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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
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Figure 1. Organization of the COE.

Completion of the Reorganization of the COE

The past year has seen a dramatic increase in our training of new staff that has added to
our productivity and guarantees that we will maintain our trajectory to expand knowledge in this
important new area of women’s health.

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 (1, 2).
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. 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.
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BODY

TASK 1: (LCCC/lIsaacs) - 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 la: (Isaacs) - 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 Task 1a at the LCCC and FCCC sites during year 5 of this
COE.

Clinical trial conducted by Claudine Isaacs, MD

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

Work Accomplished:
In May 2011, Astra Zeneca elected to withdraw funding for the conduct of the clinical

trial. As a result of the lack of funding, accrual at the Fox Chase Comprehensive Cancer Center
(FCCC) and other affiliated sites had to be terminated. Institutional funds were secured for
continued accrual for the study at the Lombardi Comprehensive Cancer Center (LCCC). After
careful consideration, the trial was therefore permanently closed to accrual at FCCC and
affiliates but remained open at LCCC. The protocol was transitioned to LCCC under the
direction of Claudine Isaacs, MD. A protocol amendment was submitted to the Department of
Defense to reflect the change of P1 and closure to accrual at the other sites. After DOD approval,
the amended protocol was submitted to the IRB at Georgetown University. During this process,
there was a temporary cessation in accrual. Once the study was resumed, screening began at
LCCC and 1 patient has been accrued. She is currently on week 8 of Estrace and tolerating it
well.  Additionally, Dr. Ramona Swaby left FCCC and Dr. Mary Daly temporarily took over as
P1 of the study at FCCC. The FCCC site is now closed.

One of the barriers to accrual noted by FCCC and other sites had to do with the dosing of
estradiol. A recent randomized phase Il study had examined the impact of lower-dose versus
higher-dose estrogen therapy in women with advanced hormone receptor positive breast cancer
who had evidence of disease resistance to aromatase inhibitors (3). In this study, the clinical
benefit rate in both groups were nearly identical 28% in those receiving 30 mg/daily versus 29%
in those receiving 6 mg/daily. However, the adverse event rate (> grade 3) was significantly
lower in those receiving 6 mg/daily (18%) as compared to a 34% rate in those on 30 mg/daily (p
=.03). Given the similar benefit rate with better tolerance profile, we elected to modify our
protocol to 6 mg/daily. This amendment is currently under review at the DOD and once
approved will be submitted to the IRB at Georgetown University. Once this is approved we

4
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plan to expand our accrual to other sites. We also plan to advertise the protocol and anticipate
that, given the interest of patients and their caregivers in prolonging the efficacy of endocrine
therapy as well as the excellent tolerability of the lower dose, that accrual will increase.

TASK 2: (GU/Jordan) - To elucidate the molecular mechanism of E, (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 E,-induced survival and apoptosis in vivo and in vitro [at
the FCCC]. FCCC will generate protein samples for proteomic analyses [carried out]
under Task 3 [at GU] and RNA samples for gene expression microarray analyses [carried
out] under Task 4 [at Translational Genomics Research Institute (TGen)].

Estrogen-induces Apoptosis in Estrogen Deprivation-resistant Breast Cancer Through
Stress Responses as Identified by Global Gene Expression Across Time.

Work Accomplished:

The data and analysis completed during the year for this task are summarized in the publication:
Ariazi, E.A., Cunliffe, H.E., Lewis-Wambi, J.S., Slifker, M.J., Willis, A.L., Ramos, P., Tapia, C.,
Kim, H.R., Yerrum, S., Sharma, C.G.N., Nicolas, E., Balagurunathan, Y., Ross, E.A. and Jordan,
V.C. (2011). Estrogen-induces Apoptosis in Estrogen Deprivation-resistant Breast Cancer
Through Stress Responses as Identified by Global Gene Expression Across Time. Proceedings of
the National Academy of Sciences U.S.A. 108:18879-18886 (see #7 in Appendix). These data
serve as our primary database for all subsequent studies to be conducted during our no cost
extension.

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

Task 2b-1: (Fan and Jordan) T To investigate the function of the tyrosine Kinase c-Src in
E,-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

Modulating Therapeutic Effects of c-Src Inhibitor via Estrogen Receptor and HER2 in
Breast Cancer Cell Lines
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Introduction:

Estrogen receptor (ER) and human epidermal growth factor receptor 2 (HER2) are two
successful therapeutic targets in breast cancer. c-Src functions as an important adapter protein
with ER and HER2, which validates it as an attractive target for the treatment of breast cancer.
However, a very recent phase Il clinical trial shows that a c-Src inhibitor, dasatinib, had limited
single-agent activity in patients with HER2+ and/or hormone receptor (HR)+ advanced breast
cancer (4). Therefore, a specific c-Src inhibitor, PP2, was utilized to block c-Src activity to
identify targeted vulnerabilities affected by ER and HERZ2 in a panel of breast cancer cell lines
(i.e. MCF-7, T47D, ZR-75-1, BT474, MCF-7:5C, MCF-7:2A, MDA-MB-231, Sk-Br-3, MCF-
7/F, and T47D:C42). The anti-proliferative effect of PP2 correlated with blocking c-Src mediated
ERK/MAPK and/or PI3K/Akt growth pathways. The signaling pathways of c-Src were
modulated by ER and HER2 in breast cancer cells. Inhibition of c-Src tyrosine kinase
predominantly blocked ER negative breast cancer cell growth, particularly the triple (i.e. ER,
progesterone receptor (PR), and HER2) negative cells. In contrast, ER negative Sk-Br-3 cells
with highest HER2 phosphorylation were resistant to PP2, in which over-activated HER2
directly regulated growth pathways but not through c-Src. However, blocking c-Src recovered
ER expression which made Sk-Br-3 cells regain responses to 4-hydroxytamoxifen. The majority
of ER positive breast cancer cells were not sensitive to PP2 regardless of wild-type or endocrine
resistant cell lines. Overall, c-Src mediates the essential role of growth pathways in ER negative
breast cancer cells without HER2 over-activation. ER expression and HER2 over-activation are
two important predictive biomarkers for the resistance to a c-Src inhibitor. These data provided
an important therapeutic rationale for patient selection in clinical trials with c-Src inhibitors in
triple negative breast cancer.

Work Accomplished:
Baseline levels of ER, HER2, and c-Src activation in a panel of breast cancer cell lines

We addressed the question whether expression of ER and growth factor receptors would
affect the therapeutic effects of the c-Src inhibitors in breast cancer cells. To answer this
question, a panel of wild-type (MCF-7, T47D, ZR-75-1, BT474, MDA-MB-231, and Sk-Br-3)
and endocrine resistant (MCF-7:5C, MCF-7:2A, MCF-7/F, and T47D:C42) breast cancer cell
lines were investigated. Baseline levels of ER, HER2, EGFR, and c-Src were measured by
immunoblot analysis. They all keep their biological characteristics with differential levels of ER,
PR, HER2, and EGFR (Fig. 2A and 2B). All cell lines expressed detectable levels of total c-Src,
whereas they manifested different levels of phosphorylated c-Src (Fig. 2C). Although there is no
clear relationship between c-Src phosphorylation and HR expression (Fig. 2D) after normalized
by total c-Src among tested cell lines, interestingly, we observe that c-Src is activated in resistant
cell lines compared with respective parental cell lines (MCF-7:5C, MCF-7:2A, and MCF-7/F
versus MCF-7, T47D:C42 versus T47D).
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Figure 2. Baseline expression of hormone receptors and growth factor receptors in different cell lines. 2A.
Baseline ERU and PR expression levels in different cell lines. MCF-7, T47D, ZR-75-1, BT474, MDA-MB-231,
Sk-Br-3, and MCF-7/F cells were cultured in estrogenized medium (10% FBS). MCF-7:5C, MCF-7:2A, and
T47D:C42 cells were cultured in phenol red free medium containing charcoal-stripped serum (10% SFS). Cell
lysates were harvested. ERU and PR expression levels were examined by immunoblotting with primary antibodies.
Immunoblotting for b-actin was determined for loading control. 2B. Baseline HER2 and EGFR expression levels
in different cell lines. Cell lysates were harvested as above. HER2 and EGFR expression levels were examined by
immunoblotting with primary antibodies. Immunoblotting for b-actin was determined for loading control. 2C.
Baseline c-Src phosphorylation in different cell lines. Cell lysates were harvested as above. Phosphorylated c-Src
and total c-Src were detected by immunoblotting with primary antibodies. Immunoblotting for b-actin was used for
loading control. 2D. Quantification of phosphorylated c-Src by total c-Src. Phosphorylated c-Src in different cell
lines was quantified by the total c-Src using Quantity One software from Bio-Rad.

The c-Src inhibitor effectively blocked ER negative breast cancer cell growth.

The anti-proliferative effect of PP2 correlated with blocking c-Src mediated ERK/MAPK
and/or PI3K/Akt growth pathways. The signaling pathways of c-Src were modulated by ER and
HER?2 in breast cancer cells. The growth inhibitory effects by the c-Src inhibitor on ER positive
cells appear to be more complex than on ER negative cells. Inhibition of c-Src tyrosine kinase
predominantly blocked ER negative breast cancer cell growth, particularly the triple (i.e. ER, PR,

7
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and HER?2) negative cells (Fig. 3A). The majority of ER positive breast cancer cells were not
sensitive to PP2 regardless of wild-type or endocrine resistant cell lines (Fig. 3B and 3C). In
contrast, ER negative Sk-Br-3 cells with highest HER2 phosphorylation were resistant to PP2
(Fig. 3B), in which HER2 directly regulated growth pathways but not through c-Src.

Figure 3
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Figure 3. Growth inhibitory effects of the c-Src inhibitor on a panel of breast cancer cells 3A. Growth
inhibitory effects of PP2 on ER negative cells. ER negative cells were seeded in 24-well plates in triplicate. After
one day, the cells were treated with vehicle (0.1%DMSO) and PP2 (5eM) in 10% SFS medium. The cells were
harvested after 7 days treatment and total DNA was determined using a DNA fluorescence quantitation kit. 3B.
Growth inhibitory effects of PP2 on ER positive wild-type cells. Wild-type ER positive cells were seeded in 24-
well plates in triplicate. After one day, the cells were treated with vehicle (0.1%DMSO) and PP2 (5eM)
respectively. The cells were harvested after 7 days treatment and total DNA was determined as above. 3C. Growth
inhibitory effects of PP2 on ER positive endocrine resistant cell lines. MCF-7:5C and MCF-7:2A cells were
seeded in 24-well plates in triplicate. After one day, the cells were treated with vehicle (0.1% DMSOQO) and PP2
(5eM) respectively in culture medium. The cells were harvested after 7 days treatment and total DNA was
determined as above.
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The c-Src affected the function of ER in ER positive cells.

Since estrogen stimulates the growth of ER positive wild-type breast cancer cells, four
ER positive wild-type breast cancer cells were stimulated by estrogen (E;) to grow with different
sensitivity (Fig. 4A). Notably, PP2 could not block the proliferation induced by E, in MCF-7
and ZR-75-1 cells but partially abolished E, stimulation in T47D and BT474 cells (Fig. 4A).
These results indicated that c-Src might play a distinct role in mediating E, signaling in wild-
type cells. In two endocrine resistant cells (MCF-7:5C and MCF-7:2A), that overexpress ER,
PP2 could block c-Src activation and abolished about 25% of proliferation in MCF-7:5C cells,
but without any inhibition in MCF-7:2A cells (Fig. 3C). Our previous data showed that E;, has
therapeutic function to induce apoptosis in long-term E, deprived breast cancer cells. We
reasoned that a combination of PP2 with E; would enhance E-induced apoptosis. Surprisingly,
PP2 did not enhance the growth inhibitory effects of E, on these two cell lines, but blocked the
growth inhibition induced by E, (Fig. 4B and 4C). These data implied that E,-triggered apoptosis
might be utilizing c-Src tyrosine kinase as an important signaling pathway. We are currently
investigating the mechanisms of how the c-Src inhibitor blocks E,-triggered apoptosis. We will
show related data in the following part.



Jordan, V.C.
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Figure 4. 4A. The PP2 had different effects on E, stimulation in ER positive wild-type cells. Wild-type ER
positive cells were changed to E, free medium for 3 days. Then, they were seeded in 24-well plates. After one day,
the cells were treated with vehicle (0.1% EtOH), E, (10°mol/L), PP2 (5eM), and E, (10°mol/L) plus PP2 (5eM)
respectively in E, free culture medium. The cells were harvested after 7 days treatment and total DNA was
determined as above. 4B. The PP2 blocked E,-induced inhibition in MCF-7:5C. MCF-7:5C cells were seeded in
24-well plates as above. After one day, the cells were treated with vehicle (0.1% EtOH), E, (10°mol/L), PP2 (5eM),
and E, (10°mol/L) plus PP2 (5eM) respectively. The cells were harvested after 7 days treatment and total DNA was
determined as above. 4C. The PP2 blocked E,-induced inhibition in MCF-7:2A. MCF-7:2A cells were seeded in
6-well plates. After one day, the cells were similarly treated as in MCF-7:5C cells. The cells were harvested after 14
days treatment and total DNA was determined as above.

Activation status of HER2 determined the inhibitory effects of the c-Src inhibitor.

HER2 overexpression leads to a very aggressive cancer phenotype and poor patient
survival (5).c-Src is known to bind to HER2 and is thus activated in HER2-overexpressing
cancer cells. BT474 and Sk-Br-3 cells overexpress endogenous HER2 (Fig. 5A), however, they
had different responses to PP2 (Fig. 3A and 3B). To examine whether HER2 activation affects
the inhibitory rate of PP2, phosphorylation of HER2 was evaluated. HER2 was highly activated

10
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in Sk-Br-3 cells which made it hypersensitive to lapatinib, a dual tyrosine kinase inhibitor of
HER2 and EGFR (Fig. 5A and 5B). The growth inhibitory effects by lapatinib corresponded to
the levels of phosphorylated HER2 (Fig. 5A). We observed that HER2 hyper-activation rendered
breast cancer cells completely resistant to PP2; the higher HER phosphorylation, the lower
responsive rate to PP2 (Fig.5B). This was further confirmed by S phase changes through flow
cytometric analysis (Fig. 5C). Lapatinib reduced S phase in cells with higher HER2
phosphorylation, conversely, PP2 was effective in cells with lower HER2 phosphorylation (Fig.

5C).
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Figure 5. Activation status of HER2 determined the inhibitory effects of the c-Src inhibitor. 5A. Baseline
HER2 phosphorylation in different cell lines. Cell lysates were harvested from different cells. Phosphorylated
HER2 and total HER2 were examined by immunoblotting with primary antibodies. Immunoblotting for b-actin was
determined for loading control. 5B. Inhibitory effects of the HER2 inhibitor and the c-Src inhibitor on cells
with elevated HER2 phosphorylation. Sk-Br-3, BT474, T47D:C42, and MDA-MB-231 cells were seeded in 24-
well plates in triplicate. After one day, the cells were treated with vehicle (0.1%DMSO), lapatinib (1eM), and PP2
(5eM) in 10% SFS medium. The cells were harvested after 7 days treatment and total DNA was determined as
above. 5C. S phase changes after lapatinib and PP2 treatment. Sk-Br-3 and MDA-MB-231 cells were treated
with vehicle (0.1% DMSO), lapatinib (1eM), and PP2 (5eM) for 24h. Cells were harvested and fixed with 75%
EtOH. Cell cycles were analyzed through flow cytometry.
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Overall, c-Src mediates the essential role of growth pathways in ER negative breast
cancer cells without HER2 over-activation. ER expression and HER2 over-activation are two
important predictive biomarkers for the resistance to a c-Src inhibitor. These data provided an
important therapeutic rationale for patient selection in clinical trials with c-Src inhibitors in triple
negative breast cancer. All of these data will be published in the European Journal of Cancer (in
press); see #18 in Appendix for proofs).

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

Task 2b-2: (Fan and Jordan) T To confirm and validate developing pathways of E,-
induced breast cancer cell survival and apoptosis.

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

Critical Mediation of E,-induced Apoptosis through c-Src in Long-term Estrogen Deprived
Breast Cancer Cells

Introduction:

Our previous publication showed that physiological concentrations of E, could trigger
apoptosis of long-term E, deprived breast cancer cells (MCF-7:5C). This new targeted strategy
provides novel therapeutic approaches to endocrine resistant breast cancer. A phase Il clinical
trial reported that E, provided a clinical benefit for aromatase inhibitor-resistant advanced breast
cancer patients. However, only 30% of patients receive clinical benefit (3). This prompted us to
investigate the mechanisms underlying E,-induced apoptosis to find strategies to increase the
therapeutic responsiveness. c-Src is currently of interest, as it is an important adapter protein of
ER in breast cancer cells. Here, we found that E, stimulated c-Src phosphorylation in MCF-7:5C
cells and 4-hydroxytamoxifen (4-OHT) and ICI 182,780 could block this stimulation which
demonstrated that E, activated c-Src through ER. The specific inhibitor of c-Src, PP2, could
block c-Src activation induced by E,. E; rapidly activated growth pathways within minutes in
MCF-7:5C cells and PP2 could block this non-genomic pathway. E, was also able to activate
Akt/MAPK pathways after 24 hour treatment which could be blocked by inhibition of c-Src.
These data showed that c-Src mediated downstream signaling pathways of ER in MCF-7:5C
cells. Characteristic E,-induced apoptosis occurred around 72 hour treatment with Ej,
unexpectedly, inhibition of c-Src could significantly block E,-induced apoptosis which implied
that c-Src played a critical role in E,-induced apoptosis. Further examination through
transcriptome analysis confirmed that E, widely activated apoptosis-related pathways such as
oxidative stress and TNF family-related signaling. The c-Src inhibitor, PP2, could abolish the
apoptosis-related pathways induced by E, which were confirmed by real-time PCR. A critical
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mechanistic change was that the c-Src was involved in the AP-1 family activation induced by E,
in MCF-7:5C cells, which is a nuclear decision-maker that determines cell fates in response to
extracellular stimuli. These data illustrate that c-Src acts as a critical molecule to mediate the
downstream signaling of ER (including E-induced apoptosis) in MCF-7:5C cells. It provides an
important rationale for clinical trial with c-Src inhibitors in aromatase inhibitors resistant
patients, especially avoiding in combination with physiological levels of E,.

