). The updated results show
that the difference between the treatment groups has
narrowed, and much like its effect against invasive breast
cancer, raloxifene is about 78% as effective as tamoxifen in
reducing the risk of noninvasive breast cancer. Patients
with a history of LCIS or atypical hyperplasia of the breast
Table 5. Rates of thromboembolic events, cataracts, and cataracts surgery—NSABP STAR Trial (P-2)
Type of event
 Events, n
 Rate per 1,000
Cancer Preve
RR*
ntio
RR
(95% CI)
Tamoxifen
 Raloxifene
 Tamoxifen
 Raloxifene
 Difference†
Thromboembolic events
 202
 154
 3.30
 2.47
 0.83
 0.75
 0.60–0.93

Pulmonary embolism
 84
 68
 1.36
 1.09
 0.27
 0.80
 0.57–1.11

Deep-vein thrombosis
 118
 86
 1.93
 1.38
 0.55
 0.72
 0.54–0.95
Cataracts and Cataract Surgery

Developed cataracts during follow-up‡
 739
 603
 14.58
 11.69
 2.89
 0.80
 0.72–0.89

Developed cataracts and had cataract surgery‡
 575
 462
 11.18
 8.85
 2.33
 0.79
 0.70–0.90
Abbreviations: CI, confidence interval; NSABP STAR, National Surgical Adjuvant Breast and Bowel Project Study of Tamoxifen and
Raloxifene; RR, risk ratio.
*Risk ratio for women in the raloxifene group compared to women in the tamoxifen group.
†Rate in the tamoxifen group minus rate in the raloxifene group.
‡Women at risk were those with no prior history of cataracts at entry (8,341 and 8,336 tamoxifen and raloxifene participants,
respectively).
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have a 4-fold to 10-fold increased risk of subsequent inva-
sive disease, and tamoxifen and raloxifene were equally ef-
fective in reducing this risk in the initially reported STAR
results. The current analyses indicate that this equality is
no longer the case for STAR women with a history of atyp-
ical hyperplasia (RR = 1.48; 95% CI = 1.06-2.09), although
results for the LCIS group remain similar to those reported
originally (RR = 1.13; 95% CI, 0.76–1.69).
Only a slight difference was evident between treatment

groups in the cumulative incidence of both invasive and
noninvasive breast cancer (Fig. 1) through the first
20 months of the study. After 30 months, a clear separa-
tion of the treatment curves was observed, with a higher
cumulative incidence of both invasive and noninvasive
breast cancer in the raloxifene group. Why are we seeing
this apparent diminution of raloxifene's benefits with lon-
ger follow-up? When the initial STAR results were pub-
lished, all participants were notified of the results, and
women who were still receiving tamoxifen were offered
the option of crossing over to raloxifene therapy for the
remainder of their 5 years of treatment. Only 879 women
(9%) chose this option. The cross-over is unlikely to fully
explain our updated findings.
Is nonadherence with the medication an issue? Only

about 2% of orally administered raloxifene becomes
bioavailable, and the biological half-life of raloxifene
is much shorter than that of tamoxifen. Missing a day
or 2 of raloxifene may result in a greater reduction of
effectiveness than would similarly skipped doses of ta-
moxifen. However, overall adherence to protocol medi-
cation, as measured by pill counts, was similar in the
two groups, and the protocol medication drop-off rates
were higher in the tamoxifen group (38.9% versus
27.4%), indicating that nonadherence or drop-offs in
the raloxifene group do not provide the answer. Ralo-
xifene may simply be less potent than is tamoxifen. It
was originally developed as a drug to treat breast cancer
but was less effective than was tamoxifen in that setting
as well (18).
The superiority of tamoxifen over raloxifene in reducing

breast cancer risk comes with a cost: significantly more
endometrial cancers, hysterectomies for benign disease,
thromboembolic events, and cataracts. These toxicities
may be acceptable for the treatment of breast cancer
but have proved to be a barrier to the use of tamoxifen
for preventing primary breast cancers. It is important
to point out that, unlike raloxifene, tamoxifen is approved
for use in premenopausal women, and the BCPT (NSABP
P-1) showed no excessive risk of endometrial cancers or
thromboembolic events in the tamoxifen-treated pre-
menopausal group compared with the placebo group.
For premenopausal women at increased risk, particularly
those with biopsy-proven risk factors such as LCIS or
atypical hyperplasia, tamoxifen has a positive risk/bene-
fit ratio and should be presented as a treatment option.
A similar risk/benefit ratio may exist in younger post-
menopausal women with elevated Gail scores and a prior
hysterectomy.
www.aacrjournals.org
Our results demonstrate that raloxifene (compared with
tamoxifen) retains substantial benefit in reducing the risk
of invasive breast cancer and has fewer life-threatening side
effects, including significantly fewer endometrial cancers,
and these results are in keeping with those in the placebo-
controlled raloxifene trials. We saw no significant increases
in other primary cancers, although there were numerically
more ovarian cancers and thyroid cancers. Neither of these
tumors was noted to be of concern in the other raloxifene
trials, but we plan to continue to follow STAR patients with
particular attention to all potential long-term side effects.
The 5-year duration of therapy in STAR was a carryover

from the P-1 trial of tamoxifen versus placebo, in which
5 years of tamoxifen was chosen based on the duration
of treatment in adjuvant trials. In the combined results
of MORE and the Continuing Outcomes Relevant to Evista
(CORE) trial, which involved as much as 8 years of ralox-
ifene therapy, a 66% reduction in the incidence of invasive
breast cancer was seen in the raloxifene-treated group
compared with the placebo group (HR = 0.34; 95% CI,
0.22–0.50). The women in the MORE/CORE studies were
not selected based on breast cancer risk, and the majority
had Gail scores below 1.66%, although some high-risk
women were included.
Laboratory studies demonstrate that the antitumor ac-

tions of raloxifene and related hydroxylated SERMs depend
on the duration of administration (19–21). In other words,
longer administration periods are necessary to control
tumorigenesis with short-acting SERMs with poor bioavail-
ability (20). It may be that the long-term benefit of tamox-
ifen in controlling tumorigenesis occurs because of the
development and evolution of a sophisticated SERM-
resistant disease that becomes vulnerable to the apoptotic
actions of physiologic estrogen (22) once tamoxifen is
stopped. In contrast, the evolution of acquired SERM resis-
tance may not advance as quickly with raloxifene as with
tamoxifen, and raloxifene only remains therapeutically
effective as long as it is given (8). It is unlikely that the opti-
mal duration of raloxifene for chemoprevention will be
evaluated in a breast cancer prevention setting; however,
the use of raloxifene in treating and preventing osteoporosis
is approved for an indefinite period of time. Therefore, con-
tinuing raloxifene therapy beyond 5 years might be an ap-
proach that would preserve its full chemopreventive activity.
Large randomized cancer-prevention trials with long-

term clinical follow-up of a carefully characterized pop-
ulation of individuals provide a valuable resource
beyond the primary aims of the study. In the NSABP
STAR (P-2) and BCPT (P-1), baseline blood samples
have been collected and stored from more than 30,000
women at an increased risk for breast cancer, as have
tumor specimens from breast cancer events. Various
studies have already been conducted using these re-
sources, and others are underway, including a genome-
wide-association study by NSABP in collaboration with
the National Institutes of Health Pharmacogenetics
Research Network (PGRN) and the RIKEN Yokohama
Institute Center for Genomic Medicine; this study includes
Cancer Prev Res; 3(6) June 2010 703



Table 6. Distribution of Deaths - NSABP STAR Trial (P-2)

Cause of death Deaths, n

Tamoxifen Raloxifene

Cancer 101 86

Bladder 1 3
Bone, articular cartilage and connective tissue 1 1
Brain 6 4
Breast 11 4
Colon 4 3
Endocrine gland 0 1
Gallbladder 2 1
Kidney 1 1
Liver 7 1
Lung 25 28
Lymphatic/hematopoietic 12 11
Oral 2 1
Ovary 8 7
Pancreas 7 5
Peritoneum 2 0
Skin 2 0
Spleen 0 1
Stomach 2 1
Thyroid 1 0
Uterus 2 2
Other, uncertain, and unspecified sites 5 11

Circulatory/vascular disease 42 42

Aortic 1 2
Atherosclerosis 0 1
Cerebrovascular disease, unspecified 1 0
Hypertensive disease 1 4
Ischemic heart disease 13 8
Other heart disease 9 14
Peripheral vascular disease, unspecified 0 1
Polyarteritis nodosa 0 1
Pulmonary embolism 3 2
Primary pulmonary hypertension 1 0
Stroke 13 9

Other 93 74

Accident, auto 3 4
Accident, fire 1 0
Alcohol dependence syndrome 1 1
Asphyxiation and strangulation 1 0
Complications of surgery 0 1
Dementia 0 1
Diabetes 1 3
Disorders of metabolism 1 0
Emphysema 1 0
Injury, intracranial 2 2

(Continued on the following page)
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Table 6. Distribution of Deaths - NSABP STAR Trial (P-2) (Cont'd)

Cause of death Deaths, n

Tamoxifen Raloxifene

Injury, other 1 0
Interferon toxicity 0 1
Intestinal infectious disease 0 1
Other conditions of the blood 0 2
Other conditions of the brain/neurological system 7 3
Other diseases of the digestive system 7 6
Other Diseases of the urinary system 2 1
Other respiratory disease 13 7
Pneumonia 2 4
Poisoning 2 0
Septicemia 4 3
Skin infections 0 1
Symptoms, signs, and ill-defined conditions 2 3
Unknown 42 30

Total deaths (rate per 1,000) 236 (3.81) 202 (3.22)
Risk ratio (95% CI) 0.70–1.02)

Abbreviations: CI, confidence interval; NSABP STAR, National Surgical Adjuvant Breast and Bowel Project Study of
Tamoxifen and Raloxifene.

Update of STAR (P-2)
a detailed evaluation of cytochrome P450 2D6 (CYP2D6)
status (refs. 23–27; access to these data and specimens is
not restricted to NSABP members; the pathology section
of the NSABP web site, ref. 28, describes the process by
which one can submit applications for such projects).
In conclusion, with a median follow-up of 81 months,

our long-term, updated results show that raloxifene re-
tained 76% of the effectiveness of tamoxifen in prevent-
ing invasive disease, that its level of effectiveness grew
closer over time to that of tamoxifen (78% as effective)
in preventing noninvasive disease, and that raloxifene
remained far less toxic (e.g., now with highly statistically
significantly fewer endometrial cancers). These relative
effects of the drugs in the longer term—including greater
potency of tamoxifen in preventing invasive and nonin-
vasive disease and significantly less endometrial toxicity
with raloxifene—are more consistent with the profiles that
were expected on the basis of findings from other pub-
lished studies. With deep public-health implications, these
results help to clarify that both raloxifene and tamoxifen
are good preventive choices for higher-risk postmeno-
pausal women, depending largely on a woman's personal
risk factors for breast cancer. For postmenopausal women
with elevated risk, these results should encourage wide-
spread acceptance of raloxifene for breast cancer risk re-
duction, especially in women with an intact uterus who
www.aacrjournals.org
also face a risk of osteoporosis and fracture. The results
should also promote greater acceptance of tamoxifen
(given its greater efficacy) by premenopausal women
who are at a very high risk for breast cancer. Such in-
creased acceptances of both SERMs for breast cancer risk
reduction ultimately would reduce the public health bur-
den of the disease.
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Abstract

Background: Estrogens are classified as type I (planar) and
type II (angular) based on their structures. In this study, we
used triphenylethylenes (TPEs) compounds related to 4-
hydroxytamoxifen 4OHT to address the hypothesis that the
conformation of the liganded estrogen receptor (ERa) can
dictate the E2-induced apoptosis of the ERq breast cancer
cells.
Materials and methods: ERa positive MCF7:5C cells were
used to study apoptosis induced by E2, 4OHT and TPEs.
Growth and apoptosis assays were used to evaluate apoptosis
and the ability to reverse E2-induced apoptosis. ERa protein
was measured by Western blotting to investigate the destruc-
tion of ERa by TPEs in MCF7 cells. Chromatin immuno-
precipitation (ChIP) assays were performed to study the in
vivo recruitment of ERa and SRC3 at classical E2-respon-
sive promoter TFF1 (PS2) by TPEs. Molecular modeling was
used to predict the binding mode of the TPE to the ERa.
Results: TPEs were not only unable to induce efficient apop-
tosis in MCF7:5C cells but also reversed the E2-induced
apoptosis similar to 4OHT. Furthermore, the TPEs and
4OHT did not reduce the ERa protein levels unlike E2. ChIP
assay confirmed very weak recruitment of SRC3 despite
modest recruitment of ERa in the presence of TPEs. Mole-
ular modeling suggests that TPE would bind in antagonistic
mode with ERa.
Conclusion: Our results advances the hypothesis that the
TPE liganded ERa complex structurally resembles the
4OHT bound ERa and cannot efficiently recruit co-activator
SRC3. As a result, the TPE complex cannot induce apoptosis
of ERq breast cancer cells, although it can cause growth of
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the breast cancer cells. The conformation of the estrogen-ER
complex differentially controls growth and apoptosis.
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Introduction

High dose estrogen therapy for the treatment of breast cancer
is a pioneering application of translational research, as this
was the first chemical therapy to be successful for the treat-
ment of any type of cancer (1). High dose estrogen therapy
for the treatment of breast cancer in postmenopausal women
became an accepted standard of care for the treatment of
breast cancer prior to the introduction of tamoxifen in the
1970s. Response rates to high dose estrogen therapy were
dependent upon the duration of time from the menopause;
patients treated in their seventies would have a response rate
of 30%, whereas patients treated in their fifties had very few
tumor responses. Although it was not realized at the time,
the antitumor actions of estrogen were based upon estrogen
deprivation. Sir Alexander Haddow FRS pioneered the
development of high dose estrogen therapy, but in 1970,
when he was selected as the inaugural Karnofsky lecturer at
the American Society for Clinical Oncology, he remarked
that little progress was being made in targeted therapeutics,
and with regard to his own contribution of high dose estrogen
treatment, he stated, ‘‘«the extraordinary extent of tumor
regression observed in perhaps 1% of post-menopausal cases
(with estrogen) has always been regarded as of major theo-
retical importance, and it is a matter for some disappointment
that so much of the underlying mechanisms continues to
elude us«’’ (2).

Now, some 40 years later, based upon decades of research
on the impact of long-term adjuvant antihormone therapy on
the evolution of drug resistance, a vulnerability of breast can-
cers has emerged, that was unanticipated. Selective estrogen
receptor modulators (SERMs), e.g., tamoxifen and raloxi-
fene, initially cause drug resistance in breast cancer cells that
is identified by SERM stimulated growth and the tumor cells
are also stimulated to grow with physiological estrogen
(3, 4). However, this form of drug resistance occurs within
approximately a year with SERM treatment; but, because
successful 5 years of adjuvant tamoxifen therapy is given
routinely to enhance survivorship (5), one would imagine
other mechanisms of drug resistance occurring for micro-
metastatic disease during 5 years of adjuvant therapy. This
would be a reasonable explanation for the lack of recurrences
and increasing survivorship after tamoxifen is stopped (5).
Studies in the laboratory demonstrate that drug resistance to



28 Maximov et al.: Estrogen receptor conformation and apoptosis

Article in press - uncorrected proof

SERMs evolves over approximately 5 years into a phase that
is SERM-stimulated for growth, but physiological estrogen
causes apoptosis and tumor regression (4, 6). The hypothesis
has been offered that in fact long-term adjuvant tamoxifen
therapy can reconfigure antihormone resistant breast cancer
cells so that they are particularly sensitive to the apoptotic
actions of physiological estrogen (from the patient’s body)
once 5 years of adjuvant tamoxifen has been stopped (7).
Aromatase inhibitors are also administered to postmenopau-
sal ER positive breast cancer patients for 5 years of adjuvant
therapy (8, 9). Laboratory studies show that estrogen depri-
vation for prolonged periods sensitizes the resulting cells that
are estrogen independent for growth to the apoptotic actions
of estrogen (10, 11).

Using laboratory models for SERM and aromatase inhib-
itor resistant disease, mechanisms are emerging to define
intrinsic and extrinsic pathways of estrogen-induced apop-
tosis (12). However, the question arises of how the estrogen
receptor (ER) complex in one context can stimulate estrogen-
stimulated growth, but the same complex will induce apop-
tosis in antihormone resistant cells. To address this paradox,
we have drawn upon our previous contribution on the molec-
ular classification of estrogens (13, 14) to interrogate the ER
complex with structural derivatives of the antiestrogen, 4-
hydroxytamoxifen (4OHT) and endoxifen (15). The molec-
ular classification of estrogens is based upon the published
X-ray crystallographic data for the planar estrogen diethyl-
stilbestrol (DES) (incidentally, the synthetic estrogen earlier
selected for high dose estrogen therapy for breast cancer)
and 4OHT (the potent antiestrogenic metabolite of tamoxi-
fen) (16). Simply stated, DES binds to the ligand binding
domain (LBD) and is sealed within the cavity with helix 12
being the cap. In contrast, 4OHT, with its ‘‘bulky side
chain’’ in the triphenylethylene (TPE) structure, pushes helix
12 back because of steric hindrance. The DES ER structure
sealed with helix 12 allows the ER complex to be activated
through activating function-2 (AF-2) that collaborates and
cooperates with AF-1 at the opposing end of the ER. In this
manner, the co-activators recruited to the complex initiate
estrogen-stimulated growth and gene transcription. In con-
trast, the 4OHT ER complex cannot activate AF-2, but
AF-1 is able to be activated through the exposed Asp351
that is inadequately neutralized and shielded by the dimethyl
aminoethoxy side chain of 4OHT. This is classified as an
antiestrogen complex, but it mechanistically explains the pro-
miscuous estrogen-like activity of 4OHT (17, 18). Indeed,
substitution of Asp351 for the non-ionic amino acid glycine
completely abrogates the estrogen-like actions of the 4OHT
ER complex (17).

In this paper, we offer the hypothesis that the shape of the
ER complex with either planar estrogens (Class I) or angular
estrogens (Class II) can modulate the apoptotic actions of
estrogen through the shape of the resulting complex. We
have previously synthesized a range of estrogenic TPEs, and
all of these compounds will stimulate estrogen-stimulated
growth of MCF-7 cells (15). Here, we investigate the actions
of 4OHT and our model TPEs on estradiol-induced apoptosis
in MCF-7:5C cells (19). We have discovered that the angular

TPE estrogens do not cause rapid estrogen-induced apopto-
sis, even though they are potent stimulators of breast cancer
cell growth. They do, in fact, block estradiol-induced apop-
tosis as effectively as 4OHT, a known antiestrogen. We pro-
pose the hypothesis that the shape of the ER complex and
its ability to bind co-activators and transport them to the
correct part of the cell is fundamentally important for the
initiation of estrogen-induced apoptosis.

Materials and methods

Cell culture and reagents

Media for cell culture were purchased from Invitrogen Inc. (Grand
Island, NY, USA) and fetal calf serum (FCS) was obtained from
HyClone Laboratories (Logan, UT, USA). Compounds E2 and
4OHT were obtained from Sigma, St. Louis, MO, USA. The com-
pounds trihydroxytriphenylethylene (3OHTPE) and ethoxytriphe-
nylethylene (EtOX) were synthesized and the details of the synthesis
have been reported previously (15). The ER positive breast cancer
cells MCF-7:WS8 (hereafter mentioned as MCF7) and estrogen-
deprived MCF7:5C were derived from MCF7 cells obtained from
the Dr. Dean Edwards, San Antonio, TX, USA as reported previ-
ously (20). MCF7 cells were maintained in RPMI media supple-
mented with 10% FCS, 6 ng/mL bovine insulin and penicillin and
streptomycin. MCF7:5C cells were maintained in phenol-red free
RPMI media containing 10% charcoal dextran treated FCS, 6
ng/mL bovine insulin and penicillin and streptomycin. Three to four
days prior to harvesting, the MCF7 cells were cultivated in phenol
red-free media containing 10% charcoal dextran treated FCS. The
cells were treated with indicated compounds (with media changes
every 48 h) for the specified time and were subsequently harvested
for protein lysate or growth assay. All the experiments were repeated
at least three times, in triplicate to confirm the results.

Growth assay

For growth assay, 12,000 MCF7:5C cells were plated in each well
of 24-well plates and the treatment of the cells with specific con-
centration of indicated compounds were started 24 h later (day 0).
The media containing the compounds were changed on day 2 and
day 4. On day 6, the cells were harvested for assessing the total
DNA content in each well using a fluorescent DNA quantitation kit
(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s
instructions. Calf thymus DNA was used to plot the standard curve
for the DNA assay with each set of quantitation. The experiments
were repeated three times in triplicate to confirm the data.

Western immunoblotting

The MCF7 cells were seeded on 10-cm Petri dishes at a density of
3 million cells per plate and were incubated overnight in phenol
red-free RPMI 1640 media containing 10% charcoal dextran treated
FCS, 6 ng/mL bovine insulin and penicillin and streptomycin. The
cells were treated for 24 h with the indicated compounds and the
cells were subsequently washed with cold phosphate buffered saline
(PBS; Invitrogen, Carlsbad, CA, USA) twice and were lysed using
1= Lysis buffer (Cell Signaling Technology Inc., Denvers, MA,
USA) that contained a 1= Complete Mini Protease Inhibitor Cock-
tail (Roche Diagnostics, Indianapolis, IN, USA) and 1= phospha-
tase inhibitors (Calbiochem, Gibbstown, NJ, USA). The cells were
lysed for 30 min on ice and subsequently centrifuged at 12,000 rpm
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(15,000=g) for 20 min. Supernatants were transferred in fresh tubes
and stored on ice, the concentration of proteins in the lysates were
measured via a fluorescent Quant-iT Protein Assay Kit (Invitrogen,
Carlsbad, IN, USA). Then, 20 mg of each protein sample diluted in
a NuPAGE LDS loading dye was loaded and separated on NuPAGE
4%–12% Bis-Tris Gel (Invitrogen, Carlsbad, CA, USA). After elec-
trophoresis, the samples were transferred onto Hybond-ECL Nitro-
cellulose Membranes (Amersham Biosciences, Piscataway, NJ,
USA), which were subsequently blocked with blocking solution
TBS-T (50 nM Tris-HCl pH 7.5, 150 nM NaCl, 0.1% Tween-20),
containing 5% skim milk for 1 h at room temperature. The mem-
branes were subsequently probed with primary antibodies anti-ERa

(Santa Cruz, Biotechnology, Santa Cruz, CA, USA) and with anti-
b-actin (Sigma-Aldrich, St. Louis, MO, USA) diluted in blocking
buffer at ratios recommended by the supplier at 48C. The mem-
branes were washed three times (10 min each) with the TBS-T
buffer and subsequently incubated with the appropriate HRP-linked
secondary antibodies (anti-mouse or anti-rabbit from Santa Cruz,
Biotechnology, Santa Cruz, CA, USA) diluted in blocking buffer
for 1 h at room temperature. The membranes were washed again as
described above with TBS-T buffer and the signal was visualized
using ECL Western Blotting Detection Reagents (GE Healthcare
UK, Birminghamshire, UK).

Apoptosis assay

In total, 20,000 MCF7:5C cells were seeded in each well of a 96-
well plate. Then, 24 h later cells were treated with indicated com-
pounds in triplicate. Media containing the appropriate compounds
were changed every 48 h. At the end of day 5, the cells were har-
vested using a colorimetric dye based apoptosis kit, APOPercen-
tage� (Biocolor Ltd., Carrickfergus, Antrim, UK) according to the
manufacturer’s instructions. Briefly, 30 min prior to the harvesting
of the cells 5 mL of APOPercentage dye (which is selectively
imported by the cells undergoing apoptosis) was added to each well
and incubated for 30 min at 378C, 5% CO2 incubator. Subsequently,
the cells were very carefully washed twice with PBS to wash off
the unimported dye. The dye was thereafter released from the cells
using a dye releasing reagent and the amount of dye imported was
measured spectrophotometrically at 550 nm. The O.D. at 550 nm
was directly proportional to the apoptosis of the cells.

Chromatin immunoprecipitation (ChIP) assay

ChIP was performed as described previously (21) with minor mod-
ifications. Briefly, cells were grown in phenol red-free RPMI media
containing 10% charcoal stripped fetal bovine serum for 3 days
before treating with vehicle, 1 nM E2, 4OHT (10–6 M) 3OHTPE
(10–6 M) or EtOX (10–6 M) for 45 min. Cells were then washed
with PBS and crosslinked with 1.25% formaldehyde. After stopping
the crosslinking, cells were collected in PBS wcontaining protease
inhibitors (Roche Diagnostics, Indianapolis, IN, USA) and 10 mM
dithiothreitol (DTT)x, centrifuged and resuspended in nuclei isola-
tion buffer (50 mM Tris-Cl, 60 mM KCl, 0.5% NP40, protease
inhibitors and 10 mM DTT). Nuclei were isolated by centrifugation
and resuspended in SDS lysis buffer (50 mM Tris-Cl, 1% SDS,
10 mM EDTA, pH 8.1 with protease inhibitors) followed by soni-
cation and centrifugation at 14,000=g for 20 min at 48C. The super-
natant (fixed chromatin) were diluted using ChIP dilution buffer
followed by immunoclearing using normal rabbit serum and 20 mL
of Magna ChIP protein A agarose magnetic beads (Upstate Cell
Signaling Solutions, Temecula, CA, USA). Immunoprecipitation
was performed overnight with antibodies against ERa (1:1 mixture
of cat � sc-543 and sc-7207; Santa Cruz Biotechnology, Inc.) and

SRC-3 (cat � 13066; Santa Cruz Biotechnology, Inc.). The immune
complexes were precipitated using 20 mL of Magna ChIP protein
A agarose magnetic beads (Upstate Cell Signaling Solutions) and
incubating for an additional 2 h followed by precipitating using a
magnet. The beads bound to immunocomplexes were sequentially
washed using buffer I (20 mM Tris-Cl, 2 mM EDTA, 0.1% SDS,
1% Triton X-100, and 150 mM NaCl), buffer II (20 mM Tris-Cl,
2 mM EDTA, 0.1% SDS, 1% Triton X-100, and 250 mM NaCl),
buffer III (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA,
10 mM Tris-HCl, pH 8.1). Precipitates were then washed twice with
TE buffer and extracted twice with freshly made 1% SDS and 0.1 M
NaHCO3. Pooled elutes were decrosslinked using 200 mM NaCl
and heating at 658C overnight. The DNA fragments were purified
using the Qiaquick PCR purification kit (Qiagen, Valencia, CA,
USA). Then, 2 mL of eluted DNA was used for real time PCR
analysis. The primer sequences used are as follows: PS2 promoter:
59-TGGGCTTCATGAGCTCCTTC-39 (forward); 59-TTCATAGT-
GAGAGATGGCCGG-39 (reverse); the data are expressed as percent
input of starting chromatin material after subtracting the percent
input pulldown of the negative control (normal rabbit IgG).

Molecular modeling

The molecular modeling study was performed using the available
X-ray crystallographic structures of ERa in the agonist and antag-
onist conformations. The 3D coordinates of ERa co-crystallized
with E2 (1gwr) and 4OHT (3ert) were extracted from RCSB Protein
Data Bank (PDB) (22) and these structures were prepared for dock-
ing using the Protein Preparation Workflow (Schrödinger, LLC,
New York, NY, USA, 2008), accessible from within the Maestro
9.1 program (Schrödinger, LLC).

The ligand was prepared for docking with LigPrep 2.1 application
(Schrödinger, LLC) and molecular docking was carried out with
Glide 4.5 (Schrödinger, LLC) followed by the Induced Fit protocol
(Schrödinger, LLC) using default parameters and 10 poses per
ligand were retained for analysis.

Results

Reversal of E2-induced apoptosis in MCF7:5C cells

by 4OHT, 3OHTPE and EtOX

17-b Estradiol induces apoptosis in ERq MCF7:5C cells
(19) which are long-term E2-deprived MCF7 breast cancer
cells. Our aim was to evaluate the 4OHT and the TPEs,
3OHTPE and EtOX (Figure 1), for their ability to reverse
the apoptosis induced by E2 in MCF7:5C cells in a concen-
tration-dependent manner. Interestingly, the triphenylethy-
lenes 3OHTPE and EtOX had previously been reported to
be completely estrogenic as they can induce proliferation of
MCF7 cells, unlike 4OHT (15). We found that 3OHTPE and
EtOX were able to block the E2-induced apoptosis of
MCF7:5C cells similar to the 4OHT in a concentration-
dependent manner (Figure 2) as evident by DNA growth
assay. The compounds alone at 10–6 M concentration were
not able to induce significant apoptosis of MCF7:5C cells
(Figure 2), whereas, as expected, drastic apoptosis was
induced by E2 (1 nM) alone.
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Figure 1 Structure of the compounds used in the study. Trihydoxy-
triphenylethylene (3OHTPE), ethoxytriphenylethylene (EtOX), 4-
hydroxytamoxifen (4OHT) and 17-b estradiol (E2).

Figure 2 Reversal of E2-induced apoptosis of MCF7:5C cells by 4OHT, 3OHTPE and EtOX. MCF7:5C cells were treated with either
vehicle (Veh), E2 (10–9 M) alone or E2 in combination with increasing concentration of the indicated compounds. Cells were also treated
with compounds alone at 10–6 M concentration. After 7 days of treatment, the total DNA in the wells were estimated as a measure of cell
survival.

Estrogen receptor a levels are not decreased

by 4OHT, 3OHTPE and EtOX

Treatment with estrogen in MCF7 cells causes a rapid
destruction of ERa protein levels, whereas 4OHT impedes
the destruction of ERa levels (23). Interestingly, despite act-

ing as an estrogen agonist in MCF7 cells (15), the triphe-
nylethylenes, 3OHTPE and EtOX, did not reduce the protein
levels of ERa after 24 h of treatment at 10–6 M concentra-
tion, as evident by Western blot analysis of ERa protein
levels which is similar to 4OHT treatment (Figure 3). As
expected, ERa protein levels were drastically reduced
after treatment with E2 (1 nM) for 24 h in MCF7 cells
(Figure 3).

Induction of apoptosis by E2, 4OHT, 3OHTPE

and EtOX

We further evaluated the apoptotic induction by 4OHT,
3OHTPE and EtOX and compared it with E2 in MCF7:5C
cells using a dye-based kit which can measure the cells
undergoing apoptosis as detailed in the Materials and meth-
ods section. We found that E2 (1 nM) produced a drastic
increase in apoptotic cells after 5 days of treatment, whereas
4OHT (10–6 M) was completely ineffective (Figure 4).
3OHTPE (10–6 M) induced a modest level of apoptosis and
a very slight apoptotic induction was observed after EtOX
(10–6 M) treatment for 5 days (Figure 4).

Recruitment of ERa and SRC3/AIB1 at the promoter

of PS2 (TFF1) gene by E2, 4OHT, 3OHTPE and EtOX

PS2 (TFF1) transcription is induced by E2 through a clas-
sical estrogen responsive element (ERE) at the promoter of
the gene and its mechanism has been extensively studied (24,
25). We therefore evaluated the binding of the ERa and
SRC3/AIB1 to the PS2 promoter after 45 min of treatment
with 4OHT (10–6 M), 3OHTPE (10–6 M) or EtOX (10–6 M)
in comparison with E2 (1 nM) in the MCF7:5C cells. Around
a 17-fold increase in ERa recruitment was recorded with E2
treatment compared with vehicle treatment at the PS2 pro-
moter (Figure 5A). In comparison, approximately 15-fold
and approximately 11-fold increases in ERa recruitment was

http://www.reference-global.com/action/showImage?doi=10.1515/HMBCI.2010.047&iName=master.img-000.jpg&w=227&h=286
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Figure 3 Levels of ERa protein after treatment with E2, 3OHTPE,
EtOX or 4OHT. MCF7 cells were treated with E2 (10–9 M), 3OHT-
PE (10–6 M), EtOX (10–6 M) or 4OHT (10–6 M) for 24 h and total
protein was isolated to estimate the ERa levels by Western blotting.
Levels of b-actin were measured to ensure equal loading.

Figure 4 Induction of apoptosis by E2, 3OHTPE, EtOX or 4OHT.
MCF7:5C cells were treated with E2 (10–9 M), 3OHTPE (10–6 M),
EtOX (10–6 M) or 4OHT (10–6 M) and the induction of apoptosis
was measured using a dye-based kit as detailed in Materials and
methods section.

Figure 5 Recruitment of ERa (A) or SRC3 (AIB1) (B) at the
promoter of PS2 (TFF1) gene. MCF7:5C cells were treated with E2
(10–9 M), 3OHTPE (10–6 M), EtOX (10–6 M) or 4OHT (10–6 M)
for 45 min and cells were fixed with 1.25% formaldehyde before
isolating the chromatin. ChIP was performed using ERa or SRC3
antibody and the immunoprecipitated DNA was quantified using
specific primers for PS2 promoter by quantitative real time PCR.
The values at the top of each bar represent the percent input after
subtracting the negative control (rabbit IgG).

observed after treatment with 3OHTPE and EtOX, respec-
tively, whereas only an approximately 5-fold increase in ERa

recruitment was observed with 4OHT treatment (Figure 5A).
Interestingly, in the case of SRC3/AIB1, very low levels of
recruitment were observed after treatment with 3OHTPE and
EtOX compared with E2 treatment (Figure 5B), whereas

SRC3/AIB1 was not recruited at all after treatment with
4OHT (Figure 5B).

Binding of EtOX to the LBD of ERa

In an attempt to clarify the binding mode of EtOX to ERa,
the flexible docking of this compound into the LBD of the
receptor co-crystallized with 4OHT (Figure 6B) was per-
formed, and also the best ranked ligand-receptor complex
was superimposed onto the agonist conformation of ERa

(Figure 6B). The results show that when EtOX is fitted in
the binding site of the agonist conformation of ERa (1gwr),
the ethoxy side chain of the ligand is bumping the side chains
of L525 and L540 (Figure 6C) and it is unlikely for the
ligand to bind in this conformation of the receptor. In con-
trast, when EtOX is docked into the binding site of ERa

antagonist conformation (Figure 6D), the top ranked pose is
fitted well in the binding cavity and it probably binds to an
antagonist-related conformation of the receptor.

Discussion

Estrogen-induced apoptosis can be reversed in a concentra-
tion-related manner by the non-steroidal antiestrogen 4OHT.
It is important to point out that in the ERq MCF-7:5C cells

http://www.reference-global.com/action/showImage?doi=10.1515/HMBCI.2010.047&iName=master.img-002.jpg&w=166&h=247
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Figure 6 ERa binding site presented with different ligands. All ligands are shown with their corresponding molecular surfaces depicted
as gray grids. Also, Leu525 and Leu540 are shown with their molecular surface depicted as blue grids. (A) The agonist conformation of
ERa co-crystallized with E2 (colored in magenta) (PDB code: 1GWR); (B) 4OHT (depicted in green) co-crystallized with ERa – the
antagonist conformation of the receptor (PDB code: 3ERT); (C) EtOX (colored in orange) is superimposed in the agonist conformation of
the receptor (PDB code: 1GWR) and (D) same ligand is docked in the antagonist conformation of ERa (3ERT).

used in this study, 4OHT, although it binds to the ER, block-
ing apoptosis, does not produce any effect on cell growth
when administered alone. These cells are completely resis-
tant to the actions of nonsteroidal antiestrogens. The major
finding in this study is that the test TPEs that are all fully
estrogenic on cell replication in MCF-7 cells (15) also inhibit
estrogen-induced apoptosis. Based on our previous study on
the molecular classifications of estrogens (13), this leads to
the suggestion that the angular TPEs are creating a shaped
ER complex that is analogous to that observed in X-ray crys-
tallography with 4OHT (26). Indeed, molecular modeling
(Figure 6) demonstrates that the angular TPE would be
unlikely to fit in the estradiol ER complex because steric
hindrance would prevent helix 12 from sealing the LBD.

It seems that the TPEs can affect the ER complex in ways
similar to 4OHT. 4OHT is known to impede the destruction
of the 4OHT ER complex (23, 27). Similarly, the TPEs do
not facilitate the rapid destruction of the TPE ER complex
(Figure 3). Thus, Western blot analysis shows that the TPE
ER levels are analogous to 4OHT ER levels rather than estra-
diol ER-like, i.e., rapidly destroyed. Indeed, the LeClercq

group (28) have recently confirmed and extended our molec-
ular classifications of estrogens, with a larger series of com-
pounds and have also shown that an angular TPE does not
cause the destruction of the ER complex in a manner anal-
ogous to estradiol when MCF-7 cells are examined by
immunohistochemistry for the ER.

In a preliminary study, we have examined, using the ChIP
assay, the binding of the ERa in the promoter region of the
TFF1 (PS2) gene. The E2-ER complex has robust binding
in the promoter region (Figure 5A) and SRC-3 is detected
presumably bound to the ER complex (Figure 5B). In con-
trast, 4OHT ER complexes only have modest binding of
ERa and virtually no SRC-3 in the promoter region. The
TPEs permit some binding of the TPE ER complex in the
promoter region but there are lower levels of SRC-3 and a
reduced ability to stimulate PS2 synthesis (data not shown).
A major conclusion of LeClerq’s paper (28) is that the puta-
tive Class II estrogens (angular estrogens) that do not permit
the appropriate sealing of the LBD with helix 12 do not
efficiently bind co-activators. Our respective studies are
therefore in agreement.

http://www.reference-global.com/action/showImage?doi=10.1515/HMBCI.2010.047&iName=master.img-005.jpg&w=382&h=347
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In summary, the proposed hypothesis is that the TPE-ER
complex significantly changes the shape of the ER to adopt
a conformation that mimics that adopted by 4OHT when it
binds to the ER. A co-activator now has difficulty in binding
to the TPE-ER complex appropriately, but whereas this does
affect cell replication, it dramatically impairs the events that
must be triggered to cause apoptosis. Future studies will con-
firm or refute our hypothesis based on the known intrinsic
activity of mutant ERs and their capacity to investigate estro-
gen-target genes. Naturally, the absolute proof of our hypoth-
esis would be the solution of the X-ray crystallography of a
TPE-ER complex.
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Chapter 26

Omics-Based Molecular Target and Biomarker Identification
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Abstract

Genomic, proteomic, and other omic-based approaches are now broadly used in biomedical research to 
facilitate the understanding of disease mechanisms and identification of molecular targets and biomarkers 
for therapeutic and diagnostic development. While the Omics technologies and bioinformatics tools for 
analyzing Omics data are rapidly advancing, the functional analysis and interpretation of the data remain 
challenging due to the inherent nature of the generally long workflows of Omics experiments. We adopt 
a strategy that emphasizes the use of curated knowledge resources coupled with expert-guided examina-
tion and interpretation of Omics data for the selection of potential molecular targets. We describe a 
downstream workflow and procedures for functional analysis that focus on biological pathways, from 
which molecular targets can be derived and proposed for experimental validation.

Key words: Proteomics, Genomics, Bioinformatics, Biological pathways, Cell signaling, Databases, 
Molecular targets, Biomarkers

Biomarkers are referred to as biological entities or characteristics 
that can be used to indicate the states of healthy or diseased cells, 
tissues, or individuals. Nowadays, biomarkers are mostly molecu-
lar makers, such as genes, proteins, metabolites, glycans, and 
other molecules, that can be used for disease diagnosis, progno-
sis, prediction of therapeutic responses, as well as therapeutic 
development (1–3). Over the past decade, high-throughput 
technologies, such as genomic microarrays, proteomic and metab-
olomic mass spectrometry, have been used to generate large 
amount of data from single experiments that allow for global 
comparison of changes in molecular profiles that underlie particu-
lar cellular phenotypes. As a result, the omics-based approaches, 

1.  Introduction
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coupled with computational and bioinformatics methods,  provide 
unprecedented opportunities to speed up the biomarker discov-
ery and now are widely used to facilitate diagnostic and therapeu-
tic developments for many diseases and particularly in cancers 
(4–10). Potential biomarkers have been identified at various 
molecular levels, including genetic, mRNA, protein/peptide, as 
well as epigenetic (11), miRNA (12), glycans (13), and metabo-
lites (4). For example, using DIGE-based proteomics potential 
biomarkers (e.g., PPA2 and Ezrin) were identified to be useful for 
the diagnosis of metastatic prostate cancer (14), and a proteolytic 
fragment of alpha1-antitrypsin (BF5) was identified as a potential 
diagnostic and prognostic marker for inflammatory breast cancer 
as well as a target for potential therapeutic intervention (15, 16). 
Epigenetic marker, such as PITX2 DNA methylation, is reported 
as a robust assay for paraffin-embedded tissue for outcome pre-
diction in early breast cancer patients treated by adjuvant tamox-
ifen therapy (11). In addition, microRNAs, such as miR-500, 
were identified as a potential diagnostic marker for hepatic cell 
carcinoma (17).

Increasingly, pathway and network-based analyses are applied 
to Omics data to gain more insight into the underlying biological 
function and processes, such as cell signaling and metabolic path-
ways and gene regulatory networks (18, 19). For example, 12 
core signaling pathways were shown to be altered in human pan-
creatic cancers through genomic analyses (18). Network model-
ing linked breast cancer susceptibility to the centrosome 
dysfunction (20), and led to the identification of a proliferation/
differentiation switch in cellular networks of multicellular organ-
isms (21). These approaches have led to a new trend in identify-
ing biomarkers in recent years, namely, pathway and network-based 
biomarker discovery, which identify panels of, instead of single, 
biomarkers for practical use in diagnostic and therapeutic devel-
opments (22–24). Protein networks have been shown to provide 
a powerful source of information for disease classification and to 
help in predicting disease causing genes (25, 26). Network 
approaches have also been used for improving the prediction of 
cancer outcome (27, 28), providing novel hypotheses for path-
ways involved in tumor progression (28), and exploring cancer-
associated genes (29).

In this chapter, we focus on the methodology for the identi-
fication of molecular targets through functional Omics data anal-
ysis particularly of biological pathways, which can provide more 
mechanistic insights into the underlying phenotypes and may 
facilitate therapeutics development. We adopt a strategy that 
emphasizes the use of curated knowledge resources, and describe 
a workflow and procedures, coupled with expert-guided analysis 
and interpretation, for the selection of potential molecular 
targets.
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Despite the rapid advancement of the high-throughput technologies 
and the bioinformatics tools, the functional analysis and interpre-
tation of Omics data remain challenging due to high variation, 
low reproducibility, and noise of the data. Although many algo-
rithms and tools have been developed to address these challenges, 
much is inherent to the long workflows of the Omics experiments, 
e.g., from sample preparation and raw data acquisition, to data 
processing and analysis. Many statistical and machine learning 
methods have been developed for better partitioning or clustering 
of genes (30–33), however, understanding of the biological 
meaning and functional interpretation of the group of genes/
proteins are critical downstream steps in the Omics workflow, and 
are necessary for the design of therapeutic strategies. This down-
stream functional analysis relies heavily on existing knowledge 
annotated for genes or proteins and frequently requires expert-
guided analysis for appropriate interpretation.

Annotations of genes and proteins integrated from multiple bioin-
formatics databases are the basis for functional analysis and interpre-
tation of Omics data (34). Numerous gene and protein databases, 
varying in size and scope, have been developed to provide func-
tional annotations for genes and gene products, as archived for the 
past decade, e.g., in the “Molecular Biology Database Collection” 
in the journal Nucleic Acids Research (35). The number of data-
bases and database entries is rapidly growing, e.g., in 2009 the jour-
nal archived a total of 1,170 databases, nearly 100 more than in 
2008. These databases are divided into 14 general categories, 
including databases of DNA, RNA and protein sequences, struc-
ture, genomics, proteomics, metabolic, and signaling pathways. 
Databases most relevant to Omics data analyses include: (1) Gene 
and protein databases, such as UniProt (36) for protein-based 
annotations, Entrez Gene (37) and model organism databases (e.g., 
Mouse Genome Database) (38) for gene-based annotations; (2) 
GO annotations, such as GOA for annotation of gene products 
with Gene Ontology (GO) terms (39); (3) Biological pathways, 
such as KEGG (40) and Pathway Interaction Database (PID) (41) 
for annotations of proteins involved in metabolic and signaling 
pathways; Pathway Commons has been developed as a single point 
of access for diverse pathway databases; and (4) Protein–protein 
interaction (PPI) databases, such as IntAct (42) and MINT (43) for 
annotations of proteins involved in physical interaction of proteins.

Mapping different Omics data types (e.g., gene, mRNA, pep-
tide/protein, metabolite) to the common biological entities 
(e.g.,  proteins) is an essential step for deriving comprehensive 

2.  Materials

2.1. Bioinformatics 
Databases

2.2. Data Mapping  
and Integration Tools
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 annotations for functional Omics data analysis (34). Omics data 
mapping is accomplished most commonly by ID (database entry 
identifier) mapping that allows different but related biological 
entities to be mapped to the IDs of common entities (e.g., pro-
teins). One of the most common issues in protein mapping is 
that the relation between different types of biological entity 
could be one-to-one (e.g., one gene ID to one protein ID) or 
one-to-many (e.g., one gene ID to two or more protein IDs), 
and this is not only caused by the difference between genes and 
proteins (e.g., one gene encodes several protein isoforms), but 
can also result from database redundancy (see Note 1). UniProt 
Knowledgebase (UniProtKB) is the main section of UniProt 
with comprehensive and high-quality protein sequence annota-
tions (44), and iProClass is an integrated database for all UniProt 
protein sequences with value-added annotations integrated from 
over 100 other databases (45). The UniProt and iProClass data-
bases thus serve as the underlying infrastructure for protein ID 
mapping (different IDs mapped to UniProtKB protein IDs) and 
data integration for experimental Omics data. ID mapping based 
on the two databases allows ~32 commonly used, heterogeneous 
IDs to be converted from each other and the ID mapping ser-
vices are available online both at the Protein Information 
Resource (PIR) (http://pir.georgetown.edu) and UniProt 
(http://www.uniprot.org). ID mapping data files are also avail-
able at PIR for download to perform data mapping offline. Other 
ID mapping tools include DAVID gene ID conversion tool 
(http://david.abcc.ncifcrf.gov/conversion.jsp) (46) and Protein 
Identifier Cross-Reference Service (PICR, http://www.ebi.ac.
uk/Tools/picr) (47).

Various bioinformatics tools are available for functional profiling 
of Omics data based on annotations of genes and proteins, such 
as PIR batch retrieval and functional categorization tool (http://
pir.georgetown.edu/pirwww/search/batch.shtml), iProXpress 
(http://pir.georgetown.edu/iproxpress) (34), DAVID (48), 
and BABELOMICS (http://babelomics.bioinfo.cipf.es) (49). 
Annotations used for profiling by these tools include GO terms, 
pathways, keywords, sequence features, and families, among 
which GO terms and pathways are the most commonly used: 
GO has become a common annotation standard, and pathways 
provide more insightful biological meaning for the data. 
Moreover, many concepts in other annotations, such as key-
words, have been covered by GO terms. While most of these 
tools allow profiling of single gene/protein list or two for com-
parison, iProXpress provides comparative profiling of multiple 
data sets (or data groups) for cross-data sets comparison, a very 
useful feature that accommodates many real-world data analysis 
issues.

2.3. Functional 
Profiling and Pathway 
Analysis Tools

http://pir.georgetown.edu
http://www.uniprot.org
http://david.abcc.ncifcrf.gov/conversion.jsp
http://www.ebi.ac.uk/Tools/picr
http://www.ebi.ac.uk/Tools/picr
http://pir.georgetown.edu/pirwww/search/batch.shtml
http://pir.georgetown.edu/pirwww/search/batch.shtml
http://pir.georgetown.edu/iproxpress
http://babelomics.bioinfo.cipf.es
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For pathway analysis, mapping experimental data to  metabolic 
and signaling pathways is a key for functional interpretation of the 
Omics data. Curated canonical pathway maps are available in many 
pathway databases, however, few public Omics analysis tools inte-
grate the maps into their systems to allow experimental data super-
imposed onto the pathway maps. Several commercial pathway 
analysis systems are available, such as Ingenuity IPA (http://www.
ingenuity.com) and GeneGO MetaCore (http://www.genego.com). 
Although these tools differ in features, such as visualization of canon-
ical pathways and presentation of experimental data mapped onto 
the pathways, they all have one feature in common, i.e., integration 
of additional pathway and functional association data manually 
curated from literature into the systems in addition to the publicly 
available data in pathway databases, such as KEGG and PID.

Despite the extensive use of annotations from current knowl-
edgebase for functional analysis of Omics data, annotations of 
genes and proteins lag far behind the rapid growth of literature 
due to the ever-expanding sequence data and the laborious nature 
of manual curation. In nearly all Omics experiments, varying 
numbers of identified genes or proteins lack sufficient annota-
tions in databases to be functionally analyzed, and in such cases 
literature becomes the critical source for deriving functional infor-
mation. Although literature data have been used solely or com-
bined with other Omics data to generate gene/protein association 
networks (50–52), currently no literature mining tools have been 
integrated into any pipelined Omics system in a fashion that com-
putationally extracted data are directly used as annotations for 
functional data analysis. Nonetheless, literature text mining is an 
important component of the data analysis workflow, and has been 
used to assist pathway analysis, such as ResNet of Pathway Studio 
(53) (http://www.ariadnegenomics.com/products/databases/
ariadne-resnet). A variety of text mining tools are available to 
assist in mining relevant gene or protein data from literature, and 
this coupled with manual search of PubMed are often necessary 
for functional Omics data analyses (see Note 2).

The pathway and network-based Omics data analysis approach 
aims to delineate molecular maps that underlie the changes in 
biological samples under investigation, and to aid in discovery of 
molecular targets and biomarkers for diagnostic and therapeutic 
developments. Below we describe practical procedures applied to 
analyses of Omics data related to cell signaling and metabolic 
pathways, as well as organelle biogenesis.

2.4. Literature Text 
Mining Tools

3.  Methods

http://www.ingenuity.com
http://www.ingenuity.com
http://www.genego.com
http://www.ariadnegenomics.com/products/databases/ariadne-resnet
http://www.ariadnegenomics.com/products/databases/ariadne-resnet
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We focus on downstream analytical steps of the Omics workflow 
leading to functional interpretation of Omics data. The work-
flow begins with a list of gene or protein identifiers or peptide 
sequences as results from upstream data processing and analysis, 
e.g., gene clusters or differentially expressed genes or proteins and 
follows steps 1–6 depicted in Fig. 1: The genes or proteins in the 
list are then mapped to UniProtKB protein identifiers (step 1). 
Next, functional annotations are derived for the list of genes or 
proteins (step 2) based on integrated data from multiple bioinfor-
matics databases (step 4), including text mining of literature for 
information that has not yet been annotated in databases (step 5).
Steps 4 and 5 make maximal use of public knowledge resources. 
Functional analyses are often conducted using several approaches 
(step 3) based on different types of knowledge annotated in bio-
informatics databases, i.e., GO profiling, molecular networks, and 
biological pathways. Among them, GO profiling, while revealing 
limited biological insights into Omics data, usually covers most of 
the genes/proteins under analysis (see Note 3). By contrast, while 

3.1. Omics Data 
Analysis Workflow

Fig. 1. A downstream functional analysis workflow for molecular target and biomarker discovery from Omics data.
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giving more biological insights, pathway analysis is limited by low 
coverage of proteins annotated in known canonical pathways (see 
Note 4). In between the GO profiling and pathway mapping is 
molecular network analysis of interactions or functional associa-
tions between genes or proteins. Finally, molecular targets are 
inferred from the functional analysis (step 6).

Omics experiments are often carried out under various experi-
mental conditions, from which differential patterns of gene or 
protein expressions are to be analyzed and potential molecular 
targets are sought. To assist the subsequent bioinformatics ana-
lysis, genes or proteins associated with different experimental 
conditions are divided into appropriate data groups and assigned 
with proper notations (Table 1). Although there is no fixed 
scheme for assignment, the notations usually clearly distinguish 
the key conditions under which each experiment is carried out 
and/or data are collected for given studies. There are additional 
considerations in Omics data grouping in the case of proteomic 
data (see Note 5).

3.2. Omics Data 
Grouping

Table 1 
Proteomics data grouping based on experimental design and methods

Common types Examples

Experimental group Treatment −/+ Radiation; −/+ Estrogen (E2)
Time course One time point or multiple (30 m, 1 h, 

3 h, 9 h…)
Cell types ATCL8 and AT5BIVA (Ref. 54); MCF-7 

and MCF-7:5C (Ref. 59)
Immunoprecipitation (IP) Phosphotyrosine (pY) IP; AIB1 IP
Sample separation 1D or 2D gel electrophoresis
Mass spectrometry (MS) Single MS; tandem MS (MS/MS)
Data type Proteomics; mRNA expression 

microarray
Changes Increased or decreased

Notations for groups A_8_3h_increase – Increased on 2D-gel 
at 3h postradiation in ATCL8 cells

MS2AIB1_A – Identified in lane A using 
anti-AIB1 IP and MS/MS (MS2) in 
MCF-7 cells (−) E2

Experimental notes “ATCL8 6.413, 8-pep, 3 h” – Increased 
by 6.413-fold on 2D-gel and identified 
with 8 peptides, at 3 h in ATCL8 cells

“B11 30K 24K 100 CI90” – Identified 
in lane B of 1D-gel, band 11 of MW 
30 kDa, calculated MW 24 kDa, a 
score 100 and CI > 90%
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Since the UniProt and iProClass databases are the data warehouse 
of the iProXpress system and serving as the underlying infra-
structure for Omics data mapping and integration, the list of 
genes or proteins from Omics data are mapped to UniProtKB 
protein entries, referred to as protein mapping, to obtain 
 functional annotations. Protein mapping is primarily based on 
gene/protein identifiers. For gene expression microarray data, 
commonly used gene identifiers include Entrez Gene ID, NCBI 
gi number, and Refseq ID. For mass spectrometry (MS) pro-
teomic data, depending on the database selected for protein 
identification by the search engine (e.g., MASCOT), the com-
monly used identifiers include UniProtKB, IPI, NCBI nr, 
Refseq, etc. Gene and protein IDs are mapped to UniProtKB 
entries based on comprehensive ID mapping tools available at 
PIR or UniProt, which converts commonly used gene and pro-
tein IDs (such as NCBI’s gi number and Entrez Gene ID) to 
UniProtKB IDs and vice versa. After protein mapping, all gene 
or protein IDs from one or more data sets or experimental 
groups are integrated into a master list of UniProtKB identifi-
ers (ACs or IDs), each associated with corresponding experi-
mental groups and notes (Table 1). This master list of proteins 
is the basis for the subsequent functional annotation and analy-
sis using the iProXpress system.

Frequently, UniProtKB entry matches are not found for a 
fraction of input gene or protein identifiers, resulting from updates 
of database identifiers or deletion of entries occurring to most 
databases, especially when analyzing legacy data in which mixed 
database identifiers are often used. In such cases, the mapping can 
be based on sequence comparison or name mapping if the 
sequence is not available. For genes, the sequence identity and 
taxonomy information may be used to map the gi numbers to 
UniProtKB IDs in addition to the mapping bridged by EMBL/
GenBank protein accessions (34). For MS proteomic data, pep-
tide sequences are matched against all sequences in UniProtKB 
(see Note 6).

When gene microarray and MS proteomic experiments are 
conducted on the same biological samples under identical or 
similar conditions, the two Omics data sets are compared after 
data being merged through protein mapping. Direct comparison 
of expression at both mRNA and protein levels can provide 
stronger evidences for the underlying changes. For example, the 
2D-gel/MS proteomics study identified 412 and 771 proteins 
that potentially changed in response to radiation treatment in 
ATM (Ataxia Telangiectasia Mutated) mutated (ATM−) and wild 
type (ATM+) cells, respectively, while the gene microarray study 
identified 103 and 131 significantly changed genes in the two 
cells, respectively (54). Among those genes/proteins, only 13 were 
commonly identified, including RRM2, the catalytic  subunit 
of  ribonucleoside-diphosphate reductase (RR), a rate-limiting 

3.3. Omics Data 
Mapping and 
Integration
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enzyme required for synthesis of dNDP and thus of DNA synthesis 
in human (55). However, care should be taken in mapping data 
from genes to proteins due to one-to-many relations and redun-
dancy existing in the UniProt database (see Note 1).

As discussed above, the experimental groups in which the genes or 
proteins are identified, as well as additional experimental informa-
tion are annotated for all proteins with proper notations. The anno-
tated data groups are used for direct comparative analysis between 
selected groups of interest, such as cell types, treatment types and 
time course, as well as Omics data types. The metadata annotation 
can also be used for limiting functional profiling to proteins in 
selected groups using the iProXpress interface (see below).

After protein mapping, rich annotations are described for given 
Omics data sets in the so-called protein information matrix 
(Table 2) that captures salient features of proteins, such as func-
tions, pathways, and protein–protein interactions, derived from 

3.4. The Omics Data 
Annotation and 
Functional Profiling

3.4.1.  Metadata Annotation

3.4.2. Functional 
Annotation

Table 2 
Major categories of a protein information matrix

Major category Example data sources a

General information
 Protein name UniProtKB, RefSeq
 Taxonomy NCBI Taxon
 Gene name UniProtKB
 Keywords UniProtKB
 Function UniProtKB
 Subunit UniProtKB
Tissue specificity UniProtKB
Bibliography UniProtKB, SGD, GeneRIF

Gene-related information
Genome/gene GenBank, Entrez Gene, MGI
Gene expression GEO, CleanEx
Genetic variation/disease HapMap, OMIM
Gene regulation ISG

Protein function-related information
 Ontology GOA
 Enzyme/function KEGG, BRENDA, MetaCyc
 Pathway KEGG, EcoCyc, PID, Reactome
 Complex/interaction IntAct, DIP
Protein expression Swiss-2DPAGE, PMG
Structure PDB, SCOP, CATH
Feature and posttranslational modifications UniProtKB, RESID, PhosphoSite
Protein family PIRSF, Pfam, COG, InterPro

a Detailed data sources are available at http://pir.georgetown.edu/cgi-bin/iproclass_stat

http://pir.georgetown.edu/cgi-bin/iproclass_stat
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comprehensive protein annotations integrated into the UniProt 
and iProClass databases. The matrix allows for browsing and 
search of rich protein information through the iProXpress Web 
interface, which facilitates detailed examination of the Omics 
data (Fig. 2). Among protein annotations, GO terms, including 
molecular function, biological process and cellular component, 
and pathways, such as KEGG, are most commonly used for 
functional profiling.

Gene Ontology profiling is primarily based on GO slim, a cut-
down version of GO terms at high levels of GO hierarchy (http://
www.geneontology.org/GO.slims). GO slims are usually derived 
from terms at second and third levels of the GO hierarchy, though 
varying from sources to sources in the selection of additional 
terms from deeper levels. GO profiling provides a general view of 
biology underlying the Omics data and can suggest significant 
functional categories of genes or proteins that can be further 
investigated. For example, 26 genes are found upregulated in 
ionizing radiation treated ATM+ cells, which were identified from 
gene expression microarray data and were profiled using GO 
 biological process (Fig. 3). The profile shows high representation 
of proteins in GO categories, such as “cell communication,” 

3.4.3.  GO Profiling

Fig. 2. iProXpress interface for browsing, searching, and functional profiling of Omics data. As an example, the interface 
displays the proteomic data sets derived from 2D gel and mass spectrometry as well as the gene expression microarray 
data sets from ATM− (AT5BIVA) and ATM+ (ATCL8) human fibroblast cells (54).

http://www.geneontology.org/GO.slims
http://www.geneontology.org/GO.slims
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“response to stimulus,” and “cell proliferation,” in which several 
proteins are known to be involved in radiation-induced responses, 
e.g., BRCA1, p53, HDAC1, and STAT3. Because GO slims are 
terms of high level, genes/proteins profiled under given GO cat-
egories often overlap to varying degrees, e.g., the above men-
tioned proteins are common in three or more of the top five GO 
categories (Fig. 3). However, some terms are too broad, such as 
“regulation of biological process” or “biological regulation” to 
reveal meaningful biological information (see Note 7).

Fig. 3. GO biological process profiling of upregulated genes in ATCL8 cells (ATM+) at 30 min postirradiation. A total of 26 
differentially expressed genes are profiled and the GO categories are ranked based on the number of proteins annotated 
with the corresponding GO terms (frequency); categories with only one protein are partially displayed at the bottom. 
Encircled in dashed line are top six categories of GO terms that cover 77% of the proteins (20/26), e.g., five genes 
appearing in three to five GO categories (in the box).
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Due to the overall low coverage of pathway annotations for a 
given organism, relatively large numbers of proteins are usually 
missed in pathway profiling for any Omics data set. Nonetheless, 
it could provide significant insights into the underlying biology, 
particularly when used for cross-data set comparative profiling. 
For example, in our previous study, comparison of nine organelle 
proteomes, including mitochondria, endoplasmic reticulum (ER), 
and seven other lysosome-related organelles (56), the pathway 
profiles based on KEGG pathways show that “oxidative phospho-
rylation pathway” is prevalent in mitochondria while “N-glycan 
biosynthesis pathway” is in the ER (Fig. 4), which are consistent 
with the well-established functions of the two organelles. Pathway 
profiling also led to the identification of “purine metabolism 
pathway” that showed notable differences between radiation-
treated vs. untreated ATM− and ATM+ cells (Fig. 5a) (54).

3.4.4.  Pathway Profiling

Fig. 4. Comparative profiling of organellar proteomes using KEGG pathways. Proteomes of nine organelles (56) are 
 profiled using KEGG pathways. Although only a small portion of the proteome is covered by the KEGG pathways, the 
profiles show striking contrast between organelles, e.g., endoplasmic reticulum (ER) and mitochondria (Mit) enriched for 
“oxidative phosphorylation” and “N-Glycan biosynthesis” pathways (encircled on the left), respectively.
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Fig. 5. (a) KEGG pathway profiling of radiation-induced protein expression changes in ATM mutated (ATM−) and ATM wild 
type (ATM+) cells at 3 h postirradiation. The “purine metabolism” pathway is encircled and it shows that the most 
 differentially changed proteins (up- or downregulated in response to radiation in the two cells) is found in this pathway. 
This profile is a partial display, with the rest having small number of proteins and no striking differences between 
groups. The figure is adapted from Hu et al. (54). (b) Mapping of radiation-induced protein changes onto the purine 
metabolic pathway. Enzymes in the KEGG reference map are represented using Enzyme Commission numbers (EC#, 
e.g., 1.17.4.1). Enzymes labeled with a diamond shape are those identified in human, and all others without such a label 
are those known to be absent in human. Enzymes with up-tilted arrows, upregulated in ATM+ cells; those with down-
tilted arrows, downregulated in ATM− cells; the enzyme with double down-tilted arrows are downregulated in both cells. 
Upper left, biochemical steps surrounding dADP/dATP; upper right, biochemical steps surrounding dGDP/dGTP; bottom, 
illustration of the rate-limiting step in dATP or dGTP synthesis from the reduction of ADP or GDP, respectively, catalyzed 
by RRM2 in human.
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One key step in functional Omics data analysis is pathway  mapping, 
a process that maps genes/proteins detected by Omics experi-
ments to corresponding proteins annotated in canonical path-
ways. Various software tools are available for pathway mapping, 
including iProXpress, DAVID, and commercial tools, such as IPA 
(http://www.ingenuity.com) and MetaCore (http://www.
genego.com). Visualization of the mapped pathways greatly facil-
itates the comparative analysis and understanding of the underly-
ing differences across experimental groups, thus being critical for 
identifying potential molecular targets. Visualization of mapped 
pathways is provided as part of several software systems, e.g., 
mapped proteins in canonical pathways are highlighted by a dis-
tinct color (for one experimental condition as in IPA) or labeled 
with experimental conditions under which they were detected (as 
in MetaCore). Recently, KEGG developed a standalone tool, 
KegArray, for mapping gene expression profiles to pathways and 
genomes (57).

Different pathway tools should be used to maximize the iden-
tification of potential pathway-based targets because pathways 
annotated in different databases vary in their contents and bound-
aries (see Note 8). We used iProXpress, KEGG, IPA, and 
MetaCore pathway tools for mapping and/or visualization of 
metabolic and signaling pathways in several proteomic and func-
tional genomic studies, including those on organelle biogenesis 
(58), radiation-induced DNA damage repair (54), and estrogen-
induced apoptosis in breast cancer cells (59). Pathway mapping 
could lead to the identification of specific steps in which the pro-
teins participate and the roles they may play.

For genes or proteins of interest that were derived from the Omics 
data based on differential expression and/or functional profiling, 
but do not have annotated pathway information, literature min-
ing is used to uncover their potential associations with or path-
ways for the underlying phenotypes. Various text mining tools are 
available to assist literature mining (see Note 2).

We use the functional analysis of Omics data generated from 
 radiation-treated ATM− and ATM+ cells (54) as an example to 
illustrate the Omics workflow described above. ATM, a serine–
threonine protein kinase, plays critical roles in stress-induced 
responses, such as DNA damage repair and cell cycle regulation. 
Using human fibroblast cell lines expressing mutated ATM gene 
(AT5BIVA cell, ATM−) or wild type ATM (ATCL8 cell, ATM+), 
the study aims to better understand ATM-mediated pathways in 
response to ionizing radiation, which could facilitate identifica-
tion of molecular targets for therapeutic interventions, such as 
increasing radiation or drug sensitivities of cancers. The two cell 
lines are subjected to global expression profiling using gene 

3.5. Pathway Mapping 
and Visualization

3.6.  Literature Mining

3.7. Practical 
Applications

3.7.1.  Examples

http://www.ingenuity.com
http://www.genego.com
http://www.genego.com
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microarray and 2D-gel and MS proteomics. Below are the steps 
used for the analysis.

 1. Proteins identified from the MASCOT search engine (http://
www.matrixscience.com) output files are compiled into one 
protein list and annotated with corresponding experimental 
groups (e.g., cells and time points). The database searched by 
MASCOT is SwissProt (a manually annotated portion of the 
UniProtKB). The differentially changed genes (up- or down-
regulated genes from the microarray) are mapped to 
UniProtKB accessions (ACs) from Entrez Gene IDs.

 2. Some UniProtKB ACs in the protein list from the MASCOT 
output might need replacement by new ACs (but usually still 
identify the same protein sequence) if the bioinformatics 
analysis is conducted at a time later than MS when UniProtKB 
has newer releases, in which protein sequences may be 
updated/corrected or redundant sequences be merged. 
Updated ID mapping files can be downloaded at ftp://ftp.
pir.georgetown.edu/databases/idmapping/idmapping.tb.gz 
and used to obtain an updated experimental protein list. 
Alternatively, online ID mapping is available at PIR (http://
pir.georgetown.edu) or UniProt (http://www.uniprot.org).

 3. Functional annotations of the protein list are derived from 
the iProClass database containing comprehensive annotations, 
which is available for download at ftp://ftp.pir.georgetown.
edu/databases/iproclass/iproclass.xml.gz. An output data 
file that contains all identified proteins, corresponding groups 
and experimental notes, as well as functional annotations is 
generated.

 4. The data file is browsed, searched, and profiled using the 
iProXpress interface: http://pir.georgetown.edu/iproxpress 
(data set: http://pir.georgetown.edu/cgi-bin/textsearch_iprox.
pl?data=gu1). Boolean searches (AND, OR, NOT) can be 
used to display specific experimental groups or proteins perti-
nent to certain annotations, e.g., using “A_8_3h_increase” 
OR “B_8_3h_increase” as “group” query displays proteins 
that are increased at protein (2D-gel/MS) or mRNA (microar-
ray) level 3 h after radiation in ATCL8 cells (ATM+), result-
ing in 160 proteins (Fig. 2). While providing many analytic 
functions, the interface mainly provides functionalities for 
profiling the list of proteins using GO Slims and KEGG 
pathways.

 5. The GO or pathway profiles are examined and compared 
across experimental groups for the entire or selected proteins 
from the list, and most differential GO categories or pathways 
are examined. Comparison could also be made on merged or 
de-merged groups using the interface, e.g., experimental 

http://www.matrixscience.com
http://www.matrixscience.com
ftp://ftp.pir.georgetown.edu/databases/idmapping/idmapping.tb.gz
ftp://ftp.pir.georgetown.edu/databases/idmapping/idmapping.tb.gz
http://pir.georgetown.edu
http://pir.georgetown.edu
http://www.uniprot.org
ftp://ftp.pir.georgetown.edu/databases/iproclass/iproclass.xml.gz
ftp://ftp.pir.georgetown.edu/databases/iproclass/iproclass.xml.gz
http://pir.georgetown.edu/iproxpress
http://pir.georgetown.edu/cgi-bin/textsearch_iprox.pl?data=gu1
http://pir.georgetown.edu/cgi-bin/textsearch_iprox.pl?data=gu1
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repeats could be merged as a single group based on 
 experimental conditions. GO and pathway profiles can also be 
generated for single list of proteins/genes using PIR batch 
retrieval at http://pir.georgetown.edu/pirwww/search/
batch.shtml, but without metadata annotations (Fig. 3).

 6. The iProXpress interface is used for pathway profiling and 
shows that the purine metabolism pathway is significantly and 
differentially represented in radiation treated or untreated 
ATM−/ATM+ cells (Fig. 5a). Pathway mapping using KEGG 
is conducted at http://www.genome.jp/kegg/tool/color_
pathway.html, which allows to input enzymes of interests 
(using EC numbers, e.g., 1.17.4.1) and to generate pathway 
maps with input enzymes highlighted in colors correspond-
ing to different experimental groups (Fig. 5b).

 7. For pathway analysis using Ingenuity IPA, the entire protein 
list from this study is loaded and “my list” of genes/proteins 
is created for specific experimental groups. Pathway profiles 
are examined, and pathway maps are analyzed regarding the 
positions and relations of specific genes/proteins of interest 
(e.g., certain experimental groups) in the pathway, e.g., p53, 
BRCA1, and Chk1, increased in ATM+ cell after irradiation, 
are mapped to the G2/M DNA damage check point regula-
tion pathway (Fig. 6a). Since one protein could appear in 
multiple canonical pathways, the pathway maps should be 
examined carefully with expert guidance. In addition to 
canonical pathways, gene/protein networks could be gener-
ated based on functional associations annotated in the knowl-
edgebase of Ingenuity IPA (Fig. 6b), which provides further 
evidence for the ATM-mediated radiation response pathways 
that involve p53, BRCA1, HDAC1, and RRM2.

In summary, through functional profiling and pathway map-
ping, this example shows that purine metabolism is significantly 
represented and differentially changed in the ATM− and ATM+ 
cells in response to radiation. The increased expression of RRM2 
at both mRNA and protein levels, and of p53, BRCA1, HDAC1, 
and Chk1 at the mRNA level in ATM+ but not in ATM− cells, 
strongly suggest that RRM2 is a downstream target of the ATM-
mediated radiation response pathways and is required for radia-
tion-induced DNA repair. This is supported by a recent report 
that upregulation of RRM2 transcription in response to DNA 
damage in human involves ATR/ATM-Chk1-E2F1 pathway 
(60). RRM2 is also known to play roles in cell proliferation, 
 tumorigenicity, metastasis, and drug resistance (61). Increased 
expression of RRM2 has been linked to increased drug resis-
tance, and its decrease in expression is linked to the reversal of 
drug-resistance in cancer cells (61, 62). RRM2 is a potential 

http://pir.georgetown.edu/pirwww/search/batch.shtml
http://pir.georgetown.edu/pirwww/search/batch.shtml
http://www.genome.jp/kegg/tool/color_pathway.html
http://www.genome.jp/kegg/tool/color_pathway.html
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Fig. 6. (a) Ingenuity pathway profiling and mapping of genes/proteins from ATM−/ATM+ cells with or without ionizing 
radiation treatment. The analysis is performed using Ingenuity IPA. Top, top-ranked pathway profiles (well above the 
threshold p-value), in which the ratio of genes/proteins detected in the experiment over the total number of proteins 
annotated in the pathway, is given as gray squares. Purine metabolism (encircled on the left) is shown as the third top 
pathway in the study. Bottom, pathway map of cell cycle G2/M DNA damage check point regulation. BRCA1 and p53 are 
upregulated at mRNA level 30 min after irradiation in ATCL8 cells (labeled with a dark triangle shape). Chk1, identified 
from 2D gel/MS, was increased at 3 h after irradiation in ATCL8 cells (encircled with a dashed line). (b) Gene networks 
linking RRM2 with DNA damage repair pathway proteins. Functional networks showing RRM2 connected to other major 
DNA repair and cell cycle proteins, such as p53, BRCA1, and HDAC1. Networks are generated using the Ingenuity IPA tool, 
and are merged from three subnetworks, one containing RRM2 and HDAC1, one with p53, and the third with BRCA1.
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therapeutic target for cancers, e.g., targeting RRM2 for  sensitizing 
cancer cells to drug effects through enhancing camptothecin 
 (CPT)-induced DNA damage in breast cancer cells (60).

Omics-based molecular target and biomarker identifications 
remain challenging, and many limitations exist, e.g., see review in 
ref. 63.

 1. Proteomics data coverage bias. Missing (or false negative) 
identifications are common to mass spectrometry-based 
 proteomics, thus experimental repeats including those at  
the level of sample preparation often improve the protein 

3.7.2.  Pitfalls

Fig. 6. (continued) The protein or gene nodes labeled with a dark triangle shape are those differentially expressed in the 
study. The lines (edges) connecting nodes indicate associations between proteins or genes, which encompass interac-
tion, binding, activation, inhibition, etc. Solid lines (edges) are for direct and dashed ones for indirect associations. The 
figure is adapted from Hu et al. (54).
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 identification rate. The coverage bias also partially accounts 
for the relatively small percentage of overlaps between pro-
teomics and gene expression microarray data from identical 
biological samples (54, 64).

 2. Limitations of knowledgebases. Although our approach heav-
ily relies on the annotations in knowledgebases, these curated 
databases have several limitations. Common shortcomings 
that might affect the analysis include database entry redun-
dancy, insufficient annotations, and high proportion of elec-
tronically derived annotations. For example, database entry 
redundancy can cause ambiguous ID mapping (see Note 1), 
and insufficient annotations can limit the power of functional 
interpretation of Omics data. In the case of GO annotation, 
the vast majority of GO terms (~90%) annotated for gene 
products are inferred from electronic annotation (IEA) (see 
http://www.geneontology.org/GO.current.annotations.
shtml), thus cautions should be exercised when using GO 
slim profiling.

 3. Lack of tissue and/or isoform specificity in pathway annota-
tions. A potential bias in interpretation of pathway mapping 
results could come from the fact that pathway annotations 
currently take little consideration of tissue specificities of 
genes or proteins in the pathway. Thus, specific steps of a 
pathway may not be actually active in given tissues/cells from 
which the Omics data may be generated. In some cases, this 
may occur because protein isoforms or splice variants have 
been annotated as a protein class or a canonical protein 
sequence, respectively, in the pathway while they may be 
expressed differentially in different tissues/cells.

 4. Variations in pathway annotations. Because biological path-
ways are inherently complex and dynamic, pathway annota-
tions in different pathway databases vary significantly in 
pathway models and in a number of other aspects, e.g., spe-
cific protein forms, dynamic complex formation, subcellular 
locations, and pathway cross talks (pathway boundaries, also 
see Note 8). Pathway Commons is an effort to provide a link 
between the disparate pathway databases.

 1. Gene IDs such as Entrez Gene numbers are often mapped to 
multiple UniProt protein entries, some of which result from 
protein isoforms that need to be merged under the entry of 
the same protein precursor, but most result from sequence 
redundancy in the database. For example, UniProtKB has two 

4.  Notes

http://www.geneontology.org/GO.current.annotations.shtml
http://www.geneontology.org/GO.current.annotations.shtml
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sections, UniProtKB/Swiss-Prot and UniProtKB/TrEMBL; 
the former is manually annotated with minimal redundancy 
and the latter is computationally annotated with more redun-
dancy, including fragments of the same gene products. If the 
complete proteome annotation is available for an organism 
(e.g., human), in most cases one can limit the ID mapping to 
UniProtKB/Swiss-Prot and check any remaining unmapped 
IDs. Redundant sequence entries can be resolved using 
UniRef100 and/or UniRef90, which cluster sequences of 100 
or 90% identity into one group for the selection of the appro-
priate entries (http://www.uniprot.org/help/uniref).

 2. Although PubMed is the primary tool to access literature 
citation, some literature mining tools are available to help 
mining relevant protein data, such as PPI (e.g., MetaServer, 
http://bcms.bioinfo.cnio.es) and protein phosphorylation 
(e.g., RLIMS-P, http://pir.georgetown.edu/pirwww/iprolink/
rlimsp.shtml). In addition, gene or protein synonyms can be 
identified using BioThesaurus (http://pir.georgetown.edu/
iprolink/biothesaurus), which help identify more relevant 
literature from PubMed for a given gene/protein.

 3. GO annotations have high coverage for a given genome, e.g., 
currently >88% of human proteins in UniProtKB/Swiss-Prot 
are annotated with GO terms (Table 3). Overall, the vast 
majority of GO terms (~90%) are annotated based on compu-
tational inference (evidence code IEA, Inferred from Electronic 
Annotation: http://www.geneontology.org/GO.evidence.
shtml). Manual annotation of GO remains laborious.

Table 3 
Numbers of UniProtKB/Swiss-Prot entries with functional annotations

Organism  
(Taxon ID)

# Total  
entry

Ontology Pathway PPI

GOb KEGG PID Reactome IntAct

Mammal (40674) 64,813 59,865 14,289 1,652 3,834 8,281

Humana (9606) 20,328 18,049 (88.8)c 4,925 (24.2) 1,649 (8.1) 3,790 (18.6) 6,423 (31.6)

Mousea (10090) 16,204 14,955 (92.3) 3,685 (22.7) N/A N/A 1,467 (9.1)

Rat (10116)  7,449 7,060 2,415 N/A N/A 304

All numbers are derived from iProClass database as of November 24, 2009
a Complete human proteome has been annotated in UniProtKB/Swiss-Prot (Human Proteome Initiative project), 
and the mouse proteome also has high coverage when compared to rat and other mammals. N/A not applicable 
because only human proteins and pathways are annotated in PID and the Reactome pathway databases
b GO annotations are with all evidence codes, including IEA
c Numbers in parenthesis are the percentage of proteins annotated in the categories over the total number of entries 
for the corresponding species. GO gene ontology, PPI protein–protein interaction

http://www.uniprot.org/help/uniref
http://bcms.bioinfo.cnio.es
http://pir.georgetown.edu/pirwww/iprolink/rlimsp.shtml
http://pir.georgetown.edu/pirwww/iprolink/rlimsp.shtml
http://pir.georgetown.edu/iprolink/biothesaurus
http://pir.georgetown.edu/iprolink/biothesaurus
http://www.geneontology.org/GO.evidence.shtml
http://www.geneontology.org/GO.evidence.shtml
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 4. In general, only a small percentage of a proteome has been 
annotated with pathways, thus depending on the data sets 
being analyzed, the coverage of pathways for the given Omics 
data vary. For human, currently only about one quarter of 
proteins are covered by pathway databases, including KEGG, 
PID, and Reactome (Table 3). Although integrated into 
Pathway Commons (http://www.pathwaycommons.org), 
PPI data are not part of annotated pathways, but can be used 
to generate protein interaction networks.

 5. Another aspect of dividing experimental data relates to dividing 
proteins identified from mass spectrometry, such as MALDI-
TOF into groups of proteins identified with high (>90%) or 
low (<90%) confidence intervals (CI) assigned from statistical 
processing of MASCOT search results by software, e.g., GPS 
Explorer™, to increase the probability of true target identifi-
cations. The low CI values could result from factors, such as 
the size of database for the search engine, protein abundance, 
and the type of mass spectrometry instruments. Furthermore, 
MS proteomic data often require additional filtering for appro-
priate analysis. For example, a number of proteins that are 
deemed to be nonspecific (e.g., keratins) are frequently 
detected for the underlying experiment, which could be caused 
by factors such as sample contamination and/or detection 
bias toward high abundant proteins, thus often are removed 
from analysis. For proteins identified from 1D gel that migrate 
at apparent molecular weight (MW) highly deviating from the 
calculated MW could be removed, albeit with caveats that 
protein degradation or aggregation may have occurred at or 
before gel electrophoresis. These practices are currently 
applied to an ongoing study on investigating E2-induced cell 
apoptosis pathways in breast cancer cells (59).

 6. A two-step procedure is generally used for the peptide map-
ping: direct sequence mapping and reducing redundancy 
using UniRef90 clusters (http://www.uniprot.org/help/
uniref) (65). Sequences in UniProtKB with 90% or more 
sequence identity are grouped in a UniRef90 cluster. Proteins 
within a UniRef90 cluster are more likely to have the same 
function. For the peptide matched to more than one 
UniProtKB sequences, if the matching sequences are in the 
same UniRef90 cluster, then the peptide is mapped to the 
representative sequence of the cluster.

 7. Some GO terms nearly always appear in high frequencies for 
any given list of proteins, such as “GO:0065007: biological 
regulation,” thus reveal little specific functions for the list of 
proteins being profiled. Statistical testing is provided in such 
cases to obtain functional enrichment of GO terms by tools, 
such as DAVID (http://david.abcc.ncifcrf.gov/summary.jsp). 

http://www.pathwaycommons.org
http://www.uniprot.org/help/uniref
http://www.uniprot.org/help/uniref
http://david.abcc.ncifcrf.gov/summary.jsp
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In some cases, a pie chart using GO terms is used to depict the 
functional categories of the list of proteins. This should be 
interpreted with caution because the GO categories are not 
mutually exclusive, especially with regard to the molecular 
functions and biological processes. A list of proteins can be 
categorized also based on keywords, functions, and other 
information from literature, as well as guided by experts.

 8. Biological pathways are inherently complex and cross talk 
between pathways is frequent. Pathways are often annotated 
using different models in different pathway databases. Among 
the differences, the pathway boundary for the same core 
pathway differs most notably in different databases, depend-
ing on what additional proteins to be included that are known 
to interact with the core pathway. For example, 62 proteins 
are included in TGF beta signaling in PID database (http://
pid.nci.nih.gov), while 40 are found in Reactome (http://
reactome.org). Thus, the combined pathway data from dif-
ferent databases have better coverage on proteins to be ana-
lyzed even when they share the same core pathways.
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 ABSTRACT  

Background: Chemicals having estrogenic activity (EA) reportedly cause many adverse 

health effects, especially at low (pM-nM) doses in fetal and juvenile mammals. 

Objectives: To determine whether commercially available plastic resins and products, 

including baby bottles and other products advertised as BPA-free, release chemicals having EA. 

            Materials and Methods: We used a very sensitive, accurate, repeatable, roboticized 

MCF-7 cell proliferation assay to quantify the EA of chemicals leached into saline or ethanol 

extracts of many types of commercially available plastic materials, some exposed to common-

use stresses (microwaving, UV radiation, and/or autoclaving).  

Results: Almost all commercially available plastic products we sampled, independent of 

the type of resin, product, or retail source, leached chemicals having reliably-detectable EA, 

including those advertised as BPA-free. In some cases, BPA-free products released chemicals 

having more EA than BPA-containing products.  

Conclusions: Many plastic products are mischaracterized as being EA-free if extracted 

with only one solvent and not exposed to common-use stresses. However, we can identify 

existing, or have developed, monomers, additives or processing agents that have no detectable 

EA and similar costs. Hence, our data suggest that EA-free plastic products exposed to common-

use stresses and extracted by saline and ethanol solvents could be cost-effectively made on a 

commercial scale, and thereby eliminate a potential health risk posed by most currently-available 

plastic products that leach chemicals having EA into food products.     
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INTRODUCTION 

Chemicals that mimic or antagonize the actions of naturally occurring estrogens are 

defined as having estrogenic activity (EA), which is the most common form of endocrine 

disruptor activity (ICCVAM 2003, 2006; National Research Council 1999). Chemicals having 

EA typically interact with one or more of the classical nuclear estrogen receptor (ER) subtypes 

ERα, β, non-classical membrane, or ER-related (ERR) subtypes (Hewitt et al. 2005; Matsushima 

et al. 2008; National Research Council 1999). Chemicals having EA in mammals can produce 

many health-related problems, such as early puberty in females, reduced sperm counts, altered 

functions of reproductive organs, obesity, altered sex-specific behaviors, and increased rates of 

some breast, ovarian, testicular, and prostate cancers (Della Seta et al. 2006; Gray 2008; Kabuto 

et al. 2004; National Research Council 1999; Newbold et al. 2008; Patisaul et al. 2006, 2009). 

Fetal, newborn, and juvenile mammals are especially sensitive to very low doses (sometimes 

pM-nM) of chemicals having EA (Gray 2008; vom Saal et al. 2005). Many of these effects 

observed in mammals would also be expected to be produced in humans, since basic endocrine 

mechanisms have been highly conserved across all classes of vertebrates (Kavlock et al. 1996; 

National Research Council 1999). 

Thermoplastics used for many items that contain food are made by polymerizing a 

specific monomer or monomers in the presence of catalysts into a high molecular weight chain 

known as a thermoplastic polymer (see Supplemental Material, Figure 1). The resulting polymer 

is mixed with small quantities of various additives (antioxidants, plasticizers, clarifiers, etc) and 

melted, mixed, extruded, and pelletized to form a base thermoplastic resin. Base resins are either 

used as-is [e.g., bisphenol-A (BPA)-based polycarbonate (PC), non-BPA-based polypropylene 

copolymer (PPCO), and non-BPA-based polypropylene homopolymer (PPHO)] or, more 

commonly, mixed with other resins, additives, colorants, and/or extenders to form plastic 

compounds (e.g., polymer blends and pre-colored polymers). Plastic products are then made by 
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using one or more plastic compounds or resins to form a finished plastic part that can be 

subjected to finishing processes that may utilize inks, adhesives, etc., to make a finished product. 

As previously described (Begley et al. 1990, 2005; De Meulenaer and Huyghebaert 

2004), plastic resins and manufacturing protocols (see Supplemental Material, Figure 1) 

collectively use many monomers and additives that may exhibit EA because they have 

physicochemical properties, often an insufficiently-hindered phenol group, that enable them to 

bind to ERs (see Supplemental Material, Table 1). Because polymerization of monomers is 

rarely complete and additives are not chemically part of the polymeric structure, chemicals 

having EA can leach from plastic products at very low (e.g., nM –pM) concentrations that 

individually or in combination can produce adverse effects, especially in fetal to juvenile 

mammals. This leaching of monomers and additives from a plastic item into its contents is often 

accelerated if the product is exposed to common-use stresses such as UV radiation in sunlight, 

microwave radiation, and/or moist heat via boiling or dishwashing. The exact chemical 

composition of almost any commercially available plastic part is proprietary and not known. A 

single part may consist of 5-30 chemicals, and a plastic item containing many parts (e.g., a baby 

bottle) may consist of 100 or more chemicals, almost all of which can leach from the product, 

especially when stressed. Unless the selection of chemicals is carefully controlled, some of those 

chemicals will almost certainly have EA, and even when using all materials that initially test EA-

free, the stresses of manufacturing can change chemical structures or create chemical reactions to 

convert an EA-free chemical into one with EA.   

Very few studies (Soto et al. 1991; Till et al. 1982) have examined the extent to which 

plastics that presumably do not contain BPA nevertheless release other chemicals having 

detectable EA. For example, a recent comprehensive review (table on page 72 in Gray 2008) 

describes polyethylene (PE), polypropylene (PP), and polyethylene terephthalate (PET) plastics 

as being “’OK’ for use with respect to release of chemicals exhibiting EA.”  

Page 6 of 32



 7 

We report herein that most of the over 500 commercially available plastic products that 

we sampled, even those that are presumably BPA-free, release chemicals having detectable EA -

- especially if assayed by more-polar and less-polar solvents and exposed to common-use 

stresses. That is, to reliably detect such leachable chemicals having EA, we show that unstressed 

or stressed plastic resins or products should be extracted with more-polar (e.g., saline) and less-

polar (e.g., ethanol) solutions and exposed to common-use stresses (boiling water, microwaving, 

and UV radiation). 

                                   

MATERIALS AND METHODS  

 We developed a sensitive and accurate roboticized version of the MCF-7 cell 

proliferation assay (E-screen assay) that has been used for decades to reliably assess EA and 

anti-EA (Leusch et al. 2010; Soto et al. 1995) and is currently undergoing validation for 

international use by ICCVAM/NICEATM. Chemicals with EA bind to ERs (either α, β, or 

ERRs) and activate the transcription of estrogen-responsive genes, which leads to proliferation of 

MCF-7 cells.  

 Detailed methods for the MCF-7 assay are provided in Supplemental Materials. In brief, 

plastic resins or products are extracted using saline, a more polar solvent, or EtOH, a less polar 

solvent. Aliquots of the extracts are then diluted 4-8 times to produce up to 8 test concentrations. 

Each test chemical or extract at each concentration is added in triplicate or quadruplicate to 96-

well plates containing MCF-7 cells in EA-free culture media. After 6 days of exposure, the 

amount of DNA/well, an indication of cell proliferation, is assayed using a microplate 

modification of the Burton diphenylamine assay (Burton 1956; Natarajan 1994).  

 The effect of a test chemical or extract on proliferation is expressed as the %E2, a 

percentage of the maximum DNA/well produced by the maximum response to 17β-estradiol (E2, 
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positive control) corrected by the DNA response to the vehicle (negative) control (see 

Supplemental Material, Equation 1). For estrogenic test chemicals, the concentration needed to 

obtain half-maximum stimulation of cell proliferation (EC50, in M, a measure of binding 

affinity) is calculated from best fits to dose-response data that meet a well-defined set of criteria 

by Michaelis-Menton kinetics. The estrogenicity of extracts is calculated as the relative 

maximum %E2 (%RME2, a measure of response amplitude), a percentage of the maximum 

DNA/well produced by an extract at any dilution with respect to the maximum DNA/well 

produced by E2 at any dilution, corrected by the DNA response to the vehicle (negative) control 

(see Supplemental Material, Equation 2). If a test chemical has a positive response > 15%RME2, 

but an EC50 cannot be calculated because all criteria are not met, then the estrogenicity of the 

test chemical is simply characterized as EA positive or by its %RME2.  

The EA of a test chemical or extract is considered detectable if it produces cell 

proliferation that is greater than 15% of the maximum response to E2 (> 15%RME2), which is 

greater than three standard deviations from the historic control baseline response (about 10-15M), 

i.e. a rather conservative measure of EA detectability. Stimulation of MCF-7 proliferation 

induced by the test chemical or extract is confirmed to be estrogenic (versus non-specific) in an 

EA confirmation study: If the stimulation of MCF-7 proliferation by a test chemical or extract is 

suppressed by co-incubation with a strong anti-estrogen (ICI 182,780 at 10-7 - 10-8M), the 

estrogenic activity of the test chemical or extract is confirmed. Therefore, a test chemical or 

extract is classified as not having detectable EA if it does not induce MCF-7 cell proliferation, or 

it induces proliferation that cannot be inhibited by ICI 182,780.  

Panels A-F of Figure 1, respectively, show typical MCF-7 responses plotted as %E2 to 

some test chemicals: E2 (positive control), BPA, and butylated hydroxyanisole (BHA: a common 

antioxidant) and test extracts of plastic food bags, polycarbonate (PC) bottles and BPA-free baby 

bottles plotted as %RME2 -- and their ICI-suppressed responses confirming their EA. Some 
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chemicals or products were also analyzed for anti-EA (see Supplemental Material pages 7-8 for 

details). 

 

Purchase and analyses of plastic products in survey studies 

For Tables 1 and 2, we purchased 455 plastic products used to contain foodstuffs from 

various commercial retailers from 2005-2008. The relative frequency of products having 

detectable EA did not change with later, compared to earlier, purchases. In some cases, we 

instructed undergraduate students or other employees to purchase a mix of plastic items used to 

contain foodstuffs from a given large retailer (Albertsons, HEB, Randalls, Target, Wal-Mart, 

Trader Joe’s, and Whole Foods) mainly in the Austin, TX, or Boston, MA areas, some marketing 

many “organic” products. In other cases, we purchased products of a particular plastic type (e.g., 

PE or PP-based containers). We recorded the retailer, resin type [high density PE (HDPE), PET, 

polycarbonate (PC), PP, polystyrene (PS), polylactic acid (PLA)] and product type (flexible 

packaging, food wrap, rigid packaging, baby bottle component, deli containers, plastic bags). In 

addition, since the contents of some plastic items might have added or extracted chemicals 

having EA from the plastic container before we purchased and tested the product (Sax 2010), we 

recorded whether the plastic items had contents or did not have contents when purchased. For 

any plastic container having “contents”, the contents were thoroughly washed out with distilled 

water before testing the plastic of the container. Except for PC-based items, none of these 

products were known to have BPA. [Plastic products typically do not list their chemical 

composition, which is proprietary to the manufacturer.] Samples were chosen in product areas 

where adverse health effects might occur if the samples leached chemicals having EA. Samples 

from each retailer generally included most of the product types listed above. In addition to 

surveying commercially available products, we tested plastic resins (e.g., PC, PET, PETG) that 

were purchased from M. Holland Company (Northbrook, IL) and individual chemicals used to 
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manufacture plastic products (e.g., BPA, BHA, BHT, dimethyl terephthalate, etc) that were 

purchased in their purest form from Sigma-Aldrich (St. Louis, MO). 

Many plastic products have more than one plastic part. For example, baby bottles have 3-

10 different plastic parts in various combinations: bottle, nipple, anti-colic item(s), sealing 

ring(s), liner bag, cap, etc -- each part typically having different and rather unique combinations 

of 5-30 chemicals. Over the course of this entire study, we assayed over 100 component parts 

from more than 20 different baby bottles, including many advertised as BPA-free. Only some 

(13) of these component parts were purchased for the initial survey study (Tables 1-2). 

Most of the samples (338 of 455) in the survey study (Tables 1-2) were extracted using 

only one extraction protocol. For the remaining samples (n = 102), both saline and ethanol 

extractions were used so that the efficacy of each protocol could be directly compared. A paired 

Student’s t-test was used to test whether differences between pairs of samples were statistically 

significant (p < 0.05). 

 

Protocols for common-use stresses of some plastic items 

Given that common-use stresses can alter the complex chemical composition of plastics 

and/or increase the rate of leaching (Begley et al. 1990, 2005; De Meulenaer and Huyghebaert 

2004), for some resins or products, we examined how leaching of chemicals having EA might be 

affected by exposure to microwave radiation, autoclaving (moist heat), and UV light.  Additional 

plastic items, some of which are described in Figure 2 and Table 3, were purchased in 2008-2010 

and subjected to common-use stresses. In addition, we tested a variety of resins (including PE 

and PP-based resins, see Table 3), antioxidants (see Supplemental Material, Table 3) and other 

additives or processing agents (see Supplemental Material, Table 4) identified by our laboratory 
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as being free of detectable EA and hence possibly suitable for use to produce final products that 

would be EA-free even after exposure to common use stresses.  

The stresses used were as follows: 

a. UV light (radiation stress) by placing samples about two feet from a 254nm fluorescent 

fixture for 24 hours, simulating repeated UV stress by sunlight (e.g., water bottles) or UV 

sterilizers (e.g., baby bottles and medical items).  

b. Autoclave (heat and moisture stress) by autoclaving at 134°C for 8 minutes, simulating 

moist heat stress in an automatic dishwasher.           

c. Microwave (heat and radiation stress) by microwaving 10 times for 2 minutes each, 

using a 1000W kitchen microwave oven set to “high”, simulating microwave heat stress 

experienced by reusable food containers.        