Work Accomplished:
c-Src mediates estrogen-activated growth pathways in long-term estrogen deprived breast
cancer cells MCF-7:5C.

c-Src, a membrane-associated non-receptor tyrosine kinase, plays a critical role in many
cellular signaling pathways that involve proliferation, differentiation, survival, motility, and
angiogenesis in breast cancer cells (6). It also functions as an important adapter protein with ER
and growth factor receptors in breast cancer cells (7). A specific c-Src tyrosine kinase inhibitor,
PP2, effectively blocked phosphorylation of growth pathways including the mitogen-activated
protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K)/AKT pathways in MCF-7:5C cells
(Fig. 6A). Although it is well known that physiological concentrations of E; can induce apoptosis
(8), E could activate nongenomic and genomic pathways in MCF-7:5C cells (Fig. 6B and 6C).
And the c-Src was involved in both pathways which were confirmed by the evidence that PP2
blocked it (Fig. 6B and 6C). Another close association between c-Src and ER in MCF-7:5C cells
was shown that E, could also activate c-Src through ER (Fig. 6D), since antiestrogens ICI
182,780 and 4-OHT blocked c-Src phosphorylation induced by E; (Fig. 6D).
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Figure 6. 6A. The c-Src inhibitor blocked growth pathways in MCF-7:5C cells. MCF-7:5C cells were treated
with vehicle (0.1%DMSO) and PP2 (5eM) for different times as indicated. Cell lysates were harvested.
Phosphorylated c-Src, MAPK, and Akt were examined by immunoblotting with primary antibodies. Immunoblotting
for total c-Src, MAPK, and Akt were determined for loading controls. 6B. The c-Src inhibitor blocked non-
genomic pathway induced by E, in MCF-7:5C cells. MCF-7:5C cells were treated with vehicle (0.1%DMSO0), E,
(InM), PP2 (5eM), and E, (1nM) plus PP2 (5eM) for 10 mins. Cell lysates were harvested. Phosphorylated MAPK
was examined by immunoblotting with primary antibody. Immunoblotting for total MAPK was determined for
loading control. 6C. The c-Src inhibitor blocked genomic pathway induced by E, in MCF-7:5C cells. MCF-
7:5C cells were treated with vehicle (0.1%DMSO0), E, (1nM), PP2 (5eM), and E, (1nM) plus PP2 (5eM) for 24
hours. Cell lysates were harvested. Phosphorylated MAPK and Akt were examined by immunoblotting with primary
antibodies. Immunoblotting for total MAPK and Akt were determined for loading controls. 6D. Estrogen activated
c-Src phosphorylation in MCF-7:5C cells. MCF-7:5C cells were treated with vehicle (0.1%DMSO), E, (1nM),ICI
182,780 (1ez), E, (1nM) plus ICI 182,780 (1), 4-OHT (1ez), E, (1nM) plus 4-OHT (1ez), PP2 (5eM), and E,
(InM) plus PP2 (5eM) for 48 hours. Cell lysates were harvested. Phosphorylated c-Src was examined by
immunoblotting with primary antibody. Immunoblotting for total c-Src was determined for loading control.

Blocking c-Src tyrosine kinase could block estrogen-induced apoptosis in MCF-7:5C cells.
We previously found that c-Src was activated in long-term E, deprived breast cancer cells
compared with parental cells (European Journal of Cancer, in press; see #18 in Appendix). It
indicated that c-Src acted as a drug resistance survival signal in long-term estrogen deprived
breast cancer cells. Furthermore, c-Src mediated growth pathways activated by E, as shown
above (Fig. 6B and 6C). We addressed the question of whether the c-Src inhibitor PP2 in
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combination with E; would enhance apoptosis. Unexpectedly, the c-Src inhibitor blocked the
growth inhibitory action of E, in MCF-7:5C cells (European Journal of Cancer (in press); see
#18 in Appendix). Further experiments showed that c-Src inhibitor could clearly block annexin
V binding protein phosphatidylserine externalization initiated by E, which was a marker of early
apoptotic events analyzed by flow cytometry (Fig. 7A and 7B). Mitochondrial membrane
potential (p{,) was measured by flow cytometry using the cationic lipophilic green
fluorochrome rhodamine-123 (Rh123) (Molecular Probes). Disruption of qQ, is associated with
a lack of Rh123 retention and a decrease in fluorescence. Estrogen could decrease the potential
of mitochondrial in MCF-7:5C cells and the c-Src inhibitor blocked it (Fig. 7C), which indicated
that E, disrupted mitochondrial membrane integrity. All of these data demonstrated that E,-
triggered apoptosis utilizes the c-Src tyrosine kinase pathway.
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Figure 7. 7A. The c-Src inhibitor blocked Annexin V percentage induced by estrogen in MCF-7:5C cells. MCF-
7:5C cells were treated with vehicle (0.1%DMSO), E, (1nM), 4-OHT (1€z), E, (1nM) plus 4-OHT (1ez),
PP2 (5eM), and E, (1nM) plus PP2 (5eM) for 72 hours. Cells were harvested for Annexin V analysis through
flow cytometry. 7B. Quantification of the flow cytometry data of Annexin V percentage in MCF-7:5C cells. The
data were averaged from three different timesd results. 7C. Estrogen reduced mitochondrial/transmembrane
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potential (pyrm) in MCF-7:5C cells. MCF-7:5C cells were treated with vehicle (0.1%DMSO), E, (1nM), 4-OHT
(1ez), E; (InM) plus 4-OHT (1lez), PP2 (5eM), and E; (1nM) plus PP2 (5eM) for 48 hours. MCF-7:5C cells
were washed twice with PBS and incubated with 1eg/mL Rh123 at 37 AC for 30 min. Cells were then washed twice
with PBS, and Rh123 intensity was determined by flow cytometry.

c-Src was involved in the process of triggering apoptosis-related genes by estrogen in MCF-
7:5C cells.

We have reported that E, induces apoptosis through endoplasmic reticulum stress (ERS)
and inflammatory responses in MCF-7:5C cells (9). To further investigate the mechanisms
underlying E, induced apoptosis, RNA-seq analysis was performed to exam the genes regulated
by E, to trigger apoptosis in MCF-7:5C cells. It demonstrated that E, widely elevated expression
levels of apoptosis-related genes (Fig. 8A). Consistent with the biological experiments, 4-OHT
and PP2 similarly blocked apoptosis-related genes induced by E, in MCF-7:5C cells (Fig. 8A).
According to the function of these genes, they were divided into three groups: TP53-related
genes (such as TP63, PMAIPL1, and CYFIP2), stress-related genes (such as HMOX1,
PPP1R15A, ZAK, NUAK etc.), and inflammatory responses-related genes (such as LTB, FAS,
TNFRSF21, and CXCR4 etc.) (Fig. 8B). It is well-known that the p53 gene encodes for a unique
protein that mediate cellular response to DNA damage, e.qg., cell cycle arrest or apoptosis. Based
on gene sequence homologies, p63 (gene symbol TP63) belongs to the member of a p53 (TP53)
gene family. Interdependent functions for the p53 family members appear linked together in a
complex and tight regulation network to fulfill cellular functions related to DNA damage and
tissue homeostasis aintenance. In our study, E, increased p53 protein after E, treatment but did
not arrest cells in G1 phase, in contrast, markedly elevated S phase (data not shown). We have
shown that p53 can mediate intrinsic apoptosis by transcriptional activation of genes that encode
proapoptotic proteins such as the BH3-only proteins Noxa and Puma in MCF-7:5C cells (8).
Furthermore, blockade of p53 mMRNA expression reduced estradiol-induced apoptosis in MCF-
7:5C cells (8). Consistently, E; significantly increased TP63 in MCF-7:5C cells which could be
abolished by 4-OHT and PP2 (Fig. 8C). Majority of these apoptosis-related genes were
confirmed by real-time PCR with the similar changes as in RNA-seq analysis (Fig. 8C).
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Figure 8A Apoptosis-related genes
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Figure 8B. The apoptosis-related genes selected by RNA-seq were functionally divided into three groups as
shown above. Estrogen widely activated apoptosis-related genes to trigger apoptotic cascades in MCF-7:5C cells.
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Figure 8C
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Figure 8C. RNA-seq data were confirmed by real-time PCR. MCF-7:5C cells were treated with vehicle (0.1%
DMSO0), E; (1nM), 4-OHT (1ez), E; (1nM) plus 4-OHT (1ez), PP2 (5eM), and E;, (1nM) plus PP2 (5eM) for 72
hours. Cells were harvested and RNA was isolated with kit (Qiagen) for real-time analysis.

The c-Src inhibitor blocked estrogen-induced oxidative stress in MCF-7:5C cells.

Heme oxygenase 1 (HMOX1) catalyzes the degradation of heme, which is active at high
concentrations of heme and at times of physiological stress, is thought to function as an oxidative
stress indicator. E; markedly increased HMOX1 in MCF-7:5C cells which suggested that E; may
cause oxidative stress (Fig. 8A and 8C). Majority of cellular reactive oxygen species (ROS) is
produced by mitochondrion. Under physiological conditions, cellular ROS levels are tightly
controlled by low-molecular-weight radical scavengers and by a complex intracellular network
of enzymes, such as catalases, superoxide dismutases, and enzymes of the glutathione (GSH)-
and thioredoxin-dependent families (10). Under conditions of lethal stress, ROS are considered
as key effectors of cell death (10). Intracellular ROS were detected by CM-H2DCFDA
(Invitrogen) through flow cytometry (Fig. 9A). We observed that E, could gradually induce the
production of ROS after extending treatment times and reached a peak after 72h treatment (Fig.
9A and 9B). And 4-OHT and PP2 blocked ROS production induced by E, (Fig. 9C). ROS
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inhibitors (such as catalase and MnTBAP) could partially block E,-induced apoptosis (data not
shown) which supported that ROS caused cell death in MCF-7:5C cells after E; treatment.

Figure9
A
163 169 M 170 Hgd
— negative control
— control w 2
122 — E
2
gez gss 585 l
a 42 ( 43 wM
- i . M Mam JWM
10 10 FmZH 10 10 w w! o* Fu H o
24h 72h
B C
12
12 4
10 21
Ey g1
(%]
c 8 Lo
2= £ 28
E® =
[ 8 o
23S &2
S 856
@ O - O
2o S8
5 24 =744
- 6
G a
e N .
o ] m_n l
0 con 24h 48h 79h con E2 4-OHT E2+4 OHT E2+PP2

Figure 9. 9A. Estrogen induced reactive oxygen species (ROS) in MCF-7:5C cells. MCF-7:5C cells were treated
with vehicle (0.1% DMSO) and E, (1nM) for different times as indicated. The cells were stained with CM-
H2DCFDA and were analyzed through flow cytometery. Black curve represents negative control. Red curve
represents vehicle treated control. Blue curve represents E, treated cells. ROS production is indicated by arrow. 9B.
Estrogen gradually produced reactive oxygen species (ROS) in MCF-7:5C cells.. Intensity of fluorescence in 7A
was compared with that of control. 9C. The c-Src inhibitor and 4-OHT blocked ROS production induced by E,
in MCF-7:5C cells. MCF-7:5C cells were treated with vehicle (0.1% DMSO), E, (1nM), 4-OHT (1ez), E, (1nM)
plus 4-OHT (1ez), PP2 (5eM), and E, (1nM) plus PP2 (5eM) for 72 hours. The cells were stained with CM-
H2DCFDA and were analyzed through flow cytometry.

The c-Src inhibitor blocked estrogen-induced tumor necrosis factor (TNF) family signaling
in MCF-7:5C cells.

As shown above in Fig. 8, E, activated TNF family-related genes (such as LTB, FAS,
TNFRSF21, and CXCR4 etc.). Of all TNF family members, TNF is the most potent inducer of
apoptosis through extrinsic pathway which is mediated by death receptors. We found that low-
dose TNF alpha (5 ng/ml) could increase the cleavages of caspase 9 and PARP in MCF-7:5C
cells (Fig. 10A). TNF could significantly inhibit cell growth similarly as physiological
concentration of E; (Fig. 10B). Interestingly, TNF alpha synergistically enhanced E,-induced cell
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death (Fig. 10B). In addition to above mentioned TNF family related genes (such as LTB, FAS,
TNFRSF21, and CXCR4 etc) (Fig. 8C), LTA and TNF were clearly up-regulated by E, in MCF-
7:5C cells (Fig. 10C and 10D). The c-Src inhibitor and 4-OHT could block it (Fig. 10C and
10D). This finding demonstrated that E,-induced apoptosis in MCF-7:5C cells utilized both
intrinsic (mitochondria) and extrinsic (TNF family) pathways.
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Figure 10. 10A. TNF alpha increased the cleavages of caspase 9 and PARP. MCF-7:5C cells were treated with
vehicle (0.1% DMSO) and TNF alpha (5ng/ml) for 24h. Cell lysates were harvested. Cleavages of caspase 9 and
PARP were examined by immunoblotting with primary antibodies. Immunoblotting for b-actin was determined for
loading controls. 10B. TNF alpha inhibited cell growth in MCF-7:5C cells. MCF-7:5C cells were treated with
vehicle (0.1% DMSO), E, (1nM), TNF alpha (5ng/ml), and E, (1nM) plus TNF alpha (5ng/ml) for 7 days. Cells
were harvested and DNA content was determined as above. 10C. The c¢-Src inhibitor and 4-OHT blocked LTA
enhanced by estrogen. MCF-7:5C cells were treated with vehicle (0.1% DMSO), E, (1nM), 4-OHT (1lez), E,
(1nM) plus 4-OHT (1ez), PP2 (5eM), and E, (1nM) plus PP2 (5eM) for 72 hours. RNA was isolated with kit
(Qiagen) for real-time analysis with specific primers. 10D. The c-Src inhibitor and 4-OHT blocked TNF alpha
enhanced by estrogen. MCF-7:5C cells were treated with vehicle (0.1% DMSO), E, (1nM), 4-OHT (1lez), E,
(1nM) plus 4-OHT (1ez), PP2 (5eM), and E; (1nM) plus PP2 (5eM) for 72 hours. RNA was isolated for real-time
analysis with specific primers.
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Estrogen activated c-Jun/c-Fos AP-1 members in MCF-7:5C cells.

From all the data shown above, estrogen widely activated apoptosis-related genes
including p53 family members, stress-related genes, and TNF family-related genes. These data
clued that ER must associate with other nuclear members to trigger these apoptotic cascades.
AP-1 is often considered as a general, nuclear decision-maker that determines life or death cell
fates in response to extracellular stimuli. The nuclear transcription factor AP-1, composed of
dimers of Fos and Jun proteins, has been linked to a breadth of cellular events including cell
transformation, proliferation, differentiation and apoptosis (11). Some observations have linked
AP-1 to modulation of the p53 pathway in response to apoptosis (12). AP-1 family is well-
known to induce oxidative stress in breast cancer (13). And AP-1 can regulate TNF family
members to induce apoptosis (14). In this study, estrogen elevated all members in AP-1 family
(Fig. 11A) through RNA-seq analysis. The 4-OHT completely blocked and PP2 partially
abolished some members (JUN, JunB, FosB, and FosL1) activated by E, (Fig. 11A). Through
real-time PCR, we further confirmed that 4-OHT and PP2 similarly inhibited elevation of c-Jun
and JunB (Fig. 11B and 11D). However, the c-Src inhibitor, PP2, could not block c-Fos up-
regulation by E, (Fig. 11C).
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Figure 11. 11A. Estrogen up-regulated AP-1 members in MCF-7:5C cells analyzed through RNA-seq. MCF-
7:5C cells were treated with vehicle (0.1% DMSO), E, (1nM), 4-OHT (lez), E, (1nM) plus 4-OHT (lez), PP2
(5eM), and E, (1nM) plus PP2 (5eM) for 72 hours. Cells were harvested and RNA was isolated with kit (Qiagen)
for RNA-seq analysis. 11B. Estrogen up-regulated c-Jun in MCF-7:5C cells. MCF-7:5C cells were treated with
vehicle (0.1% DMSO), E, (1nM), 4-OHT (1ez), E; (1nM) plus 4-OHT (1ez), PP2 (5eM), and E, (1nM) plus PP2
(5eM) for 72 hours. RNA was isolated with kit (Qiagen) for real-time analysis with specific primers. 11C. Estrogen
up-regulated c-Fos in MCF-7:5C cells. MCF-7:5C cells were treated with vehicle (0.1% DMSO), E, (1nM), 4-
OHT (1ez), E; (InM) plus 4-OHT (1lez), PP2 (5eM), and E, (1nM) plus PP2 (5eM) for 72 hours. RNA was
isolated with kit (Qiagen) for real-time analysis with specific primers. 11D. Estrogen up-regulated JunB in MCF-
7:5C cells. MCF-7:5C cells were treated with vehicle (0.1% DMSO), E, (1nM), 4-OHT (1ez), E, (InM) plus 4-
OHT (1ez), PP2 (5eM), and E, (1nM) plus PP2 (5eM) for 72 hours. RNA was isolated with kit (Qiagen) for real-
time analysis with specific primers.

Estrogen triggered apoptosis through AP-1 family.

Since estrogen activated all members in AP-1 family (Fig. 11A), we addressed the
question whether silencing AP-1 could block estrogen-induced apoptosis. Small interferon RNA
(SIRNA) of c-Jun, c-Fos, and JunB were utilized to knockdown respective genes. The c-Jun
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SiRNA could knock down 50% of protein, c-Fos siRNA knocked down more than 90% of
protein, and JunB SiRNA knocked down about 30-40% of protein (Fig. 12A). After silencing
respective AP-1 protein, MCF-7:5C cells were treated with E; for 72 hours. Then cells were
harvested for Annexin V binding analysis. In control siRNA group, E; increased Annexin V
percentage to more than two fold compared with control. The c-Jun and JunB siRNA partially
blocked E,-induced apoptosis. The c-Fos siRNA could completely block apoptosis induced by E,
at 72 hours (Fig. 12B). The relationship and interactions between c-Jun and c-Fos for activation
of AP-1 are complicated which form as heterodimers complex to activate target genes. It was
interesting to find that silencing c-Jun will increase c-Fos, similarly, silencing c-Fos will enhance
c-Jun (data not shown). It indicated that c-Jun and c-Fos were closely related proteins in MCF-
7:5C cells. Induction of AP-1 by low-dose of 12-O-tetradecanoylphorbol-13-acetate (TPA) could
induce apoptosis in MCF-7:5C cells (Fig. 12C), which supported the conclusion that AP-1 play a
critical role in the process of E,-induced apoptosis in long-term estrogen deprived breast cancer
cells. It is under investigation whether silencing AP-1 could prevent E, from activating
apoptosis-related genes.
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Figure 12. 12A. Silencing c-Jun, c-Fos, and JunB in MCF-7:5C cells. MCF-7:5C cells were transfected with
control siRNA, c-Jun siRNA, c-Fos siRNA, and JunB siRNA respectively for 72 hours. Cell lysates were harvested.
The protein of c-Jun, c-Fos, and JunB was examined by primary antibodies. Immunoblotting for b-actin was
determined for loading controls. 12B. Silencing c-Jun, c-Fos, and JunB could block estrogen-induced apoptosis.
MCEF-7:5C cells were transfected with control siRNA, c-Jun siRNA, c-Fos siRNA, and JunB siRNA respectively for
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72 hours. Then, they were treated with the vehicle (0.1%DMSO) and E, (1nM) for 72 hour. Cells were harvested for
Annexin V binding assay through flow cytometry. 12C. Induction of AP-1 by TPA could induce apoptosis in
MCF-7:5C cells. MCF-7:5C cells were treated with vehicle (0.1%DMSQO) and TPA (50ng/ml) for 48 hours. Cells
were harvested for Annexin V binding assay through flow cytometry.