 

RESULTS 

Release of chemicals having EA from unstressed plastics 

The percent of samples in each category that had reliably-detectable EA (>15%RME2) in 

our survey of 455 commercially available plastic products is presented in Tables 1 and 2. For the 

%RME2 and content-status of individual samples and the average %RME2 for products 

classified by resins (HDPE, PP, PET, PS, PLA, PC), product type (flexible packaging, food 

wrap, rigid packaging, baby bottle components, plastic bags), and retailer (large retailers 1-5 and 

large organic retailers 1 and 2) see Supplemental Material, Tables 5A-T. For example, 9 of 13 

HDPE plastic products extracted by our standard EtOH protocol (69%) had detectable EA (Table 

1), with a mean %RME2 of 66% ± 25% (see Supplemental Material Table 5A). For PET 

products extracted by saline, 26 of 34 (76%) had detectable EA (Table 1) with a mean %RME2 

of 64% ± 41% (see Supplemental Material Table 5C). There was no consistent correlation 
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between the percentage of items in a product type with detectable EA and their mean %RME2 

(data not shown). 

There was no significant difference (p > 0.05) in the percentage of items with detectable 

EA between those that had contents and those with no contents (76%, n=160) at the time of 

purchase based on the standard EtOH extraction protocol (67% versus 70%, Supplemental 

Material Table 2A), the standard saline protocol (62% versus 75%, Supplemental Material Table 

2C), or all extraction protocols combined (69% versus 76%). Most importantly, items without 

contents in all categories exhibited detectable EA in at least one protocol (see Supplemental 

Material, Tables 2A-C and 5A-T), including 78% of items made from HDPE (n=18), 57% from 

PP (n=14), and 100% from PET (n=6). Given all these results, we present the data for all items 

tested in Tables 1 and 2 without regard to their content status. 

 

Using different solvents increases the probability of detecting EA 

Most (71%) unstressed plastic items released chemicals with reliably-detectable EA in 

one or more extraction protocols, independent of resin type, product type, or retailer (Table 1). 

Results often differed between saline and EtOH extracts of the same unstressed plastic item, and 

EA was reliably detected most frequently (92% of all items in Table 2) when analyzed using 

both saline (more polar) and EtOH (less polar) extracts. For example, 15% of unstressed HDPE 

plastic items leached chemicals with detectable EA into both EtOH and saline extracts, 15% 

leached only into EtOH and 31% only into saline (Table 2). That is, the leaching of a chemical 

with EA was significantly (p < 0.01) more likely to be detected if both polar and non-polar 

solvents were used (61%) than if only one solvent were used (30% for EtOH only or 45% for 

saline only). We obtained similar results for all types of plastic products (data not shown). 

Assays of over 100 component parts from more than 20 different baby bottles, including 

many advertised as BPA-free, indicated that extracts of at least one bottle component of each 
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baby bottle always had EA based on at least one assay (some data shown in Table 2 and Figure 

2) – as did at least one other component part (data not shown)..  

 

Stresses increase the release of chemicals having EA 

Leaching of chemicals with EA was increased by common stresses. For example, one 

unstressed sample of an HDPE resin (P5 in Table 3) that had no detectable EA (i.e., RME2 < 

15%) in two saline extracts and two EtOH extracts released chemicals with EA equivalent to 

47% RME2 when extracted using EtOH after the resin was stressed with UV light. Similarly, 

two samples of low-density polyethylene resins (LDPE Resins 1 and 2) and glycol-modified 

polyethylene terephthalate (PETG) resins (PETG Baby Bottle and PETG Resin 1) that had no 

detectable EA before stressing, subsequently exhibited EA when stressed, especially by UV 

(Table 3). Samples (n > 10) of products made from PETG resins advertised as BPA-free all 

released detectable EA when stressed, especially by UV light. Similarly, 25% of unstressed 

samples of PET and 50% of unstressed polystyrene (PS) products surveyed did not have 

detectable EA in assays of EtOH and/or saline extracts (Table 1). However, when stressed and 

assayed using both saline and EtOH extracts, all PET (n > 10) and PS (n > 10) products all 

released chemicals having detectable EA in at least one extracting solvent (Table 3).    

 

EA-containing and EA-free monomers 

Polymerization of monomers is rarely complete, and unpolymerized monomers are 

almost always released from polymer resins (Begley et al. 1990, 2005; De Meulenaer and 

Huyghebaert 2004). PE and PP polymers are often used to manufacture flexible and/or non-

transparent rigid products (Figure 3). MCF-7 assays (n=6) consistently showed that extracts of 

“barefoot” (no additives) polymers (e.g. LDPE P1 in Table 3) were EA-free, even when stressed. 

[PP-based polymers require antioxidants to prevent severe degradation during their use in 
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manufacturing plastic products.]  Furthermore, PE and PP-based resins containing appropriate 

additives to produce fit-for-use products could be constructed that remained EA-free (n > 100 

assays of > 10 resins), even when exposed to common-use stresses. Representative data from 

several such resins (LDPE P1, HDPE P2, PPHO P3, PPCO P4) are given in Table 3.  

Figure 3 also shows other monomers and polymers that can or can not be used to make 

hard-and-clear (HC) plastics. For example, HC PC plastics (n > 10) all released chemicals having 

EA (e.g. PC baby bottle B1 and PC water bottle W1 in Figure 2), almost certainly phenolics such 

as BPA (Fig. 1B). The dimethyl terephthalate monomer used to make PET and PETG plastics 

exhibited anti-EA (n = 3 assays; data not shown. see Supplemental Material for anti-EA assay 

protocol). Furthermore, breakdown products of dimethyl terephthalate, PET, and PETG resins 

probably contain and release phenolic moieties that have EA that account for some of the data 

for PET products in Tables 1-2. Polyethersulfone (PES) HC products also consistently released 

chemicals having EA or anti-EA, especially when stressed with UV light (data not shown) -- 

possibly from unreacted phenolic monomer residues or phenolic stress-degradation products. In 

contrast, some HC cyclic olefin polymer (COP)/cyclic olefin copolymer (COC) polymers 

produced from saturated cyclic olefin monomers contained no phenolics, and did not release 

chemicals having detectable EA, even when stressed (Table 3).  

Polymers which can be made EA-free have a similar cost compared with polymers made 

from monomers that have EA. For example, at the time of the writing of this paper, clarified PP 

having no additives that exhibit EA (even when stressed) that is suitable for molding bottles 

costs approximately $1.20 per pound. PP resins containing additives that have EA also cost about 

$1.20 per pound. Commodity resins such as PET, which are made from monomers having EA 

and are suitable for molding bottles, are priced at approximately $1.28 per pound (Plastics News 

2011). 
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EA-containing and EA-free additives 

 Many additives are physically, but not chemically, bound to a polymeric structure --- and 

hence can almost always leach from the polymer, especially when stressed (Begley et al. 1990, 

2005; De Meulenaer and Huyghebaert 2004). Antioxidants are the most critical class of additives 

because they prevent or minimize plastic degradation due to oxidation that breaks polymer 

chains (chain scission) and/or causes cross-links (Kattas et al. 2000). The oldest and most 

common antioxidants deemed suitable for food contact belong to a chemical class known as 

hindered phenols, such as butylated hydroxytoluene (BHT) and BHA, in large part because both 

are inexpensive and assumed to be non-toxic. However, BHT (n=4 assays) had reliably-

detectable EA, as did BHA (n=3 assays). [The EC50 of BHT and BHA (Figure 1C) could not be 

accurately calculated because both also exhibited cellular toxicity at higher (10-5M) 

concentrations.] Other commonly used hindered phenolic antioxidants (n= 4/5) and 

organophosphines (n=6/7) also exhibited reliably-detectable EA, especially when exposed to 

moist heat, which presumably causes hydrolysis (data not shown). For example, proprietary 

antioxidants Phos OX 1 and HP AOX 2 had no detectable EA whereas HP AOX 1 and Ph AOX 

1 had reliably-detectable EA (see Supplemental Material, Table 3). 

 Many other additives (n > 50) with a phenolic group had reliably-detectable EA such as 

agents found in many base resins (tris(nonylphenyl) phosphite, octylphenol, nonylphenol, 

butylbenzene phthalate), colorants (especially blues or greens with phthalocyanine groups), 

polystyrene-based purge compounds, and mold-release agents (see Supplemental Material, Table 

4). In contrast, many metal-oxide-based inorganic pigments did not exhibit EA. However, these 

EA-free pigments are often mixed with dispersing agents and carrier resins that have EA to 

produce colorant masterbatch concentrates. Nevertheless, we have identified resins, dispersants, 

pigments, and antioxidants that are FDA-approved for direct food contact (see Supplemental 

Material, Tables 3 and 4) to create colorant masterbatch concentrates (n > 100) that produce even 
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colorant dispersion into a plastic and that have no detectable EA, cellular toxicity, or adverse 

processing effects, even when stressed.  

Because additives comprise a small fraction (typically 0.1-1% by weight) of plastic resins 

and compounds, and because plastic resins and compounds using EA-free additives are 

processed during manufacture in a nearly identical manner as conventional resins and 

compounds containing chemicals with EA, the replacement of additives having EA with EA-free 

additives should have very little impact on the cost of the final product. Furthermore, EA-free 

additives have only a slightly higher or no additional cost compared to additives with EA, so that 

their cost impact is very small or non-existent. 

Products currently marketed as BPA-free are not EA-free 

In response to market and regulatory pressures to eliminate BPA in HC plastics, BPA-

free HC materials have recently been introduced as replacements for PC resins. PET and PETG 

are two such resins, but HC plastic products made from these resins leached chemicals that had 

detectable EA (Tables 1-3 and Figures 2-3), often in the absence of exposure to common-use 

stresses. Two popular brands of water bottles made from a PETG resin now marketed as an HC 

BPA-free replacement also released chemicals having significant EA (Table 3 and Figures 2-3), 

as did uncompounded PETG resins (Table 3). Most PE/PP-based plastic products were 

presumably BPA-free, but nevertheless had readily detectable EA (Tables 1-2), almost certainly 

due to one or more additives having EA. Many components of BPA-free baby bottles had 

reliably-detectable EA (22%-95%RME2) when extracted in either saline or ethanol, including 

the bottle, nipple, anti-colic, and liner (data not shown). 

In fact, all BPA-replacement resins or products tested to date (n > 25) released chemicals 

having reliably-detectable EA (data not shown), including PES or PETG, sometimes having 

more total EA measured as %RME2 than many PC products when stressed. For example, the 

%RME2 released by various BPA-free baby and water bottle component parts extracted by 
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saline or EtOH solutions and exposed to one or more common-use stresses can be greater than 

PC products under the same conditions (Figure 2). UV stress, in particular, often leads to the 

release of chemicals having greater EA than BPA-containing HC plastics currently sold. For 

example, saline extracts of BPA-free baby bottle B3 (Figure 2) after exposure to UV showed 

greater EA than any of the PC baby bottle extracts after any of the stresses. Saline extracts from 

BPA-free baby bottle B1 after any of the stresses (microwave, autoclave, and UV) showed 

greater EA than the saline extracts from PC baby bottle B2 after any of the stresses. Ethanol 

extracts from BPA-free baby bottle B1 after UV stress show greater EA than extracts from PC 

baby bottle B1. Saline extracts from BPA-free baby bottle B2 after microwave or autoclave 

stresses showed greater EA than saline extracts from PC baby bottles B1 or B2 following any of 

the stresses. Note also in Figure 2 that multiple extracts of the same product using the same 

solvent/stress combination typically give rather similar %RME2 data, but different solvent/stress 

combinations can give very different results from very high EA to non-detectable EA. For 

example, ethanol extracts from PC baby bottle B2 show very high EA under all stress conditions, 

whereas saline extracts of the same bottle under the same stress conditions show no detectable 

EA. Hence, to reliably detect EA, plastic resins or products must be extracted with both polar 

and non-polar solvents — and exposed to common-use stresses. 

 

DISCUSSION 

Most plastic products release chemicals having EA 

Our data show that both more-polar (e.g., saline) and less-polar (e.g., EtOH) solvents 

should be used to extract chemicals from plastics because the use of only one solvent 

significantly reduces the probability of detecting chemicals having EA. The ability to detect 

more-polar and less-polar chemicals having EA is important because plastic containers may hold 

either type of liquid or a liquid that is a mixture of more-polar and less-polar solvents (e.g., 
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milk). When both more-polar and less-polar solvents are used, most newly purchased and 

unstressed plastic products release chemicals having reliably-detectable EA independent of the 

type of resin used in their manufacture, type of product, processing method, retail source, and 

whether the product had contents prior to testing. However, we wish to emphasize that the lack 

of significant difference in average percentage having detectable EA between plastic items with 

and without contents does not imply that the contents do not affect the total EA or specific 

chemicals having EA released by individual plastic items. 

Our data show that most monomers and additives used to make many commercially 

available plastic items exhibit EA. Even when a “barefoot” polymer such as PE or PVC does not 

exhibit EA, commercial resins and products from these polymers often release chemicals (almost 

certainly additives) having EA. 

Our data show that exposure to one or more common-use stresses often increases the 

leaching of chemicals having EA. In fact, our data suggest that almost all commercially available 

plastic items would leach detectable amounts of chemicals having EA once such items are 

exposed to boiling water, sunlight (UV), and/or microwaving. Our data are also consistent with 

recently published reports that PET products release chemicals having EA (Wagner and 

Oehlmann 2009), and that different PET products leach different amounts of EA. For example 

(see Supplemental Material, Table 5C), different PET products release different amounts of EA 

measured as %E2 or %RME2, almost certainly because different PET copolymer manufacturers 

choose different monomers, additive packages, and synthetic processes to produce PET 

copolymer resins.  

Our data are consistent with the hypotheses that the presence of a phenolic moiety is the 

best predictor of whether a chemical exhibits EA, and that benzene moieties often probably 

convert to phenolic moieties when the monomer and/or polymer is exposed to one or more 

manufacturing or common-use stresses. For example, although in theory most organophosphites 
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(antioxidants commonly used with hindered phenols to provide synergistic oxidation protection), 

in their unaltered state should not bind to ERs (see Supplemental Material, Table 1), 

organophosphites are hydrolytically unstable and often produce phenols when exposed to water 

(Kattas et al. 2000). Most organophosphite antioxidants we tested exhibited detectable EA (data 

not shown). 

Likewise, various additives that are high molecular weight hindered phenolics do not 

have EA, but if exposed to moist heat they can undergo hydrolysis and produce lower molecular 

weight phenolics that have EA. Therefore, antioxidants and other additives should be tested for 

EA in both their original, unstressed form and after stressing. We can identify monomers and 

additives (antioxidants, clarifiers, slip agents, colorants, inks, etc) having no detectable EA for 

use at all stages of manufacturing processes to make flexible nontransparent or HC plastic items 

that are EA-free, even after exposure to common-use stresses. All our data suggest that, when 

both are manufactured in comparable quantities, carefully formulated EA-free plastic products 

could have all the fit-for-use properties of current EA-releasing products at minimal additional 

cost. 

BPA-free is not EA-free 

Although most items listed in Tables 1-3 would not be expected to contain BPA, 

nevertheless almost all stressed plastic items tested leached chemicals having reliably-detectable 

EA measured as %RME2 if extracted with both more-polar and less-polar solvents. In response 

to market and regulatory pressures, BPA-free PET or PETG resins and products have recently 

been introduced as replacements for PC resins. However, all such replacement resins and 

products tested to date release chemicals having EA (measured as %RME2), sometimes having 

more EA than BPA-containing PC resins or products, especially when stressed by UV light 

(Figure 2 and Table 3). Monomer or polymer breakdown products that have EA account for 

some of this EA, but the rest of the measured EA is almost certainly due to release of additives 
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having EA in BPA-free products — including the bottle and many component parts of baby 

bottles advertised as BPA-free. 

Avoiding a potential health problem 

We recognize that we quantitatively measure EA relative to E2 (EC50 or %RME2) using 

sensitive assay/extraction protocols. Furthermore, it is almost impossible to gauge how much EA 

anyone is exposed to, given such unknowns as the number of chemicals having EA, their relative 

EA, their release rate under different conditions, and their metabolic degradation products or 

half-lives in vivo. Also unknown at present are the appropriate levels of EA in males versus 

females at different life stages. Nevertheless (1) In vitro data overwhelmingly show that 

exposures to chemicals having EA (often in very low doses) change the structure and function of 

many human cell types (Gray 2008); (2) Many in vitro and in vivo studies document in detail 

cellular/molecular/systemic mechanisms by which chemicals having EA produce changes in 

various cells, organs and behaviors (Gray 2008); (3) Recent epidemiological studies (Gray 2008; 

Koch and Calafat 2009; Meeker et al. 2009; Swan et al. 2005; Talsness et al. 2009; Thompson et 

al. 2009) strongly suggest that chemicals having EA produce measurable changes in the health of 

various human populations, e.g., on the offspring of mothers given diethylstilbesterol, or sperm 

counts in Danish males and other groups correlated with BPA levels in body tissues.   

Many scientists believe that it is not appropriate to bet our health and that of future 

generations on an assumption that known cellular effects of chemicals having EA released from 

most plastics will have no severe adverse health effects (Gray 2008; Talsness et al. 2009; 

Thompson et al. 2009). Since we can identify existing, relatively-inexpensive monomers and 

additives that do not exhibit estrogenic activity, even when stressed, we believe that plastics 

having comparable physical properties but that do not release chemicals having detectable EA 

could be produced at minimal additional cost. 
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Table 1. Percent of unstressed plastic products having EA in at least one extract. 

 

Extract Solution           EtOH            Conc EtOH      Saline            Any Extract  

   N %D  N %D  N %D   N %D 

Resin Type            
HDPE   13 69%  11 55%  18 56%  30 70% 
PP   23 52%  6 33%  16 81%  37 68% 
PET   30 40%  17 94%  34 76%  57 75% 
PS    13 62%  -- --  16 38%  28 50% 
PLA   10 70%  1 100%  8 100%  11 91% 
PC   1 0%  1 100%  2 100%  2 100% 
Product Type            
Flexible Packaging 82 66%  6 33%  35 74%  121 67% 
Food Wrap  9 100%  -- --  9 78%  9 100% 
Rigid Packaging 57 56%  18 67%  31 45%  83 64% 
Baby Bottle Comp 13 69%  -- --  16 94%  19 89% 
Deli Containers 11 36%  -- --  7 7%  16 44% 
Plastic Bags  33 97%  1 100%  23 96%  43 98% 
Product Retailer            
Large Retailer 1 31 81%  2 100%  4 75%  36 81% 
Large Retailer 2 4 50%  4 0%  50 54%  53 53% 
Large Retailer 3 18 83%  2 100%  7 29%  25 72% 
Large Retailer 4 37 51%  -- --  -- --  37 51% 
Large Retailer 5 20 50%  3 100%  4 100%  23 70% 
Organic Retailer 1 28 71%  5 60%  5 80%  32 81% 
Organic Retailer 2 33 88%  1 100%  10 80%  35 89% 
Total for extract 308 68%  51 73%  214 69%  455 72% 

Percent (%) of samples (N = total number of samples purchased) for which EA was detected (D) using a standard or concentrated EtOH 
(Conc. EtOH) extract, a saline extract (Saline) or one or more such extract (Any Extract). EA in an extract in this table and in all other tables 
or figures was defined as detectable (D) if the extract produced cell proliferation that was greater than 15%RME2 (see Methods). Note that N 
for Any Extract must be is less than the sum of N’s for individual extracts if some items are tested by more than one extraction protocol. 
Some individual items are listed in two or three categories (e.g., PET and baby bottles), but only counted once for the tally of “Total for 
extract.” Baby Bottle Comp means baby bottle component, of which 11 were the bottle itself and 2 sealant ring components. 
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Table 2. Percent of unstressed plastic products having detectable EA in two extracts. 

 

Category  N only in EtOH     only in S in both EtOH & S in either EtOH or S   

HDPE   13 15        31  15   61   
PET   21 19      29  52   100 
PP   4 0      25  75   100 
PLA   7 0      14  86   100 
Bottles   38 13      34  42   89 
Baby Bottles  11 0      36  64   100 
Rigid Packaging 10 30      20  40   90 
Food Wrap  8 25      0  75   100 
All Products  102 17      21  54   92 

 

Percent (%) of unstressed plastic items (N) having detectable EA (>15%RME2) only in an EtOH extract (and not in a saline (S) extract), only 

in a standard saline extract (only in S), in both EtOH & S extracts or in either EtOH or S extracts. Note that this last measure (column) is the 
sum of the three previous measures (columns). “All Products” gives the total for each column when each product (N = 102) is only counted 
once (some products are listed in two categories). The standard EtOH extract was used for most (N=81) products and the concentrated EtOH 
extract for the remainder (N = 21).  

If EA was detected in a saline or standard EtOH extract in survey studies such as those reported in Table 1, other extracts were often 
not performed. A concentrated EtOH extract was usually performed to generate the data in Tables 1 and 2 only if EA was not detected in a 
saline or standard EtOH extract. That is, samples listed for concentrated EtOH in Table 1 and EtOH in Table 2 had a selection bias for not 
having detectable EA. 
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Table 3. Representative %RME2 values for stressed resins or parts made from flexible or 

hard and clear polymers. 

 

                       Stress and Extraction Solvent 

Sample Type    Microwave           UV     Autoclave  

   Saline EtOH           Saline      EtOH           Saline  EtOH 

Flexible Polymers       
LDPE Resin 1  5 7         0                   4              4  30a 
LDPE Resin 2  3 7         26a       3              -1  27a 
PET Water Bottle 100a 3         31a       2              47a  1 
LDPE Resin P1 2 3         0                   0                  4  5 
HDPE Resin P2 6 -4         2                  -2              -1  -3 
PPHO Resin P3 0 -4                3                   2              -6  -3 
PPCO Resin P4  3 7                 -7                  -6              -9  -3 
HDPE Resin P5 --b -- b        -- b        47a   -- b  -- b 
       
Hard and Clear Polymers       

Water Bottle 1.1 3 23a        71a      17a             -1 19a 
Water Bottle 1.2 4 21a        57a, 69a, 98a  48a, 39a 8 23a 
Water Bottle 2.1 -7 -5        81a      22a  0 4 
Water Bottle 2.2 34a -2        80a      12  -1 1 
PETG Baby Bottle  0 -2        122a      44a  0 1 
PETG Resin 1  -8 17a        61a      111a 0 15a 
Polystyrene 1  4 3        17a      45a  76a 0 
COC 3   9 7        20a      20a  0 6 
COC Resin P18 4 1        9                  11  1 -2 
COC Resin P19 6 2        6                  -2  4 2 

 

Numerical values: %RME2 response of extract for several different baby bottle and other 
component parts. Resins designated with P (e.g., P1, P2, P3, and P4) are EA-free formulations 
developed at PlastiPure. Resin P5 exhibited EA when stressed. 
a Plastic items leaching chemicals having detectable EA > 15%RME2. 
b not determined  
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Figure Legends 

Figure 1. Percent E2 Dilution Response Curves for E2, BPA, BHA and Extracts. 

Dilution versus %E2 response curves for (A) E2, (B) BPA, (C) BHA, extracts of (D) plastic 

bags, (E) PC bottle, and (F) BPA-free bottle made from PETG. Dotted lines in A-F represent 

three standard deviations from the vehicle control response. Extract conditions given by text 

defining symbols in each panel. [E2] = 10-9M is the positive control diluted as indicated in C-F; 

negative control is 1% EtOH or saline plotted as 0%E2 in B-F. VC: vehicle control. 

A. MCF-7 assay of E2 dissolved in EtOH (standard extract, red squares) or concentrated 

10x and re-diluted (black triangles) to show that the EtOH concentration protocol has very little 

effect on the EC50 of E2 (50%E2). EC50 of E2 is ~1.3x10-13M and threshold of detection 

(15%E2) is ~10-15M. The maximum E2 response was attained at 10-11M and remained constant 

at higher E2 concentrations. Each point plotted is the average of three or four replicates for each 

concentration whose standard deviation is very small and falls within the space taken up by each 

data point symbol in all panels of Figure 1.  

B. EC50 of E2 (as above) and BPA = ~6.6x10-8M, threshold detection = ~10-9M, all 

suppressed by 10-8M ICI.    

C. BHA does not meet criteria needed for accurate calculation of EC50 (see pages 5-7 of 

Supplemental Material). EA is positive, its maximum response is about 50%E2 (i.e., 50%RME2) 

and is suppressed by 10-8M ICI. 

D Commercially available plastic bags extracted by 100% EtOH or different extracts of a 

PC bottle (E) or BPA-free bottle (F).  
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Figure 2. Total EA Released By Some PC and BPA-free Water and Baby Bottles.  

Materials: BPA-free water bottles W1, W2, W3, and W4 are PETG. BPA-free water bottle W5 is 

PET. BPA-free baby bottles B1 and B2 are PES. BPA-free baby bottle B3 is PETG. BPA-free 

baby bottles B4 and B5 are PP. 

The leaching of chemicals having EA (measured as %RME2) from PC or BPA-free baby (B) or 

water (W) bottles (excluding caps, nipples, and other components) extracted using saline or 

ethanol as solvents and exposed to autoclaving, microwaving, and/or UV light (see Methods). 

Orange bars indicate the data set for each individual product. The %RME2 for saline extracts is 

represented by solid black lines and EtOH as solid red lines. The %RME2 of chemicals released 

by each assay of a product after an autoclaving stress is indicated by (□), microwaving by (�), 

and UV light by (x). The dotted horizontal line at 15%RME2 is the rather conservative value 

below which EA was considered non-detectable (ND) for any assay. For some products shown 

(e.g., PC B1, BPA-free B4), if one solvent and/or stress condition showed reliably-detectable EA, 

other solvents and stress conditions were not subsequently tested. Some values plotted as 

0%RME2 actually had slightly negative %RME2 values (-1%RME2 to -7%RME2) due to 

cellular toxicity.   

 

Figure 3. Properties of Monomers and Polymers Used to Make Common Resins. 
a Polymer exhibits other toxic effects (e.g. cellular damage or carcinogenicity) or toxic chemicals 

(e.g. phosgene and acrylonitrile) are used or produced during polymerization.  

b “Hard and Clear” (HC) polymers generally have limited or no ability to crystallize and a glass 

transition temperature (Tg) above room temperature.  

c Monomer has anti-EA in MCF-7 assays 

d Under certain conditions, degradation products exhibit EA 

e Monomer has EA in MCF-7 assays  
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Figure 3. Properties of monomers and polymers used to make common resins 
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Insight

Paradoxical Clinical Effect of Estrogen on Breast Cancer
Risk: A "New" Biology of Estrogen-induced Apoptosis

V. Craig Jordan1 and Leslie G. Ford2

Abstract
Administration of estrogen replacement therapy (ERT) decreases the incidence of breast cancer, as shown

in a double-blind, placebo-controlled randomized trial of the Women’s Health Initiative (WHI) in 10,739

postmenopausal women with a prior hysterectomy. Although paradoxical because estrogen is recognized

to stimulate breast cancer growth, laboratory data support a mechanism of estrogen-induced apoptosis

under the correct environmental circumstances. Long-term antiestrogen treatment or estrogen deprivation

causes the eventual development and evolution of antihormone resistance. Cell populations emerge with a

vulnerability, as estrogen is no longer a survival signal but is an apoptotic trigger. The antitumor effect of

ERT in estrogen-deprived postmenopausal women is consistent with laboratory models. Cancer Prev Res;

4(5); 633–7. �2011 AACR.

Introduction

It is widely held that estrogen can be carcinogenic in
breast tissue (1) and is the "fuel for the fire" to stimulate the
growth of estrogen receptor (ER)-positive breast cancer
cells (2). This knowledge, supported by an enormous body
of laboratory data, provides the conceptual basis for the
successful development of antihormonal strategies to treat
breast cancer (3). Selective ER modulators (SERMs), for
example, tamoxifen, block estrogen-stimulated tumor
growth at the ER, and aromatase inhibitors prevent per-
ipheral estrogen synthesis in postmenopausal patients,
thereby creating estrogen deprivation to stop tumor growth
(3). The successful treatment strategy for breast cancer with
SERMs was subsequently translated into reducing the risk
of breast cancer in high-risk women. SERMs are available to
reduce the incidence of breast cancer in pre- and postme-
nopausal (tamoxifen) or postmenopausal (raloxifene)
women (4–6). As predicted by the mechanism of action
of SERMs as anticancer agents, only ER-positive breast
cancer is reduced. In practice, preventing estrogen action
prevents breast tumor initiation and growth. Paradoxically,
the recent analysis of estrogen replacement therapy (ERT)
in the Women’s Health Initiative (WHI) double-blind, pla-
cebo-controlled randomized trial in 10,739 postmenopau-
sal women with a prior hysterectomy (ages 50–79; ref. 7)
actually showed a decrease in invasive breast cancer, which

was sustained for 5 years after ERT was stopped. This result
seems to run counter to the perceived wisdom of the role of
estrogen in breast carcinogenesis, was significant in women
of all ages, and was similar in every age group.

When the WHI was initiated in 1993, their present
clinical result of a reduction in breast cancer was unanti-
cipated (7) but is consistent nevertheless with parallel
laboratory studies completed over the past 20 years. Estro-
gen-induced apoptosis is a plausible molecular mechanism
to support an antitumor action of physiologic estrogen (8).
The key to our understanding of estrogen-induced apop-
tosis is the finding that breast cancer cell populations adapt
to estrogen deprivation, but these populations are
dynamic, and resistance to estrogen deprivation evolves
over time (5 years). This evolution of resistance to estrogen
deprivation causes a reconfiguration of cellular survival
pathways, which in turn exposes a vulnerability of breast
cancer cell survival. Physiologic estrogen causes apoptosis
and does not act as a survival signal (8).

We will weigh the laboratory and clinical evidence to
support the proposition that physiologic estrogen can cause
apoptosis in breast cancer cells following long-term estrogen
deprivation. Our objective is to make a case based on scien-
tific observations to support our proposition that nascent
breast cancer cells could have the same apoptotic response to
ERTafter estrogendeprivationcausedbymenopause.Wewill
present the evidence in chronological order (Box 1).

Evidence from the Historical Use of Estrogens
to Treat Metastatic Breast Cancer

The application of high-dose estrogen therapy for the
treatment of metastatic breast cancer was the first use
of a chemical therapy to treat any cancer successfully
(9). Estrogen therapy became the standard of care to treat
metastatic breast cancer in postmenopausal patients until
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the introduction of tamoxifen (late 1970s in the United
States), a nonsteroidal antiestrogen (10). Tamoxifen
became the "gold standard" for the treatment of ER-posi-
tive (estrogen stimulated) breast cancer for the next 20
years. Estrogen was all but abandoned as a treatment
option, but Ingle and colleagues completed a provocative
trial of tamoxifen versus the synthetic estrogen diethylstil-
bestrol (DES; high-dose) in metastatic breast cancer (11).
Responses were equivalent with fewer side effects with
tamoxifen, but a re-analysis years later demonstrated that
survival was significantly improved with DES (12).

Towards the end of his distinguished career, Professor Sir
Alexander Haddow FRS reflected (during the inaugural
Karnofsky Memorial Lecture; ref. 13) on the remarkable
responses noted with estrogen in some tumors, often when
treatment was more than a decade past menopause: "The
extraordinary extent of tumour regression observed in perhaps
1% of post-menopausal cases (with oestrogen) has always been
regarded as of major theoretical importance, and it is a matter for
some disappointment that so much of the underlying mechan-
isms continues to elude us."

Although laboratory research to address Haddow’s
estrogen paradox essentially ceased for the next 20 years,
at least 1 animal model transplanted with a human breast
tumor replicated the antitumor action of high-dose estro-
gen therapy for breast cancer (14, 15). The question
could have been addressed. However, the breakthrough
in our understanding of a mechanism for estrogen-
induced apoptosis came with a study of continuous
long-term SERM treatment in transplantable SERM-resis-
tant breast cancer in athymic mice. As often happens in
science, a discovery in an apparently unrelated area
becomes the required breakthrough to create transpar-
ency in nature.

Physiologic Estrogen Is an Antitumor Agent in
SERM-Resistant Breast Cancer In Vivo

In the 1980s, the first athymic animal models of tamox-
ifen-induced antihormone resistance were reported, but

the acquired resistance surfaced within 2 years as tamox-
ifen-stimulated growth (2). This replicated the use of
tamoxifen in the treatment of metastatic ER-positive breast
cancer but did not explain the astonishing success of 5 years
of adjuvant tamoxifen therapy in reducing recurrences by
50% and mortality by 30%. Most important, the gains
obtained during therapy are maintained (and mortality
further reduced) for the next 15 years. We were missing a
vital clue about the evolution of antihormone resistance in
micrometastatic breast cancer.

Five years of re-transplantation of tumors into tamox-
ifen-treated athymic mice revealed a vulnerability in breast
cancer that would subsequently be exploited in clinical
trial. Physiologic estradiol does not promote tumor
growth, but small tumors undergo rapid and complete
regression (16). It was suggested (16) that following the
cessation of adjuvant tamoxifen, a woman’s own estrogen
would exert an antitumor action and enhance survivorship.
Further studies (17) subsequently demonstrated that fol-
lowing tumor regression with physiologic estradiol, any
remaining tumor that re-grows in the estrogen environ-
ment is again responsive to tamoxifen as an antitumor
agent. Continuing studies demonstrated that the principle
of physiological estrogen therapy causing apoptosis in
SERM-resistant disease was also true for raloxifene (18,
19). These data provided a scientific rationale for subse-
quent clinical studies.

Estrogen Induces Apoptosis in Estrogen-
deprived ER-positive Breast Cancer Cell Lines

Song and colleagues (20) first showed in cell culture that
high concentrations of estrogen could induce cellular
apoptosis directly through a FAS/FASL pathway. However,
the discovery that physiologic concentrations of estradiol
could induce apoptosis (21) in both cell culture and animal
models was the advance pertinent to the clinical observa-
tion that ERT reduces the incidence of breast cancer in
postmenopausal women (7). This is now a consistent
experimental observation with new knowledge emerging
about the molecular mechanisms of estrogen-induced
apoptosis. Figure 1 summarizes much of the current data
on molecular mechanisms of estrogen-induced apoptosis,
the topic of a forthcoming mini-review in Cancer Prevention
Research later this year.

Despite the significant body of laboratory data to sup-
port the proposition that physiologic estrogen can induce
apoptosis in long-term estrogen-deprived breast cancer
cells, only the translation to patients tests the veracity of
the experimental approach as a conversation with nature
and a general principle.

Current Evaluation of Estrogen to Treat
Acquired Antihormone Resistance in Metastatic
Breast Cancer

Lonning and colleagues (22) studied the efficacy of high
dose of DES on the responsiveness of metastatic breast

BOX 1. Cumulative evidence to support
low dose estrogen-induced apoptosis in
long-term estrogen-deprived nascent
breast cancer?

1. Historical use of estrogens to treat breast cancer.
2. Physiologic estrogen as an antitumor agent in

SERM-resistant breast cancer models in vivo.
3. Estrogen-induced apoptosis in estrogen-deprived

ER-positive cell lines in vitro.
4. A current evaluation of estrogen to treat acquired

antihormone resistance in metastatic breast cancer.
5. The extrapolation of the concept that physiologic

estrogen kills breast cancer cells to adjuvant anti-
hormone therapy.
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cancer following exhaustive treatment with antihormone
therapies (tamoxifen, aromatase inhibitors, etcetera). A
remarkable 4 of 32 patients had complete responses
(22), and 1 patient, who was treated for 5 years, had no
recurrence of her disease 6 years after stopping DES (23).
The question, however, is whether physiologic estrogen has
efficacy as an antitumor agent in the appropriately pre-
pared estrogen-deprived breast tumor. Ellis and colleagues
(24) addressed this question and found an equivalent
clinical benefit for high (30 mg daily) and low (6 mg daily)
dose of estradiol in metastatic breast cancer patients who
had failed aromatase inhibitor therapy, that is, long-term
estrogen deprivation. Their clinical advance was that low-
dose estrogen was as efficacious as high-dose estrogen for
antitumor therapy in breast cancer (for the appropriate
tumor that had been estrogen deprived), but there were
fewer side effects with low-dose therapy. The target, estro-
gen-deprived breast cancer, is vulnerable to physiologic
estrogen.

The Extrapolation of the Concept that
Physiologic Estrogen Kills Breast Cancer to
Adjuvant Antihormone Therapy

The result from the WHI Trial of ERT in hysterectomized
women (7), which showed a sustained reduction in the
incidence of breast cancer, provides additional evidence
that the strategy to decipher the mechanism of physiologic
estrogen to induce apoptosis (8, 25, 26) has significance for
both treatment and prevention. Indeed, the idea that a
woman’s own estrogen was responsible for enhanced
survivorship by causing apoptosis of the appropriately

prepared and vulnerable micrometastases (16) followed
the completion of long-term adjuvant tamoxifen therapy
and now is incorporated into the Study of Letrozole Exten-
sion (SOLE) Trial. This extended adjuvant antihormone
treatment study (Fig. 2) is addressing the question of
whether regular drug holidays will decrease recurrence rates
compared with continuous therapy. For initial safety rea-
sons, a women’s own estrogen during the drug holiday is
hypothesized to be adequate as an apoptotic trigger
because rigorous prior antihormone therapy will have
selected vulnerable cell populations as the waiting target.
Subsequent trials may have to use ERT for a few weeks to
trigger apoptosis.

We have presented an integrated approach to support
the proposition that ERT could induce apoptosis and
reduce the incidence of breast cancer. The important issue
for the decision of breast cancer cells to survive or die in
response to estradiol depends entirely on the cell popula-
tions present in an estrogenized environment or follow-
ing estrogen deprivation. Based on laboratory data, the
decision is survival or death, respectively. The role of
estrogen deprivation, either pharmacologic with antihor-
mones or physiologic with menopause, is to select popu-
lations of cells that can survive without physiologic
estrogen. These cells choose to die through a natural
process when re-exposed to pharmacologic or physiologic
estrogen. The genetics are the same, but different epige-
netic events based on the well-established property of
cancer cells to be able to adapt to any environment and
survive remains true. As the WHI study of ERT shows (7),
physiologic estrogen has delivered what the scientific
database would now predict.

Figure 1. The 2 main pathways
involved in estrogen-induced
apoptosis regulation. This
apoptosis can be triggered either
through the extrinsic death-
receptor pathway with an increase
in Fas ligand (20) or Fas (27) or via
the intrinsic pathway of
mitochondrial disruption and
release of cytochrome C (28).
E2, estradiol (the most potent
estrogen in women); ERE,
estrogen response element;
BID, Bcl-2�interacting domain.
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T arget 

 The estrogen receptor (ER) is a nuclear receptor whose primary activating ligand is estrogen.  

The ER comprises five regions: the activating region, DNA binding domain, hinge domain, ligand-binding 

domain, and the C-terminus region (Figure 1).  There exist two isoforms of ER, ERα and ERβ, which are 

encoded by different genes, on different chromosomes, which have different primary structures.  The ERα 

gene is located on chromosome 6, and encodes a 595 amino acid protein with a molecular mass of about 

66 kD (Couse and Korach 1999). The two isoforms also seem to have distinct functions; ERα generally 

promotes growth while ERβ can inhibit growth in some tissues (Deroo and Korach 2006) (Figure 1).  The 

ratio of isoforms differs in tissues and can confer tissue-specific actions of ER (Deroo and Korach 2006).  

This ER isoform ratio indicates a general trend in growth of tumor cells; that is, a high ERα/ERβ ratio is 

associated with strong proliferation, while the inverse ratio correlates with low levels of cellular 

proliferation (Deroo and Korach 2006).  ERα was the first isoform to be discovered, and is the one to be 

discussed in this article, as it mediates most of the physiological responses investigated in the laboratory 

(Couse and Korach 1999). 

 

B iology of the target 

 Belonging to the nuclear receptor superfamily, the ER resides in the nucleus to bind and retain 

estrogens that have diffused through the cell from the bloodstream (Jordan 2009).  The inactive ER is 

bound to heat shock proteins that dissociate once the ligand binds, allowing an active conformational 

change to occur (Couse and Korach 1999).  When the estrogen and receptor complex is formed, it binds 



to estrogen response elements (EREs), and coregulators are recruited to the ER complex tethered to the 

promotor region of a target gene.  Tissues possess unique levels of the 258 known nuclear receptor 

coregulators (Jordan and O’Malley 2007).  Nuclear receptor coregulator recruitment is considered the 

rate-limiting factor of transcription in mammals, making the arrival of coactivators and/or corepressors at 

the DNA an integral step in the regulation or control of ER activity (Jordan and O’Malley 2007).    

 When a ligand binds to the ER, a conformational change occurs to the receptor, depending on the 

nature of the ligand.  X-ray crystallography has offered a detailed look into the structures of ligand-bound 

ER.  An antagonistic or antiestrogenic complex will prop the “jaws” (Helix 12) of the ER open, while a 

planar steroidal estrogen or estrogenic molecule permit the “jaws” of the receptor to close.  Estrogen 

response elements (EREs) can also influence ER conformation, thereby causing varied recruitment of 

coregulators and therefore gene function (Jordan and O’Malley 2007). 

 ER bound with either an estrogen or antiestrogen causes coregulator binding based on the ligand-

receptor complex shape.  Many varied ligands can bind to the ER, as many varied responses can occur; 

that is, gradient levels of estrogenicity or antiestrogenicity develop due to recruitment of coactivators or 

corepressors based on receptor-ligand conformation (Jordan 2008).  Figure 1 summarizes the activation 

of the ER through its signal transduction pathway (Jordan 2006).   

 

T arget as s es s ment 

 The ER was discovered through the injection of [3H]estradiol into immature rats, followed by 

analysis of radioactivity in specific tissues.  It was found that the uterus and vagina, estrogen target 

tissues, bound and retained the [3H]estradiol, while organs such as the kidney and liver, estrogen 

nontarget tissues, washed out the radioactive marker (Jensen and Jordan 2003).  This generated the 

notion that perhaps a receptor was present in the target tissues, allowing the ligand to induce estrogen-

associated cellular function and activity.  X-ray crystallography was subsequently used to visualize ligand 

binding to the purified ER protein (Jensen and Jordan 2003). 

 Clinically, when a patient presents with breast cancer, a biopsy of the breast tissue is taken and 

observed under a microscope.  The tissue can then be evaluated for the presence and status of the ER 

by staining with a monocolonal antibody against the ER linked to a fluorescent or radioactive marker.  



This immunohistochemistry allows the pathologist or clinician to visualize and quantify the ER level in 

patients’ tumors, a critical step in choosing a treatment process that will be effective for that certain tumor 

phenotype.  If the biopsied cells do not present ER, the tumor is termed ER-negative; if they do, they are 

termed ER-positive.  Immunohistochemistry is also used to evaluate other hormone receptor levels 

applicable in breast cancer, such as HER2 and progesterone receptor (PR). 

 

R ole of the target in canc er 

8 

 

High level overview 

 The ER became the first successful major target for cancer therapy (Jordan 2007), but its role in 

cancer treatment began as a marker in a diagnostic test to predict whether endocrine ablation, such as 

oophorectomy, would be of value to the patient (McGuire 1973).  The assay indicated whether the 

patient’s tumor was ER-positive, therefore likely responsive to estrogen withdrawal (Deroo and Korach 

2006; Jensen and Jordan 2003; Jordan 2009).  ER-negative breast cancer tumors do not respond to 

hormonal therapy because there is no ER present by which cellular functions and replication can be 

modulated (McGuire 1973). 

  The ER is considered the first drug target for the treatment of breast cancer.  Although 

physiologic estrogen has been shown to stimulate growth of breast cancer, counterintuitively, high-dose 

estrogen therapy was successfully used as the first chemical cancer therapy (Haddow et al. 1944).  

Because the ER has the capacity to be modulated, selective estrogen receptor modulators (SERMs) such 

as raloxifene and tamoxifen were recognized to be useful in the clinic for targeted ER agonism and 

antagonism.  By targeting the ER with drugs like tamoxifen, patients gain a survival advantage from 

breast cancer.  This ER-directed therapy increases the likelihood of survival, thus demonstrating the 

efficacy of ER as a major therapeutic target in the breast tumor.   

 Diagnos tic , prognos tic , predic tive 

 The ER is used in clinical diagnostics to determine what breast cancer phenotype the patient 

presents.  An ER-positive breast tumor indicates the presence of ER in the tissue, and is one facet used 



to describe and diagnose the disease.  Further, ER-positive tumors generally represent a better prognosis 

since it is predicted, reasoned, and demonstrated that ER-positive tumors will respond to hormone 

therapy. 

 T herapeutics  

 Many therapeutics have been proposed and developed based on the mechanism of blocking ER 

action in breast cancer cells.  Since the fate of the ER-mediated gene expression relies on the 

recruitment of coactivators and/or corepressors, it follows that the ER action can be altered by the 

presence or absence of coregulators.  SERMs catalyze the tissue-specific modulation of the ER (Jordan 

2004).  SERMs bind to the ER, causing a conformational change in the receptor, thereby influencing what 

coregulators are recruited to the DNA.  This process also depends on the presence and level of 

coactivators and corepressors in the tissue of interest, and the response elements to which the ligand-

bound ER complex binds (Deroo and Korach 2006).  Figure 2 details an ideal SERM (Jordan 2004). 

 SERMs are neither purely antagonists or agonists, but a mixed complex generating partial 

agonism and partial antagonism when ER-bound.  In other words, the conformation the receptor forms 

when bound to a SERM has mixed affinity for coactivators and corepressors.  With that thought, it is 

logical that concentrations of the coregulators in the physical context of the receptor is of critical 

importance in determining gene function (Jordan and O’Malley 2007).  Tissue-specific SERM actions are 

not only regulated by coregulators, but also other elements include receptor isoform subtypes, ERE DNA 

sequences, and the turnover of the ER complex (Jordan and O’Malley 2007) (Figure 1). 

 

 

P re-c linic al s ummary 

 Initial pre-clinical animal studies, as early as 1900, investigated ER knock-out mice to 

investigate endocrine ablation therapy (Couse and Korach 1999).  These studies began to illustrate 

the effects and actions which require genomic ER function.  Other pre-clinical studies illustrated the 

correlation between breast tumorigenesis and duration of lifetime estrogen exposure (Couse and 

Korach 1999). 



 Important present pre-clinical investigation focuses on the resistance that can occur with the 

current clinical therapy.  Acquired resistance is considered to be a major concern that limits the 

effectiveness of long-term antihormonal therapy.  Athymic mouse (immune deficient) studies show that 

ER-positive PR-positive tumors treated at length with tamoxifen will eventually grow when treated with 

either estradiol or tamoxifen.  Long-term SERM therapy induces a profound change in the signal 

transduction of breast cancer cells from estrogen-stimulated growth to SERM-stimulated growth (Jordan 

2008).  After extended antihormone therapy for many years, estrogen, once a breast cancer tumor growth 

enhancer, remarkably becomes an apoptotic trigger.  This clinical and laboratory observation is seemingly 

counterintuitive, since it is established that oophorectomy can prevent tumors and estrogen can enhance 

tumor growth in the laboratory (Jordan 2004).  The “estrogen paradox” is under intense investigation in 

the laboratory to facilitate effective translation to clinical practice (Jordan 2008).  It had been established 

in 1944 that high-dose estrogen therapy could cause regression of some breast tumors in post-

menopausal patients, a then perplexing paradox (Haddow et al. 1944).  This pioneering use of high-dose 

estrogen, the first clinical therapy to treat any cancer, could not be explained at the time but now supports 

the principle behind the “estrogen paradox.”  In normal physiological pre-menopausal breast cancer 

environment, the ligand-bound ER promotes tumor growth.  When this environment is deprived of 

estrogen for a prolonged period of time, whether it be through use of SERMs or decades after 

menopause, drug resistance develops, and estrogen eventually triggers cellular apoptosis in the long-

term surviving estrogen-deprived tumor cells (Jordan 2008).  Pre-clinical laboratory investigation 

continues to focus on elucidation of acquired SERM resistance and estrogen-induced apoptosis. 