Conclusions:

Antiestrogens 4-hydroxyltamoxifen and ICI 182,780 block E-induced apoptosis which
demonstrated that estrogen utilizes ER as the initial site to trigger apoptosis. The non-receptor
tyrosine kinase c-Src acts as a critical molecule in relaying ER signaling, including nongenomic
and genomic actions. Its activity is modulated by E, through multiple mechanisms, leading to
breast cancer cell proliferation, invasion, and metastasis. Here, we found that c-Src was utilized
by E, to induce apoptosis-related pathways including oxidative stress and inflammatory
responses etc. E, caused mitochondrial dysfunction through disrupting mitochondrial membrane
integrity, facilitating the translocation of cytochrome ¢ from the mitochondria into the cytosol,
and inducing oxidative stress. AP-1 is often considered as a nuclear decision-maker that
determines life or death cell fates in response to extracellular stimuli. Both ER and AP-1 are
nuclear transcription factors. We believe that the role of AP-1 in apoptosis should be considered
within a complex network of nuclear factors that respond simultaneously to a wide range of
signal transduction pathways triggered by estrogen. AP-1 belongs to basic region-leucine zipper
(bZIP) protein which can interact with nuclear protein NF-kappa B (11) and other bZIP
transcription factors such as CREB1 (15). It will be a challenge to identify how ER regulates or
associates with AP-1 through other nuclear proteins to trigger apoptosis-related genes in long-
term estrogen deprived cells.

TASK 2: (GU/Jordan) - To elucidate the molecular mechanism of E, induced survival and
apoptosis in breast cancer cells resistant to either SERMs or long-term estrogen

deprivation.

Task 2b-3: (Sengupta and Jordan) T To elucidate the mechanisms of Ej-independent
growth of breast cancer cells mimicking aromatase-inhibitor resistant phenotypes

Task 2b-3: (Sengupta and Jordan) - Studies carried out by Dr. Surojeet Sengqupta in the Jordan
laboratory at Georgetown University

Role of cMYC as a Critical Determinant of Estrogen-Independent Growth of Estrogen-
Deprivation Resistant Breast Cancer Cells

Introduction:

Around seventy percent of all newly diagnosed breast cancers express estrogen receptor
alpha (ERU), indicating dependence on estrogen for proliferation of the ERU positive breast
cancer cells. Aromatase inhibitors (Als), which prevent the synthesis of peripheral estrogen, are
used extensively to treat ERU positive, breast cancer in postmenopausal patients. However, long-
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term treatment with Al is associated with disease recurrence due to acquired resistance. The
resistant breast cancer by-passes the dependency on estrogen and continue to proliferate in an
estrogen-free environment. Therefore, elucidating the molecular determinants responsible for the
growth of the Al-resistant breast cancer cells in absence of estrogen is the key to identify novel
therapeutic targets. A recent report has suggested activated cMYC gene signature as well as high
cMYC protein levels is associated with high tumor cell growth in Al-resistant breast cancer
patients (16). Another study has also reported that cMYC may play very important role in
metastatic breast cancer with poor prognosis (17).

In our lab we have developed a model for Al-resistant breast cancer cells by growing the
ERU positive, MCF7 breast cancer cells in estrogen deprived conditions for over a year, known
as MCF7:5C cells. These cells can grow under estrogen deprived conditions in vitro as well as in
vivo as xenograft tumors in ovariectomized, athymic mice. In this section we have studied the
role of ctMYC oncogene in estrogen-independent growth using the MCF7:5C cells, and
determined the possible up-stream regulatory factors responsible for the expression of cMYC
MRNA in these cells.

Work Accomplished:

Estrogen independent growth of MCF7:5C cells in vitro and in vivo compared with
parental MCF7:WS8 cells

We first confirmed the estrogen-independent growth of the MCF7:5C cells and compared it with
the parental MCF7:WS8 cells. The growth of MCF7:5C cells in vitro were at least 4-fold higher
than the parental MCF7:WS8 cells (Fig. 13A) in absence of estrogen. Next, we investigated the
spontaneous, estrogen-independent growth of MCF7:5C cells in vivo by injecting 5 million cells
bilaterally in 0.2 ml mixed with growth-factor reduced matrigel in 1:1 ratio in ovariectomized,
nu/nu mice. MCF7:WS8 cells were also used as control. Tumor measurements were taken
weekly starting one week post injection. As evident from the results (Fig. 13B) MCF7:5C cells
formed the xenograft tumors and consistently grew over seven week period, whereas the parental
MCF7:WS8 cells did not form any tumor whatsoever. This established that MCF7:5C cells can
spontaneously grow in vitro as well as in vivo in absence of any estrogen.
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Basal expression levels of cMYC mRNA and protein in MCF7:WS8 and MCF7:5C cells

cMYC is an oncogene which is de-regulated in many cancers and co-relates with poor
prognosis (18) and plays crucial role in cell cycle progression and regulating variety of genes
(19). It is also a very well characterized estrogen-regulated gene in ERU positive breast cancer
cells (20, 21). We therefore evaluated the basal expression level of cMYC gene in estrogen-
deprived resistant MCF7:5C cells and compared with the parental MCF7:WS8 cells.
Interestingly, we found that the basal expression of cMYC mRNA as well as the protein was at
least 3-4 fold higher in MCF7:5C cells as compared to parental MCF7:WS8 cells (Fig. 14A and
14B). The basal expression of ERU protein was also higher in the MCF7:5C as compared to
MCF7:WS8 cells.
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Figure 14. Basal expression of cMYC in MCF7:WS8 and MCF7:5C cells. A. mRNA levels of cMYC in
MCF7:WS8 and MCF7:5C cells. Transcripts levels were measured using real-time PCR using 36B4 as an internal
control. Data is re-presented in terms of fold difference as compared to MCF7:WS8 cells. B. Protein levels of
cMYC and ERU in MCF7:WS8 and MCF7:5C cells were determined using standard western blotting technique.
Beta-actin protein levels were measured as loading control.
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Effect of pharmacological inhibition of cMYC by 10058-F4 compound on the estrogen
independent growth of MCF7:5C cells

To understand the functional relevance of the cMYC over-expression in the MCF7:5C
cells, we investigated the role of cMYC in estrogen-independent growth of MCF7:5C cells. We
treated the MCF7:5C cells and MCF7:WS8 cells with a cMYC inhibitor, 10058-F4, in increasing
concentration. We found that MCF7:5C cells were drastically more sensitive to 10058-F4
mediated inhibition of spontaneous growth than MCF7:WS8 cells after 2 and 4 days of treatment
(Fig. 15A and 15B).

We further investigated the effect of cMYC inhibitor on the fiSo phase cells which
represents the actively proliferating cells. The cMYC inhibitor, 10058-F4, remarkably decreased
the number of iSO phase cells in a dose dependent manner in the MCF7:5C treated cells, but the
effect on MCF7:WS8 was very minimal (Fig. 15C and 15D). Around 60% of fiSo phase cells
were decrease with 30uM of the inhibitor in MCF7:5C cells as compared to only 10% in parental
cells suggesting that cMYC plays a critical role in estrogen-independent growth of MCF7:5C
cells.
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Figure 15. Effect of cMYC inhibitor (10058-F4) on spontaneous growth of MCF7 and MCF7:5C cells. A.
Comparison of growth inhibition of MCF7 and MCF7:5C cells by cMYC inhibitor 10058-F4 in a four day growth
assay. B. Dose dependent growth inhibition of MCF7:5C cells using cMYC inhibitor over a six day period. C. Dose
dependent lowering of fiSo phase cells in MCF7:5C cells after treatment with cMYC inhibitor for 24 hrs compared
with parental counterpart MCF7 cells. D. Bar graph depicting the percent decreases in S0 phase cells with two
different concentrations of 10058-F4 in MCF7:WS8 and MCF7:5C cells.
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Effect of complete anti-estrogen, fulvestrant, on growth and cMYC levels by 10058-F4 in
MCF7:5C cells

Next, we evaluated the effect of the complete anti-estrogen, fulvestrant, on the growth
and cMYC levels of MCF7:5C cells to understand the role of un-liganded ERU in these cells. We
checked the growth by treating the cells with 1uM of fulvestrant over a six day period (Fig.
16A), and found that fulvestrant inhibits the estrogen-independent growth of MCF7:5C cells by
around 50 percent. Interestingly, cMYC mRNA as well as the protein levels were also decreased
by similar extent after 24 hrs of treatment (Fig. 16B and 16C). As expected, ERU protein levels
were undetectable after fulvestrant treatment. This suggests that un-liganded ERU protein may be
partially responsible for the over-expression of cMYC protein in MCF7:5C cells.
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Figure 16. Effect of fulvestrant (Fulv) on growth, cMYC mRNA and protein levels in MCF7:5C cells as
compared to vehicle. A. Growth of MCF7:5C cells in presence of 1uM fulvestratnt (Fulv) over a six day period. B.
Levels of cMYC mRNA after 24 hrs treatment with 1uM fulvestratnt (Fulv) C. Protein levels of cMYC and estrogen
receptor U (ERU) after treatment with 1uM fulvestrant for 24 hrs.

Recruitment of phosphorylated serine 2 and serine 5 RNA polymerase-11 at the proximal
promoter of cMYC gene in MCF7:WS8 and MCF7:5C cells

To study the up-stream factors involved in the high transcriptional activity of cMYC gene
in MCF7:5C cells we evaluated the recruitment of the phosphorylated-serine 2 and
phosphorylated serine-5 RNA polymerase-I1 at the proximal promoter of the cMYC gene (Fig.
17A), using chromatin immune-precipitation assay. RNA polymerase-Il is a multimeric protein
complex responsible for the transcription of the genes. However, the RNA polymerase-Il needs
to be phosphorylated at serine-5 of the carboxyl-terminal domain (CTD) for the initiation of the
transcriptional process and phosphorylation of the serine-2 of the same CTD is required for the
elongation of the transcription (22, 23).

Our results revealed that phospho-serine-5 as well as phospho-serine-2 RNA polymerase-
Il was constitutively recruited at the promoter of the cMYC gene in MCF7:5C cells (Fig. 17B
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and 17C). In comparison, in the parental MCF7:WS8 cells, recruitment of phospho-serine-2
RNA polymerase-Il, were at least 3-fold less than the MCF7:5C cells. Of note, the recruitment of
phospho-serine-5 RNA polymerase-11 in both the cells did not show any difference (Fig. 17C).
We also checked the levels of phospho-serine-5 and phospho-serine-2 RNA polymerase-I11 in the
total protein lysates of these cells and found no differences (Fig. 17D). This indicated that the
differential recruitment of phospho-serine-2 RNA polymerase-I1 at the promoter of cMYC in
MCF7:5C cells may be due some chromatin changes at the promoter level which merits further
investigation.
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Figure 17. Recruitment of serine-2-phosphorylated and serine-5-phosphorylated RNA polymerase Il at the
cMYC promoter. A. Diagram depicting the cMY C promoter with the estrogen responsive element (in red) and its
transcription start site (TSS) B. Recruitment of serine-2-phosphorylated RNA polymerase Il at the cMYC promoter
in MCF7 and MCF7:5C cells. C. Recruitment of serine-5-phosphorylated RNA polymerase Il at the cMYC
promoter in MCF7 and MCF7:5C cells. The data is represented as percent input adjusted for control mouse IgM
antibody. D. Levels of total serine-2 phosphorylated and serine-5 phosphorylated RNA polymerase-Il in
MCF7:WS8 and MCF7:5C cells.

Role of cyclin dependent kinase 9 (CDK9) in estrogen-independent growth of MCF7:5C
cells as compared to parental MCF7:WS8 cells

Next, we hypothesized that if serine-2 phosphorylation of RNA polymerase-Il is
responsible for the transcriptional over-expression of cMYC then blocking the serine-2
phosphorylation should also inhibit the estrogen-independent growth of the MCF7:5C cells. In
this direction we first checked the levels of cyclin dependent kinase-9 (CDK9) which is a major
kinase responsible for the phosphorylation of serine-2 of RNA polymerase-Il (23). Interestingly,
the total CDK9 levels as well as the phosphorylated CDK?9 levels were significantly higher in
MCF7:5C cells as compared to MCF7:WS8 cells (Fig. 18A) which suggested the reason for
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increased serine-2 phosphorylation in the MCF7:5C cells. Thereafter we used a CDK9 inhibitor,
CAN 508 (also known as CDKS9 inhibitor II), to block serine-2 phosphorylation of RNA
polymerase-11 and evaluated its effect on growth of MCF7:WS8 and 5C cells. Indeed, we found
that the growth of MCF7:5C cells were selectively more inhibited by the CDKS9 inhibitor in a
dose dependent manner than the parental MCF7:WS8 cells (Fig. 18B). A growth curve using two
different concentrations of the CDK9 inhibitor over a six day period revealed that 30uM of
CANb508 was able to completely block the estrogen-independent growth of the MCF7:5C cells
(Fig. 18C). These data supports our hypothesis that inhibition of CDK9 in MCF7:5C cells
suppresses the estrogen-independent growth, most likely by down-regulating the levels of cMYC
by blocking the serine-2-phosphorylation of RNA polymerase Il in these cells.

Overall, this section reports a novel mechanism by which cMYC transcripts are regulated
in the ERU positive breast cancer cells resistant to estrogen-deprivation and elucidates the
upstream factors involved in driving the over-expression of the cMYC oncogene which is
responsible for the estrogen-independent growth of the MCF7:5C cells, which mimics the
aromatase-resistant breast cancer cells.
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TASK 2: (GU/Jordan) - To elucidate the molecular mechanism of E, induced survival and
apoptosis in breast cancer cells resistant to either SERMs or long-term estrogen

deprivation.

Task 2b-4: (Sengupta, Obiorah and Jordan) T To confirm and validate developing
pathways of E,-induced breast cancer cell survival and apoptosis.

Task 2b-4: (Sengupta, Obiorah and Jordan) - Studies carried out by Dr. Surojeet Senqupta and
Dr. Ifeyinwa Obiorah in the Jordan laboratory at Georgetown University

Deciphering the Mechanism of Action of Bisphenol and Bisphenol-A in Growth and
Apoptosis of Breast Cancer Cells Mediated by Estrogen Receptor Alpha

Introduction:

Estrogen receptor alpha (ERU) mediates its action by binding to its cognate ligands and
function as a filigand-activatedo transcription factor in cells and tissues. Apart from its natural
ligands, several structurally similar compounds can bind to ERU and thus can function as its
ligand (24). However, depending upon the chemical structures of these ligands they can function
as an ERU agonist or as an antagonist or even a partial agonist/ antagonist. Many chemically
diverse compounds can function as an estrogen on various assays. Broadly, these estrogenic
compounds can be classified as class | and class Il depending upon their planar or non-planar
(angular) chemical structures, respectively (25). Different ligands can bind to the same core of
the ligand binding domain (LBD) of the ERU protein but can evoke distinct three-dimensional
conformation of the liganded-receptor complex which can either interact with the co-activators
or the co-repressors (collectively known as co-regulators) at the promoters of estrogen
responsive genes (26). Consequently, this complex modulates the transcriptional activity of the
various estrogen-responsive genes and eventually determines the outcome of the ERU dependent
physiological responses of a particular cell or tissue type.

The molecular basis of this differential recruitment of the co-regulators has been
attributed to the ability of the liganded-ERU to re-orient the helix 12 of the LBD so that the
complex can interact with the co-activators at the structural interface formed by H3, H4 and H5
helices, when ERU is bound to an agonist (17-beta estradiol or DES) (27, 28) but this interaction
with the co-activators is completely blocked when the ERU is bound to antagonists, such as 4-
hydroxy-tamoxifen (40HT) (27) or raloxifene (RAL) (28). Interestingly, when ERU is liganded
with an antagonist it can now interact with the co-repressors and can inhibit the transcriptional
activity of the estrogen responsive genes (20). Besides the interaction of co-regulators with the
liganded ERU, the levels of co-activators and co-repressors in a given cell can also determine the
physiological responses to different ligands of ERU (20).

Studies from our lab have identified that the amino acid aspartate at 351 position in the
helix 3of LBD of the ERU is critically important for maintaining the integrity of anti-estrogenic
activity of keoxifene (raloxifene) and tamoxifen (29, 30). Previously, its substitution mutation to
tyrosine amino acid was detected in one of the xenograft tumors stimulated by tamoxifen in the
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athymic mice (31). Further investigations have revealed that changing the 351 aspartate amino
acid of the ERU to glycine (D351G) abolishes the estrogenic effect of 4OHT but does not affect
estradiol action on TGFU gene activation in the ER negative cells stably transfected with either
wild type ERU or D351G mutated ERU (32). Using these models, estrogens were classified as
either type I, which have the planar structures or type Il, which have the angular or non-planar
structures (25, 33). In this section we determined that the requisite conformation of the liganded-
ERU complex is different for inducing growth and apoptosis by using two estrogenic compounds
bisphenol and bisphenol-A on growth of MCF7:WS8 cells and apoptosis in long term estrogen
deprived MCF7:5C cells.

Work Accomplished:
Differential effect of Bisphenol and Bisphenol-A in inducing apoptosis in MCF7:5C cells
but not growth in MCF7:WS8 cells

Bisphenol (BP) (Fig. 19) a tri-phenylethylene (TPE) is a known estrogenic ligand which
can induce growth of the ERU positive breast cancer cells (34). Another compound with similar
chemical structure, bisphenol TA (BPA) (Fig. 19) is also a well characterized but weak
estrogenic ligand.