 

 

C linical s ummary 

 Though radiation and chemotherapy are also widely used in the clinic, hormonal therapy is the 

treatment most relevant to the ER.  ER-positive breast cancer accounts for about 70% of all breast tumors 

(Masood 1992).  Studies show that estrogen causes growth and proliferation of ER-positive breast cancer 

cells.  Tamoxifen, a SERM, acts as an antagonist of the ER in breast tissue, allowing it to block 

estrogenic action in breast cancer cells, therefore providing effective therapy.  Tamoxifen exhibits 



estrogen-like (agonist action) in bone and the uterus (Deroo and Korach 2006).  Nevertheless, tamoxifen 

has had widespread and pioneering success, saving hundreds of thousands of lives by treating breast 

cancer and becoming the pioneering medicine for the prevention of any cancer (Jordan and O’Malley 

2007).  Long-term adjuvant therapy targeted the breast ER specifically, and tamoxifen became the first 

drug approved to successfully treat high-risk pre- and post-menopausal patients.  Tamoxifen was also 

found to inhibit the formation of contralateral primary breast cancer.  However, this medicine started life 

as a failed contraceptive that was reinvented as the “gold standard” for the treatment of breast cancer.  

Unfortunately, the SERM effect of tamoxifen is evidenced by a small but significant increase in the 

incidence of endometrial cancer in post-menopausal women.  This is an estrogen-like effect in the uterus 

which limits its use as a chemopreventive for breast cancer in post-menopausal women at high-risk.  

 In order to carry out its functions, tamoxifen must be converted, by the CYP2D6 enzyme system, to 

endoxifen.  If any component of the enzyme system is mutated or functionally inactivated, tamoxifen 

resistance can occur.  Further, some ER-positive breast cancer cells are intrinsically resistant to 

tamoxifen, perhaps dependent on the presence or absence of other receptors, such as progesterone 

receptor (PR) or HER-2/neu (Jordan and O’Malley 2007).   

 Selective serotonin reuptake inhibitors (SSRIs) are used to lessen menopausal symptoms such as 

hot flashes that can occur during treatment with tamoxifen.  However, paroxetine and fluoxetine, two 

SSRIs, block tamoxifen’s conversion to its active metabolite, endoxifen, thereby nullifying the drug.  

Fortunately, venlafaxine, a serotonin-norepinephrine reuptake inhibitor (SNRI), does not block CYP2D6 

from metabolizing tamoxifen to endoxifen and can be taken simultaneously with tamoxifen to prevent hot 

flashes (Jordan 2009). 

 Raloxifene, previously known as keoxifene or LY126758, is another SERM structurally similar to 

tamoxifen.  It began development as a potential breast cancer drug but because of its low bioavailability 

and cross-resistance with tamoxifen was subsequently found to be better suited for reduction of 

osteoporosis incidence with the prevention of breast cancer as a beneficial side effect (Jordan 2009).  

Raloxifene became an effective long-term drug therapy for treatment and prevention of osteoporosis for 

women at risk with the benefit of reducing the incidence of breast cancer (Cummings et al. 1999).  

Additionally, raloxifene is available with FDA approval to reduce breast cancer incidence in post-



menopausal women at risk for developing the disease (Vogel et al. 2010).  Raloxifene does not increase 

the incidence of endometrial cancer.  A new SERM, lasofoxifene, is 100x more potent than raloxifene for 

the treatment and prevention of osteoporosis.  Its beneficial side effects are a reduction of strokes, breast 

cancer, endometrial cancer, and coronary heart disease (Cummings et al. 2010).   

 Other than SERMs, another way that the ER activity can be modified is by limiting the availability of 

the activating ligand, estrogen.  Aromatase inhibitors block the aromatase enzyme either competitively or 

as suicide inhibitors.  This prevents the conversion of androgen to estrogen, therefore blocking estrogen 

production (Deroo and Korach 2006). 

 Patients with ER-positive breast cancer respond effectively to treatment with SERMs and 

aromatase inhibitors; these therapies are used routinely in the clinic.  ICI 182,780, also known as 

fulvestrant, is a pure antiestrogen that enhances ER protein destruction and is used as a second-line 

therapy after acquired resistance occurs with tamoxifen or aromatase inhibitors (Jordan 2009).   

 Long-term treatment of ER-positive breast cancer patients with tamoxifen is the standard-of-care 

for pre-menopausal women.  Alternatively, the majority of post-menopausal patients receive aromatase 

inhibitors instead of tamoxifen since it causes fewer side effects while still preventing estrogenic action 

(Jordan 2008). 

 

Antic ipated high-impact res ults  (bullet points  of antic ipated data) 

• Personalized targeted therapy for ER+ breast tumors 

• Elucidation of mechanism of SERM resistance 

• Therapy to prevent resistance to SERMs 

• Therapy to exploit estrogen-induced apoptosis 

 

 The application of the ER as a cancer therapeutic target continues to offer promise in laboratory 

science and for the benefit of patients worldwide.  Past scientific discoveries involving ER modulation 

have laid the foundation for other hormonal receptors and their applicable cancer therapy and/or 

prevention.  The defining principles drawn from the targeting in breast cancers are already being applied 

to the androgen receptor (AR) and the treatment of prostate cancer (Chen et al. 2005). In the future, the 



therapeutic targeting of the hormone receptor superfamily will have profound impact on cancer medicine.  

Investigation continues in this field to optimally exploit the expressed biology in breast tumors.  

 

C ros s -references  

DNA, PR, AR



(insert Figure1 here) 
F igure 1.   The potential decision network in estrogen target tissues that could program a ligand receptor 
complex to activate estrogenic or antiestrogenic responses. There are two distinct estrogen receptors 
(ERs) (alpha and beta) that are differentially distributed throughout the body. The shape of the ligand can 
change the shape of the receptor complex. This is turn preprograms the complex to bind either a co-
activator or co-repressor protein to enhance the intrinsic activity of the complex for estrogenic responses 
or reduces intrinsic activity for antiestrogenic responses, respectively. The final decision point is to 
activate or suppress genes directly at DNA estrogen response elements (ERE) or tether the AP-1 sites to 
increase gene transcription. Overall, a tissue can modify the decision network through cell surface 
receptor tyrosine kinases (RTK) enhancing the phosphorylation cascade. This in turn can increase 
phosphorylation of coactivators or the ER. The balance of decision outcomes modulates the response of 
a particular tissue.     
 
R eprinted from B ritish J ournal of P harmacology, V olume 147, V . C raig J ordan, T amoxifen (IC I46,474) as  a targeted 
therapy to treat and prevent breas t cancer, p. S 269-S 276, C opyright (2006), with permis s ion from J ohn Wiley and 
S ons . 
 
 
(insert Figure2 here) 
F igure 2.  P rogres s  toward an ideal S E R M.  The overall good or bad aspects of administering hormone 
replacement therapy to postmenopausal women compared with the observed site-specific actions of the 
selective estrogen receptor modulators (SERMs) tamoxifen and raloxifene. The known beneficial or 
negative actions of SERMs have opened the door for drug discovery to create the ideal SERM or targeted 
SERMs to either improve quality of life or prevent diseases associated with aging in women. 
 
R eprinted from C ancer C ell,  Vol 5, Iss ue 3, V . C raig J ordan, S elective es trogen receptor modulation: C oncept and 
cons equences in cancer, p. 207-213, C opyright (2004), with permis s ion from E ls evier.
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ABSTRACT 

The successful translation of the scientific principles of targeting the breast  tumour 

oestrogen receptor (ER) with the nonsteroidal anti-oestrogen tamoxifen and using extended 

durations (at least 5-years) of adjuvant therapy, dramatically increased patient survivorship and 

significantly enhanced a drop in national mortality rates from breast cancer.  The principles are 

the same for the validation of aromatase inhibitors to treat post-menopausal patients but 

tamoxifen remains a cheap, life-saving medicine for the pre-menopausal patient.  Results from 

the Oxford Overview Analysis illustrate the scientific principle of “longer is better” for adjuvant 

therapy in pre-menopausal patients.  One-year of adjuvant therapy is ineffective at preventing 

disease recurrence or reducing mortality, whereas five-years of adjuvant tamoxifen reduces 

recurrence by 50% which is maintained for a further ten-years after treatment stops.  Mortality is 

reduced but the magnitude continues to increase to 30% over a 15-year period.  With this clinical 

database, it is now possible to implement simple solutions to enhance survivorship.  Compliance 

with long-term anti-hormone adjuvant therapy is critical.  In this regard, the use of selective 

serotonin reuptake inhibitors (SSRIs) to reduce severe menopausal side effects may be 

inappropriate.  It is known that SSRIs block the CYP2D6 enzyme that metabolically activates 

tamoxifen to its potent anti-oestrogenic metabolite, endoxifen.  The selective nor-epinephrine 

reuptake inhibitor, venlafaxine, does not block CYP2D6, and may be a better choice.  

Nevertheless, even with perfect compliance, the relentless drive of the breast cancer cell to 

acquire resistance to therapy persists.  The clinical application of long-term anti-hormonal 

therapy for the early treatment and prevention of breast cancer, focused laboratory research on 

the discovery of mechanisms involved in acquired anti-hormone resistance.  Decades of 

laboratory study to reproduce clinical experience described not only the unique mechanism of 

SERM-stimulated breast cancer growth, but also a new apoptotic biology of oestradiol action in 
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breast cancer, following 5-years of anti-hormonal treatment.  Oestradiol-induced apoptotic 

therapy is currently shown to be successful for the short-term treatment of metastatic ER positive 

breast cancer following exhaustive treatment with anti-hormones. The “oestrogen purge” concept 

is now being integrated into trials of long-term adjuvant anti-hormone therapy. The Study of 

Letrazole Extension (SOLE) trial employs “anti-hormonal drug holidays” so that a woman’s own 

oestrogen may periodically purge and kill the nascent sensitized breast cancer cells that are 

developing.  This is the translation of an idea first proposed at the 1992 St. Gallen Conference.  

Although tamoxifen is the first successful targeted therapy in cancer, the pioneering medicine is 

more than that.  A study of the pharmacology of tamoxifen opened the door for a pioneering 

application in cancer chemoprevention and created a new drug group:  the Selective ER 

Modulators (SERMs) with group members (raloxifene and lasofoxifene) approved for the 

treatment and prevention of osteoporosis with a simultaneous reduction of breast cancer risk.   

Thus, the combined strategies of long-term anti-hormone adjuvant therapy, targeted to the breast 

tumour ER, coupled with the expanding use of SERMs to prevent osteoporosis and prevent 

breast cancer as a beneficial side effect have advanced patient survivorship significantly and 

promises to reduce breast cancer incidence. 

INTRODUCTION 

Professor Hans-Joerg Senn asked me to cast light on future opportunities for improving 

adjuvant anti-hormone therapy that can be implemented or tested in clinical trial.  This I will do, 

but first I will preface my remarks with a quote from Patrick Henry, the first elected Governor of 

Virginia, who said it best: “I have but one lamp by which my feet are guided, and that is the 

lamp of experience.  I know no way of judging of the future, but by the past.”  In 1969, when I 

started my research on the pharmacology of non-steroidal anti-oestrogen, there was no tamoxifen 
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(Fig 1), only ICI 46,474, an effective anti-fertility agent in rats1. The compound had anti-

oestrogenic properties, so I proposed2 to enhance its clinical application from an orphaned drug, 

with modest efficacy in metastatic breast cancer, to  a targeted anti-cancer agent for adjuvant 

therapy and chemoprevention.  Tamoxifen became my lamp, and subsequent laboratory research 

results shed light on the future of successful and safe adjuvant anti-hormone therapy, a new drug 

group of selected estrogen receptor modulation (SERMs)3, a lead compound in the SERMs 

raloxifene for clinical applications, the promise of multi-functional medicines, the unique 

qualities of acquired anti-hormone drug resistance and a new apoptotic biology of oestrogen in 

breast cancer (Fig 1, Table 1)4.  Tamoxifen, a failed contraceptive in women, is now a pioneering 

medicine in oncology 1 and is listed as an essential medicine by the World Health Organization.   

The clinical validation5, 6 of the laboratory principles of targeting the breast tumour 

oestrogen-receptor (ER)7 with long-term adjuvant antihormonal therapy (tamoxifen and 

oestrogen withdrawal)8, 9 using a long acting anti-oestrogen, metabolically activated to potent 

hydroxylated metabolites9-12, established a treatment strategy that continues to enhance the 

survivorship of millions of women world-wide.  The key to success was the application of the 

first effective medicine to target the tumour through blocking oestrogen-stimulated growth at the 

ER, but coupled with the application of the counter-intuitive laboratory finding, that long-term 

adjuvant therapy would be superior to short-term therapy to control recurrence.  The strategy 

succeeded, despite initial clinical findings that the tumour response to tamoxifen was not 

strongly correlated to ER status13, 14 and the legitimate concern that long-term therapy would 

precipitate early drug resistance.  This concern was based on the fact that tamoxifen was only an 

effective treatment in unselected metastatic disease for about a year or two15, so why would 
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extended or indefinite adjuvant tamoxifen treatment be effective at preventing recurrence in the 

adjuvant setting?   

Clinical trials finally demonstrated that the laboratory principle of “longer was more 

effective at controlling recurrence” was correct5, 6.  The subsequent development of the 

aromatase (AIs)16 expanded post-menopausal patient treatment options and reduced “oestrogen-

like” side effects associated with tamoxifen, such as endometrial cancer and thromboembolic 

disorders17.  There was also a modest improvement of disease-free survival compared with 

tamoxifen.  The widespread acceptance of long-term antihormonal therapy as the standard of 

care and the intense and exhaustive examination of patient population databases, now permit 

questions to be addressed to improve patient survivorship.  At a time of shrinking resources for 

biomedical research but expanding menus of purported targeted drugs to close one pathway or 

another, it is time to apply simple, basic rules that will make an impact immediately on 

enhancing survivorship.  Only then, is it prudent to fine tune the results from a position of 

strength, by interrogating the tumour biology with blockers of survival pathways. 

SIMPLE SOLUTIONS TO ENHANCE SURVIVAL 

It seems obvious but it must be stated.  The past 30-years of successful translational 

research is without value if an infrastructure does not exist to ensure that a patient’s treatment is 

maintained when the medicine has proven value to aid survival from breast cancer.  A medical 

team is available to support a patient’s needs but there must be a refocus of the team to relearn 

basic principles:  chronic therapy that requires years to provide benefit is worthless if the patients 

will not follow the regimen.  This act will dramatically reduce their potential for survival.  The 

fashion over the past four decades, for evidence based medicine, requires effective delivery.  
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Significantly, delivery is a minor commitment compared to the effort behind discovering and 

proving the efficiency of a medicine in prospective clinical trials.   

Based on the published evidence, several general principles are emerging about 

compliance.  A recent analysis of anti-hormone therapy conducted in patients enrolled in the 

Kaiser Permanente of Northern California health system18, revealed that approximately 30% of 

all patients discontinued either AI or tamoxifen early but of those who did continue, 70% were 

fully adherent for up to 5-years.  Thus, only 49% overall are adherent for the full course of 

adjuvant anti-hormonal therapy.  Predictors of non-adherence were African-American race, 

lumpectomy, unknown tumour site, lymph node involvement and other co-morbidities.    

Adherence was associated with Asian/Pacific Island ethnicity, married, earlier years of diagnosis 

(tamoxifen era), prior chemotherapy, radiation therapy and longer prescription refills.  These and 

similar findings19, 20 describe the extent of the problem but noncompliance with effective 

therapeutic agents also increases recurrence and mortality21-23. 

Another significant finding of the Hershman study18 was that young women under 40-

years old were more likely to discontinue anti-hormone therapy.  This group would be prescribed 

tamoxifen but reasons for stopping could be because the women chose to start a family or the 

menopausal side effects were too severe.  In regard to the latter, many women have been 

routinely prescribed selective serotonin reuptake inhibitors (SSRIs) over the past decade to 

reduce menopausal side effects.  Members of this drug group block the CYP2D6 enzyme that 

metabolically activates tamoxifen to the potent anti-oestrogen endoxifen thereby (Fig. 2) 

impairing full drug benefit (Fig. 3)24.  However, it must be stressed that not all SSRIs have the 

same ability to block tamoxifen metabolism and as a result, studies that group all SSRIs together 

are not uniformly consistent with the hypothesis25, 26.  Nevertheless, the recent Canadian study of 
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co-prescription of various SSRIs and the selective nor-epinephrine reuptake inhibitor (SNRI) 

venlafaxine does implicate paroxitene as increasing mortality during tamoxifen treatment and 

venlafaxine decreases mortality27.  Overall, enhancing compliance and avoiding SSRIs that block 

CYP26D will significantly increase the chances of patient survival.  That being said, the next 

issue to address is anti-hormone drug resistance.   

Anti-hormonal drug resistance can be manifest in two forms for the ER positive tumour:  

intrinsic resistance where the tumour does not respond at all to anti-hormone therapy, despite 

being ER positive and acquired anti-hormone therapy where the tumour initially responds to 

anti-hormone therapy but then grows despite the continuing treatment.  Much effort has focused 

on an understanding of the molecular mechanism of intrinsic anti-hormone resistance and it 

seems that cross-talk between growth factor receptors and the low levels of ER have essentially 

made the ER irrelevant for cell survival.  No scientific advance has yet reversed intrinsic 

resistance and aided patients.  In contrast, there have been significant advances in understanding 

acquired anti-hormone resistance in the laboratory and these emerging data have been translated 

to clinical practice. 

THE CHALLENGE:  ACQUIRED DRUG RESISTANCE 

Clinical experience with the successful application of long-term tamoxifen as an adjuvant 

therapy produced a clear survival advantage for patients28.  Unselected patients treated for 5-

years with adjuvant tamoxifen lived longer than patients in the non-treatment (placebo) arm but 

who were treated with tamoxifen at first recurrence as they had metastatic breast cancer. The 

clinical results with successful adjuvant tamoxifen therapy demonstrated28 that our understanding 

of the development of drug resistance to tamoxifen treatment in ER positive disease were 

incorrect on July 25, 1987 (the publication date of the Scottish MRC trial), but supported the 
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principle of early treatment of micrometastatic disease.  Also, it highlights the fact that resistance 

to tamoxifen for the treatment of metastatic disease occurs rapidly within 2-years, and this 

biology did not apply to an adjuvant application of tamoxifen.  Despite the fact that the rat 

mammary carcinoma model demonstrates that earlier, longer treatment with an anti-oestrogen 

was a suitable clinical strategy8, there was no model of human diseases to test this hypothesis.  

However, in the mid-1980s, this was about to change.  The ER positive breast cancer cell line 

MCF-729 exhibits oestradiol-stimulated tumor growth when transplanted into ovariectomized 

athymic mice.  Tamoxifen blocks oestradiol-stimulated tumor growth but cannot maintain 

growth inhibition as ER positive tumors eventually grow despite tamoxifen treatment30.  

However, it seems that SERM and antihormonal resistance in breast cancer evolves and exposes 

a vulnerability in breast cancer that can be exploited in the clinic31. 

The first transplantable model of tamoxifen resistance in breast cancer demonstrated that 

drug resistance to tamoxifen was unique32.  Although tamoxifen can initially block oestradiol-

stimulated growth of MCF-7 cells, resistant ER positive tumors can use either oestradiol or 

tamoxifen to stimulate tumor growth (Fig. 4).  Tumours do not grow unless treated with 

tamoxifen or oestradiol so in the ovariectomized mouse, this is equivalent to the “non-oestrogen 

state” created by aromatase inhibitors.  Tumours also do not grow if treated with the pure anti-

oestrogen fulvestrant that destroys the ER33, 34.  This laboratory model replicates clinical 

experience with drug resistance to tamoxifen in metastatic breast cancer and explains why 

aromatase inhibitors or fulvestrant are effective second line treatments35, 36.   So, how does a 

study of the drug resistance to tamoxifen in the laboratory explain the effectiveness of 5-years of 

adjuvant tamoxifen to reduce recurrence rates in ER positive breast cancer to tamoxifen by fifty-

percent and continue to reduce mortality a decade after tamoxifen treatment is stopped?  The 
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answer is the evolution and reconfiguration of cell survival pathways that occurs in 

micrometastatic breast cancer during years of treatment. 

Continuous retransplantation of successive generations of tamoxifen-stimulated MCF-7 

tumor lines into athymic mice for more than 5-years results in a derived tumor line that does not 

respond to physiologic oestradiol with growth but rapid tumor regression through apoptotic cell 

death (Fig. 5)37, 38.  These data were first presented at the St. Gallen meeting in 199237.  The 

concept offered at the time was that the ultimate and long lasting value of adjuvant tamoxifen 

therapy derives from stopping adjuvant tamoxifen when the woman’s own oestrogen can now 

destroy the micrometastases that have been sensitized to oestrogen-induced apoptosis.  The 

initial laboratory observations on low dose oestradiol-induced tumour regression were 

subsequently confirmed38, expanded39-42 and translated successfully to clinical trial43, 44.  As a 

result, it is now possible to define the evolution of acquired anti-hormone therapy into a 

Treatment Phase where the anti-hormone blocks oestradiol stimulated tumour growth, Phase I 

when a SERM or oestradiol stimulates growth (or an aromatase inhibitor creates oestrogens 

independent growth) and Phase II when a SERM stimulates growth but physiological oestrogen 

provokes apoptosis either after stopping a SERM or after stopping an aromatase inhibitor (Fig. 

6). 

Thus, over the past four decades, general scientific principles have emerged and 

translated to clinical care for patients.  The application of these principles of endocrine adjuvant 

therapy have benefited, and continued to benefit, millions of women worldwide, through a 

simple and cheap therapeutic intervention.  We will now consider how emerging laboratory 

knowledge may reverse or at least hold Phase II resistance to enhance the longevity of the 

patient.  We will, however then, revisit the clinical reality that increased tumour burden is a poor 
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indicator of patient survival, so that the founding principles of our initial work, i.e. early 

treatment targeting the ER with long-term therapy2 must be embraced by the clinical community. 

Oestradiol-Induced Apoptosis under Laboratory Conditions 

The administrations of physiologic oestradiol to athymic mice implanted with phase II 

SERM (tamoxifen or raloxifene) resistant ER positive MCF-7 tumours38, 40, 41, 45 causes tumours 

to stop growing and/or rapidly regress.  Similarly, the long-term oestrogen deprived clinical cell 

line MCF-7:5C42, 46 rapidly undergoes oestrogen-induced apoptosis both in vitro and in vivo.  

These laboratory observations are reminiscent of the pioneering studies of Sir Alexander 

Haddow FRS with his application of the first Chemical Therapy to successfully treat any cancer 

– high dose synthetic oestrogens to treat metastatic breast cancer47, 48.  He observed a 25% 

response rate but these were short-lasting47.  The observation was made that no responses were 

observed close to menopausal but often dramatic responses occurred in women in their late 60s 

and 70s.  By 1970, during the presentation of the Inaugural Karnofsky Award Lecture at the 

American Society of Clinical Oncology (ASCO)48 (incidentally, when I was starting my PhD in 

Pharmacology at Leeds University) he stated: “…the extraordinary extent of tumour regression 

observed in perhaps 1% of post-menopausal cases (with oestrogen) has always been regarded as 

of major theoretical importance, and it is a matter for some disappointment that so much of the 

underlying mechanisms continues to elude us…” 

Now we know that the responses Haddow observed occur because of oestrogen deprivation 

following the menopause.  Longer oestrogen withdrawal after menopause was more effective at 

creating Phase II resistance in select patients, but high dose oestrogen therapy was necessary.  

Based on laboratory studies and clinical correlations, anti-hormone therapy does a better job in 

driving the rapid evolution to Phase II resistance and as a result, only physiological oestrogen is 
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necessary to trigger apoptosis.  Haddow’s paradox that stood for 40-years now has clarity and we 

can start to offer treatment options to exploit the concept further.   

Cell culture models provide a vehicle to examine, over time, oestrogen-induced apoptosis 

with the aim of pharmacologic modulation and the discovery of mechanisms that may have 

relevance for patient care.  Through a knowledge of mechanisms, the elegant oestrogen trigger 

for naturally initiating tumour cell death may subsequently be exploited to other treatment 

scenarios.   If we can decipher the process of ER-induced apoptosis from its current obscurity, 

this knowledge could be applied with the discovery of new drugs to trigger the mechanism 

without the involvement of ER.  The ER is our current guide and light to find a new drug group. 

 We have undertaken an extensive examination of the actions of oestradiol on the growth 

(MCF-7), immediate apoptosis (MCF-7:5C) and delayed apoptosis (MCF-7:2A)49 of our model 

cells using a 2-week time course of gene activity documented through mRNA analysis, creation 

of cDNA libraries and competitive hybridization with a cDNA library from  no treatment 

controls using Agilent Gene Arrays.  These studies were conducted in collaboration with Dr. Eric 

Ariazi and Dr. Heather Cunliffe.   We extensively analyzed the gene time course, and completed 

gene segregation based on hierarchical pathway analysis.  We found that MCF-7 and MCF-7:2A, 

our control cells remained quiescent during the initial few days of oestradiol treatment (1nM) 

whereas the pre-apoptotic MCF-7:5C cells responded with a massive rise in the activation of 

inflammatory genes.  Analysis of the sequence of events during the first few days of gene 

activation, we propose that apoptosis occurs in MCF-7:5C cells by the exploitation of the non-

canonical pathway for NF-κB signal transduction (Fig. 7).   Furthermore, we have mapped out 

the time-course activation of each caspase (except caspase 3 that is absent in MCF-7) and 

determined that caspase 4 is the first and controlling executioner to provoke programmed cell 
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death.  We have interrogated the apoptotic process with purported inhibitors of individual 

activated caspases to confirm our conclusion of the role of caspase 4.  Blockade of caspase 4, 

blocks oestrogen-induced apoptosis.  

Most importantly, the activation of inflammatory genes suggests that oestradiol-induced 

apoptosis could be inhibited or at least modulated by glucocorticoids.   We have subsequently 

established that dexamethazone inhibits oestrogen-induced apoptosis in a concentration related 

manner.  This novel observation may have important implications for the application of 

oestradiol-induced apoptosis for individualized patient care.   It is possible that the inadvertent 

administration of glucocorticoids during patient care could block oestrogen-induced apoptosis or 

that a patient’s own glucocorticoids may also inhibit apoptosis, if patients are challenged with 

oestrogen following exhaustive anti-hormone therapy?  The anti-glucocorticoid mifipristone 

(RU486) could potentially be used with oestrogen to block glucocorticoid action temporarily for 

a few weeks during low dose oestrogen administration to enhance apoptosis.     

Examination of the Agilent gene array data confirmed our previous work49 that elevated 

synthesis of glutathione, is protecting MCF-7:2A cells from immediate apoptosis in response to 

oestrogen.  Apoptosis appears to be retarded in MCF-7:2A cells but an activation of autophagy 

heralds an enhanced transcription of caspase 4 and then triggers oestrogen-induced apoptosis 

during the second week of oestradiol treatment.  We have previously successfully used 

pharmacological inhibitors to test our hypothesis.  Buthionine sulfoximine (BSO), an inhibitor of 

glutathione synthesis49 enhances oestradiol-induced apoptosis from a slow event lasting 2-weeks 

to an immediate event. Unfortunately, BSO, though used extensively in clinical trial a decade or 

more ago, is no longer available to examine whether it is possible to enhance oestrogen-induced 

apoptosis in patients with select tumours. 
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 Thus far, our studies have described what happens, but the real question is how does the 

oestradiol/ER complex triggers apoptosis?  Are there clues about the actual shape or structure of 

the oestrogen ER complex that can be modulated and investigated further?  The MCF-7:5C cells 

depend on a functioning ER for oestradiol-induced apoptosis.  The pure anti-oestrogen 

fulvestrant binds to the ER and causes the rapid destruction of the protein complex.  As a result, 

fulvestrant blocks oestradiol-induced apoptosis in a concentration related manner.  Interestingly 

enough, the tamoxifen metabolites 4-hydroxytamoxifen (4OHTam) and endoxifen do not block 

or affect the autonomous growth of MCF-7:5C cells but do block the initiation of oestradiol-

induced apoptosis.  Herein lies a clue to the mechanism that triggers oestradiol-induced apoptosis 

(Fig. 8).  X-Ray crystallographic studies of the ER ligand binding domain and the oestrogens, 

oestradiol and diethylstilboestrol (DES) and the SERMs 4OHTam50 and raloxifene51 provide a 

fascinating insight into oestrogen and anti-oestrogen action.  The solution of the crystal 

structures demonstrate that the planar oestrogens are sealed within the ligand binding domain by 

helix 12 which then allows co-activators to bind to the activating function (AF)-2 site on the 

complex.  This event amplifies oestrogen action through gene transcription.  In contrast, the 

bulky side chain of the triphenylethylene 4OHTam and the benzothiophene raloxifene prevent 

helix 12 from sealing the hydrophobic ligand binding domain which prevents coactivator binding 

to AF-2.  The promiscuous oestrogen-like activity of 4OHTam is explained by the inability of 

the anti-oestrogenic side chain to neutralize and shield the exposed aspartate at position 351 at 

the surface of the ligand binding domain.  This exposed carboxylic acid communicates with AF-

1 to induced oestrogen-like actions.  Raloxifene completely blocks and neutralizes the aspartate 

at 351 and the raloxifene ER complex does not activate AF-1.  This hypothesis has been 

successfully interrogated with changes in the ligand and the aspartate at 351 to modulate the 
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activation of a model oestrogen target gene Transforming Growth Factor α52-55.  Overall, we 

concluded that activation of AF-1 by an exposed surface aspartate 351 confirms that helix 12 is 

not sealing the ligand binding domain so it can, therefore, communicate a signal to AFI to induce 

oestrogen-like gene activation. If aspartate 351 is masked under helix 12 with a planar oestrogen 

than AF-2 is activated and the communication between AF-1 and aspartate 351 is mute. These 

data and conclusions subsequently resulted in a reclassification of oestrogens into class 1 

(planar) and class 2 (non-planar)56 using a simple assay to determine whether helix 12 was 

locking the ligand into the hydrophobic ligand binding domain or not.  However, the biological 

significance of this molecular insight was not apparent until recently. 

 Based on the fact that 4OHTam blocks oestradiol induced apoptosis at the ER and the 

statement that the “bulky side chain” of 4OHTam altered the conformation of the ER preventing 

helix 12 from sealing the ligand binding domain50, we advanced the hypothesis that the “bulky 

side chain” of 4OHTam was the phenyl ring of the oestrogenic triphenylbut-l-ene not just the 

para-dimethylaminoethoxy group traditionally associated with anti-oestrogen action.  Perhaps 

the phenyl ring of the triphenylbut-l-ene anti-oestrogen was stopping helix 12 from sealing the 

binding site?  A series of triphenylethylenes (TPEs), previously known to be classified 

exclusively as oestrogens in rodent uterine weight and vagina cornification assays, was used to 

establish oestrogenic activity in MCF-7 breast cancer cells.  All compounds were found to be full 

oestrogens in growth assays compared with oestradiol and DES and fully-activate an ERE 

luciferase report ER gene system in MCF-7 cells57.  In contrast, while oestradiol and DES will 

trigger apoptosis and cell death in MCF-7:5C cells within a week, the synthetic TPE 

“oestrogens” do not provoke massive apoptosis and indeed block oestradiol-induced apoptosis.  

Studies using the CHIP assay at the ERE site in the promoter region of the oestrogen responsive 
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pS2 gene demonstrate that whereas oestradiol E2ER complex is recruited with the co-activator 

SRC3 in AF-2 neither 4OHTam nor the TPE ER complexes are recruited to the promoter58. 

 Overall, these data demonstrate that oestrogen-induced apoptosis is governed and 

programmed by the shape of the ER complex.  As a consequence, shape governs coactivator 

binding at AF-2 and these events subsequently trigger apoptosis. A recent study by59 advances 

our initial oestrogen reclassification paper56 and confirmed, using a phage display library, that 

the shape of the ligand programs the external shaped of the ER complex.  A precise evaluation of 

the immediate early genes involved in the apoptotic response will describe the mechanism of the 

oestrogenic trigger for cell death.  Exploitation of this knowledge may find applications in other 

disease states. 

OESTROGEN TREATMENT:  CURRENT CLINICAL FINDINGS AND 

TRANSLATION TO ADJUVANT THERAPY 

 The laboratory finding37-39 that acquired resistance to anti-hormone therapy evolves and 

exposes a vulnerability of breast cancer cells to the apoptotic actions of physiological oestrogen, 

provides an important insight into potential therapeutic applications.  As previously noted in this 

paper, the anti-tumour effect of physiological oestrogen is reminiscent of the early therapeutic 

use of high dose oestrogen therapy for the treatment of metastatic breast cancer in post-

menopausal women47.  It was noted that the further from menopause patients were, the more 

likely there was to be a tumour response, but these responses never exceeded 30% in any given 

population.   

 It is now clear that the acute oestrogen deprivation caused by anti-hormones speeds up 

the molecular adaptation and reconfiguration of vulnerable survival pathways.  The surviving 
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populations of susceptible breast cancer cells also have increased sensitivity to oestrogen-

induced apoptosis.  Low dose oestrogen therapy now becomes a clinically viable strategy with 

the prospect of reducing oestrogen associated side effects. 

 The laboratory data generated and published in the 1990s proposed the clinical strategy 

of using low-dose oestrogen therapy to “purge” breast cancer cells with Phase II –acquired anti-

hormone resistance, but then the re-introduction of anti-hormone therapy would control 

oestradiol-stimulated tumour growth37, 38.  Nevertheless, a European trial lead by Dr. Per 

Lonning43 recruited patients with metastatic breast cancer following exhaustive anti-hormone 

therapy were treated with standard high-dose DES (5mg tid).  Results are summarized in Table 

2a.  Select patients responded well with one patient subsequently reported60 being disease-free 

more than 10-years after first initiating a high dose oestrogen “purge” therapy. “…the 

extraordinary extent of tumour regression observed in perhaps 1% post-menopausal cases (with 

oestrogen) has always been regarded as of major theoretical importance, and it is a matter for 

some disappointment that so much of the underlying mechanisms continues to elude us…” 

 In a follow-up study, Ellis44 compared and contrasted high dose (10mg tid) and low dose 

(1mg tid) oestradiol therapy in patients who relapsed during adjuvant aromatase inhibitor 

therapy.  Results are summarized in Table 2b.  Results were not as impressive as the Lonning 

study probably because patients did not receive “exhaustive” endocrine therapy prior to an 

oestrogen “purge”.  Nevertheless, the clinical trial confirms that low dose oestrogen can produce 

similar clinical benefit when compared with high-dose oestrogen treatment but with fewer, 

serious side effects. 
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Finally, there is further clinical evidence from the Women’s Health Initiative (WHI) that 

oestrogen replacement therapy (ERT) alone causes a decrease rather than increase in the 

incidence of breast cancer61 and a recent report from the Million Women Study in the UK 

demonstrates that oestrogen alone increases breast cancer incidence immediately following the 

menopause but if ERT is used more than 5-years after oestrogen exposure, oestrogen 

replacement therapy does not cause a rise in breast cancer incidences62.  An overarching 

explanation for these apparently confusing clinical observations is clarified by our evolving 

molecular model to exploiting the role of oestradiol in the life and death of breast cancer cells63, 

64.  We interpret these clinical findings based on the evolution of anti-hormone resistance as 

follows: breast cancer cells in an environment of oestrogen only grow in response to exogenous 

oestrogen, but following long-term oestrogen depriving surviving breast cancer cells either die or 

at least do not develop into tumours.   

The clinical and laboratory database also provides continuing support for the ongoing 

adjuvant Study of Letrozole Extension (SOLE) trial (Fig. 9).  Patients who have completed 5-

years of adjuvant therapy with tamoxifen, an AI or any sequence are then randomized to an AI 

continuously for 5-years or an AI with a drug holiday for 3-months a year.  The trial seeks to 

exploit the hypothesis, advanced at the 1992 St. Gallen Meeting, that a woman’s own oestrogen 

may act as an anti-tumour agent after adjuvant anti-hormone therapy is stopped.  The SOLE trial 

proposes a rigorous test of the hypothesis under controlled conditions that promises to create a 

practical advantage for patients following drug holidays.  Results from this trial coupled with the 

expanding molecular database concerning the modulation of oestrogen-induced apoptosis may 

result in the proposition of regularly purging patients for a week or two with ERT if decades of 
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anti-hormone therapy are to become common place in order that the disease is held in check and 

prevented from recurring.  The question is now – at what point is oestrogen intervention too late? 

FIGHTING OVERWHELMING CANCER CELL FLEXIBILITY 

The enemy is us, Haddow48 in the Inaugural Karnofsky Lecture reasoned that it would 

not be possible to develop a cancer specific therapy in the same way Ehrlich had for syphilis, as 

cancer was our own cells.  What he did not know was that the situation is worse than that.  The 

replicative fidelity of normal cells replace exactly what is lost, but in its own special place.  

Cytotoxic chemotherapy kills the patient by indiscriminately killing normal differentiated cells, 

and perhaps stem cells, so life saving repopulation for the host organism is impossible or too late.  

In contrast, human populations eventually adapt to external destructive forces such as fatal 

infectious diseases (plague, small pox, etc.) but individuals only survive through their 

preprogrammed nimble immunology.  The survivors repopulate.  And so it is with cancer at the 

cellular level within the body.  However, immunology has not yet been proven to be of 

significance for breast cancer prevention.   Haddow was right there – the enemy is us.  The 

tumour at diagnosis has hundreds of mutations compared to the (purportedly) normal human 

genome65, 66.  This and activated oncogenes, or loss of tumour suppression genes, provides the 

random survival flexibility within the cancer cell population to adapt and eventually thrive in a 

hostile (cytotoxic) environment within a few months.  The principle is a microscopic adaptation 

of simple Darwinian evolution that has played out over the millennia by animals on earth.   

Random mutations create a preferred trait that permits survival, while the non-adaptive species 

or population dies out.  The situation with cancer only becomes worse through adaptive survival 

responses preprogrammed in the cancer stem cell.  These cellular “spores” seek to expand and 

prepare for massive repopulation in an enforced anoxic environment.  The clinician is confronted 
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with a perverted microcosm of the struggle for life by cancer cells programmed to create infinite 

candidates in the quest for survival.  The patient is overwhelmed by sheer numbers in the wrong 

places.  This is the challenge of targeted molecular therapeutics but how to build rationally on 

the advances in survivorship achieved over the past 40-years in breast cancer? 

The path to progress in drug development has not changed significantly during this time, 

despite our new knowledge of the disease.  The administrative plan for drug evaluation is in 

place to protect citizens and provide safe and therapeutically proven medicines for clinical care.  

To market a new drug to treat breast cancer, a precise system must be followed to obtain 

government approval.  Phase I clinical trials must offer the hope of potentially effective 

treatment to patients who have received all possible therapeutic options.   The goal is to 

document dose limiting toxicities and at this stage of the disease, responses are a major bonus.  

Phase II trials focus on a cancer type of interest based on reasonable data from preclinical studies 

or an unanticipated response in Phase I trials.  If a candidate is successful in Phase II trials, the 

drug is evaluated against or with the current standard of care.  It should be emphasized that 

therapeutic results from Phase II trials with tamoxifen were not very dramatic, but Phase I data 

on toxicity for the patient was excellent compared with other therapies available.  Only by 

targeting the ER in the tumour and applying long-term adjuvant therapy did patient survivorship 

increase.  A discarded contraceptive became the “gold standard” for breast cancer therapy over a 

30-year journey1. 

With this background, how do we build on success?   Today there are dozens of good 

potential targets and dozens of plausible candidates for each target.  However, unlike the ER 

which was, it is turned out, the principle messenger to stimulate breast tumour growth in about 

30% of tumours, other candidate targets are proving to be not the star but part of the chorus. In 
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late stage disease, one pathway is blocked but others now compensate.  Pathways to preserve 

cellular life can be essential in all cells, but a cancer cell specific pathway is the only key to 

success in cancer therapeutics. 

Based on our current work investigating oestradiol-induced apoptosis of breast cancer 

cells with long-term acquired resistance, we purposed a hypothesis:  can we block breast cancer 

cell survival mechanisms and enhance the chances that the cell must undergo apoptosis in 

response to oestradiol? 

  c-Src was the first identified oncogene in cancer and is said to be present in more than 

70% of breast cancer67.  It controls AKT and MAPK phosphorylation cascades as the 

intermediary from growth factor receptor activation. It would appear to be an ideal target to 

subvert cell survival; almost as good as the ER! We posed the question, that if we blocked c-Src 

in breast cancer cells resistant to aromatase inhibitors would we then enhance apoptosis? In other 

words, would we generate value for the cancer patient by increasing cell kill as we have 

previously found that c-Src inhibitors were completely ineffective in affecting growth of 

oestrogen stimulated MCF-7 cells, but had significant efficiency in blocking the growth of ER-

negative MDA-MB-231 and oestrogen stimulated ER-positive T47D cells.  More importantly, 

long-term oestrogen-deprived MCF-7 cells have elevated pSrc.  As most ER-positive cancers are 

exhaustively treated with antihormones before Phase I/II testing and we were building on a 

known efficacy of estrogen therapy, the proposition appeared sound. Our model cell, MCF-7:5C, 

had elevated phospho c-Src and are targeted inhibitor PP2 completely blocked phosphorylation. 

However, a 2 month course of treatment of MCF-7:5C cells with physiological oestrogen levels 

(1nM) that would be present in a postmenopausal patient plus the c-Src inhibitor (5 microMolar), 

resulted in the blockade of oestrogen-induced apoptosis and the reversion of the cell population 
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to Phase I drug resistance (Fig. 10), i.e. estrogen or SERM-stimulated for growth. Within 2 

months, the flexibility of cell populations had created no real advance that could realistically aid 

the patient.  

Thus, as an illustration of the challenge, we face for the application of logical targeted 

therapy, one could conclude the following: an expanding menu of targeted medicines is available 

for testing, but only select populations will respond. Testing a c-Src inhibitor in the incorrect 

stage of antihormone resistance or patient populations cannot be successful. This is the problem: 

the testing populations for registration may be inappropriate for a drug candidate that is 

magnificent in a neoadjuvant therapy naïve disease study. However, does this enhance 

registration?  Unfortunately not. 

We need practical strategies to aid communities to hold the development and death from 

breast cancer while we attempt to decipher the enormous complexity of pathways and 

permutations of targeted therapies. This conclusion brings us back to the second piece of 

translational research started in our laboratory in the 1970’s – chemoprevention. Remarkably, the 

lamp of tamoxifen shed light on an alternative strategy to reduce cancer incidence and preempt 

the aforementioned Gordian Knot. Unfortunately, the initial strategy for the clinical application 

of chemoprevention requires the identification of high-risk populations to be treated with the 

pioneer tamoxifen.  This approach is flawed.  However, a public health strategy for an aging 

population that creates wellness for as long as possible is a laudable goal now within our grasp. 

TAMOXIFEN IS ALSO ABOUT PROGRESS IN CHEMOPREVENTION 

An extensive study of the pharmacology of tamoxifen68 identified its ability to modulate 

oestrogen target tissues around the body; tamoxifen is anti-oestrogenic in the breast and 
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oestrogen-like in bone and lowers circulating cholesterol69-72.  Translational research also first 

identified the potential of tamoxifen to increase the risk of developing endometrial cancer during 

extended treatment schedules73-75. Tamoxifen blocks breast tumour growth and development but 

enhances endometrial cancer growth.  As a result, new procedures were introduced for the 

gynecological monitoring of post-menopausal patients receiving long-term tamoxifen therapy.  

New agents, without endometrial problems, were needed for investigation.  Knowledge of 

selective ER modulation by tamoxifen and also the pharmacology of the structurally-related 

failed breast cancer drug, raloxifene, led to the creation of a new drug group, the Selective ER 

Modulators (SERMs)76, with the potential to treat and prevent multiple diseases in women and 

prevent breast cancer at the same time.  The fact that raloxifene was less oestrogen-like than 

tamoxifen in the rodent uterus and less likely to increase the incidence of the endometrial cancer 

in patients77, 78 meant that safer compounds could be identified as chemopreventives for breast 

cancer but a new strategy to achieve the goal was essential.  Benefits for a tiny, unidentifiable 

minority is unacceptable if the vast majority of women in a high risk population have side 

effects, some life-threatening.  The road map for the pharmaceutical industry was clearly stated 

in 199079.  Is this the end of the possible applications for anti-oestrogens?  Certainly not! We 

have obtained valuable clinical information about this group of drugs that can be applied in 

other disease states. Research does not travel in straight lines and observations in one field of 

science often become major discoveries in another. Important clues have been garnered about 

the effects of tamoxifen on bone and lipids so it is possible that derivatives could find targeted 

applications to retard osteoporosis or atherosclerosis. The ubiquitous application of novel 

compounds to prevent diseases associated with the progressive changes after menopause may, as 

a side effect, significantly retard the development of breast cancer. The target population would 
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be postmenopausal women in general, thereby avoiding the requirement to select a high risk 

group to prevent breast cancer.  

Raloxifene pioneered the concept in the clinic confirming the prediction that the 

prevention of breast cancer would occur during the treatment and prevention of osteoporosis in 

high risk post-menopausal women80 with no increase in endometrial cancer.  Today, the 

prediction that SERMs could control multiple diseases in women following the menopause is 

poised to become a reality.  Lasofoxifene (Fig. 1) is approved in the European Union for the 

prevention and treatment of osteoporosis which simultaneously decreases the incidence of breast 

cancer, strokes and myocardial infarction, but without increasing endometrial cancer risk81.  

Lasofoxifene is more than one hundred times more potent than raloxifene and the 

aforementioned strategy79 to improve women’s health in aging populations is the new face of 

chemoprevention in breast cancer - treat the majority of women for major diseases like 

osteoporosis and coronary heart disease and prevent breast cancer as a beneficial side effect.  The 

saving in health care costs by not paying for the treatment of breast cancer in tens of thousands 

of women without breast cancer will be considerable, but admittedly hard to quantitate.   

Raloxifene is not only available in the United States of America for the treatment and 

prevention of osteoporosis but also for reduction of the incidence for breast cancer in post-

menopausal, high-risk women82.  However, the SERM must be given indefinitely to remain 

effective in both diseases83.  In contrast, tamoxifen remains effective for decades after the limited 

treatment period of 5-years is stopped84, 85.  As mentioned previously, the key to understanding 

this fact probably resides in the laboratory study of drug resistance to SERMs and aromatase 

inhibitors and the development of a cellular susceptibility to oestrogen-induced apoptosis.  The 

fact that the same tumour responsiveness to raloxifene appears to be retarded in clinical practice 
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suggests that the known poor pharmacokinetics and bioavailability of raloxifene is not able to 

rapidly produce an “anti-oestrogenic” state around the nascent tumour like tamoxifen.  This may 

explain the reduced performance of raloxifene against tamoxifen in the STAR trial, following the 

cessation of 5-years of treatment83. 

SUMMARY AND CLOSING THOUGHTS 

Over the past 40-years, we have witnessed, a dramatic improvement in the survivorship 

of the majority of patients with a diagnosis of ER positive breast cancer.  The SERM tamoxifen 

pioneered the process.  Translational research has added further cheap and effective targeted 

anti-hormonal therapies to the physician’s armamentarium that are proven to be of benefit in 

randomized adjuvant clinical trials world-wide.  Not only has therapy been improved 

substantially over the past 40-years, from the time in the early 1970s when there was stated to be 

little prospect of successful survival advances with “endocrine therapy”, but also the parallel path 

of chemoprevention has been pioneered successfully with the same SERM tamoxifen.  This 

SERM heralded a new era of general medicine where a family of SERMs would allow women to 

expect to reduce their risk of fractures but prevent breast cancer at the same time.  This was only 

a laboratory concept 20-years ago79, 86 but it seems obvious that with an aging population that 

seeks to remain active for as long as possible, that the SERMs will play their part in reducing the 

incidence of breast cancer if used wisely in the post-menopausal population.   

The lessons learned with the lamp-light of the pioneer tamoxifen are now established 

principles in cancer therapeutics. The principles are:  aim at the target (ER), start therapy as early 

as possible (i.e. as few lymph nodes as possible involved), long therapy is preferable to shorter 

therapy, compliance with the medicine is essential and drug interaction with SSRIs to stop 
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menopausal side effect in a few should be avoided.  Conforming to these principles aids patients’ 

survival.  The light from the lamp also taught us what we did not know.  Firstly tamoxifen is a 

selective modulator of ER action around a woman’s body and heralded a new drug group (the 

SERMs) that prevent osteoporosis and prevent breast cancer as a beneficial side effect.  This 

avoids the need to find the exact women who would benefit from chemoprevention using the 

Gail Model87.  Secondly, drug resistance evolves so that oestradiol becomes an apoptotic trigger.  