Fi 19
igure OH

O Figure 19. Chemical structures of
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O (BPA).
HO
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Here we evaluated the ability of these two estrogenic compounds to induce growth and
apoptosis in MCF7:WS8 and MCF7:5C cells respectively, as both these responses can be
induced by estrogen. As expected, BP as well as BPA was able to induce dose dependent growth
in the MCF7:WS8 cells (Fig. 20A). BPA was less potent compared to BP as maximal growth
was achieved by BP at 10°M concentration as compared to 10°M for BPA. As a comparison
17b-estradiol (E,) was able to induce maximal growth at 10™**M concentration in the MCF7:WS8
cells. Interestingly, marked contrast was observed in induction of apoptosis by BP and BPA in
MCF7:5C cells which undergo apoptosis with E, treatment. BPA was able to induce apoptosis to
the same extent as E; in these cells at a higher (10°M) concentration (Fig. 20B) as compared to
E, which achieved the maximal apoptosis at 10°M. However, BP failed to induce apoptosis
even at 10°M concentration (Fig. 20B). We further investigated that if BP was actually binding
to the ERU in the MCF7:5C cells by treating these cells with BP in combination with 10°M of
E.. BP was able to block the effect of E; in the MCF7:5C cells (Fig. 20C) in a dose dependent
manner indicating that BP was actually binding to the ERU, thus inhibiting the E action. On the
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other hand, BPA was not able to block the effect E; action (Fig. 20C). In addition, we also show
that the estrogenic effect of BPA (10°M) in inducing apoptosis in MCFF7:5C cells was
completely blocked by BP (10°M) as well as 10°M of 4-hydroxy tamoxifen (4OHT) (Fig. 20D).
These experiments established that unlike BPA and E,, BP was not functioning as an estrogen in
inducing apoptosis while both compounds (BPA and BP) were equally estrogenic in inducing
growth in MCF7:WS8 cells. This clearly suggested differential requirement of ERU mediated
molecular action to achieve two distinct physiological responses in the breast cancer cells.
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Figure 20. Differential effect of bisphenol (BP) and bisphenol-A (BPA) on growth and apoptosis of ERU
positive breast cancer cells. A. Dose dependent effects of BP, BPA and E, on growth of MCF7:WS8 cells treated
for six days as indicated. The black bar denotes the level of DNA in vehicle treated cells over a six day period. The
growth is measured as amount of DNA present in each well. B. Dose dependent effect of BP, BPA and E, on
apoptosis of MCF7:5C cells treated for six days as indicated. The black bar denotes the level of DNA in vehicle
treated cells over a six day period. The growth is measured as amount of DNA present in each well. C. Dose
dependent effect of BP and BPA on E, (1nM)-induced apoptosis in MCF7:5C cells, treated over a six day period.
The growth is measured as amount of DNA present in each well. D. Effect of BP and 40OHT on BPA induced
apoptosis in MCF7:5C cells over six day period. The data is presented as percent of growth considering the vehicle
treated cells as 100 percent. Each value is average of at least three replicates +/- S.D.

Regulation of estrogen responsive gene trefoil factor 1(TFF1 or PS2) by bisphenol and
bisphenol-A

We next investigated the transcriptional regulation of a characterized estrogen-regulated
gene, TFF1 (PS2) by BP and BPA and compared it with E; and 40HT. MCF7:WS8 cells were
treated for 6 hours with the 0.1% ethanol (veh), E, (10°M), 40HT (10°M), BP (10°M and 10°
®M) or BPA (10°M and 10°M) and total RNA was harvested using TriZol reagent. Two
different concentrations (10°M and 10°M) were used for BP and BPA because BPA is a weak
estrogen and we wanted to evaluate the concentration dependent regulation of these compounds.
As expected, PS2 mRNA was up-regulated around five fold by E, (10°M) compared to vehicle
treatment and 40HT (10"°M) completely failed to induce the levels of PS2 mRNA (Fig. 21). On
the other hand, BP treatment at 10°M concentration moderately (~2 fold) up-regulated the PS2
mRNA levels and higher concentration (10°M) of BP did not further increase the levels of PS2
(Fig. 21). Conversely, cells treated with BPA exhibited dose dependent increase in up-regulation
of the PS2 mMRNA and the magnitude of up-regulation with high concentration (10°M) of BP
was equivalent to the E,-mediated up-regulation of PS2 mRNA (Fig. 21). These results clearly
indicate the differential estrogenic action of BP and BPA mediated by ERU by which it achieves
the transcriptional activation of PS2 mMRNA as BPA treatment at higher concentration achieved
the PS2 activation comparable with E;, but BP treatment failed to do so.
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Recruitment of ERU and steroid co-activator-3 (SRC3) at the promoter of TFF1 gene after
treatment with BP and BPA

To understand the differences in the molecular mechanism of the transcriptional
activation of PS2 gene by BP and BPA we performed chromatin immuno-precipitation (ChlP)
assay to evaluate the recruitment of ERU and SRC3 at the promoter region of TFF1 (PS2) gene
(Fig. 22A) which has an well characterized functional estrogen responsive element (ERE).
MCF7:WS8 cells were treated with either .01% ethanol (veh), E; (10°M), 4OHT (10°M), BP
(10°M or 10°M) or BPA (10°M or 10°M) for 45 minutes and thereafter harvested for ChIP
assay. As evident from the results (Fig. 22B) high concentration of BPA (10°M) recruited ERU
to the same extent as E,, whereas BP treatment (at both the concentrations) recruited ERU
approximately half as much of E;, treatment. Recruitment of the co-activator, SRC3, which is
responsible for transcriptional activation of the PS2 gene, followed the similar pattern as the ERU
(Fig. 22C). BPA, at 10°M concentration treatment at both the concentrations (10°M or 10°M)
recruited SRC3 to similar extent which was half as much of E, treatment. As expected, 4OHT
treatment did not recruit SRC3 and was comparable to vehicle treatment. The ChIP data
correlates with the observed pattern of transcriptional activation of PS2 gene (Fig. 21) under
same treatments. Overall, these results indicate that binding mode of BP and BPA to the ERU
protein is not identical as ERU liganded with BP could not recruit SRC3 at the PS2 promoter to
the similar levels as BPA. The fact that only higher concentration of BPA was able to recruit
ERU and SRC3 to the similar levels as E, treatment at the PS2 promoter underscores the fact that
BPA is a weak estrogen, but its mode of action is same as of E..
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Figure 22 A
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Figure 22. Recruitment of estrogen receptor alpha (ER alpha) and steroid receptor co-activator-3 (SRC3) at
the estrogen responsive element (ERE) of proximal promoter of PS2 gene followed by 45 minutes treatments
of bisphenol (BP), bisphenol-A (BPA) compared with 17-beta estradiol (E,) and 4-hydroxy-tamoxifen
(40HT) in MCF7:WS8 cells. A. Schematic representation of the PS2 proximal promoter containing an ERE. B.
Recruitment of ERU at the PS2 proximal promoter, by ChIP assay after 45 minutes of indicated treatment. C.
Recruitment of SRC3 at the PS2 proximal promoter, by ChIP assay after 45 minutes of indicated treatment. All the
values are representated as percent input of the starting chromatin material and after subtracting the 1gG control for
each sample.

Differential induction of transforming growth factor alpha (TGFU) gene by Bisphenol and
Bisphenol-A in MDA: MB-231 cells stably transfected with wild type ERU or D351G
mutant ERU.

Previous studies from our laboratory have established an in vitro system to evaluate and
differentiate the conformation of liganded ERU induced by planar and non-planar ligands.
Activation of TGFU gene in MDA: MB 231 cells stably transfected with wild type ERU (MC2
cells) or mutant ERU (D351G) (JM6 cells) which have an aspartate substituted with glycine at
the 351 amino acid position, is used as a marker to distinguish the ERU interactions between
planar and non-planar estrogen ligands (25). We treated the MC2 and JM®6 cells with increasing
concentrations of BP and BPA and measured the TGFU induction in these cells. E; was used as a
positive control. In MC2 cells, which have stably transfected wild type (wt) ERU, all the tested
ligands induced TGFU transcripts level to similar levels (Fig. 23A). Induction of TGFU by BPA
was observed at higher concentrations whereas BP and E; had similar effects (Fig. 23A). On the
other hand, in JM6 cells, which are stably transfected with mutant (D351G) ERU, BP was not
able to induce TGFU transcription even at higher concentrations (Fig. 23B), whereas E, and BPA
treatment induced TGFU (Fig. 23B), although the maximal induction with BPA was observed at
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higher concentration which was less than half of E;, treatment. We further confirmed that E,-
induced TGFU stimulation in JM6 cells was completely blocked by BP and 40HT in a dose
dependent manner; whereas co-treatment of BPA in presence of E; failed to inhibit it (Fig. 23C).
These results further confirmed that BPA and E; interacted with ERU in similar conformation
and BPA was a weaker ligand than E,. In contrast, interaction of BP with ERU was distinctly
different as it required the aspartate at 351 position of ERU protein to induce the TGFU, which
resembles interaction of ERU with non-planar estrogen molecules (25).
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Figure 23. Induction of TGFU mRNA by E,, BP, and BPA in MDA:MB 231 cells stably transfected with
wild type ERU (MC2 cells) or D351G mutant ERU (JM6 cells). A. MC2 cells were treated with 176 estradiol
(E»), bisphenol (BP) or bisphenol-A (BPA) at indicated concentration for 48 hrs and cells were harvested for total
RNA. Total RNA was reverse transcribed and real time PCR (RTPCR) was performed to assess the expression of
TGFU using 36B4 as an internal control. The values are presented as fold difference versus vehicle treated cells.
B. JM6 cells were treated with 176 estradiol (E,), bisphenol (BP) or bisphenol-A (BPA) at indicated
concentrations for 48 hrs and cells were harvested for total RNA. Total RNA was reverse transcribed and real
time PCR (RTPCR) was performed to assess the expression of TGFU using 36B4 as an internal control. The
values are presented as fold difference versus vehicle treated cells. C. JM6 cells were treated with E, alone or in
combination with different concentration of bisphenol (BP), bisphenol-A (BPA) or 4-hydroxy tamoxifen (4OHT)
as indicated for 48 hrs. The values are presented as percentage of expression of TGFU mRNA considering the E-
induced levels as 100 percent.
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Molecular docking of BP and BPA to the LBD of ER alpha

To determine the binding mode of BPA and BP to ERU, the ligands were docked to the
agonist and antagonist conformations of the receptor. The experimental structure, 3ERT, was
selected from PDB for the antagonist conformation of U (Fig. 24A), while for the agonist
conformation two experimental structures were selected, namely the receptor co-crystallized
with E;, 1IGWR (Fig. 24B) and DES, 3ERD (Fig. 24C), respectively.

A commonly used method to evaluate the docking method efficiency is to dock the co-
crystallized ligand to its native experimental structure. The expected outcome would be a
docking solution, pose, which recapitulates the binding mode of the ligand in the binding site of
the experimental structure. For this reason, 3D-conformations of E,;, DES and 4OHT were
generated, optimized with MMFF94 force field and then subjected to preparation for docking
using the LigPrep utility. The same protocol has been followed for BPA and BP. Protein
Preparation Workflow (Schredinger, LLC, New York, NY, 2011) was employed to prepare the
proteins for molecular docking. The residues well-known to be important for biological activity
D351 and E353 were kept charged in all three receptors, the free rotation of hydroxyl group for
T347 was allowed and H524 residue was protonated at the epsilon nitrogen atom in the
complexes 1IGWR and 3ERT based on the available literature data. In the case of 3ERD complex
two structures were prepared for docking runs having H524 protonated at epsilon (3ERD_U) and
delta (3ERD_U) nitrogen.

The best docking poses were selected based on the composite score, Emodel, which
accounts not only for the binding affinity but also for the energetic terms, such as ligand strain
energy and interaction energy. When E,, DES and 40HT were docked to their native structures
the top ranked docking solutions have a ligand RMSD of 0.353 for E;, 0.416 for DES docked to
3ERD_U and 0.372 when docked to 3ERD_ii, and 0.629 for 40HT.

The predicted binding modes of BP to the open and closed conformation of ER are
similar, forming the H-bond network between E353, R394 and the highly ordered water
molecule and an additional H-bond with the hydroxyl group of T347 (Fig. 24G, 24H, 241). The
composite score, Emodel, shows that BP is better accommodated in the binding site of the open
or antagonist conformation of ERU and it is more likely for the ligand to bind at this
conformation of ER. Similar results have been obtained using the Induced Fit docking method,
which accounts for both the ligand and protein flexibility (34).

In case of BPA two highly probable binding modes have been identified. The first one
has been mostly predicted when the ligand has been docked into the binding sites of ERU co-
crystallized with E, and DES, the structure 3ERD_U using the SP mode. The ligand is placed
across the binding site in a similar orientation with the native ligands, having the two methyl
groups involved in hydrophobic contacts with the side chains of amino acids W383, L384, L525,
and L540. Also, BPA forms H-bonds with H524 and E353 (Fig. 24E). When docking
calculations have been run in the XP mode of Glide a second alignment of the top tanked poses
in the binding site of 3ERD U and 3ERD Ui has been noticed. This orientation involves the
formation of H-bonds between the hydroxyl groups of BPA and amino acids G521, E353 and

40



Jordan, V.C.

R394 (Fig. 24F). Apart from the H-bonds formation, the methyl groups are involved in
hydrophobic contacts with amino acids L346, F404, and L428. Also, this binding mode has been
encountered for 6 out of 10 poses resulted from the docking of BPA into the experimental
structure 1IGWR.

When BPA is docked to the antagonist conformation, 3ERT, it is oriented perpendicular
with the binding pocket and in this alignment it has the propensity to form the H-bond network
involving E353, R394 and a water molecule (Fig. 24D). Additionally, a hydrogen bond with the
hydroxyl group of T347 is formed. In this alignment the binding site is poorly occupied and the
hydrophobic contacts with the amino acids lining the bottom of the binding site are missing.

The comparative analysis of the composite score Emodel for the agonist and antagonist
top ranked docking poses of BPA has shown that the binding mode predicted for the antagonist
conformation is highly improbable and it is more likely for BPA to bind to a conformation of
ERU closely related with the agonist one. On the other hand, two distinct binding modes of BPA
to the agonist conformations of ERU have been predicted with tight Emodel scores and cannot be
clearly discriminated which alignment is correct or at least with the highest probability of being
right.

The docking scores calculated for E;, DES and BPA shows the binding affinity of BPA to
ERU is much lower when compared with the binding affinities of E, or DES to ERU. These
results are in excellent agreement with biological experimental data.
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Figure 24
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Figure 24. Cross-sectional representations of ERU binding sites in the antagonist (A) and agonist (B, C)
conformations. The top ranked docking poses of BPA into the binding site of 3ERT (D), 1GWR (E), 3ERD (F) are
displayed with C atoms colored in magenta while the best docking solutions of BP computed for 3ERT (G), 1GWR
(H), 3ERD (1) are represented with C atoms colored in blue. The amino acids involved in H-bond contacts are
depicted as sticks and the rest of the amino acids lining the binding site are shown as lines having the C atoms
colored in gray. Only polar hydrogen atoms are shown, for simplicity.

Comparative analysis of regulation of apoptotic genes by BP, BPA, 4OHT and E; in
MCF7:5C cells using apoptotic gene RT-PCR profiler

We thereafter determined the effect of BP and BPA treatment in regulating the apoptosis
related genes in MCF7:5C cells and compared it with E; and 4OHT as a positive and negative
inducer of apoptosis respectively. We used the RT-PCR profiler assay kits for apoptosis from a
commercial vendor which uses 384 well plates to profile the expression of 370 apoptosis related
human genes (Qiagen; SABiosciences Corp, Fredrick, MD; Cat#330231 PAHS-3012E). All the
procedures were followed as per the manufacturer’s instructions. To select a single time point of
treatment with the ligands we first treated the MCF7:5C cells with E; (10°M) for 24, 48 and 72
hrs (in triplicates) and created an apoptotic gene signature throughout these time points after
comparing them with vehicle treatment (Fig. 25A, 25B and 25C and Table 1). This gene
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signature was generated by comparing the expression level of all the genes with vehicle
treatment and selecting the genes which were at least 2.5 fold over-expressed or under-expressed
as compared to vehicle treated cells. The fold change was calculated by delta-delta Ct method
using the web based tool, RT? profile PCR array data analysis version 3.5 (Qiagen;
SABiosciences Corp, Fredrick, MD).

After carefully analyzing the gene list generated by E, treatments over the above said
time period we selected 48 hrs as the time point to treat MCF7:5C cells with BP, BPA and 40HT
and compare the expression of the apoptosis related genes with the gene signature of the E;
treatment at 48 hrs. This particular time point was selected because the MCF7:5C cells undergo
apoptotic changes after E, treatment during this time period (8) and also because after 48 hrs of
E. treatment the cells are committed to apoptosis, as 4OHT treatment cannot rescue these cells
after this time point (please see Task 2b-5, Fig. 29).

Figure 25
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Table 1

24 Hrs E, Treatment 48 Hrs E, Treatment 72 Hrs E, Treatment
UP-REGULATED DOWN-REGULATED UP-REGULATED DOWN-REGULATED UP-REGULATED DOWN-REGULATED
Gene Symbol | Fold Regulation |Gene Symbol[Fold Regulation|  Gene Symbol  [Fold Regulation| Gene Symbol Fold Regulation Gene Symbol Fold Regulation Gene Symbol Fold Regulation
CEBPB 4.48 BAG1 -3.73 ANXAL 18.59 ATFS -2.54 ANXAL 3176 AIFM1 -2.50
DAPK2 3.84 BCL3 -2.95 BCL2L11 3.52 BAD -2.82 AZU1 6.03 AKT1 -4.33
IGF1R 2.89 BIK -6.01 BDNF 3.46 BAG1 -2.98 BBC3 3.09 APAF1 -2.60
NRG2 3.71 CASP9 -3.86 BIRC7 2.55 BCL3 -3.79 BCL2L10 5.97 BAD -4.36
PMAIP1 3.70 CD5 -7.71 CARD6 2.79 BIK -4.62 BDNF 3.89 BAG1 -5.21
TLR2 2.92 DDAH2 -2.61 CASP14 2.59 DHCR24 -2.87 BIRC3 2.55 BAG3 -3.59
TNFRSF21 2.60 FAIM2 -32.30 CEBPB 4.63 FAIM2 -30.90 BTK 277 BAK1 -2.84
TPD52L1 2.68 IER3 -85.02 DAPK1 3.70 IER3 -3.53 CASP1 2.82 BCL2L1 -2.80
IFI6 -2.93 DAPK2 4.90 IFI6 -3.19 CD70 3.16 BCL3 -3.03
INHA -4.06 HIPK2 2.69 LCK -4.16 CEBPB 5.40 BIK -3.30
INHBA -3.06 IGF1R 5.19 MOAP1 -2.70 CRYAB 6.94 BOK -3.50
LCK -3.45 IL18 2.74 NOX5 -3.61 DAPK1 9.19 BRCA1 -4.15
MOAP1 -3.07 MY 3.07 PAX? -56.21 DAPK2 3.87 CARD10 -3.34
MX1 -2.68 LGALS1 6.63 PROP1 -2.99 DDIT3 8.42 CASP6 -2.56
NOX5 -4.09 NGFR 3.34 SOCs3 -3.67 HSPA1B 3.64 CASP7 -2.99
NUPR1 -3.85 PMAIP1 5.81 TIMP3 -10.47 IFI16 6.80 CHEK2 -2.78
PAX? -20.23 PTH 2.52 TNFSF10 -3.09 IGF1R 4.85 DAP -2.58
PROP1 -2.87 TLR2 12.31 TSC22D3 -3.18 IL18 4.44 DHCR24 -7.00
SOCs3 -4.88 TNFRSF19 2.96 IMY 2.95 F2 -4.30
STATL -2.87 TP63 51.32 LGALS1 7.15 FAIM2 -38.85
TIMP3 -7.35 ZAK 3.60 LTA 23.36 GPXL -3.14
TNFSF10 -6.06 LTB 9.51 HDAC1 -2.74
TSC22D3 -3.24 MAL 2.75 HMGB1 -3.47
NGFR 10.10 LCK -3.34
NUPR1 6.89 MADD -3.21
PMAIP1 12.17 MAPK1 -2.52
TLR2 6.97 MAPK8IP2 -5.59
TNF 4.97 MOAP1 -3.45
TNFAIP3 8.89 MTCH1 -4.01
TNFRSF21 2.63 MYBL2 -4.61
TP63 44.87 NME3 -2.70
ZAK 3.68 NOL3 -3.72
NOX5 -6.19
PAX7 -40.87
PIK3R2 -3.15
PLEKHF1 -2.66
PRDX2 -3.08
PRKAA1 -2.95
PRLR -4.95
PROP1 -3.02
RIPK1 -2.88
SOCSs3 -3.47
TIMP3 -7.16
TRADD -2.72
TRAF2 -2.57
TRAIP -2.78
VCP -3.31
ZNF443 -2.90

Table 1. Gene list of E, (1nM) regulated apoptotic genes in MCF7:5C cells at 24, 48 and 72 hrs of treatment
versus vehicle treatment. MCF7:5C cells were treated with vehicle or 1nM E, for 24, 48, and 72 hrs. Total RNA
was isolated and reverse transcribed. Subsequently real-time PCR was performed using RT-profiler assay kits for
apoptosis and the genes which were at least 2.5 fold up-regulated or down-regulated as compared to vehicle
treatment were selected for creating this gene list. All the treatments were performed in triplicate, and the data is
presented as average fold regulation.

Next, we analyzed the changes in the overall expression profiles of apoptotic genes by E,
40HT, BP, and BPA versus vehicle (Veh) treatment at 48 hrs (Fig. 26A, 26B, 26C and 26D
respectively) using the same apoptosis RT profiler.

For any gene to be considered as differentially expressed we set the cut-off as 2.5 fold
up- or down-regulation versus the vehicle treatment. Using this criterion we created a gene-list
for up-regulated and down-regulated gens for each treatment group (Table 2).
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Figure 26
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Figure 26. Representation of 17-b estradiol 10° M (E,), 4-hydroxy tamoxifen, 10® M (4OHT), bisphenol, 10°
M (BP) and bisphenol A, 10° M (BPA) regulated apoptotic genes in MCF7:5C cells after 48 hrs of treatment
versus vehicle using volcano plots. A, B, C and D are the volcano plots of apoptotic genes regulated by E,, 40OHT,
BP and BPA, respectively after 48 hrs treatment. Each circle in the plot represents one gene. Genes which are up-
regulated at least 2.5 fold over vehicle treatment are denoted as red circles whereas the genes which are down-
regulated at least 2.5 fold over vehicle are in green circles. The genes represented by black circles were not
considered as differentially regulated. The circles above the blue horizontal line represent the genes which achieves
the statistical significance of p value of 0.05.
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Table 2. Gene list of 17-b estradiol, 10° M (E,), 4-hydroxy tamoxifen, 10° M (40HT), bisphenol, 10° M (BP)
and bisphenol A, 10° M (BPA) regulated apoptotic genes in MCF7:5C cells after 48 hrs of treatment versus
vehicle. MCF7:5C cells were treated with vehicle, 1nM E,, 40OHT, BP and BPA for 48 hrs. Total RNA was isolated
and reverse transcribed. Subsequently real-time PCR was performed using RT-profiler assay Kits (see text for details)
for apoptosis and the genes which were at least 2.5 fold up-regulated or down-regulated as compared to vehicle
treatment were selected for creating this gene list. All the treatments were performed in triplicate, and the data
presented is average fold regulation.
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We thereafter generated a heat map (Fig. 27) using the online tool, RT? profile PCR array
data analysis version 3.5 (Qiagen; SABiosciences Corp, Fredrick, MD) in which we selected all
the genes which were at least 2.5 fold up- or down-regulated by E, treatment and compared it
with other ligand treatments. This heat map clearly demonstrates that the genes which are up-
regulated at least 2.5 fold after 48 hrs of E, treatment are not up-regulated in 4OHT or BP
treatment.
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Figure 27. Heat map of apoptotic genes which are at least 2.5 fold up- or down-regulated by 48 hrs of
treatment of 17-b estradiol 10° M (E2), versus vehicle and its relative comparison of their expression with 4-
hydroxy tamoxifen, 10° M (40HT), bisphenol, 10° M (BP) and bisphenol A, 10° M (BPA) treatment after
48 hrs in MCF7:5C cells. The maximum expressed level of any given gene is represented by red color and
minimum levels are presented as green color. Control group and group 1, 2, 3, 4 are the re-presentation of the
vehicle, E2, 40HT, BP and BPA treatments respectively. The gene expression levels in each treatment group is the
average of three independent biological replicates.

However, majority of the genes up-regulated by BPA treatment are the same genes up-
regulated by the E, treatment. Many of these genes are up-regulated by BPA to the similar extent
as E, and others show a distinct trend of over-expression as compared to vehicle (Fig. 27).
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This clearly distinguishes between BPA treatment versus BP treatment and 40HT
treatment in MCF7:5C cells, as BPA treatment resembles closely to E, treatment whereas BP
treatment is more like 4OHT treatment, regarding the up-regulated genes, establishing the fact
that the mode of action of BP in MCF7:5C cells is like an fiestrogen-antagonisto as it fails to
induce expression of genes involved in apoptosis, within 48 hrs of treatment (Fig. 27).
Conversely, BPA treatment induced the apoptotic genes in MCF7:5C cells in a similar manner as
E, treatment (Fig. 27). Also by comparing the gene list (Table 2), which includes all the genes
up- or down-regulated at least 2.5 fold by the treatments, it is evident that 66% of up-regulated
genes are common between E, and BPA treatment, whereas in comparison only 8% genes are
commonly up-regulated by BP or 4OHT treatment.

Another interesting observation is the fact that the down-regulated genes follow a
different pattern. The genes down-regulated by BP treatment resemble more to E, and BPA
treatment than 40HT treatment (Fig. 27 and Table 2), as around 53% and 61% of down-
regulated genes by the treatment of BP and BPA respectively, are common with E;, treatment
(Table 2). This suggests that the conformational requirement of liganded- ERU is different for
up-regulation and down-regulation of genes. Furthermore, it indicates that the up-regulated
apoptotic genes are responsible for inducing the apoptosis since up-regulated genes are
differentially regulated by BP and BPA but not the down-regulated genes.

Overall, in this section we have established that the conformational requirement of ERU-
liganded complex is different for the growth and apoptosis, by using two structurally similar
Aestrogenic’ ligands, bisphenol and bisphenol-A. The conformation of the ERU-liganded complex
not only depends upon the chemical structure of the ligand but also the binding mode of the
ligand to the ERU protein. Subsequently, the structural conformation of the complex dictates the
interaction with the co-activators or co-repressors which is eventually responsible for the
transcriptional regulation of the genes and the overall functional outcome.

TASK 2: (GU/Jordan) - To elucidate the molecular mechanism of E, induced survival and
apoptosis in breast cancer cells resistant to either SERMs or long-term estrogen

deprivation.

Task 2b-5: Obiorah and Jordan T To elucidate the critical trigger point for estradiol
induced apoptosis and explore differential gene expression in comparison to cytotoxic
chemotherapy induced apoptosis.

Task 2b-5: (Obiorah and Jordan) - Studies carried out by Dr. Ifeyinwa Obiorah in the Jordan
laboratory at Georgetown University.

Determination of the fatality point for estradiol-induced apoptosis and contrast with
cytotoxic chemotherapy induced apoptosis
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Introduction:

Estradiol (E,) is a key growth stimulus for estrogen receptor positive breast cancer.
Clinical studies support the use of estrogens in the treatment of estrogen receptor (ER) positive
postmenopausal breast cancer (35). Synthetic high dose estrogens induced regression of tumors
in postmenopausal women with advanced breast cancer in the first ever reported cancer
chemotherapy mediated clinical study. This was supported by Lonning and colleagues (36) who
found that 5mg t.i.d diethylstilbestrol induced partial to complete response in 10 out of 34
postmenopausal breast cancer patients who had previous exhaustive antihormone therapy. A
recent clinical trial (3) showed that women with advanced breast cancer and acquired resistance
to aromatase inhibitors, responded to low dose estrogen. The use of conjugated equine estrogens
in hysterectomised postmenopausal women reveals protection from the incidence of invasive
breast cancer (37). Laboratory studies show that physiologic estrogen cause long term
tamoxifen resistant tumors to regress (38). Previous studies in our lab have demonstrated that E;
induces apoptosis in long term estrogen deprived MCF-7 cells (8). Given that these laboratory
observations translate to clinical research, it is imperative to investigate the molecular events that
precede the induction of apoptosis by E,. Cancer chemotherapy induces rapid death of
neoplastic cells, but estrogen induced apoptosis is a delayed event. We have recently identified
the sequential mechanism that lies behind E, induced apoptosis using long term estrogen
deprived estrogen responsive breast cancer cells (9), However very little is known on the effect
of cytotoxic chemotherapy in these cells. Paclitaxel is mitotic spindle inhibitor that prevents
destabilization of microtubules. These taxanes are used extensively in the adjuvant therapy of
early breast cancer and may potentially decrease risk of cancer recurrence and mortality (39).
Here we have determined the estrogen critical trigger point for the induction of apoptosis and
elucidated the differential gene expression at this point in comparison to paclitaxel induced
apoptosis using the same cell models.

Work Accomplished:
Growth effects of estradiol, 4-hydroxytamoxifen (4OHT) and paclitaxel in MCF7:5C cells
Long term estrogen deprived MCF7 cells grow independently of estrogens and induce
apoptosis in the presence of E,. To identify inhibitory effects of paclitaxel in MCF7:5C cells and
explore its potential to induce apoptosis in comparison to E,, the cells were seeded in 24 well
plates and treated with different concentrations of the compounds over the indicated days and the
DNA was measured in each well using a fluorescent dye. Figure 28A shows that E, treatment
induces apoptosis of MCF7:5C cells in a concentration dependent manner at the end of six days
treatment. In contrast, the cells remain unresponsive to antiestrogen, 4OHT but rather 40HT
blocks E, mediated apoptosis (Fig. 28B). Paclitaxel induced rapid inhibition of growth in a dose
dependent manner with maximum inhibition at 10uM. Fifty percent growth inhibition was
achieved by 24hrs (Fig. 28C), which increased to almost 100% after 48hrs of treatment (Fig.
28D). In comparison, E; did not quantitatively induce apoptosis until after 72hrs (Fig. 28E and
28F). Taken together, this study demonstrated that these breast cancer cells responded rapidly to
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the death effects of paclitaxel in comparison to E, which highlights the diversity of responses
that may be related to differential gene expression.

Figure 28
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Figure 28. Effect of E, and Paclitaxel on the growth characteristics and apoptosis in the MCF7:5C cells. A.
MCF7:5C 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 as in A and cells
were treated with either E, (L1nM) alone or in combination with 1JuM 40HT. MCF7:5C were seeded in 24 well plates
and treated with increasing concentrations of paclitaxel and E2 and cells were harvested after 24hrs (C), 48hrs (D),
72 hrs (E) and 96hrs (F). The extent of apoptosis was determined by measuring the DNA content of the r
remaining cells in each well. Each data point shown is average of 3 replicate +/- SD.

Determination of the critical trigger point of estradiol induced apoptosis

To further investigate the delayed response to E, mediated apoptosis, MCF7:5C cells
were treated with 1 nM of E, and subsequently 1uM of 40HT was used to block the apoptotic
effects of E;, at the indicated time points. 4OHT was able to reverse E, mediated apoptosis up to
24hrs, where thereafter, it lost the ability to block apoptosis (Fig. 29). This indicates that the
critical trigger point for induction of apoptosis by E; lies between 24hrs and 48hrs.
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Figure 29
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Figure 29. 40HT fails to block E;, induced apoptosis after 24hrs. 15000 MCF5C cells were seeded in 24 well
plates in triplicates. Cells were treated with E, (1nM) alone and 1uM 40HTwas used to block E, treated cells at
6hrs, 12hrs, 24hrs, 36hrs, 48hrs, 60hrs, 72hrs, 84hrs and 96hrs. 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. E,
mediated anontosis cannot be rescued after 24hrs bv 40HT.

Differential gene expression of E; mediated apoptosis at the critical trigger point

To identify genes associated with Ez2-induced apoptosis with a particular interest to the
critical trigger time point, differential regulation of apoptotic gene expression in response to E2
was interrogated in the MCF7:5C cells. Cells were treated with 1nM E; or without E2 (control),
1uM 40HT and E, in combination with 4OHT over a 48 hr time course consisting of 3 time
points.

RNA was extracted and were quality controlled for expected induction of TFF1 (trefoil
factor 1) mRNA expression (data not shown) in Ez-treated samples and for no induction in
control-treated samples. Gene expression was measured using customized PCR arrays that
include 384-well plate, for detection of apoptotic pathway focused genes as well as appropriate
RNA quality controls. The PCR array performs gene expression analysis with real-time PCR
sensitivity and the multi-gene profiling capability of a microarray. Gene expression values were
extracted and analyzed as per manufacturer’s protocol. At the 24 hr time point, as expected
significant evidence of apoptotic gene induction is not apparent, rather proapoptotic genes appear
to be differentially downregulated by E, (Fig. 30). However, PMAIP 1(also known as NOXA)
and Tumor necrosis factor super family members TNFRSF 8 and TNFSF 14 are upregulated.
40HT, either in the presence or absence of E; is able to block E, mediated effects. Interestingly,
at 36 hrs (Fig. 31), which represents the critical trigger point, E, induces proinflammatory genes
such as CEBPB, endoplasmic reticulum stress (ERS) genes; DDIT3 which have previously been
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reported in our global gene microarray study (9). BIM, DAPK1, NOXA and TP63, which all
play a role in apoptosis, are upregulated. Expression of BIM correlates with the reported finding
(8) of its protein expression in E; treated 5C cells and that SIRNA-mediated knock down of BIM
prevented apoptosis. PMAIP 1 (also known as NOXA), a Bcl-2 homology (BH3) only family
was expressed as early as at the 24hrs time point indicating that it may play a pivotal role in
initiating the intrinsic pathway of apoptosis. Following 48 hrs of treatment (Fig. 32), the gene
expression expands to involve p53 and death receptor genes FAS, TNFRSF21 and TNF and
increased expression of the CEBPB family and the DAPK family. The identified apoptosis genes
are listed in Figures 30C, 31C and 32C.

Figure 30
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Figure 30. Determination of E, mediated apoptotic genes at its critical trigger point.

MCF7:5C cells were

seeded at 300,000 cells per well in 6 well plates, in estrogen-free media. Cells were parsed into groups of 3
replicates per treatment per time point, and then treated with either 0.1%ethanol (control), 1nM E,, 1 uM 40HT in
the presence or absence of E,, for 24, 36, and 48 hrs. Cells were harvested for RNA using TRIzol. Total RNA was
isolated, quality controlled and reverse transcribed using a first strand synthesis kit. Samples were loaded onto
customized PCR array plates with primers for indicated apoptotic genes. Gene expression values were obtained and
analyzed in comparison to the controls at 24 hours (A, B, C). Genes upregulated are represented in pink and

dowregulated genes are represented in blue.
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Figure 31
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Figure 31. Determination of E, mediated apoptotic genes at its critical trigger point. MCF7:5C cells were
seeded at 300,000 cells per well in 6 well plates, in estrogen-free media. Cells were parsed into groups of 3
replicates per treatment per time point, and then treated with either 0.1%ethanol (control), 1nM E,, 1 uM 40HT in
the presence or absence of E,, for 24, 36, and 48 hrs. Cells were harvested for RNA using TRIzol. Total RNA was
isolated, quality controlled and reverse transcribed using a first strand synthesis kit. Samples were loaded onto
customized PCR array plates with primers for indicated apoptotic genes. Gene expression values were obtained and
analyzed in comparison to the controls at 36 hours (A, B, C). Genes upregulated are represented in pink and
dowregulated genes are represented in blue.
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Figure 32. Determination of E, mediated apoptotic genes at its critical trigger point. MCF7:5C cells were
seeded at 300,000 cells per well in 6 well plates, in estrogen-free media. Cells were parsed into groups of 3
replicates per treatment per time point, and then treated with either 0.1%ethanol (control), 1nM E,, 1 uM 40HT in
the presence or absence of E,, for 24, 36, and 48 hrs. Cells were harvested for RNA using TRIzol. Total RNA was
isolated, quality controlled and reverse transcribed using a first strand synthesis kit. Samples were loaded onto
customized PCR array plates with primers for indicated apoptotic genes. Gene expression values were obtained and
analyzed in comparison to the controls at 48 hours (A, B, C). Genes upregulated are represented in pink and
dowregulated genes are represented in blue.

Paclitaxel induces apoptosis in MCF7:5C cells through a death receptor mediated pathway.