Further studies solved the concern expressed by Haddow in 1970 that the mechanism of 

oestrogen-induced apoptosis was a mystery.  Now oestrogen therapy has a niche application in 

patient care.   

During the past 40-years, the mosaic of endocrine adjuvant therapy and chemoprevention 

with SERMs has been clarified by effective translational research4, 88.  The next challenge for a 

generation of “omic” scientists is to prioritize the opportunities in molecular therapeutics based 

on this solid start, so as to advance and individualize treatment. 
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FIGURE LEGENDS: 

Fig. 1. The structure of medicines and compounds mentioned in the text. Oestradiol and 
diethylstilboestrol are oestrogens, whereas all others are selective oestrogen receptor modulators 
(SERMs) used in medicine for the treatment and chemoprevention of breast cancer (tamoxifen), 
treatment and prevention of osteoporosis and the chemoprevention of breast cancer (raloxifene). 
The new SERM, lasofoxifene, is approved for the treatment and prevention of osteoporosis in the 
European Union. 

Fig. 2. The metabolic activation of tamoxifen with a low affinity to the tumour oestrogen 
receptor by the P450 enzyme CYP2D6 enzyme to endoxifen with a high affinity for the tumour 
oestrogen receptor. 

Fig.  3. The metabolism of tamoxifen to 4-hydroxytamoxifen, a metabolite with a high affinity 
for the oestrogen receptor. Tamoxifen’s major metabolite is N-desmethyltamoxifen that has a 
similar binding affinity to the oestrogen receptors as tamoxifen. However, N-
desmethyltamoxifen is metabolically activated to endoxifen, with a high binding affinity for the 
oestrogen receptor. The selective serotonin re-uptake inhibitors (SSRIs), paroxetine and 
fluoxetine block the metabolic activation of tamoxifen by blocking CYP2D6. Venlafaxine, a 
selective norepinephrine re-uptake inhibitor (SNRI), does not affect tamoxifen’s metabolic 
activation, and therefore is the preferred choice to treat menopausal symptoms experienced with 
tamoxifen. 

Fig.  4. The development of acquired antihormone resistance to selective oestrogen receptor 
modulators (SERMs) (tamoxifen or raloxifene). The unique feature of Phase I antihormone 
resistance is that oestrogen receptor positive breast tumours grow in response to either 
physiological oestradiol or the SERM. In the clinical setting (and laboratory models), an 
aromatase inhibitor (no oestrogen) or the pure anti-oestrogen, fulvestrant, that destroys the 
oestrogen receptor, stops the growth of Phase I resistant tumours to tamoxifen.31 

Fig.  5. Diagrammatic representation of the actions of physiologic oestradiol (E2) on the growth 
of small phase II MCF-7 tamoxifen resistant tumors in ovariectomized athymic mice. A larger 
tumour will regress with oestradiol treatment but will eventually display oestrogen-stimulated 
growth. If tumours are re-transplanted into a new generation of ovariectomized athymic mice and 
treated with oestradiol, tamoxifen will block oestrogen-stimulated tumour growth.38 First 
presented in St. Gallen, 1993. 37 

Fig. 6. The evolution of drug resistance to SERMs. Acquired resistance occurs during long-term 
treatment with a SERM and is evidenced by SERM-stimulated breast tumour growth. Tumours 
also continue to exploit oestrogen for growth when the SERM is stopped, so a dual signal 
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transduction process develops. The aromatase inhibitors prevent tumour growth in SERM-
resistant disease and fulvestrant that destroys the ER is also effective. This phase of drug 
resistance is referred to as Phase I resistance. Continued exposure to a SERM results in 
continued SERM-stimulated growth (Phase II), but eventually autonomous growth occurs that is 
unresponsive to fulvestrant or aromatase inhibitors. The event that distinguishes Phase I from 
Phase II acquired resistance is a remarkable switching mechanism that now causes apoptosis, 
rather than growth, with physiologic levels of oestrogen. A similar evolution occurs with 
aromatase inhibitor resistance from oestrogen independent growth with a transition to oestrogen-
induced apoptosis. These distinct phases of laboratory drug resistance have their clinical parallels 
and this new knowledge is being integrated into the treatment plan. 

 
Fig. 7. The non-canonical pathway results in the activation of IKKα by NIK and phosphorylation 
of the NF-κB subunit. This process results in the conversion of p100 to p52. It is the p52-RelB 
heterodimers that target distinct κB elements on DNA. ANK (ankyrin-repeat motifs). NIK (NF-
κB kinase). RelB (NF-κB family member). RHD (Rel-homology domain). TAD (transcriptional 
activation domain).  

Fig. 8. The reversal of oestradiol-induced apoptosis (1 nM) by increasing concentrations of 4-
hydroxytamoxifen or endoxifen. This nonsteroidal antioestrogen effect highlights the ER 
dependence for oestradiol-induced apoptosis. 

Fig. 9. The Schema for the Study of Letrozole Extension (SOLE) conducted by the International 
Breast Cancer Study Group (IBCSG 35-07). Patients randomized following five years of 
adjuvant antihormone therapy to letrozole continuously or intermittent letrozole (3 month drug 
holidays per year for 5 years). The rationale is that the woman’s own oestrogen in the 
intermittent arm will trigger apoptosis in aromatase inhibitor resistant cells and reduce recurrence 
rates. 

Fig. 10. The evolution of drug resistance and rapid alterations in cell populations if a c-Src 
inhibitor PP2 (5 µM) is incubated with MCF-7:5C cells in the presence of 1 nM oestradiol for 
two months to mimic a clinical scenario of a postmenopausal woman who fails an aromatase 
inhibitor to block growth. Apoptosis from oestrogen is blocked and the cells revert to Phase I 
resistance, i.e. oestrogen and SERM-stimulated growth. 
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TABLE LEGENDS 

 

Table 1. Decades of discovery. The development of scientific principles in the laboratory were 
translated to clinical trials ten years later and subsequently became the standards for clinic care 
for the treatment or chemoprevention of breast cancer, or in the case of the SERM, raloxifene, a 
treatment option for the treatment and prevention of osteoporosis with the prevention of breast 
carcinogenesis as a beneficial side effect. 

Table 2. The proof of principle for a) high dose oestrogen (DES, 15 mg daily) triggering tumour 
responses in patients with metastatic breast cancer following exhaustive antihormone therapy43 
or b) a comparison of high dose oestrogen (oestradiol, 30 mg daily) or low dose oestrogen 
(oestradiol, 6 mg daily), producing similar clinical benefit rates following the failure of therapy 
with an aromatase inhibitor.44 
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Table 1

Decades of Translational Discovery

SCIENTIFIC PRINCIPLE CLINICAL BENEFITDECADE

1970s Long-term adjuvant tamoxifen ---------------------
therapy targeted to ER

Foundation of chemoprevention                  ---------------------
with tamoxifen

1980s Selective ER modulation           Survival benefits for long-term 
adjuvant tamoxifen

1990s Evolution of drug resistance           
to hormones

Anti-tumour actions of 
physiologic oestrogens

2000s Oestrogen-induced apoptosis Clinical translation of 
oestrogen-induced apoptosis

Chemoprevention with SERMs,
tamoxifen and raloxifene



Table 2

Response
COMPLETE PARTIAL SD 

4a/32 6/32 2/32
aOne patient remains disease-free 10 years and six months after commencing DES 

treatment.”

34 10/34 29%6 mg
30 mg

# patients Response                              Clinical benefitDose

32  9/32 28%

A

B
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 Selective Estrogen Receptor Modulators (SERMs) are a well-established drug group in 

medicine. The SERMs are also unique, as their mechanisms depend on differentially switching 

on and switching off target sites around a woman’s body--selectively [1]! Tamoxifen is the 

pioneering SERM [2] and the first medicine to be tested and approved for the reduction of risk of 

any cancer [3]. The problem to be solved was how to identify and treat the appropriate high risk 

women to reduce or eliminate their risk of developing breast cancer. The population based 

models [4] could focus down on a  few thousand high risk women, but breast carcinogenesis 

would only be subverted in a few dozen. These lucky few did not know who they were, amongst 

the thousands who were treated and who would never get breast cancer. Unfortunately, the 

strategy to apply the pioneering SERM, tamoxifen, for population based chemoprevention was 

flawed at the outset, as laboratory and clinical evidence predicted that there was an elevated risk 

of an increase in endometrial cancer for postmenopausal women [5, 6]. This was a slight, but 

significant risk. Women worried. A range of other side effects (e.g. blood clots, cataracts, 

menopausal symptoms) would also be experienced by the many to benefit the few. The situation 

changed dramatically with the discovery that the two “lead” SERMs, tamoxifen and raloxifene, 

maintained bone density in laboratory animals, but also prevented mammary carcinogenesis [7, 

8]. Raloxifene was also less uterotrophic than tamoxifen. Would there be no endometrial risk? 

With the recognition of SERMs in the 1980’s, a unique public health strategy was possible. 

 The new strategy was stated (twice) in the literature, which provided a simple roadmap 

for the pharmaceutical industry to follow (eventually!). Are we looking in the wrong place? The 

majority of breast cancer occurs unexpectedly and from unknown origin. Great efforts are being 

focused upon the identification of a population of high-risk women to test “chemopreventive” 

agents. But are resources being used less than optimally? The problem is much greater than the 
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current horizon. Indeed, even if we had the best chemopreventive for a minority of selected 

women, the overall impact on the disease might be negligible. An alternative would be to seize 

upon the developing clues provided by an extensive clinical investigation of available 

antiestrogens. Could analogs be developed to treat osteoporosis or even retard the development 

of atherosclerosis? If this proved to be true, then a majority of women in general could be 

treated for these conditions as soon as menopause occurred. Should the agent also retain 

antibreast tumor actions, then it might be expected to act as a chemosuppressive on all 

developing breast cancers if these have an evolution from hormone-dependent to hormone-

independent disease. A bold commitment to drug discovery and clinical pharmacology will 

potentially place us in a key position to prevent the development of breast cancer by the end of 

this century [9]. 

And subsequently: Is this the end of the possible applications for anti-estrogens?  

Certainly not! We have obtained valuable clinical information about this group of drugs that can 

be applied in other disease states. Research does not travel in straight lines and observations in 

one field of science often become major discoveries in another. Important clues have been 

garnered about the effects of tamoxifen on bone and lipids so it is possible that derivatives could 

find targeted applications to retard osteoporosis or atherosclerosis. The ubiquitous application 

of novel compounds to prevent diseases associated with the progressive changes after 

menopause may, as a side effect, significantly retard the development of breast cancer. The 

target population would be postmenopausal women in general, thereby avoiding the requirement 

to select a high risk group to prevent breast cancer [10]. 

 Today, new SERMs hold the promise of fulfilling the stated prediction from two decades 

ago. Lasofoxifene [11] for example, is approved in the E.U. for the prevention of osteoporosis in 
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osteopenic women, but at the same time, lasofoxifene reduces the incidence of breast cancer, 

coronary heart events, strokes and endometrial cancer. Raloxifene, the pioneering SERM to 

prevent both breast cancer and osteoporosis [12, 13] is not as robust in its SERM pharmacology 

(there is no effect on coronary events or strokes) as lasofoxifene. Remarkably, lasofoxifene is 

100 times more potent as a SERM; raloxifene is recommended at 60 mg daily but lasofoxifene is 

effective at 0.5 mg daily! 

 With this background of the current success of SERMs, my goal is to guide the reader 

through an evolution of ideas. History is often written as the achievement of Dynasties. But as 

with Dynasties, the dogma of the preceding Dynasty in medicine must be overcome, not by 

sudden force, but by unrelenting pressure and the reason of evidence. Only tenacity can change 

medicine through ideas as the standard of care is maintained and jealously guarded by the 

Dynasty. 

 My early catalytic role in the evolution of our story is well-documented in the refereed 

literature [2, 14]. Suffice to say as a pharmacologist, I had a passion to develop drugs to treat 

cancer. But where to start? By a series of accidents, I met the right people at the right time, but 

the career choice to study the pharmacology of nonsteroidal antiestrogen for my Ph.D. was then 

seen as a dead end. They were failed contraceptives and of only academic interest. But this was 

the point of a Ph.D. in Britain—training in research method with a M edical Research 

Scholarship. Thus, we enter the first of our 4 decades. 
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The 1970’s: The re-invention of tamoxifen as the “gold standard” for the treatment and 

prevention of breast cancer 

 The Dynasty to be defeated in the opening years of the 1970’s was combination cytotoxic 

chemotherapy. Chemotherapy was king, fresh from the victory over childhood leukemia and 

poised to “MOPP” up Hodgkin’s Disease. It was reasoned by the Dynasty, if only the right 

combination of agents could be found in the lexicon of options, a cure was assured. No one was 

advocating antihormone (or as it was described, “hormone therapy”!) research and treatment. 

 I saw an opportunity to develop a failed contraceptive, ICI 46,474, further than was 

believed originally it could go. In 1972, ICI 46,474 was abandoned by the pharmaceutical 

industry for continuing clinical testing because there was no profit to be made. Nevertheless, the 

meeting between me and the Head of the Fertility Control Program, Arthur Walpole (or “Walop” 

as he was affectionately known), proved to be critical to our story. He examined my Ph.D. at 

Leeds University, but ensured I had the resources at the Worcester Foundation in Shrewsbury, 

MA, USA and Leeds University, to create a clinical strategy for this orphan drug. He ensured it 

was put on the market, now tell us how to use it! The strategy I conceived and implemented is in 

Figure 1. 

 The strategy was based on 3 principles: 

1) Target the tumor ER with tamoxifen 

2) Give long term adjuvant tamoxifen therapy 

3) Plan for chemoprevention 

All these principles were unpopular at the outset, but persistence and hundreds of evidence-based 

lectures around the world to my clinical colleagues slowly defeated the Dynasty of combination 

cytotoxic chemotherapy to cure breast cancer. “Antihormone therapy” became the treatment of 
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choice with long term adjuvant tamoxifen therapy targeted to the tumor ER (the first targeted 

therapy).  

How bad was the first Decade of Discovery? If I may be so bold at this point to tell a 

story of my friend and colleague, Steven E. Jones, M.D. When I started my international journey 

to advocate my principles for adjuvant antihormone therapy, Steven was in Arizona, the co-

Director of the Adjuvant Therapy of Cancer Meeting in the 1970’s. I was setting up a Ludwig 

Institute in Bern, Switzerland and was invited to present my new ideas about the use of 

tamoxifen at their 1979 m eeting. There I was, sandwiched between the greats of cyotoxic 

chemotherapy, Vince DeVita and Bernie Fisher. I, in contrast, was advocating a stealth attack on 

breast cancer with tamoxifen that by comparison had no s ide effects. Little hope, one would 

think, but the plan succeeded. Two decades later, Steven Jones rose at a meeting in Washington 

and started his talk by declaring, “Craig Jordan was correct.” Through the clinical trials 

mechanism, it is now proven that long term (5 years) adjuvant tamoxifen treatment targeted to 

the tumor ER has enhanced the survival of millions of women worldwide [15]. An orphan drug 

that is cheap and easy to administer has and continues to save hundreds of thousands of lives 

annually. 

 Now our story changes to the second decade with the “new” fashion in oncology—

chemoprevention. 

 

The 1980’s: SERMs surface 

 The idea of preventing cancer became popular in the 1980’s. This is a noble goal and one 

of the primary goals of cancer research, but the goal has proved hard to address. The idea as 

applied to breast cancer has its origin with the French Scientist, Professor Antoine Lacassagne, 
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who stated, at his lecture at the Annual Meeting of the American Association for Cancer 

Research in Boston (1936): “If one accepts the consideration of adenocarcinoma of the breast as 

a consequence of a special hereditary sensibility to the proliferative action of oestrone, one is led 

to imagine a therapeutic preventive for subjects predisposed by their heredity to this cancer…” 

[16]. However, Lacassagne’s evidence was based on oophor ectomy of mice from strains that 

develop a high incidence of mammary cancer and there were no mechanisms or compounds to 

advance and address the question. This would have to wait another quarter century with the 

serendipitous discovery of the nonsteroidal antiestrogens [10]. 

 Tamoxifen was advanced for testing as a potential chemopreventive for breast cancer in 

the early 1980’s based on three facts: 

1) There was laboratory evidence that tamoxifen would prevent rat mammary 

carcinogenesis [17-19]. 

2) Tamoxifen was becoming widely used in medicine to treat breast cancer so, it was argued 

that side effects were known and anticipated. This was not really true, as it took 

translational research [5] to draw the attention of the clinical community of the small risk 

of endometrial cancer [6]. 

3) Tamoxifen, when used as an adjuvant therapy reduced the incidence of contralateral 

breast cancer [20]. 

Nevertheless, there was a major toxicological (and ethical issue) with treating well women 

with a drug classified as a “n onsteroidal antiestrogen” [21]. If, as was believed at the time, 

estrogen was good to build bone and to reduce the risk of coronary heart disease, what would be 

the value of the chemoprevention strategy that prevents breast cancer but condemns women to an 

elevated risk of crushing osteoporosis or fatal coronary heart disease. To address the concern, 
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laboratory studies were initiated to evaluate the pharmacology of tamoxifen on estrogen target 

tissues. 

 Studies in rats demonstrated that both tamoxifen and the failed and discontinued breast 

cancer drug, raloxifene (then known as keoxifene) [22], both maintained bone density in 

ovariectomized rats [7] and prevented rat mammary carcinogenesis [8]. However, raloxifene was 

not as effective as tamoxifen, probably because of poor pharmacodynamics, i.e. raloxifene does 

not accumulate, is rapidly excreted and there is only 2% bioavailability by the oral route of 

administration [23]. This pharmacological fact was to recur clinically following clinical trials 20 

years later (see next section). 

 A pattern was emerging in the mid 1980’s concerning the pharmacology of the 

nonsteroidal antiestrogens clomiphene, tamoxifen and raloxifene. The facts that lead to the 

SERM concept being described in my laboratory can now be summarized. 

1) Clomiphene, a mixture of estrogenic cis and antiestrogenic trans geometric isomers, has 

bone preserving properties in the ovariectomized rat [24]. Clomiphene had been tested as 

a breast cancer drug in patients [25], but the manufacturer declined to advance 

development based on pot ential problems with cholesterol metabolism and a co ncern 

about cataracts. The drug remained the gold standard for the induction of ovulation where 

only give day courses were given [26].  

2) The fact that clomiphene was an impure mixture of estrogenic and antiestrogenic isomers 

made the bone preserving effects uncertain. The estrogenic isomer might have been the 

favored pharmacologic agent at bone. In contrast, tamoxifen is the pure antiestrogenic 

trans isomer that preserves bone [7] and raloxifene is a fixed ring structure that is 
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exclusively antiestrogenic (very weakly estrogenic) in the uterus, but estrogenic in bone 

[7]. 

3) Both tamoxifen and raloxifene are antitumor agents in rat mammary carcinogenesis [8]. 

4) Tamoxifen stimulates endometrial cancer growth (and mouse uterine growth) but blocks 

estradiol-stimulated growth of breast cancer transplanted in the same immune deficient 

animal [5, 27]. This experiment demonstrates target site specificity. 

5) Tamoxifen lowers circulating cholesterol in the rat [28] and this property was included in 

the initial patent application which read: “The alkene derivatives of the invention are 

useful for the modification of the endocrine status in man and animals and they may be 

useful for the control of hormone-dependent tumours or for the management of the sexual 

cycle and aberrations thereof. They also have useful hypocholesterolaemic activity” [2]. 

The claims as a b reast cancer drug were denied and required to be omitted in the United 

States until eventually a patent was awarded in 1985 in the Court of Appeals. In other words, 

tamoxifen was tested and marketed in America initially without patent protection for a dozen 

years. But, nobody cared, as there was little possibility of success, either as a therapy or 

commercially (or so everybody thought!). 

Thus, based on all these data, primarily from my laboratory, the SERM concept surfaced and 

the roadmap for clinical development started as noted previously [9, 10]. These data were the 

scientific basis of the Wisconsin Tamoxifen Study initiated in the late 1980’s to evaluate the 

pharmacology of tamoxifen on bon e density and circulating cholesterol. It was the proven 

clinical translation of the tamoxifen (SERM) concept to preserve bone density [29] and lower 

circulating cholesterol [30, 31] that awakened the sleeping pharmaceutical industry to develop 

raloxifene to prevent and treat osteoporosis in postmenopausal women. This started with the 
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“magical” patenting in 1992 of raloxifene for this indication [22] and the publication of 

laboratory studies confirming my work on the SERM actions of raloxifene in rats [32]. 

 

The 1990’s: Raloxifene’s Promise is a Reality 

 During the 1990’s, I transitioned from my focus on l aboratory investigations with 

SERMs to a role of “scientific resource” for major clinical trials. I was invited by Eli Lilly to 

chair their Oncology Advisory Committee, which had responsibilities to adjudicate breast cancer 

detection in their initial osteoporosis trial, Multiple Outcomes with Raloxifene Evaluation 

(MORE). Subsequently, Dr. Norman Wolmark would invite me to be the scientific chair of the 

largest breast chemoprevention study—the Study of Tamoxifen and Raloxifene (STAR). 

 The MORE trial recruited 7,705 postmenopausal women with osteoporosis to be 

randomized to placebo, 60 or 120 mg raloxifene daily. Raloxifene reduced fractures of the spine 

by 40% over the initial 3 year evaluation period [12]. In our parallel evaluation of the incidence 

of breast cancer, there was a significant decrease in the incidence of ER-positive breast cancer by 

70% with no i ncrease in endometrial cancer [12]. The laboratory concept of SERMs [10] 

translated to the clinic. Women being treated for osteoporosis would develop less breast cancer if 

they took raloxifene. But here was an important pharmacological point--it was proved that they 

must keep taking raloxifene to obtain benefit. This laboratory principle noted with rapidly 

excreted SERMs in the 1980’s [8, 18] was to emerge as a clinical fact from the STAR trial after 

treatment stopped (see later). 

 What happened to tamoxifen in chemoprevention, Professor Trevor Powles initiated the 

first pilot toxicity study of tamoxifen in high risk women in the early 1980’s [33], but it was Dr. 

Bernard Fisher who successfully conducted the first randomized placebo controlled clinical 
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chemoprevention trial of tamoxifen in women at high risk for breast cancer. All preclinical 

predictors were confirmed—tamoxifen reduced the incidence of breast cancer, increased the 

incidence of endometrial in postmenopausal women and there was a decrease, though not 

significant in fracture rate [3, 34]. Unanticipated information (though prior clinical studies 

suggested an effect) was an increase in operations for cataracts. The other fact consistent with the 

overview analysis of clinical trial for adjuvant therapeutic tamoxifen [15] was that tamoxifen 

alone caused a long term beneficial effect to suppress the development of breast cancer more 

than a d ecade after tamoxifen therapy stopped [35]. We will return to the science behind this 

observation later. The fact, as we noted, that tamoxifen increased endometrial cancer in 

postmenopausal women, now caused a turn to raloxifene, that had no increased endometrial 

cancer in MORE [12].  

 The STAR Trial pitted tamoxifen 20 mg daily against raloxifene 60 mg daily for 5 years 

to compare and contrast efficacy and side effects for the reduction of breast cancer incidence in 

high risk postmenopausal women. As an aside, I was often asked how I would feel if raloxifene 

was found to be superior to tamoxifen. Happy—as the science of both drugs came from my 

laboratory and both drugs had to be reinvented as useful medicine after being essentially 

discarded by industry: tamoxifen, a f ailed contraceptive and raloxifene, a failed breast cancer 

drug. The first analysis of the STAR Trial showed equivalent efficacy to reduce the incidence of 

breast cancer by 50% [13]. However, side effects were reduced with raloxifene. In particular, 

there was less endometrial hyperplasia with raloxifene and fewer hysterectomies. Operations for 

cataracts were lower on raloxifene. This analysis was conducted during raloxifene therapy [13], 

but the subsequent analysis conducted after therapy had stopped [36] demonstrated tamoxifen 
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had a sustained antitumor action whereas there was a reduced (75%) efficacy for raloxifene. The 

drugs were different with their pharmacology and raloxifene must be given indefinitely. 

 We conclude that the fact that raloxifene is a drug with low bioavailability and therefore 

the pharmacodynamics to concentrate at the target site—the effect on the breast tissue is reduced. 

If sustained, local concentrations of tamoxifen and raloxifene are different and the elevated 

concentrations of tamoxifen drive cell population to evolve differently than those exposed to low 

levels of raloxifene, there will be, therefore, consequences for tumorigenesis and the evolution of 

drug resistance. We hypothesize that the low levels of raloxifene remain therapeutically 

“antiestrogenic” for the duration of therapy, but the endogenous estrogen from the woman’s own 

body causes nascent tumor regrowth. 

 In contrast, the sustained high concentrations of tamoxifen locally in the breast causes a 

change in the evolution of the breast cancer cell population that in some way leaves an 

“antitumor memory” for years after therapy stops—but how? This leads us to the final decade of 

discovery: estrogen-induced apoptosis. 

 

The 2000’s: Estrogen-induced apoptosis? 

 The first chemical therapy to treat any cancer successfully was the use of high dose 

estrogen therapy to treat metastatic breast cancer in postmenopausal patients [37]. High dose 

estrogen therapy became the standard of care until the introduction of tamoxifen in the 1970’s 

[10, 38]. At the end of his career, Sir Alexander Haddow FRS, presented the inaugural 

Karnofsky Lecture, where he expressed his disappointment about the lack of progress in 

understanding mechanisms: “…the extraordinary extent of tumour regression observed in 

perhaps 1% of post-menopausal cases (with oestrogen) has always been regarded as of major 
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theoretical importance ,and it is a matter for some disappointment that so much of the 

underlying mechanisms continues to elude us…” [39]. What was known was that the high dose 

estrogen therapy was more effective as a breast cancer treatment the further away the patient was 

from the menopause, but why? 

 The advance in our understanding was to await an examination of model systems in the 

laboratory to decipher the mechanisms of antihormone drug resistance (Figure 2). The whole 

topic has recently been summarized [40], but the facts must be stated to illustrate how 

transparency in nature can occur through unanticipated results in another area of research. 

 The first transplantable model of resistance to long term tamoxifen therapy demonstrated 

unique qualities. Acquired resistance is evidenced by tamoxifen-stimulated (actually SERM-

stimulated as it turns out) growth. Tumors grow because of tamoxifen, not in spite of tamoxifen, 

as occurs with all other anticancer agents. What was even more surprising was the fact that when 

tamoxifen treatment is stopped, then estrogen again can stimulate growth. This model replicates 

tamoxifen resistance during the treatment of ER-positive metastatic breast cancer: resistance 

occurs within a couple of years, estrogen or tamoxifen is required for continued growth and 

estrogen withdrawal or fulvestrant (the pure antiestrogen that causes destruction of the ER) is an 

appropriate second line therapy. What the model of acquired resistance did not do was explain 

how it was possible to use 5 years of adjuvant tamoxifen therapy to treat patients selectively. If 

the laboratory model was correct, and had been available at the time long term adjuvant therapy 

was planned as a treatment strategy, then no one would consider treatment longer than a year for 

adjuvant antihormone therapy. It would obviously be dangerous for patients. The same argument 

was used in the 1970’s by the clinical community. Tamoxifen cannot control metastatic breast 

cancer on average, more than 2 years, so one cannot give long term (greater than 5 years) 
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adjuvant tamoxifen. We were missing something fundamental about the biology of 

micrometastatic breast cancer exposed to long term tamoxifen therapy.  

 The breakthrough in understanding came through serendipity and as always, with 

outstanding graduate students with exceptional laboratory skills. The model of acquired 

resistance to tamoxifen could only only be maintained by serial transplantation in successive 

generations of tamoxifen-treated athymic mice. We were unable to transfer the tumors to cell 

culture for study, so the expense of preserving the only naturally developed model of resistance 

to tamoxifen had to be born. That, as it turned out, was the good, new and an opportunity for 

future discovery. 

 The acquired drug resistance to tamoxifen evolves in an environment of tamoxifen 

(Figure 2). Retransplantation of tumor into further tamoxifen treated mice causes adapted cell 

populations to develop rather than rely entirely on tamoxifen for growth (Phase I), but as the 

survival networks become reconfigured, a vulnerability emerges (Phase II). After 5 years of 

exposure to tamoxifen, the resulting tumor no longer sees estrogen as a survival signal, but as an 

apoptotic trigger (Phase II). 

 In 1992, these data were presented for the first time at the St. Gallen Breast Cancer 

Conference [41]. The hypothesis advanced was that the termination of tamoxifen, at the correct 

time, was important for the woman’s own estrogen to destroy the microfoci of appropriately 

prepared target cells. This new biology of physiologic estrogen causing apoptosis was the reason 

for the enhanced survivorship of patients treated with a full 5 years of tamoxifen. As a result, a 

shift in thinking occurred and the clinical trials community subsequently exploited the concept, 

now published in the refereed literature [42], that therapeutic estrogen or indeed “physiologic 

estrogen” in the form of low dose estrogen replacement therapy (ERT) could cause the correctly 
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configured tumors with acquired antihormone resistance to regress [43, 44]. The Estrogen 

Dynasty originally deposed, struck back. Nature answered as well. Today, there is much interest 

in the paradoxical actions of physiologic estradiol in breast cancer [45, 46]. Recent results from 

the Women’s Health Initiative demonstrate a reduction in the incidence of breast cancer for 

hysterectomized, postmenopausal women who take long term estrogen replacement therapy [47]. 

Like our tamoxifen story, the effects persist for years following stopping ERT [48]. Practical 

advances, not only in the therapy of cancer, but preemptively in “natural” chemoprevention may 

result from these findings in the future. 

 

 In summary, I have mapped out the Decades of Discovery that emerged from a single 

quest some 40 years ago—to develop a drug useful for the treatment and prevention of breast 

cancer. At the time, I could count on the fingers of one hand, the people who were interested in 

the quest. No one cared, and it was not going to happen. But science is not like that; as in 

politics, ideas have their time but it is really about people and a passion to keep the flame of truth 

alight. I am immensely grateful to Professor Hans-Jörg Senn and his Committee for selecting me 

to receive the St. Gallen Prize for Advances in Breast Cancer Research. Thanks also go to my 

friends and colleagues Aron Goldhirsch and Richard Gelber. We all started our personal journeys 

together in Bern, Switzerland in the late 1970’s and we remain older friends and colleagues to 

this day. Most importantly, I thank the 40 years of “Tamoxifen Teams” that worked and trained 

with me in my laboratories in Leeds University (UK), WFEB (US), Ludwig Institute for Cancer 

Research, Bern (Switzerland), University of Wisconsin (Madison), Northwestern University 

(Chicago), Fox Chase Cancer Center (Philadelphia) and the Lombardi Comprehensive Cancer 
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Center (Washington, DC). I had the privilege to guide their lives and they turned the ideas we 

conceived into lives saved around the world. 

 The quotation in the heading of this Editorial was the one I used to open my Prize 

Lecture in St. Gallen, 16 March 2011: “I have but one lamp by which my feet are guided, and 

that is the lamp of experience. I know no way of judging of the future but by the past” (Patrick 

Henry, the First Elected Governor of Virginia, 1775). My lamp was tamoxifen. However, this 

journey, as I hope I have illustrated, is so much more than the successful development of 

tamoxifen for the adjuvant treatment of breast cancer. It is about a way of constructing a 

conversation with nature with the goal of defeating a powerful enemy within us—cancer. 
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Figure Legends: 
 

Figure 1: 

The translational development of tamoxifen for breast cancer. Tamoxifen, was originally a 

failed oral contraceptive, ICI 46,474, t hat was abandoned by the pharmaceutical industry in 

1972. The successful development of tamoxifen required three key components: 1) target the 

tumor ER with tamoxifen 2) give long term adjuvant tamoxifen therapy 3) plan for 

chemoprevention. As a result of targeting the tumor ER with tamoxifen, antihormone therapy 

became the treatment of choice for long term adjuvant tamoxifen therapy. This has been 

successfully validated through clinical trials [15] and in turn has saved the lives of millions of 

women around the world. 

 

Figure 2: 

The evolution of drug resistance to SERMs. Acquired resistance occurs during long-term 

treatment with a SERM and is evidenced by SERM-stimulated breast tumor growth. Tumors also 

continue to exploit estrogen for growth when the SERM is stopped, so a dual signal transduction 

process develops. The pure antiestrogen, fulvestrant, destroys the ER and prevents tumor growth 

in SERM-resistant disease. This phase of drug resistance is referred to as Phase I resistance. 

Continued exposure to a SERM results in continued SERM-stimulated growth (Phase II), but 

eventually autonomous growth occurs that is unresponsive to fulvestrant or aromatase inhibitors. 

The event that distinguishes Phase I from Phase II acquired resistance is a remarkable switching 

mechanism that now causes apoptosis, rather than growth, with physiologic levels of estrogen. 

These distinct phases of laboratory drug resistance have their clinical parallels and this new 

knowledge is being integrated into the treatment plan. 
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Table 1.
Decades of Discovery

• The 1970’s: The re-invention of tamoxifen
as the “gold standard” for the treatment  
and prevention of breast cancer

• The 1980’s: SERMs surface

• The 1990’s: Raloxifene’s Promise is a 
Reality

• The 2000’s: Estrogen-induced apoptosis?
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Abstract 

Background: Estrogen is a known growth promoter for estrogen receptor (ER)-positive breast 

cancer cells. Paradoxically, in breast cancer cells that have been chronically deprived of 

estrogen stimulation, re-introduction of the hormone can induce apoptosis.  

 

Methodology/Principal Findings: Here, we sought to identify signaling networks that are 

triggered by 17ß-estradiol (E2) in isogenic MCF-7 breast cancer cells that undergo apoptosis 

(MCF-7:5C) versus cells that proliferate upon exposure to E2 (MCF-7). The nuclear receptor co-

activator AIB1 (Amplified in Breast Cancer-1) is known to be rate-limiting for E2-induced cell 

survival responses in MCF-7 cells and was found here to also be required for the induction of 

apoptosis by E2 in the MCF-7:5C cells. Proteins that interact with AIB1 as well as complexes 

that contain tyrosine phosphorylated proteins were isolated by immunoprecipitation and 

identified by mass spectrometry (MS) at baseline and after a brief exposure to E2 for two hours. 

Bioinformatic network analyses of the identified protein interactions were then used to analyze 

E2 signaling pathways that trigger apoptosis versus survival. Comparison of MS data with a 

computationally-predicted AIB1 interaction network showed that 26 proteins identified in this 

study are within this network, and are involved in signal transduction, transcription, cell cycle 

regulation and protein degradation.  

 

Conclusions: G-protein-coupled receptors, PI3 kinase, Wnt and Notch signaling pathways 

were most strongly associated with E2-induced proliferation or apoptosis and are integrated 

here into a global AIB1 signaling network that controls qualitatively distinct responses to 

estrogen.  
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Introduction 

Estrogen induces proliferation of estrogen receptor (ER)-positive breast cancer cells [1].  This 

response is consistent with the finding that antihormone therapies, such as tamoxifen or 

aromatase inhibitors, can enhance survivorship and reduce recurrence in patients with ER-

positive breast cancers [2,3].  However, the majority of tumors eventually become unresponsive 

to antihormone treatments [4,5] and molecular mechanisms and markers of antihormone 

resistance have been described [6,7].  Once patients have failed on antihormone therapy, one 

treatment option has been the use of pharmacologic doses of estrogens [8,9] based on well-

established findings that some breast cancers shrink during high dose estrogen treatment 

[10,11,12].  This phenomenon has also been observed in laboratory models of ER-positive 

breast cancer with acquired anti-hormone resistance that regress and undergo apoptosis in the 

presence of physiologic concentrations of estrogen [13,14] and was reviewed recently for its 

potential clinical implications [15].   

Estrogen exerts diverse effects including genomic and non-genomic effects through 

multiple signaling pathways, that are significantly altered in anti-hormone resistant ER positive 

breast cancer cells.  In antihormone resistant cells, for example, there is a general increase in 

EGFR and IGFR tyrosine kinase signaling [16,17], accompanied by increased ligand-

independent phosphorylation of ER [18] and nuclear receptor co-activators such as AIB1/SRC3 

(Amplified in Breast Cancer 1/Steroid Receptor Co-activator3) [19]. Overexpression and 

activation of AIB1 is associated with endocrine resistance in human breast cancer [20,21,22] 

and has been shown to be rate-limiting for estrogen-induced growth of breast cancer cells 

[23,24]. Beyond its role in these effects of estrogen, AIB1 was also shown to be rate-limiting for 

the growth of estrogen-insensitive breast cancer cells [25] as well as prostate cancer [26], 

pancreatic cancer [27] and lymphoma cells [28]. Furthermore, in AIB1 knockout mice, 

responses to hormones [29] as well as growth factor signaling [30] are blunted whereas 

overexpression of an AIB1 transgene leads to increased estrogen and growth factor responses 
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resulting in hyperplasia and neoplasia of mammary glands [31,32,33]. Thus, a large body of 

data support a crucial role for AIB1 in estrogen and growth factor signaling [reviewed in Refs 

34,35] and provides the rationale for the experimental paradigm used here. 

 To identify pathways that initiate estrogen-induced apoptosis versus growth, we used a 

combined proteomics and systems biology approach to elucidate triggering events and 

associated signaling pathways. We focused on changes of AIB1 interacting proteins, because of 

its central role in estrogen control of phenotypic behavior of breast cancer cells outlined above. 

AIB1 also coactivates IGF1R, EGFR and HER2 through modulation of tyrosine phosphorylation 

of these transmembrane receptors and phosphorylation of their subsequent signaling 

intermediaries [27,30,33,34]. Thus, to complement the analysis of direct AIB1 interacting 

proteins, we also monitored changes of phosphotyrosine (pY)-containing protein complexes, 

that are most likely regulated by growth factor signaling, as a means of discovering global 

intersecting pathways. As a model system, we used MCF-7 cells that proliferate in response to 

E2 [1], but also respond to EGF and heregulin [36]  and have high levels of AIB1 protein due to 

gene amplification [37]. Wild-type MCF-7 cells were compared with MCF-7:5C cells that had 

been isolated under estrogen-free growth conditions [38,39]. MCF-7:5C cells were derived 

following long-term culture of MCF-7 cells in phenol red-free media. MCF-7:5C cells are ER-

positive and undergo apoptosis after exposure to physiological concentrations of E2. In contrast, 

wild-type parental MCF-7 cells proliferate in the presence of the same concentration range of E2 

[38,39]. The MCF-7:5C cells represent many of the characteristics of Phase II SERM resistant 

cells [40]. A parallel analysis after estrogen stimulation of these isogenic breast cancer cell lines 

served as a basis for the comparisons of signaling responses.  

Here, we show that RNAi-mediated depletion of AIB1 reduces E2-induced growth of 

MCF-7 cells, and reverses the estrogen-induced apoptosis in MCF-7:5C cells. AIB1-interacting 

and pY-containing protein complexes were immunoprecipitated from short-term E2-treated cells, 

and the complexed proteins were identified by mass spectrometry (MS) analysis (Fig. 1A).  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 5 

From a comparison of the data sets obtained with MCF-7 versus MCF-7:5C cells treated with or 

without E2, and from a computationally-derived global AIB1-interacting network prediction, we 

identified pathways that participate in the differential response to E2 in these breast cancer 

cells. We found that a limited number of major cellular signaling pathways i.e. GPCR, PI3 

kinase, Wnt, Notch and their associated molecules were involved in the control of estrogen 

induced proliferative or apoptotic responses. This information will be useful for determining 

appropriate targets to induce apoptosis in endocrine resistant human breast cancer.  

 

 

Results and Discussion 

Impact of AIB1 depletion on E2-induced growth effects in MCF-7 and MCF-7:5C cells 

 To determine the role of AIB1 in the E2-induced, distinct growth phenotypes of MCF-

7:5C and wild-type MCF-7 cells, both cell lines were infected with lentiviral vectors that express 

control or two distinct AIB1-targeted shRNAs, and selected in puromycin for stable integrants. 

Both MCF-7 and MCF-7:5C cells were depleted of AIB1 protein, compared to uninfected and 

control shRNA infected cells with either of the shRNAs (Fig. 1B). Treatment with E2 significantly 

induced growth of control shRNA-infected MCF-7 cells and reduced the growth of MCF-7:5C 

cells (Fig. 1C, black symbols). In contrast to this, in AIB1-depleted, wild-type MCF-7 cells, E2 

did not stimulate growth significantly above baseline and in AIB1 depleted MCF-7:5C,  E2 lost 

its apoptosis-inducing effect (Fig. 1C, red symbols). These data suggest that AIB1 is a 

significant control hub of the E2-controlled growth phenotype in these ER-positive breast cancer 

cells.  

 

Global analysis of AIB1- and phosphotyrosine-complexed proteins  
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Because AIB1 is rate-limiting for the E2-induced changes in the growth phenotype of 

MCF-7 and MCF-7:5C cells, we performed AIB1-specific immunoprecipitations of lysates from 

untreated and E2-treated (2 hrs) MCF-7 and MCF-7:5C cells to fractionate the respective 

proteome. Immunoprecipitation of phosphotyrosine-containing protein complexes was also 

performed to complement the AIB1-specific proteome fractionation (Fig. 1A). The 

immunoprecipitates were released from the beads, separated by denaturing gel electrophoreses 

(SDS-PAGE) and followed by Coomassie Blue staining of proteins in the gels (Fig. S7). Visible 

bands and the same region in parallel gel lanes were harvested and proteins present identified 

by mass spectrometry (MS). Stringent filtering of the initial proteomic data resulted in a subset 

of 101 proteins that either interacted with AIB1 (n=58, Table S1) or are present in pY-protein 

complexes (n=56, Table S2), with 13 proteins common to both.  

The analytical approach emphasizes reliable identification of proteins by correlating 

mass spectrometry ID with the apparent molecular mass obtained from the SDS-PAGE (Fig. 

S7). This approach mimics Western blotting without having to rely on the availablility of 

antibodies, appropriate sensitivity, suitability for Western blotting and specificity. Still, we used 

Western blotting of some proteins identified by MS and show two examples in Fig. S8 (see 

below). To validate the mass spectrometry findings, separate experiments with independent 

mass spectrometry analyses were run. We found 48% of the proteins reported here in two and 

16% in three or more independent experiments. This compares favorably with a recent HUPO 

study where only 7 of 27 laboratories identified all 20 proteins present at equimolar 

concentrations in a test sample [41]. In our experiments, the abundance of individual 

endogenous proteins captured in the immunoprecipitates covers a wide range (see Fig. S7). 

Thus, we expected that lower abundance proteins may drop below detection in repeat 

experiments. A combination of bioinformatics and mass spectrometry analysis was thus applied 

to meet this challenge as also described elsewhere [42,43]. 
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The Venn diagrams of proteins pulled down with anti-AIB1 or anti-pY (Fig. 2) show the 

distribution of proteins between E2-treated and untreated, as well as wild-type MCF-7 versus 

MCF-7:5C cells (A and B), or between E2-treated and untreated cells regardless of cell type (C, 

top; and D, top), or between MCF-7 and MCF-7:5C cells regardless of treatment (C, bottom; 

and D, bottom).  The number of pY-complexed proteins identified was affected very little by E2 

treatment (18 vs. 25 proteins) with 13 proteins in either treatment group (Fig. 2D). In contrast, 

there was a significant, 4-fold higher number of AIB1-interacting proteins in the E2-treatment 

group (8 vs. 33 proteins; p<0.05, chi-square test; Fig. 2C) with 17 proteins not impacted in their 

interaction with AIB1. This suggests that AIB1-mediated protein-protein interactions are more 

responsive to E2 treatment, and new protein complexes are induced by E2 (Fig. 2A,C). In 

addition, the total number of proteins in complexes with AIB1 that overlap between MCF-7 and 

MCF-7:5C cells was not altered by the treatment, although the fraction of proteins per cell line 

that overlap decreases by 1/2 with E2-treatment (31% to 16%; Fig. 2A). Finally, while pathways 

activated by E2 gave rise to different sets of pY-containing protein complexes in both MCF-7 

and MCF-7:5C cells, the percentage of proteins that overlap between cell lines remain almost 

constant regardless of treatment (4 vs. 5 in Fig. 2B). 

Figure 3 shows the functional categories ascribed to the AIB1-associated (top) and pY-

complexed (bottom) proteins. Tables S1 and S2 identify the proteins in each of these 

categories, cell lines (MCF-7 versus MCF-7:5C), and conditions (+/- E2) under which they were 

identified.  Nearly half of the AIB1-interacting proteins fall into four categories, i.e. cytoskeleton 

and structural proteins, metabolism, transcription regulation, and signal transduction. Most of 

the  pY-complexed proteins fall into four major functional categories: cytoskeleton and structural 

proteins, transcription regulation, signal transduction, and protein transport and vesicle 

trafficking.  Thirteen proteins were found to be both AIB1-interacting and pY-complexed in MCF-

7 and MCF-7:5C cells (Table S1).   
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Distinct profiles were observed for metabolism-related proteins between AIB1- and pY-

complexed proteins, where the AIB1 complexes contained eight different enzymes in contrast to 

only one in the anti-pY group.  This is consistent with studies demonstrating that AIB1 plays a 

role in the control of basal metabolic processes [44,45] that resulted in growth retardation and 

reduced hormonal responses in AIB1 knock-out mice [46].  Quite strikingly, all of these proteins 

were identified in E2 treated cells (e.g. 5-oxoprolinase in MCF-7:5C and fatty acid synthase in 

MCF-7 cells), whereas only three were identified in untreated as well as E2 treated cells. Seven 

AIB1-interacting proteins were detected in the categories of transcriptional regulation and 

chromatin complex, consistent with the role of AIB1 as a transcriptional coactivator. 

Interestingly, several proteins were found with pY immunoprecipitation that were unique to E2-

treated MCF-7:5C cells, one of which was FAK1 (PTK2; Table S2). FAK1 is known to complex 

with EGFR as well as with an isoform of AIB1 and thus contribute to cellular signaling in breast 

cancer cells [47]. The MS based identification of FAK1 in the anti-pY immunoprecipitates was 

also seen by Western blot (Fig. S8A).  

 

AIB1-containing protein complexes in E2-treated MCF-7:5C cells 

We identified 18 proteins (CI >95%) that interact with AIB1 in E2-treated but not in 

untreated MCF-7:5C cells, 10 of which are also unique to MCF-7:5C cells (Table S1; Fig. 2A). 

These E2-induced AIB1-interacting proteins in MCF-7:5C cells mainly segregate in the category 

“transcriptional regulation” (6 of 18), several of which are also known to be involved in the 

control of apoptosis. For example, PRDM5, a PR domain and zinc-finger transcriptional 

regulator is a putative tumor suppressor and has been linked to cancer cell apoptosis [48]. 

TLE3, a transcriptional corepressor that binds to a number of transcription factors [49], can form 

a transcriptional repressor complex with RUNX3 [50], a known tumor suppressor that has been 

shown to be involved in apoptosis in gastric and colon cancer [51]. TLE3 has also been 

associated with the development of anti-estrogen resistance [52]. The MS identification of the 
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83 kDa TLE3 in AIB1 immunoprecipitations (IP) by was also seen by Western blot analysis (Fig. 

S8B).  IASPP was identified in complex with AIB1 in both E2-treated MCF-7 and MCF-7:5C 

cells, but not in untreated cells.  IASPP, a member of ASPP family of proteins, exerts anti-

apoptosis effects through modulation of p53 [53,54,55]. Interestingly PRPF6, identified here as 

AIB1-interacting, is an U5 snRNP-associated protein involved in pre-mRNA splicing and has 

been shown to be a coactivator of the androgen receptor and mediates its ligand-independent 

AF-1 activation [56].  TLE3, PRDM5 and PRPF6 were all uniquely identified in E2-treated MCF-

7:5C cells.  