Because paclitaxel induces apoptosis rapidly in MCF7:5C cells, we further investigated
expressed genes induced by paclitaxel that may elucidate a differential course of action.
MCF7:5C cells were treated with 1uM paclitaxel at indicated time points and samples were
quality controlled for gene expression using PCR array. In comparison to E,, paclitaxel
selectively activated the tumor necrosis factor (TNF) superfamily which represents a
multifunctional proinflammatory cytokines involved in the regulation of a number of processes
including apoptosis. Twelve hours (Fig. 33A, 33B and 33C) treatment induced TNFRSF10A
tumor necrosis factor receptor superfamily, member 10a and TNFRSF10B which are known to
be activated by the ligand tumor necrosis factor-related apoptosis inducing ligand
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(TNFSF10/TRAIL), and causes death through the extramitochondrial pathway. Similarly an
additionally expressed gene TNFRSF19 (tumor necrosis factor receptor superfamily, member
19) induces apoptosis in a caspase-independent manner. Furthermore death receptor genes FAD,
TNF and other TNF super family genes; LTA,LTB are activated at 24 hrs treatment with
paclitaxel (Fig. 33D, 33E and 33F) which further induces CDKN1A cyclin-dependent kinase
inhibitor 1A (p21, Cipl) that is known to inhibit the activity of cyclin-CDK2 or -CDK4
complexes at G1 phase. DAPK1, NOXA, TNF and FAS are the genes induced by both E; and
paclitaxel. DAPK1 activates gamma-interferon induced programmed cell death and its role in
paclitaxel induced apoptosis yet to be determined.

Figure 33
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Figure 33. Determination of apoptotic genes induced by a cytotoxic chemotherapy in MCF7:5C cells. MCF7:
5C cells were seeded at 300 000 cells per well in 6 well plates, in estrogen-free media. Cells were parsed into groups
of 3 replicates per treatment per time point, and then treated with either 0.1%ethanol (control), or 1uM paclitaxel for
12hrs, and 48 hrs. Cells were harvested for RNA using TRIzol. Total RNA was isolated, quality controlled and
reverse transcribed using a first strand synthesis kit. Samples were loaded onto customized PCR array plates with
primers for indicated apoptotic genes. Gene expression values were obtained and analyzed in comparison to the
controls at 12 hours (Fig. 33A, 33B and 33C) and 24 hours (Fig. 33D, 33E and 33F). Gene upregulated are
represented in pink and dowregulated genes are represented in blue.

Conclusion:

E,-induced apoptosis occurs as a delayed event in MCF7:5C cells in contrast to the
generally accepted norm. Paclitaxel, a cytotoxic chemotherapy, rapidly induces apoptosis in the
same cell line by 24 hrs, while E; begins this process after 72 hrs using a cell proliferation assay.
E. induces ERS and inflammatory stress genes as well as apoptotic genes that induce both the
intrinsic and extrinsic apoptosis pathway. Given the above results, it is proposed that the delayed
mechanism of apoptosis induced by E, involves an initial induction of both endoplasmic
reticulum stress and proinflammatory stress with early involvement of NOXA and subsequent
activation of mitochondrial mediated apoptotic genes that later expands to involve other
apoptotic genes including the death receptor gene family. Therefore E,-induced apoptosis
involves a number of multifactorial events that may explain the delayed apoptosis that is
observed in the MCF7:5C cells. On the other hand, paclitaxel selectively induces the
TRAIL/TNFRSF10A/B pathway initially which expand to involve more death receptors with
inhibition of the cell cycle at G1 checkpoint by p21. In addition, NOXA and DAPK1 also
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induced by E; are expressed at 24 hrs. The implicated role of these two genes is not obviously
apparent to the rapid and delayed treatment with paclitaxel and E; respectively.

TASK 3: (GU/Riegel and Wellstein) - To decipher cellular signaling pathways using
proteomics and to mesh proteomics and mRNA analysis.

Introduction:

From the previously published experiments on the characterization of the MCF7:5C cell
culture in vitro we identified ER and AIBL1 interacting proteins uniquely controlled in their
interactions by differential patterns of post-translational modifications (PTMs) that in turn can
activate different signaling pathways downstream of both of them.

Next we aimed to identify signaling events that control estrogen-induced apoptosis in
vivo tumor model and compare this result with our previously reported and published results
from in vitro analysis that were performed in cell culture (40). A model for this are tumor
xenografts of MCF7:5C cells, a long-term estrogen deprivation-resistant variant line of breast
cancer MCF-7 cells that undergo apoptosis in response to E,.

Work Accomplished:

Xenograft tumors were prepared in laboratory of Dr. Jordan. Athymic nude
ovariectomized female mice of 4-5 weeks old were purchased from Harlan Sprague Dawley
(Frederick, MD). Five Mice were injected with about 5 million MCF7:5C cells per site,
bilaterally into the mammary fat pads in a 1:1 mixture of growth factor reduced, phenol red- free
Matrigel (BD Biosciences, Bedford, MA). The tumor cross sectional area was recorded weekly
using the formula: [length (cm) x width (cm) x “/4]. Seven weeks after injecting cells into the
mammary fat pad, tumor-bearing mice were treated with either vehicle (100 ul peanut oil) or 2.0
micrograms of 17-beta estradiol in 100 ul of peanut oil by intraperitoneal injection. The estrogen
treated tumors were harvested after 2 hours and 6 hours of treatment. The tumors were cleaned
of any fat and adjoining tissue, split into two pieces and snap frozen in liquid nitrogen and kept

at -80°C until further use. One half was used for preparation of frozen sections and H&E
staining. The rest was used for proteins and RNA extraction.

The paraffin cross section of tumor samples were stained with an H&E and showed
cellular homogeneity and tumor content with moderate connective tissue content and little
necrosis (data not shown).

The pattern of E, dependent transcription activation in MCF-7:5C tumor xenograft was
assessed by qRT-PCR and compared with a recent in vitro study (9). Total RNA from the
tumors was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and an RNeasy kit
(Qiagen Inc.) as per the manufacturer’s instructions. One ug of the total RNA was reverse
transcribed in a total volume of 20 uL using a high-capacity cDNA reverse transcription kit
(Applied Biosystems, Foster City, CA, USA) as per manufacturer’s instructions and
subsequently diluted to 500 uL with sterile water. The real-time PCR was performed in a 20 uL
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reaction which included 1XxSYBR green PCR master mix (Applied Biosystems), 125 nM each of
forward and reverse primers and 5 uL of diluted cDNA using an ABI Prism 7900 HT Sequence
Detection System (Applied Biosystems) for 40 cycles (95°C for 15 s, 60°C for 1 min) following
an initial 10 min incubation at 95°C. The fold change in expression of transcripts was calculated
using the delta-delta Ct method, with the ribosomal protein 36B4 mRNA as the internal control.
The primer sequences used are as follows:

36B4: Fwd 5’GTGTTCGACAATGGCAGCAT3’;

36B4: Rev 5’GACACCCTCCAGGAAGCGA3’;

C-MYC: Fwd5’GCCACGTCTCCACACATCAG3’;

C-MYC: Rev 5’ TCTTGGCAGCAGGATAGTCCTT3’;

Cyclin D1: Fwd > TATTGCGCTGCTACCGTTGA3’;

Cyclin D1: Rev ’>CCAATAGCAGCAAACAATGTGAAAZ.

The transcription activity of three well known estrogen regulated genes, namely cMYC,
Cyclin D1 and PS2 (TFF1) were induced. The most prominent effect of estrogen was observed in
cMYC regulation, followed by cyclin D1 and PS2 (Fig. 34; data shown for cMYC and Cyclin
D1). Overall, these data are in accord with the in vitro report and does provide evidence of 17b
estradiol mediated transcriptional activation in the xenograft tumors after short term (2 hrs and 6
hrs) of steroid treatment.

Figure 34
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Figure 34. Regulation of estrogen responsive genes in tumor xenografts (MCF7:5C) by E, after 2 hrs and 6
hrs versus vehicle. Data presented in folds of induction of transcription of mMRNA for cMYC and Cyclin D1 gene
over vehicle level.

Analysis of E; -induced phosphotyrosine protein complexes in MCF7:5C tumor xenogratft.
The rest of tumor xenografts were lysed in NP-40 lysis buffer (50 mM Tris, pH 8.0, 150

mM NaCl, 40 mM b-glycerophosphate, 0.25% sodium deoxycholate, 1% NP-40, 50 mM sodium

fluoride, 20 mM sodium pyrophosphate, 1 mM EGTA, 1 mM sodium orthovanadate, and
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10ul/ml phosphate inhibitor cocktail 1, (Sigma) using abrasive Green Beads in MagNa Lyser
homogenizer according to the manufacturer’s protocol.

We performed phosphotyrosine specific immunoprecipitation of lysates from untreated
and E; treated (2h and 6h) tumor xenografts followed by resolving on precipitated proteins on
SDS-PAGE (Fig. 35). The lysates were precleared with 30ul of Protein A agarose beads for 1h,
4C on a rocking platform and the required amount of protein (3mg) was combined with 4G10-
conjugated or corresponding antibodies as described previously (40). Unconjugated antibodies
were precipitated with protein G beads (Roche). Immunocomplexes were washed 5 times with
0.5 % NP-40/PBS, boiled in LDS-sample buffer, and resolved on SDS-PAGE (Nupage,
Invitrogen).

Coomassie Blue staining of SDS-PAGE showed strongest accumulation of
phosphotyrosine associated proteins after 2h (Fig. 35, second lane in stained gel), whereas the 6h
fraction quenched to almost a quiescent stage (like vehicle-only). Therefore, for further study we
chose 2h xenograft tumor for MS analysis. All differential and enhanced bands of lane with 2h
E. pull-down were excised together with the corresponding region of the adjacent lane of
vehicle-treated tumors (vehicle only). Locations of excised bands together with corresponding
regions in a gel of the vehicle-only pull-down are depicted on Fig. 35.

The corresponding bands were cut out, cysteines were reduced with DTT, followed by
alkylation with iodoacetamide. In-gel digestion was performed overnight by trypsin enzymes.
Peptide mixtures were fractionated using a reversed phase column BEH C18 column (1.7 Om, 75
Om x 150 mm, Waters), on nanoUPLC Acquity (Waters) with buffer A (2% acetonitrile, 0.1%
formic acid) and buffer B (98% acetonitrile, 0.1% formic acid). Triptic 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 QSTAR Elite QTof (quadrupole/time-of-flight) for regular LC-ESI-
MS and Information Dependent Acquisition (IDA) or to 4000QTRAP hybrid triple
quadrupole/linear ion trap mass spectrometers for MRM-initiated detection and sequencing
(MIDAS). Both instruments were equipped with NanoSpray Il ionsource (Applied Biosystems,
Framingham, MA). MS/MS fragment ion data were searched against a human database using the
Mascot algorithm (Matrix Sciences, London, UK) and Paragon algorithm in ProteinPilot 3.0
software (AB Sciex) with mass tolerance for precursor ions 0.02 Da, fragment ion tolerance 0.2
Da, one miss cleavage, carboxymethylation as fixed modification for cysteine, and several
variable modifications such as oxidation for methionine and phosphorylation for serine,
threonine and tyrosine.

All proteins with highest coverage and score assigned by ProteinPilot database search
software and at least 4 detected peptides were grouped in a table by the position of bands, where
they were detected. Proteins from adjacent bands of unstimulated tumors (vehicle treated) were
subtracted from a group of E,-inducible proteins. Data are presented in a table together with a
probability score, which was assigned by ProteinPilot, total coverage of proteins with the
numbers of detected peptides, accession number of corresponding proteins and position of
corresponding bands where proteins were detected. In addition, positions of excised bands
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together with matching regions in the gel of the vehicle-only pull-down are depicted on the gel
image (Figure 35).

Figure 35
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Figure 35. LC-MS analysis of anti-phosphotyrosine (anti-pY) pulled down proteins from E,-treated
MCF7:5C tumor xenografts. Representative stained gels for phosphotyrosine proteome analysis. Protein extracts
from E; or vehicle treated MCF-7:5C tumors were immunoprecipitated with 4G10 anti-pY conjugated antibody. All
differential and enhanced bands were excised from gels together with the corresponding band in the vehicle-only
pull down and analyzed by LC-MS. Dominant proteins in each band of the ligand- stimulated lane of the gel are
indicated. Proteins in the corresponding band from the vehicle-only lane were subtracted. The full list of proteins is
shown in Table 3.

Overall, we identified 46 proteins (Table 3). Among them are 15 mitochondrial proteins.
One group of these mitochondrial proteins, the voltage-dependent anion-selective channel
proteins (VDACs), ADP/ATP translocases (ANTSs), and U-type mitochondrial creatine kinase
(uMLtCK), forms a Permeability Transition Pore (PTP) complex which regulates ADP/ATP
exchange between the mitochondrial matrix and the cytoplasm (see cartoon in Fig. 36). The
functional status of PTP plays an important role in the initiation of apoptosis and controls the
permeability of the inner mitochondrial matrix. Other proteins, found in this experiment, like
mitochondrial prohibitins or glyceraldehyde-3-phosphate dehydrogenase (GAPDH), interact with
a different component of PTP complex (Table 3).
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Table 3
0,
Score % Accession # Name Peptides Band
Cov
36.12 83.8 sp|P35232|PHB_HUMAN Prohibitin 30 1
20.79 40.6 sp|P05141|ADT2_HUMAN ADP/ATP translocase 2 (ANT2) 11 1
18.79 38.6 sp|P12236|/ADT3_HUMAN ADP/ATP translocase 3 (ANT3) 10 1
10.97 28.2 sp|Q00325|MPCP_HUMAN Phosphate carrier protein, mitochondrial 7 1
10.26 26.1 $p|Q02978|M20M_HUMAN Mitochondrial 2_-0xog|ut_arate/malate 5 1
carrier protein
8.85 313 spIQIPOLOVAPA_HUMAN Ves.lcle-assomfited memprane protein- 5 1
associated protein A
8.62 33.9 sp|Q14165|MLEC_HUMAN Malectin 4 1
7.66 22.8 sp|Q9Y6CIMTCH2_HUMAN Mitochondrial carrier homolog 2 4 1
Voltage-dependent anion-selective channel
3408 | 813 splP21796]VDAC1_HUMAN orotein 1 (VDACL) 32 2
29.54 69.2 sp|Q99623|PHB2_HUMAN Prohibitin-2 (PHB2) 28 2
Voltage-dependent anion-selective channel
22.4 2 P4 VDAC2_HUMAN 17 2
5 | o0 spIP45880IVDAC2_HU protein 2 (VDAC2)
15.71 52.2 sp|Q15006|TTC35 _HUMAN Tetratricopeptide repeat protein 35 7 2
1174 24.9 spIQINWSBRMND1_HUMAN Required for meiotic nuclear division protein 1 6 2
homolog
17 372 sp[P63244/GBLP_HUMAN Guanine nucleotnde-bm@mg protein subunit 6 2
beta-2-like 1
10.41 26.2 sp|Q9PO35|HACD3_HUMAN 3-hydroxyacyl-CoA dehydratase 5 2
10.12 36.8 Sp|QI6AGA|LRC59_HUMAN Leucine-rich repeat-containing protein 59 5 2
Voltage-dependent anion-selective channel
4 29.7 9Y277|VDAC3_HUMAN . 4 2
SPIQ | - protein 3 (VDAC3)
Glyceraldehyde-3-phosphate
23.09 59.7 sp|P04406/G3P_HUMAN dehydrogenase (GAPDH) 25 3
17.1 56.2 sp|Q99623|PHB2_HUMAN Prohibitin-2 (PHB2) 8 3
121 314 splP22626[ROA2_HUMAN Heterogeneous nuclear ribonucleoproteins 6 3
A2/B1
11.24 28.8 spPO7910JHNRPC_HUMAN Heterogeneous nuclear ribonucleoproteins 6 3
Cc1/c2
16 31.6 sp|094905|ERLN2_HUMAN Erlin-2 (ER lipid raft protein) 9 4
11.07 308 spIO96008[TOMA40_HUMAN Mitochondrial import receptor subunit ! 4
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TOM40 homolog

8 15.1 sp|P51991|ROA3_HUMAN Heterogeneous nuclear ribonucleoprotein A3 5 4

26 | 535 sp|P39656/0ST48_HUMAN DO'iChy'j}i/zZg;i?;)r?s';gf:::igalii;:"pmtei” 21 5
19.52 41.3 sp|Q12905|ILF2_HUMAN Interleukin enhancer-binding factor 2 10 5
104 | 272 splP24752THIL_HUMAN Acety"i:’i':; if\?:;trriZTSferase' 5 5
8.52 30.7 Sp|QIHCU5S|PREB_HUMAN Prolactin regulatory element-binding protein 4 5

6 8.8 splP12532/KCRU_HUMAN Creatine kinas?ulliﬂ-i)éplzs mitochondrial 4 5
23.65 29 sp|Q16891|IMMT_HUMAN Mitochondrial inner membrane protein 11 6
17.17 23 sp|P02786|TFR1_HUMAN Transferrin receptor protein 1 8 6
161 202 splP16615)AT2A2_HUMAN SarcopIasmic/endc;p_ll_a;’sarz;czreticuIum calcium 9 6
16.07 16.7 sp|P23246|SFPQ_HUMAN Splicing factor, proline- and glutamine-rich 8 6
15.68 27.2 sp|P08238|HS90B_HUMAN Heat shock protein HSP 90-beta 6 6
915 | 95 splP05023]ATIAL_ HUMAN Sodium/ poisjli)‘:r:i'::m?{ti”g ATpase 4 6
7.62 8.2 sp|Q9NR30|DDX21_HUMAN Nucleolar RNA helicase 2 4 6

7.3 8 sp|Q13724|MOGS_HUMAN Mannosyl-oligosaccharide glucosidase 4 6
12.34 16.7 sp|P07900|HS90A_HUMAN Heat shock protein HSP 90-alpha 5 6
708 151 5p|O14983]AT2AL_HUMAN SarcopIasmic/endc:)_ll_a;’sar:;clreticuIum calcium 6 6
51.47 46.1 sp|Q8N766|K0090_HUMAN Uncharacterized protein KIAA0090 28 7
188 | 219 $plQ02218/0DO1_HUMAN z'oxog'”ﬁ:ii;gﬁg{?azoge”ase' 9 7
13.06 23.2 sp|Q8N766|K0090_HUMAN Uncharacterized protein KIAA0090 5 8
12.36 12.1 sp|Q9Y6K5|0AS3_HUMAN 2'-5"-oligoadenylate synthase 3 6 8
10.1 7.7 sp|Q08211|DHX9_HUMAN ATP-dependent RNA helicase A 5 8
64.18 38.5 sp|Q00610|CLH1_HUMAN Clathrin heavy chain 1 31 9
14.42 30.7 sp|P21810|PGS1_HUMAN Biglycan 7 9

Table 3. Ep-inducible phosphotyrosine-associated proteins (pY-proteome) in MCF7:5C tumor xenografts.
Proteins were pulled down as phosphotyrosine associated complexes from lysates of the xenograft tumors of
estrogen treated mice (2h after estrogen injection). Precipitated proteins were resolved on SDS-PAGE (Fig. 35) and
analyzed with LC-MS. Positions of excised bands together with corresponding region in a the gel of the vehicle-
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only pulldown are depicted in Fig. 35. All proteins with highest score assigned by ProteinPilot and at least 4
detected peptides were grouped by corresponding bands of the gel where they were detected. Proteins from adjacent
bands of vehicle treated tumors were subtracted from the group of E,-induced proteins. Most dominant proteins in
each band of ligand-stimulated sample are indicated in Fig. 35. There are 15 mitochondrial proteins (out of 46
detected proteins). Groups of these mitochondrial proteins (VDACs, ANTs and uMtCK) form the Permeability
Transition Pore (PTP) complex which regulates energy flux and play an important role in initiating apoptosis. Other
proteins like mitochondrial Prohibitins or GAPDH interact with different components of the PTP complex. Score:
Probability score, assigned by ProteinPilot; %Cov: Total coverage of protein with detected peptides; Accession #:
Accession number of corresponding proteins. In bold: mitochondrial proteins.
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Figure 36. Functional and spatial association of the proteins detected in the E,-induced phosphotyrosine
associated complexes in MCF7:5C tumors. Two blue lines represent outer (OMM) and inner (IMM)
mitochondrial membranes. The main components of the permeability transition pore (PTP) are the VDAC1/2 and
ANT, which are attached to OMM and IMM, respectively. Mitochondrial creatinine kinase uMtCK in the
intermembrane space ties VDAC1/2 and ANT together forming pore complex as well as providing a link to the PHB
complex. The PHB complex promotes assembly of protein subunits of mitochondrial respiratory chain and together
with mitofilin stabilize cristae structure of IMM, which contains cytochrome c. During an apoptotic signal, the PTP
permeability increases lead to osmotic swelling of the mitochondrial matrix and releasing of the apoptogenic
proteins from intercristal space. Estrogen (red star) induces translocation of PHB proteins into nucleus (blue arrow)
forming a complex with estrogen receptor alpha and AIB1 where PHB1 or PHB2 can provide a repression function
of estrogen-induced transcription regulation. Green line- nuclear membrane. The full list of proteins detected and
their acronyms are listed in Table 3.

In our previous in vitro proteomics study of wild-type MCF-7 and MCF7:5C cells (40),
we identified AIB1 as interacting partner of both, prohibitin 1 (PHB1) and prohibitin 2 (PHB1)
proteins, which are shown to be potential transcription repressors of ERU. Prohibitin 2 or REA
(repressor of estrogen receptor activity) was initially found as an ERU binding protein and
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repressor. PHB1 was identified as a potential cell cycle inhibitor which binds p53, pRb and E2F1
proteins.

In order to confirm the MS findings, corresponding tumor lysates were subjected to anti-
phospho-tyrosine pulldown followed by anti-PHB2 western blot (Fig. 37). In accordance with
MS finding, we detected Prohibitin 2 only 2h after E; injection and it was also undetectable after
6h of Eo.

As shown before, PHBs can interact with ERU and PHB2 (REA) can modulate ERU
activity by dissociating AIB1 from transcription complex. (41) To this end, we performed pull-
down of ERU and AIB1 followed by western blot with corresponding antibodies for ERU, AIB1,
PHB1, REA, and VDAC1/2. Surprisingly, we found both of PHBs and VDACL1/2
coimmunoprecipitated with AIB1 in xenograft tumors after 2h of E,-treatment. The ERU pull-
down result suggests that some of PHBs constitutively associated with the ERU protein (Fig. 37).
Total level of any of these proteins did not change between any treatment conditions (Fig. 37,
bottom).
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Figure 37. Western blot validation of MS data. Anti-PHB2 antibody recognize PHB2 in anti-pY IP from tumor
lysate after estrogen treatment (top). PHB2 and PHB1 proteins associated with AIB1 complex (AIB1 IP, top/middle)
only in tumors, harvested after 2h of estrogen treatment. PHB2 stably associated with fraction of anti-ERU pull-
down proteins. Bottom: Western blots of total tumor extract (from tumors of vehicle, 2h and 6h E, treatment). Total
levels of PHB proteins are not regulated by estrogen as indicated in western blot of total tumor lysate.
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Analysis of novel phosphorylation sites of immunopurified PHBs.

Dynamic recruitment of PHBs to phosphotyrosine complexes suggests that this
interaction is regulated through post-translation modification (PTMs) and at least one of PHBs
proteins contain phosphotyrosine residues. We decided to interrogate all potential sites of
phosphorylation using a combination of proteomics approaches. Initial conventional proteomics
analysis (LC-MS with IDA algorithm) did not reveal any PTMs with reliable confidence. Using
targeted proteomics approach (MIDAS-MS), we performed a survey of all potential phospho-
modification of serine, threonine and tyrosine residues of total pulldown of the PHB2 protein, the
coimmunoprecipitated PHB1 and a fraction of them that coimmunoprecipitated with the AIB1
protein.

We performed a pull-down of PHB2 and AIB1 with protein specific antibodies from
tumor lysates from animals with vehicle and 2h of estrogen treatment. The area of the gel that
corresponds to the predicted mobility of both PHBs was excised from top to the bottom in
several slices and analyzed with LC-MS for protein identification. As was mentioned above,
PHBs were found coprecipitated with AIB1 only from 2h estrogen-treated tumor lysate (Fig. 35).
As these proteins form stable heterodimers, the PHB1 protein was co-immunoprecipitated with
the PHB2 antibody from both E; and vehicle treated lysates.

Using MIDAS-MS, we identified three novel PTMs with high confidence (ion score
above identity threshold using Mascot database search algorithm). Two of them, threonine and
serine, correspond to positions Thre-108 and Ser-227 of the PHB1 protein (Fig. 38). We
determined a novel phosphotyrosine modification of PHB2 at position Tyr-272 (Fig. 38).
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Figure 38
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Figure 38. Schematic domain structure of PHBs (A- PHB, and B- PHB2) with positions of novel phosphosites
and corresponding tandem MS fragmentation spectra. Scheme legend: MTS- mitochondria targeting sequence,
TM- transmembrane domain, CCD- coil-coiled domain. PHB (or SPFH) domains corresponds to sequence region
between positions 26-187 and 39-201 amino acid residues of PHB1 and PHB2 respectively. Tandem MS spectra of
phosphorylated peptides with b-type and y-type ions, including neutral loss ions of phosphoric acid in positive ion
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mode of MS/MS using Collision Induced Dissociation are indicated as [-HzPO,4] for neutral loss of 98 Da, and [-
HPO3] for neutral loss of 80 Da. These characteristic ions were observed only for peptides containing
phosphorylated serine and threonine. In addition to neutral loss of phosphoric acid, some of the product ions labeled
in this spectrum had masses that were 17 Da and 18 Da lower than the actual masses due to the neutral loss of NH;
and H,O respectively. The product ion peaks (mostly y series and some of b series) that were most diagnostic of the
phosphorylation sites are indicated along with the sequence of the peptide. A. Left spectrum: Tandem MS spectrum
of IF(phos108)TSIGEDYDER peptide corresponding to position 106-117 aa of PHB1 protein (precursor ion with
m/z 722.8 and charge state [+2H]2+). CID fragmentation produced neutral loss (-98 Da) on phosphorylated
threonine residues. Spectrum have strong y series ions with no NL up to y9 indication that no phosphorylation on S
and Y amino acids. NLs on b3, y10 and y11 suggest phosphorylation on T108. The database search with Mascot
algorithm gives a score of 55 (a score above 27 indicates identity). Right spectrum: CID fragmentation spectrum of
AAELIAN(phos227)SLATAGDGLIELR tryptic peptide of PHB1 protein at position 220-239 aa (precursor ion with
m/z 693.4; [+3H]3+). Mascot: 42 (>27 indicates identity). There are no neutral losses (-98 Da) on ions y10 and y11
containing unphosphorylated threonine, whereas [b8-H3;PO,] ion mapped position of modification to S227. B.
MS/MS  spectrum  of precursor ion at m/z 769 of triple charged triptic  peptide
I(phos272) YLTADNLVLNLQDESFTR of PHB2 protein at position 272-289. Mascot score: 34 (>27 indicates
identity). Strong y ion series (with tolerance up to 0.18 Da) eliminates ambiguities with phosphorylation on
positions S286 and T288. There are much less b- ions, probably due to internal fragmentation. The by-ions of
unphosphorylated internal fragments (like LTADNLVLN and TADNLVLNQ) eliminate a possibility of phospho-
moiety on T274 and point toward phosphorylation on Y272.

Determination of  phosphorylation  stoichiometry of novel estrogen-induced
phosphopeptides.

To gain more understanding of how these phosphorylation sites are regulated by
estrogen, we used MRM-MS based quantitation. The list of transitions used for quantification
and triggering MS/MS is presented in Fig. 39). Peaks were integrated using quantification
software MaltiQuant 2.1 (AB Sciex, Framingham, MA). An abundance of phosphorylated
peptides is determined from the shape of their fragment peaks in corresponding MRM using the
area under the curve to generate the signal relative to the related, unmodified peptide (42, 43). As
an additional control, we used tryptic peptides from the same protein as an internal standard.
This method has been described as the finative reference peptided (43). The internal standard
peptide contained no potentially modified residues as a result of PTMs or sample preparation
modifications (such as cysteines and methionines) and no indication of missed cleavage. The use
of internal standards (related unmodified peptide, or finative reference peptideo) is required to
compensate for a difference due to variation in input material, recovery or instrument response.
Data of ligand-stimulated signals were compared to corresponding signals from an unstimulated
experiment and presented in the graph as folds on induction.

We found that two novel PTMs are estrogen inducible (at least two-fold, as compared to
vehicle-only tumors). We observed enrichment of phospho-PTMs in fraction of PHBs associated
with estrogen induced AIB1 complex (Fig. 39). Especially striking is the almost 3 times larger
recruitment of phos-Tyr-272 PHB2 to the AIB1 complex versus the level of estrogen-stimulated
phosphotyrosine fraction of total PHB2 (Fig. 39). At the same time, we observed twice more
phos-Tyr-272 in E,-treated tumor than in the vehicle-only PHBL1.
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Figure 39
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Figure 39. Quantitation analysis of estrogen induced phosphomodification using MRM-MS.

A. MRM transitions for MRM-MS analysis. Modif. - position of phosphorylation in corresponding proteins with
respect to protein and peptide sequence. Q1 and Q3- m/z settings for quadrupoles in QTAP4000 instrument for
registration of each precursor/fragment pairs. Charge- protoinated state of precursors, fragment- y-type (carboxyl)
fragment detected in the MRM.

B. Top row- extracted ion chromatograms (XIC) of representative MRMs of phosphorylated peptides, used for the
quantitation in this study. Data were normalized to corresponding unmodified peptides (XICs of MRMs in the
second row). Normalization was validated using the internal peptide from the corresponding protein as an internal
standard.
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Protein kinase prediction of phosphorylation sites by motif/substrate scanning programs.

Important goals for the future are to identify the protein kinases responsible for
phosphorylating of PHB proteins in vivo and to determine how phosphorylation at each site
affects the functional response to ligand treatment. To determine which potential protein kinases
could be responsible for phosphorylation of the identified phosphosites, we used the substrate
prediction program PhosphoMotif-Finder http://www.hprd.org/PhosphoMotif finder (44). The
sequences of PHB proteins were used to identify predicted kinases that can potentially
phosphorylate PHB proteins. The PhosphoMotif-Finder predicted that Tre-108 could be
phosphorylated by CHK1, PKC or by family of calcium/calmodulin (CaM)-dependent protein
kinases ( CaMKIIl or CaMKIV). The prediction for Ser-227 are G protein-coupled receptor
kinase 1, Casein Kinase | and Il (see substrate prediction in Table 4). The closest kinase motif to
Tyr-272 of PHB2 is X[D/E]pY[I/L/V] for EGFR. Other web resource utilizing artificial neural
network based prediction the NetPhosK (45) (http://www.bs.dtu.dk/services/NetPhosK) assigns
Tyr-272 to EGFR tyrosine kinase with a probability of 0.5 (= 50%).

Table 4

phosTre-107 PHB
103 - 108 LPRIFT [M/I/LUNVIX[R/KIXX[pS/pT] Chk1 kinase substrate motif
103 - 108 LPRIFT [MN/LIVIFIYIXRXX[pS/pT] Calmodulin-dependent protein kinase IV substrate motif
103 - 110 LPRIFTSI [M/VILNFIX[RIKIX X [pS/pTIXX Calmodulin-dependent protein kinase Il substrate motif
105 - 108 RIFT RXX[pS/pT] Calmodulin-dependent protein kinase Il substrate motif
105 - 108 RIFT [RIKIXX[pS/pT] PKC kinase substrate motif

Phos-Ser-227 PHB

226 - 231 NSLATA X[pS/pT]IXXX[A/P/SIT] G protein-coupled receptor kinase 1 substrate motif
227 - 230 SLAT [pS/pTIXX[S/T] Casein Kinase | substrate motif
227 - 230 SLAT pSXX[E/pS*/pT*] Casein Kinase Il substrate motif

Table 4. Computational prediction of a kinase motives or substrates for novel phosphosites (details in the text)

Conclusions

An analysis of MRNA expression regulation after 48 hrs of estradiol treatment of MCF-7
parental and MCF-7:5C cells was published recently (9) by the COE group and shows significant
differences with respect to mMRNA expression of regulators of apoptosis at steady state (46): In
MCEF-7 cells, Bcl-2, a major anti-apoptosis gene, is upregulated by estradiol treatment whereas
no change of Bcl-2 was seen in MCF-7:5C cells.

Overall the expression analysis and proteomics data show some interesting convergences
especially in apoptotic regulatory pathways which may be functionally relevant as initiators of
estradiolTinduced apoptosis.

Previously, we characterized MCF7:5C cells in vitro by a proteomics and informatics
approach, finding significant pathway alterations from the parental cell line after estrogen
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stimulation (40). It has been suggested from an in vitro study that mitochondria have been
significantly involved in initiation of apoptosis in the MCF7:5C cells. We found PHBL1 as one of
the interacting partners of AIB1 coactivator. To further explore these findings, we used
MCF7:5C tumor cells in a xenograft model to extend our knowledge of estrogen-induced
apoptosis in vivo.

Functional quality and significance of an interaction of PHBs with their partners.

Since most of the work in the published literature was performed under quite artificial
conditions like overexpressions of PHBs, yeast-two hybrid system etc, one of the arguments
could be raised about Asticky’ chaperons rather the specific interaction with partners (47). We
show that, at least in our model, PHBs interaction with signal proteins is dynamic, regulated by
PTMs, and time-depended. These results support specificity of found interactions.

For the above mentioned reasons, our new data shed light on the previous findings. It has
been described that in breast cancer PHB1 interact with MLK2 (mixed lineage kinase 2, belongs
to MAP3K class of kinases and regulates p38/JNK-signaling pathway). On the other hand, PHB1
was implicated in regulation on RAS-RAF signaling (48, 49). Given the reported Ser/Thre
phosphorylation sites on PHB1, it would be tempting to assess functional relevance of this
interaction with regard to the described phosphorylations.

Both proteins form a large ring-like complex, anchored to the inner mitochondrial
membrane where they function as chaperones, support mitochondrial integrity and physiology. It
was noticed that elevated level of the PHB proteins often correlate with mitochondrial
dysfunction and could be used as markers of imbalance of the respiratory chain (47). Due to the
compartmentalization effect, the function of these proteins would be either pro-growth/survival
or pro-apoptotic/negative regulators of cell cycle.

It was proposed that an increased level of PHB proteins is a defense mechanism that the
cell tries to implicate in response to misbalanced proliferation. This idea still requires
experimental validation. Mitochondrial prohibitins interact with ANTs and VDACs proteins and
stabilize the Permeability Transition Pore (PTP) complex. The PTP regulates energy flux and
plays an important role in initiating apoptosis.

OST48 protein and DADL (the defender against apoptotic cell death 1)

There is another interesting link between the OST48 protein and DAD1 (the defender
against apoptotic cell death 1). Both proteins are believed to be subunits of the
oligosaccharyltransferase complex. The loss of DAD1 function induces apoptosis. The two-
hybrid systems involving DAD1 as bait points toward the Mcl-1 protein, one of the Bcl-2 family,
as a candidate for interaction (50).

Mitochondrial and metabolic- regulated proteins.

GAPDH was reported to accumulate in mitochondria during apoptosis, and induces the
pro-apoptotic mitochondrial membrane permeabilization, triggering the intrinsic pathway of
apoptosis (51). This paper reported an association of GAPDH with VDAC complex.

Crosstalk between mitochondria and endoplasmatic reticulum (ER)
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The second group of proteins detected in our mass spectrometry analysis originated from
the endoplasmatic reticulum (ER). The ER plays an important role in maintaining the cytosolic
level of calcium (52) and regulating the apoptotic response of mitochondria. Interestingly, one
ER associated protein Erlin-2 (ER lipid raft protein) has a sequence similarity with prohibitins
and fall within the growing family of prohibitin domain-containing (PHB) proteins, which
includes the prohibitins, the stomatins and the flotillins (53, 54).

Avriazi et al conducted gene expression study of estrogen induced apoptosis, comparing
MCF-7 cell variants that were estrogen-dependent (WS8), or resistant to estrogen deprivation
(2A), or sensitive (5C) to Ej-stimulated apoptosis. They found significant association and
overrepresentation of endoplasmic reticulum stress (ERS) genes among the 5C-specific genes.
This link indicated that E; inhibited protein folding and translation (9).

Functional relevance of novel estrogen-induced PTMs of PHBs proteins.