 

Potential pathways involved in E2-induced growth and apoptosis 

To increase the potential of identifying pathways participating in E2-induced growth and 

apoptosis from the MS data sets, we not only analyzed proteins identified from MS with high 

confidence (CI ≥95%), but also took a global approach to include all proteins identified at 

various CI levels (see http://pir.georgetown.edu/iproxpress/coe2) by MS before filtering for 

pathway mapping with the Ingenuity™ and GeneGO™ pathway tools [43]. We hypothesized 

that if proteins identified at lower-level confidence by MS are found in known pathways that are 

consistent with the cellular phenotypes, they may provide valuable mechanistic insights. Also, 

supporting this approach are data from a recent study [57] with immunoprecipitation of nuclear 

extracts from MCF-7 cells that identified 13 of the 15 proteins we had seen at CI values in the 

lower range of 42-90%. The canonical pathway mapping analyses of all identified proteins 

suggest that several pathways are significantly represented both for proteins 

immunoprecipitated with anti-AIB1 and for those with anti-pY, including GPCRs, apoptosis, 

PI3K/AKT, and Wnt/-catenin and Notch signaling pathways (Fig. S1-S4):  

GPCR and growth factor signaling.  Figure S1 depicts the GPCR-induced cell growth 

pathway, in which a number of proteins were identified in both AIB1 and pY-associated 
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complexes.  G(o) (GNAO2, IP-pY) and Rap1GAP (IP-AIB1) (Table S3), for example were 

identified exclusively in E2-treated MCF-7:5C cells. G(o) has been shown to directly bind to 

Rap1GAP resulting in the inhibition of the Ras-MAPK proliferation pathway [58]. In E2-treated 

MCF-7 cells, G(s) (GAS, GNAS) and CALM1 were coimmunoprecipitated with AIB1, while 

IP3R (ITPR3) was coimmunoprecipitated with AIB1 in both E2 treated MCF-7 and MCF-7:5C 

cells (Table S3). Each of these proteins is found downstream of GPCRs, and could lead to 

MAPK pathway activation and cell proliferation.  

GPCRs and growth factors (IGF-1 and EGF) act via phosphorylation of the proapoptotic 

Bcl-2 family member BAD to regulate mitochondrial-mediated apoptosis (Fig. S2). BAD has 

been shown to be phosphorylated by Cdc2 (CDK1) at S128 [59] and Cdc2 was identified by 

anti-pY immunoprecipitation in E2-treated MCF-7:5C cells (Table S2). Also, two phosphatases, 

PP2B (PPP3CB) and PP2C (WIP1; Table S3, Fig. S2), associated with AIB1 only in MCF-7 

cells. Both phosphatases can dephosphorylate BAD and thus modulate apoptosis [60]. In 

addition, RSK1 and RSK2, identified only in E2-treated cells (Table S3, Fig. S2), are also known 

to modulate cell survival [61,62]. 

Growth factors and cytokines can induce cellular growth and proliferation through PI3K-

AKT signaling.  A number of proteins complexed with AIB1 were identified in this pathway under 

different conditions (Fig. S3 and Table S3). The non-receptor tyrosine kinase TYK2 was 

detected in both MCF-7 and MCF-7:5C cells with or without E2 treatment. Both PI3K catalytic 

(p110) and regulatory (p85) subunits were pulled down only in E2-treated, not in untreated 

MCF-7 cells (Fig. S3C). PI3K/p110 was detected, additionally, in untreated but not treated MCF-

7:5C cells (Fig. S3B). Thus, PI3K/p110 was isolated only under conditions that promoted 

proliferation in both cell lines. GSK3β, identified in AIB1 immunoprecipitates in E2-treated MCF-

7 cells (Fig. S3C), can be activated by PI3K/AKT, and has also been shown to be a regulator of 

Wnt signaling (see below). Finally, BCL3, a member of the I-kappa-B family that regulates 
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NFB-mediated transcription [63,64], was only identified in E2-treated MCF-7 cells.   

Wnt/-catenin and Notch signaling. Our data indicate that Wnt/-catenin, and Notch 

signaling pathways participate in E2 responses in both MCF-7 and MCF-7:5C cells (Fig. S4). 

Several key proteins in the pathway, such as Wnt ligands, cadherin, -catenin, casein kinases 

and GSK3 were identified in distinct AIB1- and pY-containing complexes, amongst different 

cells and treatments (Fig. S4A, B and C). For example, in MCF-7:5C cells, Frizzled-7 (FZD7) 

and cadherin 22 (CDH22) were identified in pY-containing complexes after E2 treatment, while 

-catenin associated with AIB1 regardless of E2 treatment (Table S3). In MCF-7 cells, the Wnt 

ligand Wnt-7a, CK1, and GSK3β were identified in AIB1 immunoprecipitates (Table S3). CK1 

was recently reported to modulate the transcriptional activity of ER in an estrogen-dependent 

manner and regulates ER-AIB1 interactions [65]. An additional protein, -catenin, or p120ctn, a 

member of armadillo/β-catenin superfamily [66], was identified in the AIB1 immunoprecipitates 

of E2-treated MCF-7 cells (Table S1).  

Our results suggest that multiple proteins found in AIB1 associated complexes, that 

function in Wnt signaling, also crosstalk with Notch and growth factor-induced signaling in 

response to E2 treatment in breast cancer cells. TLE3 was detected only in E2-treated MCF-

7:5C cells, and Notch1, Notch3, and Numb-like protein were identified only in E2-treated MCF-7 

cells (Table S3). TLE3, the mammalian homolog of Gro [67], is a global corepressor mediating 

transcriptional repression targeted by a number of signal pathways. As shown in Fig. S4D, TLE3 

connects the Notch and Wnt pathways [68,69]. In addition to the apoptosis related proteins 

discussed above (TLE3, PRDM5, CDK1), DBC1 was isolated from anti-pY immunoprecipitates 

in E2 treated MCF-7:5C cells (Table S2). Interestingly, DBC1 was recently reported to increase 

p53 mediated apoptosis in breast cancer cells [70]. Taken together, proteins from GPCR and 

PI3K/AKT-mediated growth signaling pathways were more prevalent in E2-stimulated MCF-7 

cells, whereas proteins related to apoptosis pathways were more prevalent in E2-stimulated 
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MCF-7:5C cells. The respective connectivity of the pathways is depicted in Figure 4. 

 

Global AIB1 interaction networks 

To extract further information from these experimental data, they were linked with an AIB1 

interaction network generated from published data [43]. A computational global AIB1 protein 

interaction network can be constructed from 91 AIB1 interaction partners (first neighbors) based 

on the literature published since AIB1 was first described in 1997 [37].  These 91 proteins 

belong to several major functional categories that include transcription, cell communication, 

developmental processes and cell cycle regulation. The initial network was expanded to 

secondary interaction neighbors, based on protein-protein interaction data in the public domain.  

At this level, the network is composed of 1150 proteins, including 21 highly connected nodes 

that form major hubs (Fig. 5). These hubs include p53, BRCA1, BCL2, ABL1, CDK2, CDK4, 

EGFR, ER (=ESR1), p38, and MYC (Fig. 5 and S5).  Closely related subnetworks of AIB1 

(=NCOA3) shown in Figure S5 (lower panel), contain four hub proteins: BRCA1, MYC, CDK2 

and PSME3.  In the present study we identified 26 proteins that are part of the global AIB1 

interaction network and function in signal transduction, transcriptional regulation, the 

cytoskeleton, and the heat shock response. 

Eighteen of the proteins experimentally associated with tyrosine-phosphorylated protein 

complexes are also part of the global AIB1-interaction network. Of these, seven were identified 

as interacting with AIB1, including CALM1, ACTB, ACTG1, TUBGCP2, MYH9, HSPA1B, and 

HSPA9.  These proteins correspond to interacting hubs, such as CDK4, MYC, PSME3 and 

CHUK. We conclude that these hubs may participate in the differential cellular responses to E2.  

 

Connection of E2 transcriptome and proteome effects 
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An interesting question is to what extent the proteomic pathway mapping parallels mRNA 

expression profiling in MCF-7 and MCF-7:5C cells. Baseline mRNA expression profiles of these 

cell lines have been posted earlier (GSE10879; ncbi.nlm.nih.gov/). An analysis of mRNA 

expression regulation after 48 hrs of E2 treatment of the cells was analyzed and published 

recently [71]. In MCF-7 cells Bcl-2, a major anti-apoptosis gene, was found upregulated by E2 

treatment whereas no change of bcl-2 was seen in MCF-7:5C cells. In our analysis Bcl-2 is one 

of the major hubs in the AIB1 interaction networks (Fig. 5 and S5).  On the other hand, the pro-

apototic Bcl-2 antagonists Bak, Bax and Bim mRNAs were found upregulated 2- to 7-fold after 

E2 treatment of MCF-7:5C cells whereas no mRNA expression change was seen in the MCF-7 

cells. Our analysis shows that upstream regulators of the canonical intrinsic mitochondrial 

pathway such as RSKs, were identified in the proteomics approach (Fig. 4 and S2).  

 The most differentially regulated mRNA after E2 treatment was Gadd45beta that was 

found up-regulated 5-fold in MCF-7:5C cells but down-regulated 5-fold in MCF-7 cells [71].  

Gadd45beta was described earlier as a hub of the MAP kinase signaling cascade and connects 

to relA, the NFkappaB p65 subunit (see e.g. Ref. [72]) as well as cell survival in apoptosis 

resistant cells [73]. We isolated components of GPCR signaling in our proteomics analysis (Fig. 

4 and S1) that can connect to these downstream effectors and can thus serve as trigger 

mechanisms. Interestingly, GPR30 mRNA was found upregulated in MCF-7:5C cells after 

estradiol treatment [40] and GPR30 was shown to rapidly transmit non-genomic effects of E2 in 

breast cancer cells [74]. Overall, the mRNA expression analyses and proteomics data show 

some interesting convergences especially in apoptotic regulatory pathways which may be 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 14 

functionally relevant as initiators of estradiol–induced apoptosis or cell survival.  

 

Conclusions  

The estrogen induced apoptotic response is most strongly associated with early signaling 

changes in G-protein coupled receptors, PI3 kinase, Wnt and Notch signaling and are integrated 

here into a global AIB1 signaling network that controls qualitatively distinct responses to 

estrogen.  

 

Materials and Methods 

The overall experimental design  

We used combined proteomics and bioinformatics approaches [43] to identify the E2 induced 

signaling pathways and networks that are associated with AIB1 and/or tyrosine phosphorylated 

proteins and that differentiate the MCF-7 from MCF-7:5C cells in responses to E2 treatment ( 

Fig. 1A). A single early time point after E2 treatment (2 hrs) was examined to capture signaling 

events that drive apoptosis or proliferation in these cells. Repeat independent proteomic 

experiments for each of the 4 experimental conditions and the two different 

immunoprecipitations were run. 

 

Cell culture 

MCF-7 (ATCC) human breast cancer cells and the MCF-7 variant MCF-7:5C [75] , which is a 

clonal variant of MCF-7 derived after longterm estrogen deprivation,  were cultured in RPMI-

1640 without Phenol Red (Invitrogen) supplemented with 10% FBS, or in RPMI-1640 

supplemented with 10% charcoal/dextran-stripped FBS (Hyclone) and other supplements, 

respectively, as described previously [38]. MCF-7 or MCF-7:5C cells deprived of steroid 
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hormones for 2 days were plated at a density of 2,000 and 3,000 cells per well, respectively, in 

96-well cell culture plates. One day after plating, cells were treated with E2 (in ethanol) or 

vehicle (ethanol). To monitor the portion of viable cells after 6 days of growth, the CellTiter-Glo 

luminescent cell viability assay (Promega) or WST1 colorimetric cell proliferation assay (Roche) 

were used. Typical readings of baseline growth without E2 were 2.0x105 RLU (CellTiter-Glo) or 

an OD450 of 0.5 (WST1). Data are shown relative to the baseline. 

 

Infection of MCF-7 and MCF-7:5C with lentiviral shRNA expression vectors 

Prior to infection, MCF-7 and MCF-7:5C cells were plated at a density of 3X105 cells on 10 cm 

tissue culture dishes. 24 hrs later, cells were infected with lentiviral particles expressing control 

or AIB1-targeting shRNAs (in pLKO.1). The AIB1(1) shRNA was derived from an siRNA for 

AIB1 previously described [25], and the AIB1(2) shRNA was from Sigma (TRCN0000019703).  

The control shRNA used in the experiments is a scrambled sequence described previously [76].  

Briefly, 1 ml of lentivirus-containing supernatant was added to 9 ml of growth medium and 8 

ng/ml polybrene, and then added to cells for 24 hrs.  Medium containing lentivirus was then 

replaced with growth medium without lentivirus.  After two days, cells were treated for 48 hours 

with 5 µg/ml puromycin for the selection of lentiviral shRNA expression.   

 

Western blot analysis, immunoprecipitation and protein isolation 

Western blot analyses were done as previously described [25], using a monoclonal antibody for 

AIB1 (SRC3; clone 5E11, Cell Signaling). For the mass spectrometry analysis, protein lysates 

from cells treated for 2 hours with E2 or vehicle were subjected to immunoprecipitation using 

gamma-bind G-Sepharose beads and an anti-AIB1 monoclonal antibody (BD Biosciences) as 

described [77] or an anti-phosphotyrosine monoclonal antibody (4G-10, Millipore). The amount 

of protein input for immunoprecipitations ranged between 7 mg and 14 mg for each of the 
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experimental conditions with bovine serum albumin used as the standard. It is noteworthy that 

over a 24 hour period of E2 treatment of cells the AIB1 protein expression levels varied less 

than 2-fold as illustrated in Figure S6. The immunoprecipitated proteins were separated by 

denaturing SDS-PAGE on 4-12% Nu-PAGE gels (Invitrogen). After electrophoresis, gels were 

stained with Coomassie blue overnight and washed with ddH2O overnight to remove 

background staining. Stained gels were imaged using a color scanner and visible bands were 

cut from the gels. The corresponding segments of lanes from the different treatments were also 

cut for analyses and served as controls. Figure S7 shows a representative set of stained gels 

with an overlay of the grid of segments harvested for the mass spectrometry analyses. 

 

Mass spectrometry analysis 

SDS-PAGE gel slices were subjected to tryptic digest and followed by MS and MS/MS on an 

ABI MALDI-TOF-TOF.  Proteins in the MS or MS/MS analysis were identified based on 

searches of the Swiss-Prot database using the search engine Mascot 2.0. The Swiss-Prot 

database searched was based on its 9/24/2007 release (287,050 sequences). The database 

search parameters used were: 1) enzyme specificity considered, trypsin; 2) number of missed 

cleavages permitted, 1; 3) fixed modification(s), carbamidomethyl (C); 4) variable 

modification(s), oxidation (M); 5) mass tolerance for precursor ions, 75ppm; and 6) mass 

tolerance for fragment ions, 0.3 Da. Trypsin autolysis peaks were excluded from the peak list. 

GPS Explorer (Version 3.0) with default parameter setting was used to generate the peak list 

from raw data which were submitted to database searches using Mascot. The confidence 

interval (CI) for the peptide identification was calculated by GPS Explorer. A CI of ≥95% (or 

expectation value ≤0.05) was used as a cut off for the high CI proteins. 

 

Bioinformatics Analysis 
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Protein data filtering: Proteins identified from mass spectrometry were subjected to 

extensive bioinformatics analysis, including protein data filtering, functional profiling and 

pathway mapping as described previously [78]. Protein identities from different experimental 

groups were assigned levels of identification confidence based on statistical processing by GPS 

Explorer™ of the MASCOT search results. It is commonly known that false negative 

identification is generated because low-scored proteins may result from factors such as 

database size, protein abundance and the type of mass spectrometry instrumentation. 

Therefore, in addition to analyzing the proteomic data based on the prioritized list of proteins 

with high Confidence Interval (CI; Tables S1, S2), we also used a global approach for pathway 

mapping on proteins identified at all confidence levels. We provide the identity, CI and spectra 

of those proteins as well as the reference to the respective pathway figures in Table S3.  

We used the following criteria to filter the protein lists. (i) Proteins with MS confidence 

interval (CI) values smaller than 95% were removed to reduce false-positive results; (ii) Proteins 

described to be non-specific interactors e.g. HSPA5 and Desmoplakin [79] were removed; (iii) 

High abundant, non-specific proteins e.g. keratins were removed; (iv) Proteins migrating at an 

apparent mass in the SDS-PAGE that was different from the calculated mass or the 

experimentally described mass or the predicted mass were removed. A representative set of 

Coomassie stained gels after immunoprecipitations is shown in Fig. S7 to illustrate this latter 

consideration. 

Protein annotation, profiling and pathway analysis: The iProXpress bioinformatics 

system (http://pir.georgetown.edu/iproxpress) was used for protein annotation, function and 

pathway profiling of the proteomics data. The experimental group(s) in which the proteins were 

identified was annotated for all proteins and integrated into the iProXpress system for direct 

functional comparison between selected groups, such as cell types, E2 treatment, and 

experimental repeats. The procedure of using iProXpress system has been described recently   
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[43,78]. The data sets are accessible at http://pir.georgetown.edu/iproxpress/coe2/. Pathway 

mapping and network visualization are assisted with Ingenuity Pathways Analysis (IPA) 

(www.ingenuity.com) and GeneGO MetaCore (www.GeneGO.com) software tools. 

Data mining for known AIB1 interactors: The global AIB1 interaction network refers to 

a network of genes or proteins that directly or indirectly interact or are functionally associated 

with AIB1 regardless of cell/tissue types or species in which the interaction occurs.  The network 

is was computationally generated based on two sources of data, i.e. the published literature 

(PubMed) and protein-protein interactions (PPI) available from public databases. A list of AIB1 

synonyms included as query terms “AIB1 OR AIB-1 OR NCOA3 OR NCOA-3 OR SRC3 OR 

SRC-3 OR TRAM1 OR ACTR OR pCIP” to search PubMed and retrieved a total of about 650 

papers related to AIB1. Of these papers about 250 papers that contain AIB1 interaction or 

functional association information were curated, and a total of 91 AIB1 interaction partners were 

thus obtained. The interaction types in the literature included physical interactions, such as 

"binding", "complex", "interact", "phosphorylation", etc., and functional associations, such as 

"activation", "correlated expression", "lead to degradation", "modulate", "promoter binding", 

"suppression", etc.  These interacting proteins/genes reported for human as well as other 

species from mouse to Xenopus, were mapped to corresponding human orthologs based on 

UniProtKB database. 

The protein/protein interaction (PPI) data annotated in bioinformatics databases were obtained 

from IntAct database [80], which contains high throughput PPI data from Y2H and IP in addition 

to literature data.  The AIB1 interaction network was constructed based on the binary 

interactions of the curated 91 AIB1-interacting proteins and those from the PPI database.  The 

network was clustered and filtered, and major hubs were selected using a cutoff of a node 

degree of 20. Cytoscape open source software was used to display the network for visual 

examinations. 
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Figure Legends  

 
Figure 1.  Phenotypic impact of AIB1 depletion on estradiol (E2) growth response in MCF-

7 or MCF-7:5C cells  (A) The experimental paradigm. The differential responses to estradiol 

(E2) treatment of MCF-7 (cell growth) and long-term estrogen deprived MCF-7:5C cells 

(apoptosis) are indicated. Proteomics profiles of the two cell lines at baseline and after a brief (2 

h) E2 treatment were generated using immunoprecipitations (IP). Proteins interacting with AIB1 

or phosphotyrosine containing protein complexes were isolated by IP followed by mass 

spectrometry.  Data were then subjected to an integrated bioinformatics analysis of signaling 

pathways and protein networks. (B,C) Reversal of E2-dependent effects on MCF-7 and MCF-

7:5C after depletion of endogenous AIB1 protein using two different lentiviral shRNAs. MCF-7 or 

MCF-7:5C cells were infected with lentiviral particles expressing control or AIB1-targeting 

shRNAs. (B) RNAi-mediated knockdown was assayed by Western blot analysis for AIB1 relative 

to an actin loading control.  (C) Cell growth was assayed 6 days after plating without or with E2. 

The E2 effect is shown relative to the respective untreated controls (mean +S.E.M.). Closed 

circles: control shRNA; Open circles (red): AIB1 shRNA. #, p<0.05 E2 treatment effect vs. no 

treatment in control shRNA cells; *, p<0.05 E2 treatment effect in control shRNA cells vs. E2 

treatment in AIB1 depleted cells. Representative data from one of at least three independent 

experiments are shown.  

 

Figure 2. Summary of proteins identified under different conditions. Venn diagrams of 

proteins identified from anti-AIB1 (A,C) or anti-pY IP (B,D) experimental groups. (C,D) Proteins 

in combined AIB1-IP or pY-IP data sets.  Individual proteins and subgroups are shown in Tables 

S1 & S2. 
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Figure 3. Functional categories of anti-AIB1 (upper) and anti-pY immunoprecipitated 

proteins (lower) from MCF-7 and MCF-7:5C breast cancer cells. Numbers in parenthesis are 

the number of proteins belonging to the respective category. Proteins profiled are those with CI 

values ≥95% from mass spectrometry. 

 

Figure 4.  Pathway overview map of proteins involved in E2-induced cell growth or 

apoptosis in MCF-7 versus MCF-7:5C breast cancer cells. The thick grey line in the middle 

provides an arbitrary boundary between the pathways. Anti-AIB1 immunoprecipitated (AIB1-

IPed) and anti-pY-immunoprecipitated proteins (pY-IPed) are indicated by red or green circles 

respectively (keys at the bottom). The blue circled proteins are AIB1-IPed proteins from MCF-7 

(CALM1) or MCF-7:5C cells (-catenin) under both E2- treated and untreated conditions; the 

purple circled one (ITPR3) is an AIB1-IPed protein from both cells only under E2 treated 

condition, while the yellow circled one (TYK2) is an AIB1-IPed protein from both cells under both 

E2 treated and untreated conditions. Proteins circled in grey are from known canonical 

pathways (e.g. ERK in cell growth or BAD in apoptosis) but not identified here. Solid line arrows 

indicate direct interactions (e.g. CDK1 phosphorylates Rap1GAP) or translocations (e.g. 

catenins) of proteins, while dashed arrows indicate indirect actions of proteins (e.g. AKT activate 

MEK through several steps). Hammer-ended lines indicate inhibitory effects on the target. 

Detailled pathways are shown in Fig. S1 - S4. 

 

Figure 5.  A global AIB1 interaction network showing the major hub proteins. Twenty-one 

hubs were identified using a cutoff of 20 node degrees. The full names of the respective gene 

symbols are provided in Table S8. Detailed nodes in the network are shown in Fig. S5.  
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Supplemental Figure Legends  

 

Figure S1. Proteins identified in GPCR signaling pathways. Canonical cell growth pathways 

initiated by GCPR signaling are depicted based on the MetaCore pathway tool of GeneGO. The 

AIB1- and pY-IPed proteins identified from the study were mapped to the pathway using 

MetaCore, which were manually re-annotated in the red-lined white boxes with black arrows 

pointing to the specific protein depictions. The corresponding experimental conditions under 

which the proteins were identified are indicated at the bottom. Proteins were AIB1-IPed under 

conditions indicated as A-D, or pY-IPed indicated by “p”.  

 

Figure S2. Proteins identified in apoptosis pathways. The canonical intrinsic mitochondrial 

apoptosis pathway is depicted based the MetaCore pathway tool of GeneGO. Similar to Fig. S3, 

the anti-AIB1- and pY-IPed proteins identified from the study were mapped to the pathway and 

were manually re-annotated with red-lined white boxes with the specific protein identified here.  

 

Figure S3. Proteins identified in the PI3K/AKT pathway. The canonical PI3K/AKT pathway is 

depicted based on the Ingenuity pathway tool. AIB1-IPed proteins that were mapped to the 

canonical pathway are shown as orange-colored shapes in four panels, each representing the 

same PI3K/AKT pathway with different mapped proteins that were identified from untreated 

MCF-7 (A) or MCF-7:5C (B) and E2-treated MCF-7 (C) or MCF-7:5C (D) cells. Some proteins in 

the pathway were manually re-annotated with green-colored box to indicate the specific protein 

forms identified in this study that correspond to the protein classes represented in the canonical 

pathway, e.g. JAK refers to the non-receptor type tyrosine kinases, such as TYK2 here.  
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Figure S4. Proteins identified in the Wnt/-catenin pathway. The canonical Wnt/-catenin 

pathway is depicted based on the Ingenuity pathway tool. AIB1-IPed proteins that can be 

mapped to the canonical pathway are shown as orange-colored shapes in four panels, each 

representing the same Wnt/-catenin pathway with different mapped proteins that were 

identified from untreated MCF-7 (A) or MCF-7:5C (B) and E2-treated MCF-7 (C) or MCF-7:5C 

(D) cells. Some proteins in the pathway were manually re-annotated with green-colored box to 

indicate the specific protein forms identified in the experiment that correspond to the classes 

represented in the canonical pathway, e.g. Wnt refers to class of Wnt ligands, such as Wnt-4 

and Wnt-7a. Some proteins manually labeled with a “P” in red indicate that they were identified 

as pY-IPed. 

 

Figure S5. AIB1 interaction network. A global AIB1 interaction network (upper) and the 

selected sub-networks (lower) are shown. The overall topology of the network is displayed with 

Spring-embedded layout using Cytoscape network visualization software before network 

clustering (image can be zoomed in to view individual node). Proteins that are identified with 

high confidence in this study are colored as green (AIB1-IPed), yellow (pY-IPed) or dark brown 

(both AIB1- and pY-IPed) nodes. Hub proteins that are subsequently clustered with AIB1 in 

several subnetworks are indicated with arrows (upper). Individual nodes in AIB1-clustered 

subnetworks are shown in the lower panel, with major functional categories labeled for the hub 

proteins. 

 

Figure S6. Western blot analysis for AIB1. Cells treated with E2 for different times were 

harvested and Western blot analysis for AIB1 was performed as described in Materials and 

Methods.  
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Figure S7. Coomassie stained protein gels after anti-AIB1 or -pY immunoprecipitation 

(IP). MCF-7 and MCF-7:5C cells were treated or not with E2 for 2 hours, and proteins were 

extracted for IP. The immunoprecipitated proteins were separated by 4-12% Nu-PAGE, stained, 

washed with ddH20 and imaged using a color scanner. The images were magnified and 

analyzed visually on a screen. After identification, bands were cut from the gels and great care 

was taken to isolate the same segment of all lanes from the different treatments for a parallel 

MS analysis. Representative stained gels with the segments to be cut for analysis are indicated. 

Slices numbered 1-10 or 1-13 were cut from the gels for each segment that showed at least one 

distinctly regulated protein. Molecular masses of marker proteins are indicated (10 – 250 kDa).  

 

Figure. S8. Western blot analysis confirms that FAK1 and TLE3 are immunoprecipitated 

from E2 treated MCF7:5C cells. MCF-7:5C cells were treated or not with E2 for 2 hours, and 

proteins were extracted for IP/Western analysis A) Tyrosine-phosphorylated endogenous 

proteins were immunoprecipitated with anti-phosphotyrosine monoclonal antibody (4G-10, 

Millipore) and the immunoprecipitate was resolved on SDS-PAGE followed by Western analysis. 

The input is 5% of the amount of total cell lysates for IP. FAK1 was detected on the blot  with an 

anti-FAK1 antibody (A-17, Santa Cruz). B) AIB1 interacting proteins were immunoprecipitated 

using an anti-AIB1 monoclonal antibody (BD Biosciences).  The input is 5% of the amount of 

total cell lysates for IP. TLE3 was detected on the blot with a TLE3 antibody (Abcam). 
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Abstract 
 
The oncogene Amplified in Breast Cancer 1 
(AIB1) is a nuclear receptor coactivator that plays 
a major role in the progression of various cancers.  
We previously identified a splice variant of AIB1 
called AIB1-Δ4 that is overexpressed in breast 
cancer.  Using mass spectrometry, we define the 
translation initiation of AIB1-Δ4 at M224 of the 
full-length AIB1 sequence and have raised an 
antibody to a peptide representing the acetylated 
N-terminus.  We show that AIB1-Δ4 is 
predominantly localized in the cytoplasm, 
although leptomycin B nuclear export inhibition 
demonstrates that AIB1-Δ4 can enter and traffic 
through the nucleus.  Our data indicate an import 
mechanism enhanced by other coactivators such as 
p300/CBP.  We report that the endogenously and 
exogenously expressed AIB1-Δ4 is recruited as 
efficiently as full-length AIB1 to estrogen 
response elements of genes, and enhances 
estrogen-dependent transcription more effectively 
than AIB1.  Expression of an N-terminal AIB1 
protein fragment, that is lost in the AIB1-Δ4 
isoform, potentiates AIB1 as a coactivator.  This 
suggests a model whereby the transcriptional 
activity of AIB1 is squelched by a repressive 
mechanism utilizing the N-terminal domain and 
that the increased coactivator function of AIB1-Δ4 
is due to the loss of this inhibitory domain.  
Finally we show, using Scorpion primer 
technology, that AIB1-Δ4 expression is correlated 
with metastatic capability of human cancer cell 
lines. 
 
Introduction 
 

 Gene transcription in eukaryotes is a 
complex and highly regulated process.  One of the 
major controls of gene transcription is exerted by 
the coregulator family of proteins.  These include 
both corepressors, which dampen transcription, 
and coactivators, which potentiate transcription.  A 
subgroup of coactivators has been shown to be 
critical for the malignant progression of cancer 
and is known as the p160 steroid receptor 
coactivators (1).  One member in particular was 
identified to be amplified in breast cancer.  
Amplified in Breast Cancer 1 (AIB1, SRC-3, 
NCOA3, ACTR, TRAM-1, pCIP, RAC3) has been 
shown to be gene amplified in breast cancer (2) 
and is also overexpressed at the mRNA and 
protein level in various cancers (1,3,4).  Its role in 
tumorigenesis is attributed to its ability to 
coactivate both steroid hormone and growth factor 
dependent transcription (3,5-7).  In several 
oncogene driven mouse models (8-11) reduction 
of AIB1 levels lead to a decrease in tumorigenesis 
and overexpression of AIB1 lead to the formation 
of various tumors (12).  Clinically, AIB1 
expression in breast cancer cases is correlated with 
high HER2 levels, larger tumor size, higher tumor 
grade and shorter disease free survival (13-15).  
Also, high levels of AIB1 in conjunction with high 
HER2 levels coincide with reduced disease free 
survival in patients treated with tamoxifen, 
suggesting a role for AIB1 in tamoxifen resistance 
(16).   
 We had previously identified a splice 
variant of AIB1, where exon 3 was spliced from 
the mature mRNA and was named AIB1-Δ3 (17).  
More recently, an additional 5’ exon 81,164 bases 
upstream of the known 5’UTR was identified.  
Thus the deleted exon is now exon 4 and we now 
refer to the splice variant as AIB1-Δ4.  We had 
reported that AIB1-Δ4 mRNA results in an N-



terminally truncated isoform of the AIB1 protein 
that was found to be a more potent coactivator of 
steroid dependent transcription on a per mole basis 
when compared with the full-length AIB1 protein.  
AIB1-Δ4 mRNA expression was elevated in breast 
tumor tissue relative to normal breast tissue (17).  
It was also shown to increase the efficacy of 
estrogenic compounds and the agonist effects of 
the selective estrogen receptor modulator 
tamoxifen in breast and endometrial tumor cells 
(17,18).  Overexpression of AIB1-Δ4 in mice 
leads to ductal ectasia in the mammary gland with 
an increased expression of proliferative markers 
such as PCNA, phospho-histone H3, and Cyclin 
D1 (19) as well as increased cross talk with ERα 
in epithelial and stromal responses (20).  More 
recently, AIB1-Δ4 was shown to act as a 
molecular bridge between Epidermal Growth 
Factor Receptor (EGFR) and Focal Adhesion 
Kinase (FAK) in the cytoplasm and its 
overexpression increased the invasiveness of the 
MDA-MB-231 metastatic breast cancer cell line 
(21). 
 Since AIB1-Δ4 lacks a nuclear 
localization sequence (NLS) any function for this 
protein in cancer to date has been attributed 
predominantly to its role in the cytoplasm (21).  
We now show that AIB1-Δ4 can enter the nucleus 
by a non-canonical nuclear import mechanism.  
AIB1-Δ4 is recruited to estrogen response 
elements of endogenous estrogen-regulated genes 
and increases their expression.  We also 
determined that the N-terminal region absent from 
the AIB1-Δ4 protein contains an inhibitory 
domain.  Through the use of Scorpion primer 
technology, we have created the first quantitative 
assay for the AIB1-Δ4 transcript and found a 
correlation between AIB1-Δ4 expression and the 
metastatic phenotype of human cancer cell lines.  
These data suggest that the nuclear activities of 
AIB1-Δ4 can contribute to its function in 
malignancy. 
 
Experimental Procedures 
 
Plasmids- p300-HA and ERα constructs were 
provided by Dr. Maria L. Avantaggiati 
(Georgetown University) and from Dr. Pierre 
Chambon (INSERM, Strassbourg) respectively.  
AIB1, AIB1-Δ4, FLAG AIB1, and FLAG AIB1-

Δ4 were described previously (17,22).  A C-
terminal FLAG was added to the AIB1-Δ4 cDNA 
by deletion of the stop codon in AIB1-Δ4 and 
addition of FLAG peptide sequence by site-
directed mutagenesis (Stratagene).  HA AIB1 was 
generated by PCR amplification of the AIB1 
sequence from pcDNA3-AIB1 and cloned into 
phCMV2.  The AIB1 N term construct was 
created by PCR amplification of the ACTR/AIB1 
cDNA (184 bp to 777bp) to add a new 5’ NotI site 
and 3’BglII site.  The PCR product was then 
cloned into p3XFLAG-CMV-10 (Sigma).   
 
Cell lines and transient transfection- MDA231-
BrM2 were kindly provided by Dr. Joan Massagué 
(Sloan Kettering Institute), 4175-TR and SCP2-TR 
cells by Yibin Kang (Princeton University), AIB1 
KO/SRC-3-/- mouse embryonic fibroblasts (MEFs) 
by Dr. Jiangming Xu (Baylor College of 
Medicine), T47D A1-2 cells by Dr. Steve Nordeen 
(University of Colorado), and COLO SL and 
COLO PL cells by Dr. John M. Jessup 
(Georgetown University).  Chinese Hamster Ovary 
(23), COLO 357 were purchased from ATCC.   
HEK293, HEK293T, COS-7, MCF-7, and MDA-
MB-231 were obtained from the Tissue Culture 
Shared Resource at Georgetown University.  The 
Human mammary epithelial cells (HMEC) were 
purchased and cultured in commercially supplied 
medium (BulletKit, Lonza).  HEK293T, COS-7, 
COLO 357, COLO SL, and COLO PL, MDA-
MB-231, MDA231-BrM2 (brain), 4175-TR 
(lung), SCP2-TR (bone), and AIB1 KO MEFs 
were grown in Dulbecco modified Eagle medium 
(DMEM, Invitrogen) with 10% FBS.  CHO cells 
were grown in DMEM F12 (Invitrogen) with 10% 
FBS.  HEK293 cells were grown in phenol red 
free Iscove’s modified Eagle medium (IMEM, 
Invitrogen) with 10% Charcoal stripped serum 
(CCS).  T47D A1-2 and MCF-7 cells were grown 
in phenol red free IMEM+5%CCS.  HEK293, 
HEK293T, CHO, COS-7, and T47D A1-2 cells 
were transiently transfected with FuGENE 6 
(Roche).   
 
Identification of N-terminus of AIB1-Δ4- 
HEK293T cells grown to 80% confluence were 
transiently transfected with 18 µg C-terminal 
FLAG AIB1-Δ4 cDNA.  24 hours later whole cell 
lysates were prepared and subjected to 



immunoprecipitation using Anti-FLAG M2 
affinity gel (Sigma).  After washing AIB1-Δ4 
protein was recovered by heating the affinity gel to 
95°C and the sample was subjected to SDS-PAGE.  
A band corresponding to AIB1-Δ4 protein was 
isolated and trypsinized using a conventional in-
gel digestion protocol where cysteines were 
reduced with DTT and alkylated by 
iodoacetamide.  Extracted tryptic peptides were 
analyzed using the MIDAS-MS based algorithm 
on an LC-ESI-MS 4000QTRAP instrument (AB 
SCIEX, Framingham, MA).  In silico predicted 
peptides and corresponding collision energy 
settings were generated using recommended 
settings in MRMpilot software (AB SCIEX, 
Framingham, MA).  The list of predicted 
precursors includes the potential variable 
modification of methionine oxidation and the fixed 
modification of cysteine alkylation.  A final MS 
method was created for detection of the tryptic 
peptides produced from the full-length AIB1 
protein.  This approach allows detecting only 
tryptic peptides that overlaps with the spliced 
version of AIB1 and was tested on endogenous 
AIB1 protein isolated by immunoprecipitation 
followed by SDS-PAGE.  In silico predictions for 
tryptic peptides with methionine as an initial 
amino acid residue were applied to data for 
identification of the N-terminus.  More detailed 
methods are provided in the supplemental 
material. 
 
Generation of affinity purified AIB1-Δ4 antibodies 
and characterization- Rabbit polyclonal antibodies 
were generated against the identified N-terminus 
using a N-acetylated peptide MQCFALSQPRK 
and detection of AIB1-Δ4 reactive antibodies was 
monitored through ELISA by Abgent.  Anti-AIB1-
Δ4 serum was then subjected to positive and 
negative selection with N-acetylated AIB1-Δ4 N 
terminal peptide and non-acetylated AIB1-Δ4 N 
terminal peptide respectively.  The resultant 
affinity purified antibodies reactive against N- 
acetylated AIB1-Δ4 were used in experiments. 
 Endogenous and transfected AIB1-Δ4 
were detected after pulldown with AIB1-Δ4 
specific antibody and detected with an AIB1 
antibody that detects both full-length AIB1 and 
AIB1-Δ4 in MCF-7 and HEK293T cells 
respectively.  HEK293T cells were transfected 

with C-terminal FLAG tagged AIB1-Δ4 used to 
determine the N-terminus of AIB1-Δ4.  For both 
experiments, AIB1-Δ4 containing lysates were 
immunoprecipitated with 10µg of polyclonal 
antibody/1mg of lysate overnight. 
 Peptide competition assays to validate the 
affinity purified AIB1-Δ4 antibodies were 
performed by adding 1µg of either N-acetylated or 
non-acetylated MQCFALSQPRK peptide to 1 mg 
of MCF-7 cell lysate with 10µg of affinity purified 
AIB1-Δ4 antibodies. 
 
Western blot (WB) analysis and 
Immunoprecipitation (IP)- Western blotting was 
done with the following antibodies: AIB1 (5E11, 
Cell Signaling), FLAG M2 (Sigma), HA (Cell 
Signaling), ERα (Ab-10, Neomarkers), ERα (G-
20, Santa Cruz), human Actin (Millipore).  (i) 
Interaction of AIB1 with AIB1-Δ4.  HEK293T 
cells were transfected with 6µg of either FLAG 
AIB1, AIB1-Δ4, or FLAG AIB1 and AIB1-Δ4 
together.  After washing with cold 1X PBS whole 
cell lysates were prepared by adding 1% NP-40 
lysis buffer containing 1mM NaO3VO4 and 1x 
Complete protease inhibitor tablet (Roche).  IP 
was performed with Anti-FLAG M2 affinity gel as 
described previously (6) and samples were 
subjected to SDS-PAGE.  (ii) Interaction of AIB1 
and AIB1-Δ4 with p300-HA.  HEK293T cells 
were transfected with either FLAG AIB1, FLAG 
AIB1-Δ4, or p300-HA.  Whole cell lysates were 
prepared as in section (i).  Equal amounts of 
FLAG AIB1 and FLAG AIB1-Δ4 were added to 
equal amounts of p300-HA lysate.  After 
immunoprecipitation using HA antibody (Cell 
Signaling) the amounts of FLAG AIB1 or FLAG 
AIB1-Δ4 were detected with FLAG M2 antibody 
(Sigma).  Densitometry was performed by using 
Adobe Photoshop 7.0 normalizing AIB1-Δ4 bands 
to AIB1 bands for both input and IP.  (iii) 
Immunoprecipitation with AIB1-Δ4 antibody.  500 
µg of lysate from MCF-7 or HEK293T transfected 
with C-terminal FLAG tagged AIB1-Δ4 were 
subjected to IP with 5µg AIB1-Δ4 antibody.  AIB1 
or AIB1-Δ4 proteins were detected with AIB1 
antibody (5E11, Cell Signaling). 
 
Nuclear Cytoplasmic fractionation- Fractionation 
of lysates was carried out as per the protocol 



recommended by the NE-PER Nuclear and 
Cytoplasmic extraction reagents (78833, Pierce).  
Endogenous or transfected AIB1-Δ4 was detected 
by either AIB1 (5E11) or FLAGM2 antibody.  
Controls use for nuclear and cytoplasmic fractions 
were HDAC1 (#2062, Cell Signaling) and HSP90 
(05-594, Upstate). 
 
Immunofluorescence and leptomycin B treatment- 
CHO cells were plated on glass coverslips and 
transfected with 500ng of either FLAG AIB1 or 
FLAG AIB1-Δ4.  24 hours later cells were fixed 
with 3.7% paraformaldehyde in PBS for 10 
minutes at 25°C.  Cells were then washed three 
times with 1x PBS and permeabolized with 1x 
PBS containing 0.2% Triton X-100 for 5 minutes 
25°C.  Cells were then washed with three times 
with 1xPBS.  Coverslips with cells were then 
blocked for 30 minutes with 1%BSA in PBS.  
Cells were then incubated with FLAG M2 
antibody (1:500, Sigma) and HA antibody (1:500, 
Abcam ab9110) for 20 minutes.  After three 5 
minute washes with 1xPBS, cells were incubated 
with anti-mouse IgG AlexaFluor488 (1:1000, 
Invitrogen) and anti-rabbit AlexaFluor594 
(1:1000, Invitrogen) for 20 minutes.  Coverslips 
were then washed three times with 1x PBS and 
mounted with ProLong Gold antifade reagent with 
DAPI (Invitrogen) on to glass slides.  50 nM 
leptomycin B was added into the culture medium 4 
hours before fixation.  200 cells were counted and 
the percentage of nuclear, nuclear/cytoplasmic, 
and cytoplasmic stained cells was quantified from 
3 different experiments.  Nuclear staining was 
defined as protein specific signal that overlaid 
with the DAPI signal only.  Nuclear/cytoplasmic 
was defined as protein specific staining that 
overlaid with the DAPI signal but also showed 
staining in the cytoplasmic compartment.  
Cytoplasmic staining was defined as protein 
specific staining that did not overlay with the 
DAPI staining of the nucleus.  Imaging of stained 
CHO cells was performed on a Nikon E600 
Fluorescence Digital Microscope System and 
analyzed with Nuance multi-spectral imaging 
system and software (Cambridge Research & 
Instrumentation). 
 
Chromatin immunoprecipitation assays (ChIP)- 
HEK293 cells in a 10 cm dish were transfected 
with 5µg ERα and either 6µg FLAG AIB1 or 3 µg 

FLAG AIB1-Δ4 in phenol red free 
IMEM+10%CCS.  24 hours later cells were 
treated with Estrogen (E2) for 0, 15, 30, 45, or 60 
minutes.  Cells were fixed with formaldehyde 
fixation solution (3.7% formaldehyde, 100 mM 
NaCl, 50 mM Tris/HCl pH 8.0, 1 mM EDTA, 0.5 
mM EGTA) for 10 minutes at 37°C and stopped 
with 0.125 M Glycine in 1x PBS for 5 minutes at 
25°C.  Cells were washed three times 1xPBS and 
resuspended in SDS lysis buffer (50 mM Tris pH 
8.0, 10 mM EDTA pH 8.0, 1% SDS).  Cells were 
sonicated and resuspended in ChIP dilution buffer 
(20 mM Tris pH8.0, 2 mM EDTA pH 8.0, 150mM 
NaCl, 1% Triton-X-100) and pre-cleared with 30 
µl of protein G agarose/salmon sperm DNA 
(Millipore) for 1 hour.  500 µg of total protein was 
immunoprecipitated with 2 µl FLAG M2 antibody 
(Sigma) 16 hours and immunoprecipitated with 30 
µl protein G agarose/salmon sperm DNA for 2 
hours.  Agarose was washed with once with low 
salt buffer (20 mM Tris pH 8.0, 2 mM EDTA pH 
8.0, NaCl 150 mM, 0.1% SDS, 1% Triton-X-100), 
twice with high salt buffer (20 mM Tris pH 8.0, 2 
mM EDTA pH 8.0, 500 mM NaCl, 0.1% SDS, 1% 
Triton-X-100), once with LiCl salt buffer (10 mM 
Tris pH 8.0, 1 mM EDTA pH 8.0, 250 mM LiCl, 
1% Na deoxycholate, 1% NP-40), and twice with 
TE buffer (10 mM Tris pH 8.0, 1mM EDTA, pH 
8.0).  Samples were eluted with elution buffer 
(1%SDS, 0.1M NaHCO3) for 15 minutes on 
rotator and 10 minutes on vortexer.  Crosslinks 
were removed with 200mM NaCl for 6 hours at 
65°C and proteins digested with 1 µg proteinase K 
for 1 hour at 45°C.  DNA was purified using 
GENECLEAN Turbo kit (Q-Biogene).  Samples 
were analyzed by real time PCR to examine the 
ERE recruitment of FLAG AIB1 or FLAG AIB1-
Δ4 with the following primers:  pS2 ERE s: 
5’GGCCATCTCTCACTATGAATCACTTC, pS2 
ERE as: 5’-
GGCAGGCTCTGTTTGCTTAAAGAGCG-3’, 
hC3 ERE s: 5’-
GAGAAAGGTCTGTGTTCACCAGG-3’ hC3 
ERE as: 5’-TGCAGGGTCAGAGGGACAGA-3’, 
HER2 ERE s: 5’-GTTCCTCCCTCCTGTTCC 
TC-3’, HER2 ERE as: 5’-
CCACAAACTGGTGGTCTCCT-3’.  Cycling 
conditions for real time PCR using iCycler were 
95°C 3 minutes followed by 40 cycles of 95°C 20 
sec, 57°C 30 sec, 72°C 40 sec for hC3 ERE and 



pS2 ERE.  For HER2 ERE cycling conditions 
were 95°C 3 minutes followed by 40 cycles of 
95°C 20 sec, 65°C 30 sec, 72°C 40 sec.  The 
percentage of the input for each time point is 
plotted on the graphs and normalized time 0 for 
each transfection. 
 For ChIP assays with endogenous AIB1-
Δ4, MCF-7 cells were plated in 15 cm dishes in 
phenol red free IMEM+5%CCS.  Fresh 
IMEM+5%CCS was added for three days.  Cells 
were treated as the HEK293 cells except they were 
subjected to immunoprecipitation with either 4 µg 
affinity purified AIB1-Δ4 antibodies (Abgent), 
2µg AIB1 (C-20, Santa Cruz), or 2µg ER antibody 
(HC-20, Santa Cruz).  After immunoprecipitation 
the ChIP procedure for HEK293 cells was then 
followed.  All primers were synthesized by 
Integrated DNA Technologies (IDT). 
 
Real time PCR analysis- HEK293 cells were 
transfected with FLAG AIB1 or FLAG AIB1-Δ4 
at levels that give equal amounts of transfected 
protein in IMEM +10% CCS.  16 hours later cells 
were stimulated with E2 for 0, 4, 8, and 24 hours.  
Total RNA was harvested using RNeasy mini kit 
(Qiagen) and reverse transcribed with iScript 
cDNA synthesis kit (Bio-Rad) using 1 µg of total 
RNA.  Samples were analyzed by real time PCR 
(iCycler, Bio-Rad) using the following conditions: 
95°C 3 min, 40 cycles of 95°C 20 sec 56°C 30 sec 
72°C 40 sec.  Primer sequences used were: pS2 s: 
5’-CCCCGTGAAAGACAGAATTGT-3’, pS2 as: 
5’-GGTGTCGTCGAAACAGCAG-3’, hC3 s: 5’-
CTGTCCACGACTTCCCAGG-3’, hC3 as: 5’-
CCCTTTTCTGACTTGAACTCCC, HER2 s: 5’-
AAAGGCCCAAGACTCTCTCC, HER2 as: 5’-
CAAGTACTCGGGGTTCTCCA-3’, human actin 
s: 5’-CCTGGCACCCAGCACAAT-3’, human 
actin as: 5’-GCCGATCCACACGGAGTACT-3’.  
All primers were synthesized by IDT.  Expression 
level for each gene is normalized to actin 
expression and multiplied by either 1000 or 
100,000 to obtain whole value numbers. 
 
Quantitation of AIB1-Δ4 and AIB1 mRNA levels 
using Scorpion primer based quantitative RT-
PCR- A total of 2 x 106 cells were plated for each 
cell line. 24 hours later total RNA was extracted 
with RNeasy mini kit (Qiagen) and reverse 
transcribed with iScript cDNA Synthesis Kit (Bio-

Rad) using 1µg of total RNA.  Real-time PCR was 
performed using IQ SYBR Green Supermix (Bio-
Rad) with AIB1∆4-scorpion primer and human 
actin primers. Cycling conditions for the AIB1-
∆4-scorpion primer consist of an initial denaturing 
step at 94°C (2 min), and 50 cycles (20 seconds at 
94°C, 15 seconds at 55.5°C and 20 seconds at 
72°C).  Unlike SYBR green real time PCR 
analysis where data is collected during the 
extension step, data for the Scorpion primer 
reactions were collected during the 55.5°C 
annealing step (iCycler; Bio-Rad).  Cycling 
conditions for the human actin primers include a 
denaturing step at 94°C (2 min), and 45 cycles (20 
seconds at 94°C, 30 seconds at 58°C and 40 
seconds at 72°C).  Primer sequences for the AIB1-
∆4 Scorpion reaction: 
5’FAMCCCGCGCTTGGAAATAGTTTTTCCCT
TGTCCGCGCGGG-BHQ1HEG-
CGCAAATTGCCATGTGATAC.  AIB1-Δ4 
reverse primer: 5’-
CCATCCAATGCCTGAAGTAA-3’.  The 
expression level of AIB1-Δ4 is normalized to actin 
expression levels and multiplied by either 10,000 
or 100,000 to obtain whole number values. 
 For AIB1 Scorpion primer detection the 
same procedures were followed except the primer 
sequence of the AIB1 Scorpion primer was as 
follows: 
5’HEXCCCGCGCGTTTTTCACCACTGCA
GGTAAGAGCGCGGG-BHQ1HEG-
GCCATGTGATACTCCAGGA.  AIB1 
reverse primer: 5’- 
ACGTATCTGTCTTACTGTTTCC- 3’.  The 
AIB1 and AIB1-∆4 scorpion primers were custom 
designed and synthesized by Sigma-Aldrich. 
 
Luciferase assay- 25,000 COS-7 cells per well in a 
24 well dish were transfected in DMEM without 
serum with 100 ng MMTV luciferase, 25 ng 
Progesterone receptor (PR), 5 ng Thymidine 
Kinase (TK) Renilla luciferase, and either 500 ng 
pcDNA3, 500 ng FLAG AIB1, 500 ng FLAG N 
term, or 125, 500, and 750 ng of FLAG N term 
with 500 ng FLAG AIB1.  24 hours later cells 
were treated with 10 nM R5020 or an equivalent 
volume of ethanol.  24 hours after stimulation cells 
were lysed and luciferase values were measured 
using the Dual-Luciferase Reporter Assay System 
(Promega).  Firefly luciferase values were 



normalized to Renilla luciferase values and 
averaged for each transfection condition plated in 
triplicate. 
 
Results 
 
Identification of the N-terminus of AIB1-Δ4 
 As we have previously identified, AIB1-
Δ4 is a splice variant of the nuclear receptor 
coactivator AIB1 (17) which results in the 
translation of an N-terminally truncated isoform of 
the full-length AIB1 protein with a molecular 
weight of approximately 130 kDa.  The translation 
start site of AIB1-Δ4 was predicted to be at the 
methionine at position 199 in the full-length AIB1 
protein since this was the next in frame methionine 
residue, however the translation start site was not 
identified experimentally.  There is a cluster of 
methionines at positions 199, 201, 217, 224, 235, 
236, 246, and 289 of full-length AIB1 sequence 
from which initiation of translation could result in 
an approximately 130 kDa protein (Fig. 1a).  To 
determine which of these 8 methionines is the 
translation start site of the AIB1-Δ4 protein we 
used mass spectrometry.  We isolated AIB1-Δ4 
protein from HEK293T cells transfected with a C-
terminal FLAG AIB1-Δ4 cDNA construct.  After 
immunoprecipitation with FLAG antibody, we 
isolated AIB1-Δ4 from a Coomassie stained SDS-
PAGE gel and subjected the tryptic peptides to 
mass spectrometric analysis.  Through an initial 
protein identification we detected an AIB1 related 
protein based on the initial analysis of the 
peptides.  A search for the peptide 
TPHDILEDINASPEM217R (boxed in Fig. 1a) 
was employed because it is an easily detectable 
fragment present in the full-length AIB1 protein in 
previous studies (22).  This peptide was not found 
in the analysis of the tryptic fragments from AIB1-
Δ4.  This eliminated the possibility of the 
translation start site at M199 and M201.  The most 
N-terminal peptide identified from the AIB1-Δ4 
protein was 
AM235M236EEGEDLQSCM246ICVAR 
(underlined in Fig. 1a).  This ruled out the M235, 
M236, M246, and M289 methionines as possible 
translation start sites and limited the possibilities 
to the M217 and M224 methionine residues.  As a 
next step we tested these methionines using in 
silico predictions for tryptic peptides with an 

initial methionine as the first amino acid residue. 
We also included predicted precursors that could 
appear as a result of cotranslational modifications 
such as N-terminal acetylation.  In eukaryotes, 
80% of all proteins have been described with an 
acetyl moiety added to the N-terminus (24,25).  
Interestingly, we observed only one predicted 
peptide M224QCFALSQPR that retained an 
initiator methionine, which was M224.  This 
peptide harbored N-terminal acetylation and 
double charge state of this peptide defines an m/z 
value of 640.3 (Fig. 1b).  Due to chemical 
oxidation of methionines, the precursor ions are 
split between the m/z ratio of 640.3 and an m/z 
shift of +8 amu to 648.3.  Fragmentation analysis 
of both precursors matched to corresponding 
peptides with different oxidation states of 
methionine and with Mascot scores assigned of 45 
and 65 respectively where scores above 23 
indicate peptide identity.  Therefore, we define the 
N-terminus of AIB1-Δ4 to be at the M224 residue 
of full-length AIB1.  To further verify that this 
was the correct N-terminus of AIB1-Δ4, we used 
the N-terminal acetylated sequence 
M224QCFALSQPR determined by mass 
spectrometry to generate polyclonal antibodies 
that detect the AIB1-Δ4 with little or no detectable 
cross reaction with full length AIB1.  
Immunoprecipitations with the affinity purified 
antibodies for AIB1-Δ4 detected both endogenous 
and transfected AIB1-Δ4 in MCF-7 and HEK293T 
cells respectively (Fig. 1c i and ii).  The 
immunoprecipitated AIB1-Δ4 is competed by the 
N-acetylated peptide but not by the non-acetylated 
peptide, which also suggests that, the unique 
acetylation present at the M224 provides an epitope 
not present in full-length AIB1 (Fig. 1c iii). 
 The full-length and alternatively spliced 
AIB1 mRNAs and proteins derived from these 
data are depicted schematically in Fig. 1d.  The 
full-length human AIB1 transcript has 23 exons 
coding for a 1424 amino acid protein of 155 kDa.  
Translation of AIB1 is initiated in exon 3 and 
continues until the stop codon in exon 23.  The 
AIB1-Δ4 transcript lacks exon 4 due to alternative 
splicing.  Translation of the AIB1-Δ4 isoform is 
initiated in exon 7 and the resultant protein lacks 
the N-terminal 223 amino acids of the full-length 
protein.  Due to the loss of exon 4 in the AIB1-Δ4 
transcript, the NLS, basic helix loop helix (bHLH), 



and PAS A domain are lost from the AIB1-Δ4 
protein.  Thus, we now define AIB1-Δ4 as a 130 
kDa protein of 1201 amino acids. 
 
AIB1-Δ4 is a predominantly cytoplasmic 
protein that enters the nucleus 
 It has not been determined if the 
phenotypic effects of AIB1-Δ4 are only due to its 
cytoplasmic function or if there are additional 
direct transcriptional effects of this protein in the 
nucleus.  Others have published the presence of a 
bipartite NLS in the N-terminus of the AIB1 
protein at amino acids 16-19 and 35-38 (26-28) 
indicating that AIB1-Δ4 lacks this NLS sequence.  
Initially we examined the subcellular distribution 
of endogenous AIB1-Δ4 in fractionated MCF-7 
cell extracts.  Using an AIB1 antibody that detects 
both full-length AIB1 and AIB1-Δ4, we 
determined that both AIB1 isoforms were detected 
in the cytoplasmic and nuclear extracts from 
MCF-7 cells (Fig. 2a).  AIB1-Δ4 is present in the 
nuclear extracts, although at levels considerably 
less than in the cytoplasm (68% cytoplasmic vs. 
32% nuclear). 
 We next examined the dynamics of the 
subcellular distribution of AIB1-Δ4 by 
immunofluorescence.  We utilized a transfected 
FLAG tagged construct of AIB1-Δ4 (22) to 
determine its cellular localization since the AIB1-
Δ4 affinity purified antibodies signal in 
immunofluorescence for endogenous protein is 
very weak and not quantifiable.  This transfected 
FLAG AIB1-Δ4 protein was detected in both 
nucleus and cytoplasm after subcellular 
fractionation and the distribution was 77% 
cytoplasmic vs. 23% nuclear (Fig. 2b).  Chinese 
Hamster Ovary cells (CHO) were transfected with 
either FLAG AIB1 or FLAG AIB1-Δ4 in media 
with 10% FBS and the number of nuclear, 
nuclear/cytoplasmic, and cytoplasmic stained cells 
were quantified.  CHO cells were chosen because 
their endogenous AIB1 is not detected by 
available AIB1 antibodies (17).  We confirmed the 
fractionation result that the majority of AIB1-Δ4 
resides in the cytoplasm (Fig. 2c).  CHO cells 
transfected with AIB1 showed nuclear and 
nuclear/cytoplasmic staining in 75% and 25% of 
the cells respectively.  Cells transfected with 
AIB1-Δ4 showed nuclear, nuclear/cytoplasmic, 
and cytoplasmic staining in 1.5%, 41.3%, and 

57.2% of cells respectively.  Large field images of 
staining for AIB1 and AIB1-Δ4 as well as typical 
staining for nuclear, nuclear/cytoplasmic, and 
cytoplasmic stained cells are shown. 
 Since we detected some nuclear and 
nuclear/cytoplasmic staining for AIB1-Δ4, we 
wanted to determine if AIB1-Δ4 traffics through 
the nucleus.  We took advantage of the nuclear 
export inhibitor leptomycin B, which inhibits 
CRM1 dependent nuclear export of proteins that 
contain a nuclear export sequence (NES).  Both 
AIB1 and AIB1-Δ4 contain the NES that is in the 
C-terminal half of the proteins (Fig. 1d) (27) so we 
hypothesized that if we blocked nuclear export 
that AIB1-Δ4 protein would accumulate in the 
nucleus if it is imported into the nucleus.  CHO 
cells were transfected with FLAG AIB1-Δ4 in 
media with 10% FBS and were either treated with 
vehicle or leptomycin B.  Cells were fixed, 
stained, and the localization was quantified as 
before (Fig. 2d).  We observed the same 
distribution of staining in the transfected CHO 
cells treated with vehicle, however we saw an 
increase in the number of cells showing nuclear 
staining for AIB1-Δ4.  CHO cells transfected with 
AIB1-Δ4 and treated with leptomycin B showed 
staining in the nuclear, nuclear/cytoplasmic, and 
the cytoplasmic compartments in 18%, 60%, and 
22% of cells respectively.  The increase in the 
number of nuclear stained cells after leptomycin B 
treatment suggests that AIB1-Δ4 is imported into 
the nucleus however, lack of a canonical NLS and 
this present data suggests that nuclear import of 
AIB1-Δ4 is an inefficient process, which 
contributes to the lower steady state levels of 
nuclear staining of the protein. 
 
Nuclear import of AIB1-Δ4 can be facilitated 
by other NLS containing proteins 
 Various proteins involved in signaling 
have been shown to be imported into the nucleus 
in an NLS independent manner (29-34).  To study 
if the localization of AIB1-Δ4 could be altered by 
other NLS containing proteins, CHO cells were 
transfected with FLAG AIB1-Δ4 in the presence 
of HA AIB1 (Fig. 3a).  We observed a statistically 
significant increase in nuclear staining of AIB1-Δ4 
after transfection with HA AIB1.  CHO cells 
transfected with AIB1-Δ4 alone showed 67±3.6% 
and 33±3.6% of cells staining in cytoplasm and 



nucleus respectively.  After co-transfection of 
AIB1-Δ4 with HA AIB1, cells stained the nuclear, 
nuclear/cytoplasmic, and cytoplasmic staining 
patterns in 2.7±1.5%, 63.3±1.5%, and 34±1% of 
cells.  To determine that this effect was not cell 
line specific, we confirmed that AIB1 expression 
increased AIB1-Δ4 nuclear levels in mouse 
embryonic fibroblasts derived from AIB1 
knockout mice (Sup Fig 1). The pattern of staining 
of AIB1-Δ4 that was cytoplasmic, 
nuclear/cytoplasmic, or nuclear was 86±1%, 
14±1%, and 0% respectively and shifted to 
70.3±3.5%, 29.3±4%, and 0.3±0.6% with 
expression of full-length AIB1.  
 We next investigated possible mechanisms 
whereby AIB1 could enhance AIB1-Δ4 nuclear 
localization. It has been shown that the PAS B 
domain is sufficient for heterodimerization and 
homodimerization of p160 SRC family members 
(35).  Since AIB1 and AIB1-Δ4 both contain PAS 
B domains, we set out to determine if AIB1-Δ4 
could interact with full-length AIB1 and 
piggyback into the nucleus with AIB1.  HEK293T 
cells were transfected with FLAG AIB1 alone, 
AIB1-Δ4 alone, or FLAG AIB1 and AIB1-Δ4 
together.  After immunoprecipitation with FLAG 
antibody to pulldown AIB1, Western blotting with 
a pan AIB1 antibody showed that AIB1-Δ4 
immunoprecipitates with AIB1 (Fig. 3c, lane 6, 
top panel).  There is also a detectable amount of 
endogenous AIB1-Δ4 protein in HEK293T cells 
and immunoprecipitation with FLAG AIB1 is able 
to pulldown endogenous AIB1-Δ4 protein as well 
(Fig. 3c, lane 4, bottom panel).  When no FLAG 
AIB1 is present, we do not detect any AIB1-Δ4 
present after immunoprecipitation (Fig. 3c, lane 5, 
top and bottom panels).  However, it should be 
noted that we have been unable to detect full-
length AIB1 in AIB1-Δ4 immunoprecipitates with 
a variety of tags (not shown) or with 
immunoprecipitation using AIB1-Δ4 affinity 
purified antibodies (Fig. 1d).  Thus the AIB1 
interaction with AIB1-Δ4 is most likely weak and 
we conclude that most of the full-length and 
AIB1-Δ4 are not heterodimerized with each other 
in the cells we have examined.  This suggests that 
AIB1 may increase nuclear import of AIB1-Δ4 
through a non-dimerization mediated mechanism. 
 The interaction of AIB1 with other 
proteins involved in transcription is well 

characterized (7).  One of these proteins is 
p300/CBP (36) and we show that AIB1-Δ4 
interacts with p300 by immunoprecipitation (Fig. 
4a).  HEK293T cells were transfected with either 
p300-HA, FLAG AIB1, or FLAG AIB1-Δ4 and 
cell lysates were harvested.  After normalization 
for protein content, equal amounts of either FLAG 
AIB1 or FLAG AIB1-Δ4 were added to p300-HA 
cell lysate.  The amount of FLAG AIB1 and 
FLAG AIB1-Δ4 proteins were observed after 
immunoprecipitation with p300-HA.  We found 
that both AIB1 and AIB1-Δ4 are associated with 
p300.  However, with equal amounts of FLAG 
AIB1 or FLAG AIB1-Δ4 in the lysate we found 
twice as much AIB1-Δ4 associated with p300 as 
compared to AIB1.  This suggests that AIB1-Δ4 
may be able to preferentially complex with p300 
in active transcriptional complexes. 
 Consistent with this data, we see in CHO 
cells transfected with AIB1-Δ4 and p300-HA an 
increase in AIB1-Δ4 staining in the nucleus 
relative to cells transfected with AIB1-Δ4 alone 
(Fig. 4b).  CHO cells transfected with FLAG 
AIB1-Δ4 alone showed staining in the 
nuclear/cytoplasmic and cytoplasmic 
compartments in 32.3±1.5% and 67.7±1.5% 
respectively, which shifted to 56±5.3% and 
44±5.3%.  The induction of AIB1-Δ4 nuclear 
transport by p300 was not cell line specific as we 
also replicated this finding in AIB1 KO MEFs 
transfected with FLAG AIB1-Δ4 and p300-HA.  
The pattern of staining of AIB1-Δ4 that was 
nuclear, nuclear/cytoplasmic, or cytoplasmic was 
0%, 14±1%, and 86±1% respectively and shifted 
to 13.3±2.3%, 63±4.6%, and 23.7±2.5% (Fig. 4c).  
Overall the data suggest that AIB1-Δ4 may 
interact with other NLS containing proteins to 
traffic into the nucleus. 
 
AIB1-Δ4 is recruited to active transcriptional 
complexes and coactivates estrogen responsive 
genes 
 Since it is known that both AIB1 and 
AIB1-Δ4 coactivate estrogen dependent 
transcription we decided to examine whether or 
not AIB1-Δ4 is recruited to known transcriptional 
targets of estrogen receptor.  To examine the 
recruitment of AIB1-Δ4 to estrogen responsive 
elements (ERE), we transfected HEK293 cells 



with ER and either FLAG AIB1 or FLAG AIB1-
Δ4 and performed Chromatin Immunoprecipitation 
(ChIP) analysis (Fig. 5a).  Cells were treated with 
estrogen for 15, 30, 45, and 60 minutes to observe 
the recruitment of AIB1 or AIB1-Δ4 over time.  
Both AIB1 and AIB1-Δ4 were recruited to the 
three different estrogen response elements in pS2, 
hC3, and HER2 (23,37,38) known to be binding 
sites for ERα (confirmed in Sup Fig 3a).  Maximal 
recruitment of FLAG AIB1 was at 15 minutes to 
8.7%, 4.3%, and 5.0% of the EREs in the pS2, 
hC3, and HER2 genes respectively.  In contrast, 
maximal recruitment of FLAG AIB1-Δ4 was at 30 
minutes to 3.5%, 4.2%, and 3.1% of the EREs in 
the pS2, hC3, and HER2 genes respectively.  
Thus, both AIB1 and AIB1-Δ4 are recruited to 
these EREs confirming that AIB1-Δ4 is found in 
the nucleus and found at active sites of 
transcription.  The corresponding protein levels 
are shown by Western blot for all the different 
times of estrogen stimulation.  Interestingly, the 
kinetics of AIB1-Δ4 recruitment is delayed which 
is possibly due to inefficient or altered nuclear 
transport because of lack of the NLS.  
Alternatively, this time delay could be an artifact 
generated by driving transcription with transiently 
transfected proteins.  To determine if this was the 
case we also examined the dynamics of 
endogenous AIB1-Δ4 on estrogen responsive 
genes using IP with the affinity purified AIB1-Δ4 
antibodies in MCF-7 cells (Fig. 5b).  ChIP assays 
with this antibody confirmed that AIB1-Δ4 binds 
to ERE in estrogen responsive genes and 
consistent with the transfected AIB1-Δ4 protein 
the peak of binding for AIB1-Δ4 was delayed 
relative to the peak binding for full-length AIB1 
for the ERE in pS2 and HER2.  Of note is that 
recruitment of AIB1-Δ4 is not exclusive to 
estrogen regulated genes since we also observed 
its recruitment to a progesterone response element 
in T47D A1-2 cells that have a stable integration 
of the MMTV luciferase construct (39) (Sup Fig. 
3b).   
 To confirm that recruitment of AIB1-Δ4 
leads to an increase in these estrogen-regulated 
genes, we looked at the levels of expression of the 
pS2, hC3, and HER2 after estrogen stimulation.  
HEK293 cells were transfected with ER and either 
FLAG AIB1 or FLAG AIB1-Δ4 and stimulated 
with estrogen for 4, 8, and 24 hours.  RNA was 

harvested from the cells and the gene expression 
examined by real time PCR.  We found maximal 
gene expression in AIB1-Δ4 transfected cells at 8 
hours for HER2 and at 24 hours for pS2 and hC3.  
Interestingly, significant differences in gene 
expression were only observed in the AIB1-Δ4 
transfected cells suggesting that estrogen 
responsive genes are more sensitive to changes in 
AIB1-Δ4 levels than full-length AIB1. 
 
The region deleted from AIB1-Δ4 contains an 
inhibitory domain 
 A possible hypothesis explaining the more 
potent coactivator function of AIB1-Δ4 could be 
its lack of repression by an endogenous factor that 
is able to bind to the full-length AIB1 protein (Fig. 
6a).  One prediction of this model is that 
expression of an N-terminal fragment that bound 
this repressor could relieve repression of full-
length AIB1.  To test this hypothesis we created a 
FLAG tagged N-terminal AIB1 construct (AIB1 N 
term) which contains the bHLH and PAS A 
domains not present in the AIB1-Δ4 protein (Fig. 
1c).  This construct should have no coactivator 
function since it lacks the C-terminal activation 
domain responsible for binding to nuclear 
receptors and molecules that affect transcription 
such as p300/CBP and CARM1.  For this 
experiment we used progesterone induced 
transcription in COS-7 cells as a read out of AIB1 
activity since this has consistently given the 
strongest dose-response coactivator readout for 
AIB1 (17).  We transfected COS-7 cells with 
progesterone receptor and AIB1 with increasing 
amounts of AIB1 N term and monitored the 
coactivator function of AIB1 on a progesterone 
inducible MMTV luciferase reporter construct 
(Fig. 6b).  As expected, AIB1 is able to coactivate 
transcription of the luciferase reporter relative to 
empty vector transfected cells (AIB1 0 vs. 500).  
Co-transfection of AIB1 with AIB1 N term 
significantly increased the amount of transcription 
from the luciferase reporter.  This effect was 
increased with the amount of AIB1 N term co-
transfected with AIB1 (AIB1 co-transfection with 
AIB1 N term 125, 500, 750).  A relief of 
repression on endogenous AIB1 coactivator 
activity due to co-expression of the AIB1 N term 
construct alone was also apparent (AIB1 N term 0 
vs. 500).  The levels of AIB1 and AIB1 N term 



protein are shown by Western blot and there is no 
increase in the AIB1 protein with co-transfection 
of higher levels of AIB1 N term (Fig. 6b).  These 
data suggest a suppressor role of the N-terminal 
region of AIB1 in the regulation of the coactivator 
function of AIB1.  This region is the most highly 
conserved region among steroid receptor 
coactivator proteins and has been suggested to 
contain an inhibitory function for AIB1 also in the 
cytoplasm (21). 
 
AIB1-Δ4 expression is correlated with 
metastatic potential 
 We have shown previously that the 
mRNA expression of AIB1-Δ4 transcript was 
increased in breast tumor tissue relative to normal 
breast tissue and was higher in the MCF-7 breast 
cancer cell line relative to non-transformed breast 
cell lines (17).  However, the only method we had 
previously to detect AIB1-Δ4 transcript was by 
semi-quantitative hybridization of a radioactive 
DNA probe to total RNA isolated from cells, thus 
making accurate quantification difficult.  We 
therefore designed a quantitative assay to measure 
AIB1-Δ4 mRNA levels through the use of 
Scorpion primer technology (40,41).  We designed 
a Scorpion primer with a primer sequence 
complimentary to a sequence in exon 3 and a 
probe sequence complimentary to the unique 
sequence generated by the splicing of exon 3 and 
exon 5 (Fig. 7a).  This scorpion primer specifically 
recognizes the AIB1-Δ4 transcript and not the 
AIB1 transcript due to the fact that after 
amplification of AIB1 transcript, the probe 
sequence is not complimentary to any sequence 
generated in the full-length AIB1 transcript.  In 
addition we designed an AIB1 specific Scorpion 
primer with a primer sequence in exon 3 and a 
probe sequence complimentary to exon 4, which is 
not contained in the splice variant AIB1-Δ4 
transcript.  We subjected plasmids containing 
either AIB1 or AIB1-Δ4 cDNA to an analysis by 
real time PCR with the AIB1 and AIB1-Δ4 
scorpion primers (Sup Fig. 4a and b).  We show 
that the AIB1-Δ4 scorpion primer specifically 
identifies AIB1-Δ4 cDNA and not full-length 
AIB1 cDNA and vice versa for the AIB1 scorpion 
primer.  To confirm the increased expression of 
AIB1-Δ4 in breast cancer cell lines, total RNA 
was harvested from human mammary epithelial 

cells (HMEC), parental MDA-MB-231, and three 
tissue specific metastatic variants of MDA-MB-
231 cells.  The three tissue specific variants home 
either to the brain, bone, or lung after intravenous 
or intracardiac injection (42-44).  After reverse 
transcription, cDNA generated from these RNAs 
was subjected to real time PCR analysis with 
Scorpion primers for AIB1 or AIB1-Δ4 (Fig. 7b).  
Expression of AIB1-Δ4 mRNA relative to AIB1 
was higher in the parental and three tissue specific 
metastatic variants of MDA-MB-231 cells relative 
to HMECs confirming increased expression of 
AIB1-Δ4 with malignant phenotype. 
 We also examined if AIB1-Δ4 expression 
is also correlated with metastatic potential in 
another cancer metastasis model.  We used 
parental COLO 357 pancreatic cancer cells and 
two metastatic derivative cell lines, which were in 
vivo selected to metastasize from the pancreas to 
liver or spleen to liver (COLO PL and COLO SL) 
(45).  The expression of AIB1-Δ4 was found 
increased in the more metastatic variants of the 
COLO 357 cell line (Fig. 7c) suggesting a 
correlation between increased metastatic capability 
and AIB1-Δ4 expression. 
 
Discussion 
 
 We show in this study that AIB1-Δ4 
enters the nucleus and has a nuclear function.  In 
accordance with previous data that the NLS is 
contained in the N-terminus of AIB1 (26-28), we 
found that the majority of AIB1-Δ4, which lacks a 
NLS, is predominantly in the cytoplasm at steady 
state levels.  This is in contrast to the localization 
of AIB1, which resides mostly in the nucleus.  
Coactivation occurs in the nucleus, which raised 
the question how the mainly cytoplasmic AIB1-Δ4 
had such potent effects on transcription.  The first 
question to address was if AIB1-Δ4 enters the 
nucleus.  We observed that AIB1-Δ4 accumulated 
in the nucleus after blockade of nuclear export 
suggesting that it was indeed being imported into 
the nucleus.  The next question to address was 
whether AIB1-Δ4 had a functional role in the 
nucleus.  We saw that AIB1-Δ4 was recruited as 
efficiently as AIB1 to ERE in estrogen-regulated 
genes in the nucleus despite significantly lower 
steady-state nuclear levels of AIB1-Δ4.  The 
mainly cytoplasmic location of AIB1-Δ4 is 



potentially due to either an inefficient nuclear 
import mechanism or through a rapid nuclear 
export mechanism.  We argue for the former 
scenario given that AIB1-Δ4 lacks the N-terminal 
NLS and there is no alteration in the nuclear 
export sequence of AIB1-Δ4.  It is known that 
molecules larger than 40 kDa have to be actively 
transported through the nuclear pore complex 
through interaction of the NLS with nuclear 
importins (46).  Another potential mechanism for 
nuclear import termed “piggybacking” was 
demonstrated for various proteins such as eIF4E, 
IκBα and Cdk2, and BRCA1 (47-52).  BRCA1 
has a naturally occurring splice variant that lacks 
an NLS and it is able to localize to the nucleus 
through interaction with another protein BARD1, 
which contains a canonical NLS.  We propose that 
AIB1-Δ4 is able to similarly piggyback onto 
p300/CBP and/or other NLS containing proteins 
and thus enter the nucleus.  Alternatively NLS 
containing coactivators could upregulate genes 
involved in Ran-independent nuclear import 
mechanisms such as via calmodulin (53).  
Whatever the mechanism it appears to be an 
inefficient process likely accounting for the largely 
cytoplasmic distribution of AIB1-Δ4 in the cell.  
Also consistent with this hypothesis is the 
difference in the kinetics of recruitment of AIB1 
and AIB1-Δ4.  We saw a delay in the recruitment 
of AIB1-Δ4 to the ERE relative to AIB1 
suggesting that the mechanism of nuclear import 
of AIB1-Δ4 is less efficient than that of AIB1. 
 The fact that we saw more effective 
coactivation by AIB1-Δ4 despite having much 
more AIB1 in the nucleus than AIB1-Δ4 suggests 
that there is a regulation of AIB1 coactivator 
activity that does not exist for AIB1-Δ4.  Since we 
observed that the levels of AIB1-Δ4 interacting 
with p300 was higher than the levels of AIB1 
associated with p300 (Fig. 4a) and p300 is 
generally found in active transcriptional 
complexes, we believe that AIB1-Δ4 is highly 
recruited to sites of active transcription.  The 
increased coactivator activity of AIB1-Δ4 was 
confirmed by a higher increase in endogenous 
estrogen regulated gene expression in cells 
transfected with AIB1-Δ4.  This data suggests that 
the large amount of AIB1 that resides in the 
nucleus is not in active transcriptional complexes 
and the reason why AIB1-Δ4 is a more potent 

coactivator than AIB1 can best be explained by the 
presence of an inhibitory domain in the N-terminal 
223 amino acids of AIB1.  Alternatively loss of 
the N-terminus could cause steric changes that 
increase the affinity for other coactivators.  We 
conjectured that this N-terminal fragment 
containing the bHLH and PAS A domains would 
be able to bind N-terminal repressors of AIB1.  
We found that the N-terminal fragment containing 
the bHLH and PAS A domains of AIB1 when co-
transfected with AIB1 is able to relieve repression 
of the coactivator function of the AIB1 protein.  
This effect was dose dependent and the more 
AIB1 N-terminal fragment added to the cells the 
less repression there was on the AIB1 protein.  
Interestingly, transfection of the fragment alone 
showed an increase in luciferase activity, which is 
probably not due to an inherent coactivator 
function of this fragment since most of the 
transcriptional activity of the AIB1 and AIB1-Δ4 
proteins reside in their recruitment of p300/CBP in 
the C-terminus (36).  This increase in transcription 
is most likely due to a relief of repression of the 
endogenous AIB1 in the COS-7 cells since we are 
able to detect endogenous AIB1 protein by 
Western blot (17).  Previous studies from our 
group and others have suggested that the N-
terminal region containing the bHLH and PAS A 
domains contain an inhibitory domain that 
represses activity in both the nucleus and 
cytoplasm (17,18,21,26,36).  Our studies and those 
from Chen et al (36) have shown that the loss of 
the N-terminal region leads to potent coactivation 
of nuclear hormone receptor mediated 
transcription.  Expression of AIB1-Δ4 (loss of 
amino acids 1-223 of AIB1) or ACTR38 (loss of 
amino acids 1-447 of AIB1) leads to potent 
coactivation of nuclear receptor dependent 
transcription from estrogen, progesterone, retinoic 
acid, thyroid, glucocorticoid, vitamin D, and 
retinoid X receptors.  Interestingly, data from Li et 
al (26) showed expression of AIB1 constructs 
containing mutations in either or both NLS (NLS 
amino acids 16-19 and 35-38 of AIB1) or with the 
bHLH domain deleted (amino acids 16-88 of 
AIB1) had no coactivator activity presumably 
because of lack of import into the nucleus.  The 
other possibility is that they still retained amino 
acids 88 through 224, which would support the 
evidence that there is an inhibitory domain in this 
region.  Loss of these amino acids in AIB1-Δ4 and 



ACTR38 allows these proteins to be potent 
coactivators.  A number of proteins have been 
shown to bind to the bHLH PAS domain of p160 
SRC family members.  These have been described 
as having coactivator, corepressor and phosphatase 
activity  (54-59) depending on the context in which 
they are examined.  It remains to be determined if 
these proteins play a role in repression or loss of 
activation of AIB1 on endogenous genes or 
conversely whether they have lost affinity or 
changed interaction with AIB1-Δ4. 
 Both AIB1 and AIB1-Δ4 have been shown 
to have effects in the Epidermal Growth Factor 
(EGF) signaling.  Data from our lab has shown 
that loss of both AIB1 and AIB1-Δ4 protein 
together can lead to a decrease in EGF receptor 
(EGFR) phosphorylation (6) and AIB1-Δ4 is able 
to potently coactivate EGF stimulated 
transcription (17).  Long et al (21) have shown that 
AIB1-Δ4 acts as a bridging molecule between 
EGFR and FAK and this interaction facilitates the 
motility and metastatic capability of MDA-MB-
231 breast cancer cells.  They also show that 
AIB1-Δ4 is phosphorylated by p21-activated 
kinase (PAK1), which increases the association of 
AIB1-Δ4 with EGFR and FAK.  Intriguingly in 
this latter study the N-terminal region of AIB1 
inhibited the interaction of AIB1 with FAK and 
therefore was unable to stimulate the EGF induced 
migration of cancer cells, suggesting that even in 
the cytoplasm the N-terminal region of AIB1 was 
repressive.  Expression of a NLS mutant of AIB1, 
which resides predominantly in the cytoplasm 
showed much weaker interaction with FAK in 
cells.  Another recent publication from Cai et al 
(60) shows in non-small cell lung cancer (NSCLC) 
that AIB1 expression is correlated with poor 
prognosis and knockdown of AIB1 in NSCLC cell 
line resistant to gefitinib treatment restored 
sensitivity to EGFR inhibition by gefitinib.  Taken 
together these data indicate that there is a signaling 
loop existing between AIB1/AIB1-Δ4 and EGFR 
where EGFR can affect AIB1-Δ4 through PAK1 
activation and AIB1/AIB1-Δ4 can affect EGFR 
signaling and transcription as well.  It is unclear if 
the siRNA used to target AIB1 in the gefitinib 
study also targeted AIB1-Δ4 as well so the effects 
of AIB1-Δ4 on EGFR signaling are not currently 
known.  Overall the contribution of nuclear versus 
cytoplasmic function of AIB1-Δ4 to steroid and 

growth factor signaling needs to be further 
explored. 
 Given that we have found that the 
expression of AIB1-Δ4 at the protein level is 
higher in breast and pancreatic cancer cells 
(17,61), we were interested to investigate if AIB1-
Δ4 is regulated at the protein level.  We have 
previously shown that AIB1 protein levels are 
greatly reduced in response to growth of cells at 
high confluence and the removal of growth factors 
(62).  Interestingly we found that the AIB1-Δ4 
isoform is not regulated in the same fashion as 
AIB1 protein (Sup Fig. 5).  AIB1-Δ4 is resistant to 
proteasomal degradation induced by high 
confluence.  This is probably due to loss of a site 
of regulation in the N-terminal 223 amino acids.  
The proteasomal regulation of AIB1 has been well 
characterized (57,62,63).  Interestingly, regulation 
of a phospho-degron at S102 by protein 
phosphatase 1 (PP1) was shown to be important 
for regulating the activity of AIB1.  PP1 
overexpression was able to inhibit the reporter 
activity as well as the cell proliferative ability of 
AIB1.  The S102 site is also a site of regulation by 
the ubiquitin ligase SPOP (64).  This site is lost in 
AIB1-Δ4 and could explain the high coactivator 
activity and stability of the AIB1-Δ4 protein. 
 A major question that arises from these 
studies on AIB1-Δ4 is whether there are distinct 
biological functions for this isoform.  To begin to 
investigate this, we took advantage of the unique 
splice junction sequence that exists in the AIB1-
Δ4 transcript to develop a new technique to 
specifically measure the amounts of AIB1-Δ4 
mRNA independent of AIB1 transcript.  By 
utilizing Scorpion primer technology we see 
higher expression of AIB1-Δ4 in cancer cell lines 
relative to normal cell lines and higher expression 
in more metastatic cancer cell lines.  Observations 
on the role of AIB1 in disease do not make the 
distinction between the relative contribution of 
AIB1 or AIB1-Δ4 to the phenotype.  Studies that 
analyze mRNA expression of AIB1 utilize primers 
that detect both AIB1 and AIB1-Δ4.  We believe 
that it will be important to dissect out the 
contribution to phenotypes attributed to AIB1-Δ4 
independent of AIB1 and vice versa in future 
clinical studies.  We have also developed affinity 
purified antibodies based on the knowledge of the 
unique N-acetylated N-terminal sequence of 



AIB1-Δ4 which will serve as another resource to 
determine the expression of AIB1-Δ4 at the 
protein level at various stages of tumorigenesis. 
 The precise role of AIB1-Δ4 in 
tumorigenesis is not known.  It is intriguing that 
AIB1-Δ4 is not degraded under conditions of low 
growth (e.g. high confluence) whereas full-length 
AIB1 is rapidly lost.  AIB1-Δ4 protein expression 
may provide a selective advantage for a cancer cell 
to continue to grow in conditions unfavorable for 
proliferation for both its metastatic and 
transcriptional function.  Therefore further studies 
into the regulation and possible targets of AIB1-
Δ4 in tumorigenesis need to be pursued. 
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Figure Legends 
 

Figure 1.  Identification of the translation start site of AIB1-Δ4 and characterization of affinity 
purified AIB1-Δ4 antibodies.  a, After overexpression of a C-terminal FLAG AIB1-Δ4 construct in 
HEK293T cells, we determined by mass spectrometric analysis that the AIB1-Δ4 transcript initiates 
translation at the methionine at position 224 in the full-length AIB1 protein.  The 
TPHDILEDINASPEMR peptide was not identified in AIB1-Δ4 (boxed) and the 
AMMEEGEDLQSCMICVAR peptide was identified (underlined) by mass spectrometric analysis.  The 
MQCFALSQPR peptide identified through further mass spectrometry analysis containing the translation 
start site is shown in bold.  b, The annotated fragmentation spectra of the MQCFALSQPR peptide are 
shown.  This tryptic peptide is bearing acetylation of the initial methionine as a result of cotranslational 
modification.  The left spectrum shows collision induced dissociation (CID) fragmentation of the double 
charged peptide with a non-oxidized methionine and m/z ratio of 640.3.  The right spectrum depicts 
fragmentation of the double charged peptide with m/z ratio of 648.3 due to a mass shift caused by 
oxidation of the initial methionine.  Stars indicate the position of parental ions in the MS/MS spectra.  
Based on the analysis of the CID fragmentation acetylation was assigned to the initial methionine residue.  
c, (i) IP of endogenous AIB1-Δ4 in MCF-7 cells using AIB1-Δ4 specific antibody and detection with 
AIB1 (5E11) antibody which detects both isoforms of AIB1.  (ii) IP of transfected C-terminal FLAG 
AIB1-Δ4 in HEK293T cells.  (iii) Peptide competition assay during IP of AIB1-Δ4 from MCF-7 cells 
using both a N-acetylated and non-acetylated MQCFALSQPRK peptide.  IP was performed as in (i) 
except 1µg of peptides was added during immunoprecipitation.  d, The full-length human AIB1 transcript 
consists of 23 exons.  This leads to the creation of a 155 kDa protein consisting of 1424 amino acids.  The 
AIB1-Δ4 transcript lacks exon 4 due to alternative splicing and the resultant protein lacks the N-terminal 
223 amino acids of the full-length protein.  This results in a 130 kDa protein consisting of 1201 amino 
acids. 
 
Figure 2.  AIB1-Δ4 is found predominantly in the cytoplasm but can be detected in the nucleus.  a, 
The distribution of AIB1-Δ4 in nuclear and cytoplasmic fractions from MCF-7 cells was determined with 
AIB1 (5E11) antibody.  HSP90 was used as a cytoplasmic fraction control and HDAC1 as a nuclear 



fraction control.  b, FLAG AIB1-Δ4 localization in the HEK293T cells was determined as in Fig 2a using 
FLAG M2 antibody for Western blotting.  c, Chinese Hamster Ovary cells were grown in DMEM 
F12+10%FBS and transfected with FLAG AIB1 or FLAG AIB1-Δ4.  Cells were fixed and stained for 
FLAG peptide and DAPI and visualized by indirect immunofluorescence.  FLAG staining is shown in the 
left panels (green), DAPI staining DNA in the nucleus is shown in the middle panels (blue), and merge 
images in the right panels.  Typical nuclear, nuclear/cytoplasmic, and cytoplasmic staining is shown in the 
smaller panels below the larger images.  Red, yellow, and blue arrowheads note the nuclear, 
nuclear/cytoplasmic, and cytoplasmic stained cells shown in the insets below the large field images.  The 
percentage of nuclear, nuclear/cytoplasmic, and cytoplasmic staining cells is graphed.  200 cells were 
counted per transfection and cell compartment staining was quantified for three separate experiments.  
Nuclear, nuclear/cytoplasmic, and cytoplasmic stained cells are represented by the black, gray, and white 
bars respectively.  d, CHO cells were transfected with FLAG AIB1-Δ4 and treated as in panel c.  24 hours 
after transfection, either the carrier EtOH or 50 nM leptomycin B (LMB in EtOH) was added to the 
culture media for 4 hours before fixing and staining cells.  The percentage of nuclear, 
nuclear/cytoplasmic, and cytoplasmic staining cells is shown in the absence and presence of LMB.  Cells 
were quantified as in panel c.  Nuclear, nuclear/cytoplasmic, and cytoplasmic stained cells are represented 
by the black, gray, and white bars respectively.  Red arrowheads note the nuclear stained cells in the field 
of FLAG AIB1-Δ4 transfected cells. 
 
Figure 3.  Overexpression of AIB1 localizes AIB1-Δ4 to the nucleus. a, CHO cells were transfected 
with FLAG AIB1-Δ4 alone or with an equal amount of HA-AIB1 and plated on glass cover slips in 
DMEM F12+10% FBS.  Cells were fixed and permeabolized 24 hours after plating and stained for FLAG 
containing proteins (green), HA tagged proteins (red) and nuclei stained with DAPI (blue).  Cells were 
then analyzed by indirect immunofluorescence.  b, The number of nuclear, nuclear/cytoplasmic, and 
cytoplasmic staining cells was quantified for three experiments as in Fig 2c.  Data were analyzed by t-test.  
***=p<0.001 when compared to AIB1-Δ4 transfection alone.  c, HEK293T cells grown in 
DMEM+10%FBS were transfected with either FLAG AIB1 alone, AIB1-Δ4 alone, or FLAG AIB1 and 
AIB1-Δ4 together and lysates were immunoprecipitated using FLAG antibody to pulldown FLAG AIB1 
and any interacting proteins. 
 
Figure 4.  Overexpression of p300 localizes AIB1-Δ4 to the nucleus.  a, HEK293T cells were 
transfected with either p300-HA, FLAG AIB1, or FLAG AIB1-Δ4.  Equal amounts of FLAG AIB1 or 
FLAG AIB1-Δ4 protein were incubated with equal amounts of p300-HA.  After immunoprecipitation 
with HA antibody to pull down p300 and associated proteins, a FLAG Western blot was performed to 
determine how much AIB1 and AIB1-Δ4 immunoprecipitated with p300.  b, CHO cells were transfected 
with FLAG AIB1-Δ4 alone or with an equal amount of p300-HA and plated on glass cover slips in 
DMEM F12+10% FBS.  Cells were fixed and permeabolized 24 hours after plating and stained for DAPI 
(blue), FLAG (green), and HA (red) containing proteins as in Fig 3b.  Cells were then analyzed by 
indirect immunofluorescence.  c, The number of nuclear, nuclear/cytoplasmic, and cytoplasmic staining 
cells was quantified as in Fig 2a. The percentage of nuclear, nuclear/cytoplasmic, and cytoplasmic stained 
cells is shown in the black, gray, and white bars respectively for three experiments is shown.  Data were 
analyzed by t-test.  **=p<0.01 when compared to AIB1-Δ4 transfection alone. 
 
Figure 5.  AIB1-Δ4,  like AIB1, is recruited to ERE in the nucleus. a, HEK293 cells grown in phenol 
red free IMEM + 10% charcoal stripped serum were transfected with either FLAG AIB1 or FLAG AIB1-
Δ4 and ERα.  24 hours later cells were stimulated with estrogen and harvested at 0, 15, 30, 45, and 60 
minutes after estrogen stimulation.  These lysates were subjected to a quantitative ChIP analysis using a 
FLAG antibody.  The percentage of the input recovered after immunoprecipitation for each ERE in pS2, 
hC3, or HER2 was determined.  Data is representative of three independent experiments.  The relative 
amount of transfected proteins and actin after transfection for each time point is shown by Western blot.  



b, MCF-7 cells were grown in phenol red free IMEM + 10% charcoal stripped serum for three days 
before stimulation with 10 nM estrogen.  Quantitative ChIP analysis was performed as in a except the 
immunoprecipitation was carried out with AIB1 antibody or AIB1-Δ4 affinity purified antibodies.  Data is 
representative of two independent experiments.  c, HEK293 cells were grown as in panel a and total RNA 
was harvested from cells at 0, 4, 8, and 24 hours after estrogen treatment to determine the relative gene 
expression for pS2, hC3, and HER2.  Data were analyzed by two way ANOVA with Bonferroni post test 
where *=p<0.05 **=p<0.01 ***=p<0.001 relative to time 0.  None of the time points for AIB1 were 
significantly different.  The relative amount of proteins after transfection for each time point is shown by 
the Western blot. 
 
Figure 6.  The N-terminus of AIB1 contains an inhibitory domain that is lost in AIB1-Δ4.  a, 
Proposed mechanism of repression of the full-length AIB1 protein.  An inhibitor that binds to the N-
terminus of AIB1, ordinarily represses its coactivator function.  Overexpression of a N-terminal fragment 
of AIB1 lost in AIB1-Δ4 may bind to the squelching factor, which normally regulates the coactivator 
function of AIB1 thereby relieving repression on the full-length AIB1 protein.  b, COS-7 cells were 
transfected with human progesterone receptor B (25 ng), MMTV luciferase (100 ng), and either pcDNA3 
or FLAG AIB1 (500 ng) with increasing amounts of FLAG AIB1 N term (125, 500, 750 ng).  24 hours 
later cells were treated with 10 nM R5020 for 24 hours before reporter activity was determined.  
Luciferase values were normalized to TK Renilla (10 ng) reporter activity.  The assay was plated in 
triplicate and a representative graph is shown from three separate experiments. Data were analyzed by one 
way ANOVA with Tukey’s multiple comparison post test.  **=p<0.01, ***=p<0.001 when compared to 
FLAG AIB1 transfection alone.  c, The relative amount of FLAG proteins in the COS-7 cells is shown by 
Western blot. 
 
Figure 7.  AIB1-Δ4 expression is increased in metastatic cancer cell lines.  a, A scorpion primer was 
designed to specifically recognize the unique splice junction of exon 3 and exon 5.  The scorpion primer 
consists of primer (black half arrow), blocker (blue jagged line), quencher (purple octagon), probe (red - 
exon3, light blue - exon 5), stem (black attached lines), and reporter (green ball).  The stem region will 
only be dissociated when a target sequence is created during the process of PCR.  In the case of AIB1, no 
appropriate target is generated so the preferred conformation is to remain in the stem loop with the 
reporter quenched.  For the AIB1-Δ4 transcript an appropriate target is generated and the probe can then 
bind its target sequence allowing the reporter to fluoresce.  Scorpion primers specific for AIB1-Δ4 
transcript had a probe sequence complimentary to the splice junction of exon 3 and 5.  Scorpion primers 
for AIB1 had a probe sequence complimentary to exon 4.  b, Scorpion primers were used to quantitate the 
amount of AIB1 and AIB1-Δ4 transcript from the RNA of human mammary epithelial cells (HMEC), 
parental MDA-MB-231 breast cancer cells and three tissue specific metastatic variants of MDA-MB-231 
cells.  The Ct values were normalized to actin expression as a control. The ratio of AIB1-Δ4 to AIB1 is 
shown.  Data were analyzed by one way ANOVA with Bonferroni post test.  *=p<0.05, ***=p<0.001 
when compared to HMEC.  c, Scorpion primers were used as in panel b to analyze RNA from parental 
COLO 357 pancreatic cancer cells and two metastatic variants which metastasized from pancreas to liver 
(COLO PL) or from spleen to liver (COLO SL).  Ct values were normalized to actin expression as a 
control. The ratio of AIB1-Δ4 to AIB1 is shown.  Data were analyzed by one way ANOVA with 
Newman-Keuls post test.  *=p<0.05 when compared to parental COLO 357 cells. 
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Abstract 
 
Bazedoxifene (BZA) is a third generation selective estrogen receptor modulator (SERM) that 

was recently approved for the prevention and treatment of postmenopausal osteoporosis. It has 

antitumor activity; however, its mechanism of action remains largely unclear. In the present 

study, we characterized the effects of BZA and several other SERMs on the proliferation of 

hormone-dependent MCF-7 and T47D breast cancer cells and hormone-independent MCF-7:5C 

and MCF-7:2A cells and examined their mechanism of action in these cells. We found that all of 

the SERMs inhibited the growth of MCF-7 and T47D cells, however, BZA was the only SERM 

that inhibited the growth of hormone-independent MCF-7:5C and MCF-7:2A cells. Consistent 

with these growth results, we found that BZA induced G1 blockade in MCF-7:5C and MCF-

7:2A cells and it significantly downregulated ERα and cyclin D1 which were constitutively 

overexpressed in these cells. In addition, siRNA knockdown of ERα and/or cyclin D1 

significantly reduced the inhibitory effect of BZA in MCF-7:5C cells. Further analysis revealed 

that BZA downregulated ERα protein by increasing its degradation and it suppressed cyclin D1 

protein and promoter activity in MCF-7:5C cells. Lastly, molecular modeling studies 

demonstrated that BZA bound to ERα in an orientation similar to raloxifene and had the 

tendency to form the same contacts with the aminoacids lining the binding cavity. Together, 

these findings indicate that BZA is distinct from raloxifene and tamoxifen in its ability to inhibit 

hormone-independent breast cancer cells and its antagonist activity is ERα-dependent and 

involves down-regulation of cyclin D1.  
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Introduction 
 

Bazedoxifene acetate (BZA) is a new third generation selective estrogen receptor modulator 

(SERM) (Silverman et al., 2008) that is approved in Europe and is under regulatory review in the 

United States for the prevention and treatment of postmenopausal osteoporosis. In phase III 

clinical trials (Archer et al., 2009; Miller et al., 2008; Pinkerton et al., 2009a) BZA (20 or 40 

mg/daily) has been shown to prevent bone loss and to reduce bone turnover in postmenopausal 

women at risk for osteoporosis, with a favorable endometrial, ovarian, and breast safety profile. 

BZA also significantly reduces the risk of new vertebral fractures in postmenopausal women 

with osteoporosis compared to placebo (Silverman et al., 2008). In addition, recent studies 

indicate that BZA combined with conjugated estrogens relieves hot flashes and improves 

vulvovaginal atrophy and its symptoms (Kagan et al., 2010). 

BZA is an indole-based ER ligand with unique structural characteristics with respect to 

tamoxifen (TAM) and raloxifene (RAL). It was assembled by using RAL as a template and 

substituting an indole ring for the benzothiophene core (Komm et al., 2005; Miller et al., 2001). 

BZA binds to both ER alpha (ERα) and ER beta (ERβ), with a slight higher affinity for ERα, 

however, it is less ERα selective than RAL, with an affinity for ERα that is about 10-fold lower 

than 17β-estradiol (E2) (Miller et al., 2001). ERα is a well studied member of the steroid/nuclear 

receptor family of transcription regulators. ERα acts in the nucleus to regulate gene expression 

by binding to estrogen response elements (EREs) and related DNA sequences and through 

association with transcription factors bound at SP1 and AP-1 DNA binding sites. In response to 

high affinity estrogen binding, ERα dimerizes, binds to ERE DNAs, and undergoes a 

conformational change in the ligand binding domain that facilitates the recruitment of 

coactivators. In contrast, antagonist-occupied ERα recruits corepressors. While previous studies 
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have reported that BZA antagonizes E2-dependent MCF-7 breast cancer cell proliferation in 

vitro (Komm et al., 2005), little is known about the actions of BZA on ERα expression and 

functionality. Also not known is whether BZA has antitumor activity in breast cancer cells that 

have acquired resistance to endocrine therapies. 

We have previously reported the development of two ERα-positive human breast cancer cell 

lines; MCF-7:5C (Jiang et al., 1992; Lewis et al., 2005a) and MCF-7:2A (Lewis-Wambi et al., 

2008b; Pink et al., 1995) which were clonally selected from hormone-dependent MCF-7 breast 

cancer cells following long term (> 1 year) estrogen deprivation. An interesting phenotype of 

MCF-7:5C and MCF-7:2A cells is that, unlike MCF-7 cells which require estrogen to grow and 

are inhibited by antiestrogens, they do not require estrogen to grow and they undergo apoptosis 

when exposed to physiologic levels of E2 (Jordan, 2008; Lewis-Wambi et al., 2008b; Lewis et 

al., 2005a). However, the effects of SERMs on MCF-7:5C and MCF-7:2A cells have not been 

fully examined. In this study, we investigated the effects of BZA, 4-hydroxytamoxifen (4OHT), 

endoxifen, raloxifene, and the pure antiestrogen fulvestrant (ICI 182,780) on the growth of MCF-

7:5C and MCF-7:2A breast cancer cells and determined the mechanism of action of BZA in 

these cells. We found that all of the SERMs inhibited E2-stimulated MCF-7 and T47D breast 

cancer cell growth, however, only BZA significantly inhibited the hormone-independent growth 

of MCF-7:5C and MCF-7:2A cells. The inhibitory effect of BZA was associated with cell cycle 

arrest and ERα and cyclin D1 downregulation which was completely reversed by ERα or cyclin 

D1 suppression. Together, these data show that BZA is distinct from the other members of the 

SERM family in its ability to inhibit the growth of breast cancer cells that are resistant to long-

term estrogen deprivation. 
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Materials and Methods 
 

Reagents and cell culture. E2, 4-hydroxytamoxifen (4OHT; the active metabolite of TAM), 

and MG132 were purchased from Sigma Chemical Co. Fulvestrant (ICI 182,780, Faslodex) was 

a generous gift from Dr. A. E. Wakeling (Zeneca Pharmaceuticals, Macclesfield, United 

Kingdom). Endoxifen (ENDOX) was a kind gift from Dr James Ingle of the Mayo Clinic 

(Rochester, Minnesota). Raloxifene (RAL) was a generous gift from Lilly Research Laboratories 

(Indianapolis, IN). Bazedoxifene acetate (BZA) was synthesized by Drs Ron Grigg and 

Mohammed Sarker of Leeds University using a previously described protocol (Miller et al., 

2001). All of the compounds were dissolved in 100% ethanol except MG132 which was 

dissolved in dimethyl sulfoxide (DMSO). The compounds were added to the medium such that 

the total solvent concentration was never higher than 0.1%. An untreated group served as a 

control. The chemical structures of all of the compounds used in this study are shown in 

Supplemental Fig. S1.  

MCF-7:WS8 and T47D:A18 human mammary carcinoma cells, clonally selected from their 

parental counterparts for sensitivity to growth stimulation by E2 (Pink and Jordan, 1996), were 

used in all experiments indicating MCF-7 and T47D cells. Cells were maintained in estrogenized 

medium [phenol red RPMI 1640 plus 10% fetal bovine serum], but 3 days before all experiments, 

were cultured in steroid-free media as previously described (Lewis et al., 2005a; Lewis et al., 

2005b; Pink and Jordan, 1996). MCF-7:5C (Jiang et al., 1992; Lewis et al., 2005a; Lewis et al., 

2005b) and MCF-7:2A cells (Lewis-Wambi et al., 2008b; Pink and Jordan, 1996) were derived 

from the MCF-7 line by growth in estrogen-free media and two rounds of limiting dilution 

cloning and were maintained in phenol red-free RPMI 1640 medium containing 10% 3X 

dextran-coated charcoal treated FBS. MC2 cells were derived by stably transfecting ER-negative 
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MDA-MB-231 breast cancer cells with the wild-type ERα (Jiang and Jordan, 1992) and these 

cells were grown in phenol red-free MEM supplemented with 5% 3× dextran-coated charcoal-

treated calf serum, 0.5 mg/ml Geneticin. All cell culture reagents were from Invitrogen (Carlsbad, 

CA). 

Cell proliferation assay. These procedures have been previously reported (Lewis et al., 2005; 

Lewis-Wambi et al., 2008). Briefly, MCF-7 and T47D cells were grown in fully estrogenized 

medium whereas MCF-7:5C and MCF-7:2A cells were grown in non-estrogenized media. Cells 

were seeded in 24-well plates (30,000/well) and after overnight incubation cells were treated 

with various concentrations of the tested compounds for 7 days. Media was changed on days 3 

and 5 and the experiment was ended on day 7 and the DNA content of the cells was determined 

as previously described (Labarca and Paigen, 1980) using a Fluorescent DNA Quantitation kit 

(Bio-Rad Laboratories, Hercules, CA). Cell proliferation was also determined by cell counting 

using a hemocytometer. 

Western blot analyses. Immunoblotting was performed using 30 μg protein per well as 

previously described (Lewis et al., 2005a). Membranes were probed with primary antibodies 

against ERα, PgR, cyclin A, cyclin B1 or cyclin D1 (Santa Cruz Biotechnology) with β-actin 

(AC-15; Sigma Chemical Co.) used to standardize loading. The appropriate secondary antibody 

conjugated to horseradish peroxidase (Santa Cruz Biotechnology) was used to visualize the 

stained bands with an enhanced chemiluminescence (ECL) visualization kit (Amersham, 

Arlington Heights, IL). Bands were quantitated by densitometry using Molecular Dynamics 

Software (ImageQuant) and densitometric values were corrected for loading control. 

Cell cycle analyses. MCF-7 and MCF-7:5C cells were treated with E2 or BZA for 24 and 48 

hours and then fixed using ice-cold 70% ethanol. Cell cycle distribution was determined by 
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propidium idodide staining using a fluorescence-activated cell sorter (FACS; Becton Dickinson) 

as previously described (Ariazi et al., 2010). Data was analyzed using FlowJo 7.2.5 for Windows 

(Tree Star). 

Knockdown of ERα and cyclin D1 by siRNA. MCF-7:5C cells were seeded at 1 x 105 per 

well in a 24-well plate and, 24 h later, cells were transfected with nonspecific, ERα, or cyclin D1 

(50 nmol/L) small interfering RNA (siRNA; Dharmacon) using Lipofectomine 2000 (Invitrogen), 

as previously described (Lewis et al., 2005a) Cells were harvested at 48 h for Western blot 

analysis or at 120 h for cell counting.  

Quantitative real-time PCR. The detail procedures have been previously reported (Lewis et 

al., 2005). MCF-7 and MCF-7:5C cells were treated with either E2 (10-9 mol/L) or BZA (10-7 

mol/L) for 48 h and total RNA was isolated and then reverse transcribed to cDNA using the 

SuperScript II RNase H-reverse transcriptase system (Invitrogen, Life Technologies, Carlsbad, 

CA). Aliquots of the cDNA were combined with the SYBR green kit (Superarray) and primers, 

and assayed in triplicate by quantitative PCR over 40 cycles using a GeneAmp® 5700 Sequence 

detection system (Applied Biosystems), as previously described (Lewis et al., 2005a). 

Quantitation was done using the comparative CT method with 18S rRNA as the normalization 

gene, as previously described (Lewis-Wambi et al., 2008a). PCR primer sequences used were as 

follow : ERα forward 5’–GGAGGGCAGGGGTGAA–3’, ERα reverse 5’–

GGCCAGGCTGTTCTTC TTAGA–3’; cyclin D1 forward 5’–TCCTGTGCTGCGA 

AGTGGAAAC–3’, cyclin D1 reverse 5’–AAATCGTGCGGGGTCATTGC; pS2 forward 5–

GAGGCCCAGACAGAGACGTG–3, pS2 reverse 5–CCCTGCAGAAGTGTCTAAAATTCA–3. 
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Transient transfections and luciferase assays. Cells were cultured in estrogen-free RPMI  

1640 media for 48 h prior to transfection. On the day of the experiment, cells were seeded in 

estrogen-free media at a density of 1.5 x 105 cells per well in 24-well plates. After 24h, cells 

were transfected with the firefly luciferase reporter plasmid pERE(5x)TA-ffLuc (containing 5 

copies of a consensus ERE and a TATA-box driving firefly luciferase) and the pTA-srLuc 

Renilla luciferase plasmid (containing a TATA-box element driving renilla luciferase) (Promega) 

using LT1 (Mirus) transfection reagent, according to the manufacturer’s protocol. After 24 hours, 

transfection reagents were removed and fresh media was added. Cells were then treated with 

ethanol (vehicle), 10-9 M E2, 10-8 M BZA, or E2 + BZA combined for 24 h. At the indicated 

time point, cells were washed, lysed, and ERE luciferase activity was determined using the Dual-

Luciferase Reporter Assay System (Promega, Madison, WI) according to the manufacturer’s 

recommendations. Samples were then read on a Mithras MB540 luminometer (Berthold 

Technologies, Oak Ridge, TN). 

For the cyclin D1 promoter assay, MCF-7:5C cells were transiently transfected with the full 

length cyclin D1 promoter plasmid (-1745CD1-LUC) as previously described (Lewis et al., 

2005c; Lewis et al., 2005d). The full length cyclin D1 plasmid (-1745CD1-LUC) (Albanese et al., 

1995) was a gift from Dr Richard Pestell. 

 
Molecular Modeling. The molecular modeling performed in this study has previously been 

described (Maximov et al., 2010). Briefly, the coordinates for the agonist and antagonist 

conformations of human ERα ligand binding domain co-crystallized with E2 (E2), raloxifene 

(RAL) and 4-hydroxytamoxifen (4OHT) were extracted from the RCSB Protein Data Bank 

(PDB) (Berman et al., 2000) Entries 1gwr for E2 (Warnmark et al., 2002), 1err for RAL 

(Brzozowski et al., 1997) and 3ert for 4OHT (Shiau et al., 1998) were selected for further 
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modeling and these structures were prepared for docking using the Protein Preparation Workflow 

(Schrödinger, LLC, New York, NY, 2008) implemented in Schrödinger suite and accessible 

from within the Maestro 8.5 program (Schrödinger, LLC, New York, NY, 2008). To study the 

molecular basis of interaction of bazedoxifene in the antagonist conformation of ERα, the 

ligands were docked into the binding site of the receptor co-crystallized with RAL (PDB code 

1err). For comparison reasons, RAL was also docked in its native protein structure.  

The input geometries of the ligands were generated with CORINA (online demo, 

http://www.molecular-networks.com/online_demos/corina_demo) and were further prepared for 

docking using the LigPrep2.2 utility (LigPrep, version 2.2, Schrödinger, LLC, New York, NY, 

2008). The prepared structure of ERα co-crystallized with RAL was used to generate the scoring 

grid for docking simulations. A grid box of 26 x 26 x 26 Å3 centered on the ligand was created, 

using the default parameters and without constraints.  

Flexible ligand docking simulations were carried out with Glide 5.0 (Glide, version 5, 

Schrödinger, LLC, New York, NY, 2008) using the default settings and the best 10 poses for 

each ligand were evaluated using Glide in Standard-Precision (GlideSP) and Extra-Precision 

(GlideXP) mode. The results obtained from the docking runs were compared and GlideXP 

docking poses were selected for analysis. 

 

Statistical Analysis. All quantitative experiments were performed in triplicate and/or 

repeated three times. Data were expressed as mean ± S.D. Statistical significances between 

vehicle treatment versus drug-treatment were determined by one-way analysis of variance and 

the Student's t test. A value of p < 0.05 was considered statistically significant.  
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Results 
 

BZA Inhibits the Growth of Hormone-Independent MCF-7:5C and MCF-7:2A Breast 

Cancer Cells. We first compared the growth characteristics of hormone-dependent MCF-7 and 

T47D breast cancer cells to those of long-term estrogen deprived MCF-7:5C and MCF-7:2A 

cells in the presence of E2. Cells were grown in estrogen-free media and then treated with 10-14 

M to 10-8 M E2 for 7 days and cellular DNA was measure as an index of growth. In parallel, 

cells were also treated with 10-9 M E2 for 2 to 12 days and then harvested and counted using a 

hemocytometer. Fig. 1A shows that E2 treatment stimulated the growth of MCF-7 and T47D 

cells in a concentration-dependent (top panel) and time-dependent manner (bottom panel) with 

maximum stimulation at 10-9 M, however, in MCF-7:5C and MCF-7:2A cells, E2 treatment at 

similar concentrations had the opposite effect causing either complete growth inhibition in MCF-

7:5C cells or partial growth inhibition in MCF-7:2A cells. This current finding is consistent with 

our previously published work (Lewis-Wambi et al., 2008b; Lewis et al., 2005a) which showed 

that physiologic concentrations of E2 induced programmed cell death (apoptosis) in MCF-7:5C 

and MCF-7:2A cells through activation of the mitochondrial death pathway. 

Next, we determined the inhibitory effects of BZA and other SERMs (see Supplemental 

Fig. S1 for chemical structures) on MCF-7, T47D, MCF-7:5C, and MCF-7:2A cells. For 

experiments, MCF-7 and T47D cells were grown in fully estrogenized media and MCF-7:5C and 

MCF-7:2A cells were grown in estrogen-free media and then treated with 10-12 M to 10-6 M BZA, 

RAL, FUL, 4OHT, or ENDOX for 7 days and cellular DNA was measured as an index of growth. 

Fig. 1B shows that all of the tested SERMs along with the pure antiestrogen FUL inhibited E2-

stimulated growth in MCF-7 and T47D cells and hormone-independent growth in MCF-7:2A 

cells in a concentration-dependent manner, however, in MCF-7:5C cells, only BZA and FUL 
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inhibited the growth of these cells with no effects observed with RAL, 4OHT, and ENDOX. 

BZA reduced the growth of MCF-7:5C cells in a concentration dependent manner causing an 

80% reduction at 10-8 M whereas FUL reduced the growth by 55% at  similar concentration.  

 
BZA Downregulates ERα Protein in MCF-7:5C and MCF-7:2A Cells. Since BZA 

dramatically reduced the growth of MCF-7:5C cells, we next determined whether BZA had 

actions similar to that of 4OHT or FUL at the level of ERα stability/degradation. We treated 

MCF-7:5C, MCF-7:2A, MCF-7, and T47D cells with 10-9 M E2 or 10-7 M FUL, 4OHT, RAL, or 

BZA for 24 hours and monitored ERα protein level. As shown in Fig. 2A, ERα protein was 

highly expressed in MCF-7:5C and MCF-7:2A cells compared to MCF-7 and T47D cells and 

treatment with BZA dramatically downregulated ERα protein in MCF-7:5C and MCF-7:2A cells 

however it did not significantly reduce ERα levels in MCF-7 and T47D cells. The ability of BZA 

to downregulate ERα protein in MCF-7:5C and MCF-7:2A cells was greater than that of RAL 

and almost comparable to that of the pure antiestrogen ICI 182780 (FUL) which completely 

downregulated ERα in all of the cell lines. E2 treatment also markedly down-regulated ERα 

protein in MCF-7:5C cells and the other cell lines (Fig. 2A), however, 4OHT stabilized ERα 

against degradation in MCF-7 and T47D cells (Fig. 2A), which is consistent with previous 

studies (Pink and Jordan, 1996). We also examined the effect of the tamoxifen metabolite, 

endoxifen, on ERα expression in the different cell lines and found that endoxifen failed to down-

regulate ERα in all of the tested cell lines (Supplemental Fig. S2). Our finding differs from that 

of Wu and coworkers (2009) who reported that endoxifen downregulated ERα in breast cancer 

cells. 
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We also performed dose response and time response studies in MCF-7:5C and MCF-7 cells 

to determine the concentration and time of BZA treatment that optimally downregulated ERα 

protein. Fig. 2B showed that BZA reduced ERα protein levels in MCF-7:5C cells in a 

concentration dependent manner with maximum inhibition at 10-6 M and this down-regulation 

was observed as early as 4 hours after treatment (Fig. 2C, top). BZA also downregulated ERα 

mRNA levels in MCF-7:5C cells compared to control and this level of inhibition was 

comparable to that of fulvestrant (Fig. 2C, bottom). To show that the decreased ERα protein by 

BZA was due to protein degradation, we used MG132 to inhibit the proteosome in MCF-7:5C 

and MCF-7 cells. We found that inhibition of proteosome activity completely blocked ERα 

degradation in response to BZA and E2 with partial reversal with fulvestrant (Fig. 2D). We 

further determined whether BZA might affect ERα protein expression by inhibiting its synthesis. 

We treated MCF-7:5C cells with 0.5 to 5.0 μM cycloheximide (CHX) for 4 h to address this 

question. The impact of CHX on ERα protein expression was much less dramatic than that of 

BZA (data not shown), which suggest that BZA-induced down-regulation of ERα protein is not 

likely to involve protein synthesis inhibition. Together, these data show that BZA downregulates 

ERα and that it differs from other SERMs in its ability to regulate cell growth and ERα protein 

expression. 

 
BZA Inhibits ERα Transcriptional Activity in MCF-7:5C Cells. To determine whether BZA 

blocks ERα function, we next examined the transcriptional activation of an estrogen response 

element (ERE) in MCF-7, T47D, 5C, and 2A cells. For experiment, cells were transiently 

transfected with an ERE-luciferase reporter plasmid and treated for 24 h with 10-10 M E2 or 10-8 

M BZA either alone or in combination with E2. The results of these studies showed that the ERE 

was activated maximally by E2 in all of the cell lines with T47D showing the most robust E2 
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response (Fig. 3A). BZA, as an individual treatment, reduced basal ERE luciferase activity in 

MCF-7:5C and MCF-7:2A cells and in combination with E2 was able to completely block E2-

induced ERE activity in these cells (Fig. 3A).  

To further test whether BZA is able to block E2 activation of endogenous genes, we analyzed 

the expression level of pS2 mRNA in MCF-7:5C cells using qRT-PCR. The pS2 gene is often 

used as a prognostic marker in breast cancer cells and is frequently used in studies of ER action. 

Furthermore, it is suggested that estrogen regulates the expression of pS2 through an imperfect 

ERE in the pS2 promoter (Berry et al., 1989). Our results showed that basal pS2 mRNA level 

was ~3.5-fold higher in MCF-7:5C cells compared to wild-type MCF-7 cells and E2 treatment 

further increased basal pS2 mRNA level in MCF-7 and MCF-7:5C cells which was completely 

blocked by BZA (Fig. 3B). Notably, we also found that siRNA knockdown of ERα (Fig. 3C) 

significantly reduced the basal proliferation of MCF-7:5C cells and markedly reduced the 

responsiveness of these cells to BZA (Fig. 3C, bottom). Suppression of ERα also significantly 

reduced cyclin D1 protein levels in MCF-7:5C cells. Overall, these results show that BZA is a 

potent antiestrogen capable of blocking ERα-mediated transcriptional activation in hormone-

independent breast cancer cells and that its inhibitory effect is ERα-dependent.  

 
BZA blocks cell cycle progression in MCF-7:5C cells and downregulates cyclin D1. Since 

BZA significantly reduced the growth of MCF-7:5C cells, we next examined its effect on cell 

cycle progression. For experiment, MCF-7 and MCF-7:5C cells were treated with 10-9 M E2, 10-

8 M BZA, or E2 plus BZA for 48 h followed by propidium iodide staining and flow cytometric 

analysis. The results showed that in MCF-7:5C cells, BZA treatment increased the proportion of 

cells in G0/G1 phase from 60% (control) to 81% at 48 h and it reduced the proportion of S phase 

cells from 33% to 9%, however, in MCF-7 cells, E2 treatment increased the proportion of S-
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phase cells from 19% to 42% at 48 h with no effect observed with BZA alone (Fig. 4A). Notably, 

the inhibitory effect of BZA on cell cycle in MCF-7:5C cells was almost comparable to that of 

fulvestrant; however, none of the other SERMs induced G1 arrest in these cells (data not shown). 

The G-1–induced cell cycle block in MCF-7:5C cells was further investigated by measuring 

protein expression of G1-phase–specific cyclin D1. MCF-7 and MCF-7:5C cells were treated 

with E2, BZA, RAL, 4OHT or FUL and then collected at 24 h for immunoblotting analysis. Fig. 

4B shows that in parental MCF-7 cells, treatment with E2 increased cyclin D1 protein ~5-fold 

above control with significant induction with 4OHT and BZA, however, in MCF-7:5C cells, 

cyclin D1 protein was constitutively overexpressed and treatment with BZA dramatically 

reduced basal cyclin D1 protein to an almost undetectable level. Notably, none of the other tested 

compounds including the pure antiestrogen fulvestrant had any significant affect on cyclin D1 

protein in MCF-7:5C cells (Fig. 4B, bottom). Further analysis showed that the inhibitory effect 

of BZA on cyclin D1 occurred as early as 2 h and persisted up to 24 hours (Fig. 4C, top left). 

BZA also completely reduced constitutive cyclin D1 mRNA level (Fig. 4C, bottom) and cyclin 

D1 promoter activity (Fig. 4C, top right) in MCF-7:5C cells compared to parental MCF-7 cells 

and it completely blocked cyclin D1 induction by E2 in these cells. Lastly, we found that siRNA 

knockdown of cyclin D1  significantly reduced the basal growth of MCF-7:5C cells and it 

significantly reduced the inhibitory effect of BZA in these cells (Fig. 4D). It should be noted that 

cyclin D1 protein was also significantly reduced in MCF-7:5C cells due to ERα knockdown (Fig. 

3D), thus suggesting an important collaboration between cyclin D1 and ERα in mediating the 

growth inhibitory effect of BZA in MCF-7:5C cells. 

Molecular modeling and docking of BZA into the ligand binding site of ERα.  Molecular 

modeling and docking studies were carried out in an attempt to predict the bioactive 
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conformation of BZA and to understand the molecular basis of interaction of this ligand with 

ERα. Therefore, using the available X-ray crystallographic data, the flexible docking of BZA 

into the ligand binding domain (LBD) of ERα co-crystallized with RAL was performed and for 

comparison reasons, FUL and RAL were also docked in their native protein structure. The 

superimposition of the docked solution and experimental structure of RAL shows that the 

docking model recapitulates the orientation of the native ligand in the active site and the same 

interactions with the key aminoacids of the binding cavity are formed (ligand RMSD of 0.362 

when compared with the crystal structure; Supplemental Fig. S3A–upper left panel). The 

experimental structure of ERα co-crystallized with E2 (PDB code 1gwr), the agonist 

conformation of the receptor, is displayed in Fig. 5A, while the experimental antagonist 

conformations of ERα bound to 4OHT and RAL are superimposed and also presented in Fig. 5B, 

to emphasize the differences between these agonist and antagonist conformations of ERα. The 

docking results analysis demonstrates that BZA binds to ERα in an orientation similar with RAL 

(Fig. 5C), i.e. to the antagonist conformation of the receptor and has the tendency to form the 

same hydrophobic contacts with the aminoacids lining the binding cavity. Also, the same 

complex H-bond network is formed with D351, E353, R394, H524 and a highly ordered water 

molecule, located in the vicinity of residues E353 and R394 (Fig. 5C). Additionally, the docked 

structure of BZA was compared with the binding mode of 4OHT to ERα (Fig. 5B) and it was 

superimposed in the binding site of 4OHT-ERα complex (Fig. 5D). It is interesting to note that 

for the 4OHT bound receptor (Fig. 5B), the H-bond between BZA and H524 is missing (Fig. 5D) 

due to the different orientation of this aminoacid in the binding site compared with the RAL-

ERα complex (Fig. 5B). When FUL was docked to RAL-ERα complex, the H-bond network was 

recapitulated with one exception, the interaction with D351 is missing, while the flexible side 
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chain of FUL fills the groove between helix 3 and helix 12 (Supplemental Fig. S3B and Fig. 

S3C). It can be concluded that BZA binds to the antagonist conformation of ERα LBD, in a 

similar alignment with RAL not 4OHT or FUL, and forms, basically, the same favorable 

hydrophobic and hydrophilic interactions with the key aminoacids of ERα binding site. 
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Discussion 

While TAM (Cuzick et al., 2003; Fisher et al., 1998) and RAL (Vogel et al., 2010) are the 

best known of the SERMs, promising results have been observed with the targeted development 

of newer and more tissue-specific SERMs, many of which are under investigation for 

postmenopausal osteoporosis. Of the newer SERMs in development, Phase 3 clinical data have 

shown that BZA is effective in preventing and treating postmenopausal osteoporosis, without 

adverse effects on the endometrium or breast (Archer et al., 2009). BZA in combination with 

conjugated estrogens has also been shown to relieve hot flashes and improve vulvovaginal 

atrophy and its symptoms (Kagan et al., 2010; Pinkerton et al., 2009b). In the present study, we 

report for the first time that BZA, in addition to inhibiting the growth of hormone-dependent 

MCF-7 and T47D breast cancer cells, also inhibits the growth of breast cancer cells that have 

acquired resistance to long-term estrogen deprivation (i.e. hormone-independent/aromatase 

inhibitor resistant). Specifically, we found that BZA at 10-8 M inhibited the growth of hormone-

independent MCF-7:5C breast cancer cells by ~75-85% and this inhibitory effect was associated 

with G1 arrest and cyclin D1 and ERα down-regulation. BZA also completely blocked E2-

induced ERE luciferase activity and reduced basal pS2 mRNA levels in MCF-7:5C and MCF-

7:2A cells. BZA was the only SERM capable of inhibiting hormone-independent growth of 

MCF-7:5C cells with no effects observed with 4OHT, endoxifen, or RAL (Fig. 1B). Notably, our 

molecular modeling studies indicated that BZA bound the ligand binding domain of ERα in an 

antagonist orientation similar to RAL (Fig. 5C), but distinct from 4OHT (Fig. 5D) and 

fulvestrant (Supplemental Fig. S3B and Fig. S3C), and it formed the same network of H-bond 

contacts as RAL with the aminoacids lining the binding cavity of the receptor. It should be noted 

that BZA and RAL are similar in structure (Supplemental Fig. S1), however, despite their 
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similarities, there are reported structural differences between them (Komm et al., 2005; Miller et 

al., 2001). In particular, BZA possesses a core binding domain that consists of a 2-phenyl-3-

methyl indole whereas RAL has a benzothiophene core and TAM has a trans-stilbene core. 

Additionally, the side chain affecter region of BZA is connected to the core binding region via a 

methylene hinge, whereas RAL has its side chain connected via a carbonyl hinge and TAM has 

its side chain directly connected to its core binding region and. Finally, BZA contains a 

hexamethylenamine ring at the side chain terminus whereas RAL and TAM contain a piperidine 

ring and dimethylamine, respectively (Miller et al., 2001). These structural differences are 

thought to explain the 10-fold lower binding affinity of BZA for ERα compared to RAL (IC50 of 

26 nM versus 2.4 nM), however, these differences do not appear to affect the potency of BZA as 

an antagonist in breast cancer cells, as demonstrated in this study. Indeed, these findings help to 

further distinguish BZA from the other SERMs such as TAM and RAL and they support the 

concept that subtle but moderate structural differentiation can dramatically impact the ability of a 

ligand to regulate cell proliferation. 

Previous research has indicated that deregulation of ERα expression is a driving force in the 

initiation and progression of estrogen-sensitive breast tumors (Garcia-Closas and Chanock, 2008; 

Garcia-Closas et al., 2008). Indeed, it has been suggested that alterations in pathways leading to 

ERα synthesis and/or degradation underlie the deregulation of ERα and its consequent 

manifestations, including enhanced proliferation in breast tumors (Sommer and Fuqua, 2001). 

ERα is the predominant receptor isoform expressed in breast cancer cells, and increased numbers 

of ERα-expressing cells as well as increased individual cell ERα content can be observed at the 

earliest stages of breast tumorigenesis. Previously, we have shown that ERα mRNA and protein 

levels are significantly elevated in breast cancer cells that have been adapted to grow in an 
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estrogen-depleted environment (Lewis et al., 2005a; Murphy et al., 1990; Pink et al., 1996). This 

particular type of regulation in which ERα levels are increased following estrogen deprivation 

has been described as a Model I response (Pink and Jordan, 1996). A Model I response is 

characterized by an ERα that is expressed at high levels in the absence of estrogen and is 

subsequently down-regulated following estrogen binding, primarily through repression of the 

steady-state level of the mRNA. In the present study, we found that basal ERα protein levels 

were upregulated greater than 2-fold in hormone-independent MCF-7:5C and MCF-7:2A breast 

cancer cells compared to MCF-7 cells and treatment with BZA (10-8 M) induced proteasome-

mediated degradation of ERα in these cells which was reversed by the broad spectrum 

proteasome inhibitor MG132. The ability of BZA to degrade ERα in MCF-7:5C cells was rapid 

and robust occurring as early as 4 h after treatment with maximum degradation at 24 h and it was 

comparable to the pure antiestrogen fulvestrant which also completely degraded ERα. Notably, 

BZA and fulvestrant were the only compounds that markedly reduced the growth of both MCF-

7:5C and MCF-7:2A breast cancer cells and blocking BZA-induced ERα degradation with 

MG132 dramatically reduced its growth inhibitory effects on these cells (data not shown). The 

importance of ERα in mediating the antagonist effects of BZA in hormone-independent MCF-

7:5C cells was further confirmed by siRNA knockdown experiments which showed a 60% 

reduction in the ability of BZA to inhibit the growth of these cells. Suppression of ERα also 

significantly reduced the basal growth of MCF-7:5C cells and E2-induced growth in wild-type 

MCF-7 cells, which is consistent with recent findings by Ariazi and coworkers (Ariazi et al., 

2010). It should be noted; however, that degradation or suppression of ERα is not the only 

mechanism by which an antagonist can inhibit cell proliferation. For example, TAM has been 

shown to stabilize ERα protein against degradation in breast cancer cells (Murphy et al., 1990; 
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Pink et al., 1996; Pink et al., 1995; Pink and Jordan, 1996), however, it is a potent antagonist in 

the breast with the ability to block E2-stimulated proliferation and E2-induced ERE activity in 

these cells. Based on these findings, we speculate that, in the absence of estrogen, the unliganded 

ERα drives the proliferation of hormone-independent breast cancer cells; however, in the 

presence of BZA, the ability to inhibit cell proliferation is dependent on receptor degradation.  

Apart from ERα, BZA also significantly reduced cyclin D1 expression in MCF-7:5C breast 

cancer cells. Specifically, we found that cyclin D1 protein was constitutively overexpressed by 

3-to 5-fold in hormone-independent MCF-7:5C cells compared to wild-type MCF-7 cells and 

treatment with BZA completely reduced it to an undetectable level. In addition, we found that 

suppression of cyclin D1 reduced the basal growth of MCF-7:5C cells and it significantly 

reduced the inhibitory effect of BZA in these cells. Suppression of cyclin D1 also significantly 

reduced ERα protein levels in MCF-7:5C cells with similar effects observed following ERα 

suppression, thus suggesting a link between cyclin D1 and ERα in these cells. Cyclin D1 is a 

breast cancer oncogene whose overexpression has been linked to poor prognosis in ERα and 

PgR-positive breast cancers (Lammie and Peters, 1991). It is a multifunctional G1-phase cyclin 

whose regulatory effects are particularly important in breast development and cancer (Sutherland 

and Musgrove, 2004). Cyclin D1 is regulated by estrogen and progesterone (Said et al., 1997) 

and it contributes to poor treatment response of ER-positive tumors by acting downstream to 

promote hormone agonist- and antagonist-independent proliferation (Wilcken et al., 1997). There 

is also evidence that cyclin D1 can interact with ER coactivators to activate estrogen response 

element (ERE) in a ligand-independent manner (Zwijsen et al., 1997) and this interaction is not 

inhibited by antiestrogens (Zwijsen et al., 1997). Notably, we found that BZA not only reduced 

basal cyclin D1 protein and mRNA levels but also completely reduced its promoter activity in 
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hormone-independent MCF-7:5C cells and these changes were associated with decreased cell 

proliferation. In contrast, RAL, 4OHT, endoxifen, and FUL failed to inhibit cyclin D1 expression 

in MCF-7:5C cells, and these compounds, with the exception of fulvestrant, did not have any 

growth inhibitory effect in MCF-7:5C cells.  

In conclusion, it is clear from clinical data that BZA in combination with conjugated 

estrogens represents a new form of therapeutic agents for the treatment of postmenopausal 

symptoms and prevention of postmenopausal osteoporosis. The fact that it does not stimulate the 

breast or endometrium and is very effective at inhibiting the proliferation of endocrine-resistant 

breast cancer cells highlights its widespread therapeutic potential and demonstrates that not all 

SERMs are alike. Our data also suggest that the overexpression of ERα and cyclin D1 in MCF-

7:5C cells might be driving the hormone-independent growth of these cells and that the ability of 

BZA to down-regulate ERα and cyclin D1 is critical to treat and possibly reverse antihormone 

resistance in breast cancer. 
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Figure legends 
 
 
Fig. 1. Effects of E2 and SERMs on the growth of hormone-dependent MCF-7 and T47D cells 

versus hormone-independent MCF-7:5C and MCF-7:2A cells. A, MCF-7 and T47D cells were 

grown in phenol red-free RPMI medium supplemented with 10% charcoal stripped FBS for 3 

days prior to the start of the experiment. On the day of the experiment, all cell lines were seeded 

in phenol red-free RPMI medium supplemented with 10% charcoal stripped FBS at 30,000 per 

well in 24-well dishes and after 24 h were treated with 10-14 to 10-8 M E2 for 7 days, with 

retreatment every other day. At the conclusion of the experiment, cells were harvested and 

proliferation was assessed as cellular DNA mass (μg/well) using a DNA quantitation kit. The 

effect of E2 on proliferation of the different cell lines over a 12-day period was also determined 

by cell counting. B, the effects of antihormones at inhibiting E2-stimulated growth in MCF-7 and 

T47D cells and hormone-independent growth in MCF-7:5C and MCF-7:2A cells. Cells were 

seeded as described above except MCF-7 and T47D cells were grown in fully estrogenized 

media and then treated with 10-12 M to 10-6 M fulvestrant (FUL), bazedoxifene (BZA), raloxifene 

(RAL), 4-hydroxytamoxifen (4OHT), or endoxifen (ENDOX) for 7 days with retreatment on 

alternate days. Proliferation was assessed as cellular DNA mass (μg/well) as described in the 

methods section. C, effects of SERMs on reversing E2-induced growth inhibition of hormone-

independent MCF-7:5C cells. Cells were seeded as described above and then treated with 10-9 M 

E2 alone or E2 combined with increasing concentrations (10-12 M to 10-6 M) of BZA, RAL, 

4OHT, or ENDOX for 7 days and processed as described above. All data are presented as the 

mean from three different experiments in triplicate. 
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Fig. 2. Effects of SERMs on ERα expression and stability in hormone-dependent MCF-7 and 

T47D cells and hormone-independent MCF-7:5C and MCF-7:2A cells. A, Western blot analysis 

of ERα protein levels in MCF-7, T47D, MCF-7:5C, and MCF-7:2A cells in response to 24-h 

treatment with 10-9 M E2 or 10-7 M FUL, 4OHT, RAL or BZA. β-actin was used as a loading 

control. B, Western blot analysis of ERα protein levels in MCF-7:5C and MCF-7 cells following 

treatment with 10-9 M to 10-6 M for 24 h. For comparison, cells were also treated with 10-9 M E2 

or 10-8 M FUL. C, Western blot analysis of ERα protein levels in MCF-7:5C cells in response to 

10-8 M BZA treatment over a 24h time period. Quantitated protein levels were normalized to β-

actin. Densitometric quantitation relative to the control is shown on the bottom of the 

immunoreactive bands. Also shown is ERα mRNA levels in MCF-7:5C cells treated with 10-9 M 

E2, 10-8 M BZA, or the combination of E2 plus BZA for 24 hours. The amount of ERα mRNA 

was determined by real-time RT-PCR and normalized to the internal control 18S rRNA. Each 

data point represents the average of four biological replicates from three independent 

experiments. D, Western blot analysis of ERα protein levels in MCF-7 and MCF-7:5C cells 

pretreated with the proteosome inhibitor MG132 (4 μmol/L) for 4 hours and then treated as 

indicated for 8 h. β-actin levels are shown as protein loading controls. All experiments were 

repeated three times and the same results were obtained. 

 
Fig. 3. BZA inhibits constitutive ERα transcriptional activity and expression of endogenous ER-

regulated genes in hormone-independent and hormone-dependent breast cancer cells. A, ERE 

luciferase activity in hormone-dependent MCF-7 and T47D cells and hormone-independent 

MCF-7:5C and MCF-7:2A cells. For experiment, cells were transiently transfected with an ERE-

luciferase reporter construct and treated with 10-9 M E2, 10-7 M BZA, or E2+BZA for 24 h. 
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Luciferase values are reported as relative fold change compared to control (untreated cells). *, 

significance at the p < 0.001 level (ANOVA) compared with control. #, significance at the p < 

0.01 compared with E2 treatment. B, real time RT-PCR analysis of pS2 mRNA gene expression 

in MCF-7 and MCF-7:5C cells after indicated treatments for 24 h. Each data point represents the 

average of four biological replicates. *, significance at the p < 0.001 level compared with control. 

#, significance at the p < 0.05 level compared with MCF-7:5C control. C, MCF-7:5C cells were 

transfected with nontarget (control) or ERα siRNAs for 48 h. Transfected cells were then 

harvested for Western blot analysis (top panel) or treated with 10-7 M BZA for an additional 4 

days followed by cell counting using a hemocytometer (bottom panel). Data shown are 

representative of three independent experiments with duplicate (*, p < 0.01 versus nontarget 

transfected cells).  

 

Fig. 4. Effects of BZA on cell cycle progression and cyclin D1 regulation in MCF-7 and MCF-

7:5C cells. A, cell cycle distribution was determined by propidium iodide staining of DNA 

content and flow cytometry. Cells were treated with 10-9 M E2, 10-7 M BZA, or E2 plus BZA for 

24 and 48h. Thirty-thousand cells per sample and three replicates per group were collected. 

Representative histograms are shown. B, Western blot analysis of cyclin D1 expression level in 

MCF-7 and MCF-7:5C cells following treatment with BZA and other SERMs. Prior to 

experiment, MCF-7 cells were switched from fully estrogenized media to estrogen-free media 

for 3 days and then treated with ethanol vehicle (control), 10-9 M E2 alone, or 10-9 M E2 plus 

FUL (10-7 M), RAL (10-7 M), 4OHT (10-7 M), or BZA (10-7 M) for 24 h. MCF-7:5C cells, 

however, did not require a media switch since they are hormone-independent and are routinely 

grown in estrogen-free media. MCF-7:5C cells were treated as described above for MCF-7 cells. 



 31

Quantitated protein levels normalized to β-actin are indicated. C, BZA regulation of cyclin D 

expression and promoter activity in MCF-7:5C cells. Cells were treated with 10-7 M BZA for the 

indicated time points. Cyclin D1 protein and mRNA levels were determined by Western blot and 

quantitative RT-PCR, respectively with β-actin and 18S rRNA as internal controls. For cyclin 

D1 promoter activity experiment, MCF-7 and MCF-7:5C cells were cotransfected with a full-

length cyclin D1 promoter plasmid (-1745CDLUC) and Renilla luciferase control plasmid 

overnight and then treated with 10-9 M E2, 10-8 M BZA, or E2 + BZA for 24 h. Luciferase 

activity was measured as described in materials and methods. D, proliferation of MCF-7:5C cells 

transfected with the nontarget or cyclin D1 siRNA. Cells were transfected and then seeded at 

15,000 per well in 24-well dishes. Medium was replenished the day after seeding on day 0 and 

every other day thereafter. Cells were collected on day 5 and counted using a hemocytometer. 

All data are presented as the mean from three independent experiments with duplicate (*, p < 

0.01 versus nontarget transfected cells).  

 

Fig. 5. Molecular modeling of ERα binding site with various ligands. A, agonist conformation of 

ERα co-crystallized with E2 (PDB code 1gwr); helix 12 is depicted in orange and lies over the 

binding site sealing the ligand inside it. The antagonist conformations of the receptor are shown 

in panels B, C, and D. B, the superimposed X-ray structures of ERα co-crystallized with 4OHT 

and raloxifene. C, bazedoxifene docked into the ERα-raloxifene crystal structure. D, 

Bazedoxifene superimposed in the binding site of ERα co-crystallized with 4OHT. Helix 12 is 

depicted in magenta for 4OHT bound conformation and yellow for raloxifene and bazedoxifene. 

Also the key aminoacids lining the binding site are displayed and the network of hydrogen bonds 

in which they are involved with the ligands is shown in black dashed lines. Carbon atoms are 
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colored in yellow for E2, orange for 4OHT, cyan for raloxifene and pink for bazedoxifene. These 

images point out the differences between the agonist (A) and antagonist conformation (B) of 

ERα and present the alignment of bazedoxifene in the binding site of ERα which is very similar 

to raloxifene’s orientation showing the same interactions with the key aminoacids of the binding 

cavity (C). 



 33

Supplemental Figure Legends 

 
Supplemental Fig. S1. The chemical structures of the compounds used in this study. The agonist 

17β-estradiol (E2) is shown, along with the pure antiestrogen fulvestrant (ICI 182,780), the 

hydroxylated metabolites of tamoxifen; 4-hydroxytamoxifen (4OHT) and endoxifen, and the 

related SERMs raloxifene (RAL) and bazedoxifene (BZA). 

 

Supplemental Fig. S2. Effect of endoxifen on ΕRα protein expression in MCF-7:5C cells. 

Western blot analysis of ERα protein levels in MCF-7:5C cells in response to 24 h of treatment 

with different concentrations of endoxifen. Also shown are the effects of 1 μM treatment of BZA, 

FUL, and 4OHT on ERα expression in MCF-7:5C, MCF-7, T47D, and MCF-7:2A cells. 

Quantitated protein levels were normalized to β-actin.  

 

Supplemental Fig. S3. A, comparison between the experimental (yellow sticks) and top ranked 

docking pose (cyan sticks) of raloxifene (RAL) to ERα binding site. The docking pose 

recapitulates very well the alignment of the co-crystallized ligand in the receptor binding site 

having a ligand RMSD of 0.36 Å. B, cartoon representation of the ERα binding site with the best 

docking pose for fulvestrant (FUL, purple sticks). For comparison, the native ligand (RAL) is 

also displayed (cyan sticks). C, surface representation of ERα binding site accommodating FUL. 

Hydrophobic areas are mapped in purple while the hydrophilic parts are colored in light yellow-

green. The binding site accommodates very well the ligand which forms the H-bond contacts 

with the same aminoacids like E2 or RAL, while the aliphatic side chain protrudes out of the 
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binding site and lies in the groove between helix 3 (orange cartoon) and helix 12 (purple cartoon). 

Only the key amino acids underlying the binding site are shown. 
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Lewis-Wambi et al. Fig. 5

A. ERα co-crystallized with E2 B. Superimposed structures of 4OHT and RAL co-crystallized with ERα

D. BZA superimposed to 4OHT-ERα complexC. BZA docked to Erα (1err)
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