Despite the growing body of evidence linking PHBs to the estrogen-dependent pathway,
little is known about regulation of these proteins by phosphorylation in this context. Evolutionary
conservative and phylogenetically very ancient proteins suggest tight functional regulation, as
well as by PTMs. For example, PHB contains only 4 tyrosine residues conserved across remote
species (from human to drosophila) and even some have homology in PHB2. Probably all of
them are regulated by phosphorylation (55, 56). Phosphorylation of PHB at Tyr-114 and Tyr-259
was described to be regulated by insulin/IR (55, 56), whereas Thre-258 is regulated by Akt (57).
Phosphospecific databases contain information about additional PTMs of PHBs which come
from proteomics profiling and still require validation and assessment of functional relevance.

The major restriction for study and evaluation of novel phosphorylation sites is the
availability of immunochemical reagents, such as phosphospecific antibodies for Western
blotting. To overcome this limitation, we implemented an assay on the base of the LCTMRM-
MS platform to enable the measurement method.

To the best of our knowledge, despite a number of publications linking PHBs to the
estrogen-regulated pathway, there are no data describing how PHBs are regulated by post-
translational modifications.

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

Task 4a: (Cunliffe,Azorsa, Balagurunathan) - 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 5. We report an in depth analysis of the two replicate high
throughput RNAI Druggable Genome screens resulting in a prioritized list of 277 genes (from
7000 screened) whose inhibition effectively blocks E,-induced apoptosis in the MCF7:5C cell
line model. Importantly, these 277 genes were selected not only due to their functionally
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predicted protective effect of E,-mediated apoptosis in MCF7:5C, but they were additionally not
cytotoxic to MCF7:5C cells in the absence of E; (gene transcripts whose inhibition is cytotoxic
with or without a pharmacological agent are typically referred to as Achilles’ heel targets).

A comprehensive explanation of the mathematical approach to prioritize the candidate
list of AE,-protective’ genes was provided in the Year 4 final report (Dr. Yoganand
Balagurunathan). Briefly, data were analyzed in a plate-wise format using a variety of
normalization procedures commonly used in published literature for RNAI screening data.
Methods included: median normalization, median-polish, B-score, First order and second order
regression. For a detailed description of methods used, please refer to appended document by Dr.
Balagurunathan (AA process model to evaluate hit rate discoveryo presented and published in
association with the 2008 IEEE Genomics Signal processing and statistics (GENSIPS),
conference; see # 19 in Appendix).

At the conclusion of Year 4, our laboratory generated additional gene expression
microarray data to specifically to compare and contrast the basal levels of gene expression from
wild type MCF7 cells with the MCF7:5C and MCF7:2A phase 11 endocrine resistant lines in the
absence of E,. This information is currently being utilized for the Jordan laboratory, however has
additionally been leveraged in Year 5 during our analysis of RNAI screening data to generate a
final series of testable hypotheses to define the mechanism(s) by which E; induces apoptosis in
the phase Il resistant models.We present a discussion of several leading hypotheses,
incorporating relevant supporting RNAI and gene expression data.

Finally, we present formal RNAi-based validation of the requirement for ESR1 in
mediating E,-induced apoptosis in MCF7:5C cells utilizing the Flexi-plate screening format first
described in the Year 4 report. This data is entirely consistent with data previously generated by
the Jordan laboratory to show that inhibition of ESR1 function inhibits E,-induced apoptosis in
MCF7:5C. Importantly, this data highlights the robustness of this approach in validating
additional candidate Ahits’ generated in the HT-RNAI screens.

Work Accomplished: - Task 4c, Year 4.
HT-siRNA Screen of estrogen deprivation-resistant MCF-7:5C cells
(Heather Cunliffe, PhD,David Azorsa, PhD andYoganand Balagurunathan)

As described in the Year 4 report, replicate RNAI screens were performed on MCF7:5C
cells in the presence and absence of 1nM 17-beta estradiol utilizing a strict series of transfection
conditions previously optimized for this cell line by the Azorsa laboratory. A scatterplot of the
data for the first druggable genome screen is shown in Fig. 40.
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Figure 40

Viability Ratios of E2 and Vehicle Treated Data:
Druggable Genome Screen 1

Figure 40. Normalized ratios for siRNA DG screen 1 in MCF7:5C cells. 15,000
SiRNA hits representing 7000 genes. Plotted ratios (E,-treated vs Vehicle control)
that meet the 45 degree axis are those protective of E,-apoptosis in this screen.
Genes in the lower right quadrant are not protective of E,-mediated apoptosis.
Several candidate hits were >90 percent effective in blocking E,-induced apoptosis
and are currently being investigated.

E2-Treated

Vehicle-Treated

Candidate hit identification from replicate RNAIi- Druggable genome (DG) screens
(Heather Cunliffe, PhD and Yoganand Balagurunathan)

17,284 data points were observed from a total of forty five 384-well plates following
completion of both Druggable Genome (DG) screens. This included 64 controls per plate as
follows:

A 32 Reference wells (containing cells, media, no siRNA, no vehicle, no Ey)

A 8 Blank wells (media, no cells, no siRNA)

A 8 Scrambled Control wells (negative control scrambled siRNA)

A 8 GFP Control wells (GFP siRNA negative control)

A UBBs1 wells (positive lethal control siRNA).

Data normalization procedures were performed as described in detail in the Year 4 report
and in the appended document authored by Dr. Balagurunathan. This included 6 levels of data
normalization: standard normalization, median normalization, median-polish, B score and
regression (1% & 2" order). After standardization of the data, the system variability was
measured by taking the difference between E, treated and untreated for the control probes
(Reference and Blank Probes). The inherent variability of the controls was applied to the rest of
the probes after appropriate level shift in significance (1¢, 2¢ or 3g). Any probes that were above
the set limits were marked as candidate ‘hits’ as they are statistically significantly associated (at
a user-defined threshold) with protection of E,-mediated apoptosis in the MCF7:5C cells. We
chose 1¢ as our level of significance for subsequent analyses.

Following data normalization to define sSiRNA probes that were not cytotoxic and yielded
a cell viability measure in the presence of E, within the defined significance threshold, we
derived a final list of 289 candidate hits representing 277 individual genes. Of those 277 genes,
50genes met 12/12 normalization flags (passed all 6 levels of normalization in each RNA
screen), 99 genes met 11/12 normalization flags and 128 genes met 10/12 flags. All 289 genes
are reported in Table 5 including genes with two siRNA hits identified (there are 2 siRNAs/gene
in the DG series). In addition to the ADIPOQ gene, which is represented by 2 gene specific
siRNAs printed multiple times in this DG screen series, there were 4 genes where both gene-
targeting SiRNAs resulted in protection of E,-induced apoptosis. These were MED14, FZDS8,
GRIP1 and KIF3A. It is important to note that all candidate hits require functional validation
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with additional gene-targeting siRNAs (typically 4 siRNAs per gene target), however analysis of
the combined functional contexts of this candidate list is sufficient to provide new insight into
coordinately-deregulated mechanisms likely to be associated with the E,-induced apoptotic
phenotype. These insights will be discussed further in this report.

Table 5
12/12 Normalization flags 11/12 Normalization flags 10/12 Normalization flags
ADIPOQ LIMK1 MARCH2 FSHR MDM2 RXRA ACACA  EDARADD KIF3A PLA2G12A  SLC25A43
ADIPOQ LPHN1 ADIPOQ FZD8 MECP2 SFTPB ADIPOQ EFNA2 KIF3A PMAIP1 SPARCL1
ADIPOQ MED12 ADIPOQ GADD45B MED14 SLC2A4 ADCY6  ERCC1 LPO PPM1E SQRDL
ADIPOQ MED14 ADIPOQ GALNS NEDDA4L SLC39A6 ADH6 ESRRA LRAT PRDX2 SSR1
ADAMDEC1 muc17 ACTN1 GDF9 NTRK1 SLC5A5 ARHGDIA EXT2 LRP4 PROP1 STK11
AMACR OR6W1P ANG GH2 0oDZ3 SLC6A7 ARNTL  FBN1 LTA PRSS37 STK25
ARNT2 OR7D4 APRT GLP2R OLFM1 SMO ASB15 FSHB LYz PSMB7 SYNGAP1
BFAR OR7ES5P C9orf32 GPR161 OPRL1 SNAI2 ASCL1 FZD8 MAML2 PSMC3 TG
BMP7 OR8G2 CA5B GPR173 OR2D2 SPR ATP6VIA GPR172B  MED16 PSMC5 TGFBI
CRYGD PAPSS1 CASQ2 GPR182 OR5L2 SQRDL B2M GPR175  MLL2 PTGIR TNFAIP1
DEF6 PLEK CD300LG GPR37L1 OXGR1 TBP BCL2L10 GPR82 MNAT1 PVRL2 TNFRSF18
EMR2 PLXNB3 CD79A GPR77 PAPPA TBX5 BCL2L2  GPR89 MOCS2 RBCK1 TNPO3
ESR1 PPIL2 CETN2 GPX6 PDE6G TMPRSS12 | BPIFB1 ~ GRB7 MPP2 RDH8 TOMM20L
FAM53B PRPF6 CISH GRM1 PHF23 TMPRSS7 BUB1B  GRCA MRC2 RGS20 TSHR
FGA PRSS3 COPB2 GTF2H2 PHKG1 TNFAIP8 CAPN5  GRIP1 MTNR1B  RGS3 TSSC4
FGFR10P2 PTGFR CORIN HMP19 PIGR TRIM41 CAT GRIP1 MYCBP2  RNF6 TSSK3
FLJ25530 RABGGTB CPNE4 HNRPUL1 PLCD4 TUBB CBX4 HCRTR2  NCOA3 ROBO2 TUBA2
GALR2 RIOK3 CRYGA ILK PLD2 TUBB3 CCL2 HK1 NEB ROS1 TUBB2A
GPR171 SNW1 CTNS ITGA7 PLK3 UBOX5 CDH2 HOXA1 NEURL RUNX1 TYSND1
GRM6 TFDP2 CYP11B2 ITGB3BP PML VSIG2 CELSR1  HRK NPR2 RXFP4 USPIX
HAS2 TMEM147 DHFR JAK1 PRPF4B WARS2 CENPB  HS3ST1 NR5A1 SAC VIPR2
HCN2 TREX1 DHRS7C JOSD2 PRSS21 ZNF101 CKM IGBP1 NTF5 SAG XIAP
HEG1 TXNDC3 DNASE1L3  KLRG2 PSEN1 CYP2E1  IGF1IR OLIG2 SERPINB13  ZNF467
IL11 ViP EHD1 LIFR PTMA CYP4F8  IL22 OR10AD1  SERPINB6  ZWINT
IL1A VPS39 EPS15L1 LMNA RAB26 DNAH9  JPH3 OR3A2 SERPINF2
ITGB3 YY1 FBXL18 LOC389772  RAB40C DSPP KCNH3 PDCD8 SFRP5
LEPROT ZNRF3 FBX046 MCL1 RARRES?2 DUSP16  KIF25 PKM2 SIGLECS

Table 5. Prioritized list of candidate genes whose expression is likely to play a role in E,-induced apoptosis of
MCF7:5C cells. Data is based on the intersection of normalized data from two druggable genome screens. Six
different levels of normalization were performed for each screen. 5 genes showed 2 of 2 possible siRNA hits, with
the remainder showing 1 of 2 hits at the level of significance selected (1¢).

MED14 (CRSP2, DRIP150, TRAP170) is a subunit of the CRSP (cofactor required for
SP1 activation) complex,which along with TFIID, is required for efficient transcriptional
activation by the SP1 transcription factor. It has also been identified as a component of the
mediator complex that bridges nuclear hormone receptors to RNA polymerase 11 machinery. For
example, Lee and colleagues have shown effective co-activation of Estrogen Receptor alpha
(ER) by CRSP2 in ZR751 breast cancer cells through an LXXLL protein motif (58). It would
therefore logically follow that if ER is required for Ej-induced apoptosis in MCF7:5C, co-
activators associated with ER activity are likely to also impact this mechanism. Indeed, NCOA3
is one of the gene hits detected by our analysis. Expression of CRSP2 is not significantly altered
in MCF7 vs MCF7:5C cells (gene expression array data reported in Year 4 report, Cunliffe lab).

FZD8 (frizzled family receptor 8). Frizzled family members are receptors for the
Wingless type MMTYV integration site (wnt) family of signaling proteins and are typically
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coupled to the beta-catenin canonical signaling pathway. This gene is also predicted to play an
important role in G-protein coupled receptor signaling mechanisms. Interestingly, the FZD8 gene
is 16-fold downregulated at the transcriptional level in MCF7:5C cells relative to MCF7 wild
type, and is inducible by E; in MCF7:5C but not in MCF7 cells. Our data suggests the possibility
that E,-induced expression of FZD8 plays a mechanistic role in triggering apoptosis of MCF7:5C
as RNAi-blockade of FZD8 transcripts is protective of Ez-induced apoptosis. This same effect is
not observed in MCF7 cells, thus may warrant further investigation.

GRIP1 (glucocorticoid receptor interacting protein 1) also appears to play a role in
mediating E,-induced apoptosis of MCF7:5C cells. In addition to its role in mediating hormone-
dependent transcriptional regulation by the glucocorticoid receptor, it has also been shown to
play a role in hormone signaling regulation through ER and Estrogen-Related Receptor alpha
(59). No gene expression data is available for GRIP1for MCF7:5C as this gene is not represented
on the 4x44K platform.

KIF3A (kinesin family member 3A) is a subunit of a heterotrimeric motor protein and
plays an important role in microtubule trafficking of protein complexes, nucleic acids and
organelles within cells. It is also thought to play a role in MAPK signaling and in N-cadherin
mediated cell-cell adhesion. Expression of KIF3A is not significantly altered in MCF7:5C
relative to MCF7, and KIF3A is not an E,-regulated gene. The role that KIF3A may play in E,-
induced apoptosis of MCF7:5C cells remains unclear.

Gene ontology analysis of 277 Candidate genes.

Gene ontology analysisof the top 277 candidate genes identified in the RNAi DG screen
showed (among some very generalized GO terms) highly significant associations with processes
for G-protein coupled receptor signaling (p-value 2.3 x 10E-7) and negative regulation of
programmed cell death (p-value 8.9 x 10E-7). Please see Table 6 for a list of all GO-terms with
EASE score p-values < 0.0001. This analysis strongly suggests these functional processes are
involved in the E,-mediated apoptosis on MCF7:5C cells.

The 33 genes represented in the leading GO term fiG-protein coupled receptor protein
signaling pathwayo are GPR161, GPR171, GPR173, GPR182, GPR37L1, GPR77, HMP19, SAG,
ADCY®6, CELSR1, CCL2, CISH, EMR2, FSHR, FSHB, FZD8, GALR2, GLP2R, GRM1, GRMS6,
HCRTR2, LPHN1, MTNR1B, OR3A2, OPRL1, PLEK, PTGFR, PTGIR, SMO, TSHR, TUBBS,
VIP and VIPR2.FZD8 is included in this highly statistically significant ontology suggesting an
association of this gene within a broader network associated with deregulated GPCR signaling.
The genes in bold, are additionally associated with the GO term AG-protein signaling, coupled to
cyclic nucleotide second messengero (p-value 7.45 x 10E-5, see Table 6).

The 23 genes of interest in the GO term finegative regulation of programmed cell deatho
are as follows: BCL2L10, BCL2L2, PROP1, ARHGDIA, XIAP, ARNT2, BFAR, CAT, CCL2,
CBX4, ERCC1, HRK, IGFI1R, ILK, IL1A, MNAT1, MCL1, NTRK1, PRDX2, PSEN1, PSMCS5,
SMOandTNFAIP8.Genes in bold are additionally associated with the GO term fianti-apoptosiso
(p-value 1.2 x 10E-4, see Table 6). XIAP (BIRC4) which is an inhibitor of apoptosis is not as
highly expressed in MCF7:5C cells compared to MCF7 (2 fold less), however XIAP associated
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factor (XIAF) which binds to and counteracts the inhibitory effect of XIAP is massively
upregulated in MCF7:5C cells (25-30 fold), however expression of XIAF is downregulated by E,
in MCF7:5C suggesting the stoichiometry between these apoptotic regulatory proteins may play
a role in triggering E,-induced apoptosis. HRK, a BCL2 interacting protein and activator of
apoptosis is elevated in MCF7:5C cells relative to MCF7 and is further upregulated in response
to E; only in MCF7:5C. Expression of IGF1R, which is known to function as an anti-apoptotic
factor in a number of malignancies is temporally modulated by E, in MCF7:5C but not in MCF7,
suggesting a possible key role for the IGF1R signaling cascade in mediating E,-induced
apoptosis. BRAR is also an intriguing apoptotic regulatory molecule in that it plays a complex
bi-functional role in regulating induction of apoptosis via both the intrinsic mitochondrial
mechanism governed by Bcl2 proteins (BRAR blocks Bax-induced death), and the extrinsic
mechanism governed by TNFR family members through their Death domains (BRAR blocks
death-domain-induced caspase activation). This suggests the possibility that E, induces apoptosis
in MCF7:5C cells via both the intrinsic and extrinsic pathways.
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Table 6
Im_-@ﬂ@l

GOTERM_BP_ALL  G-protein coupled receptor protein signaling pathway RT & 2.3E-7
GOTERM_BP_ALL  cell surface receptor linked signal transduction RT & 53 2.1 2.3E-7
GOTERM_BP_ALL negative requlation of programmed cell death RT § 23 0.9 B.9E-7
GOTERM_BP_ALL multicellular erganismal process RT m 102 4.0 9.2E-7
GOTERM_BP_ALL  signal transduction RT = 73 2.8 9.3E-7
GOTERM_BP_ALL  negative requlation of cell death RT & 23 0.9 9.3E-7
GOTERM_BP_ALL  negative requlation of apoptosis RT & 22 0.9 2.8E-6
GOTERM_BP_ALL  second-messenger-mediated signaling RT & 17 0.7 1.0E-5
GOTERM_BP_ALL regulation of cellular process = 134 5.2 2.4E-5
GOTERM_BP_ALL  regulation of programmed cell death B 33 1.3 2.7E-5
GOTERM_BP_ALL  regulation of cell death 5 33 1.3 2.9E-5
GOTERM_BP_ALL  bioclogical regulation - 145 5.6 3.0E-5
GOTERM_BP_ALL  negative requlation of cellular process = 53 2.1 3.4E-5
GOTERM_BP_ALL requlation of biclogical process = 138 5.3 4.1E-5
GOTERM_BP_ALL  regulation of apoptosis i 32 1.2 5.7E-5

GOTERM_BP_ALL  G-protein signaling, coupled to cyclic nucleotide second messenger 11 0.4 7.4E-5

GOTERM_BP_ALL negative requlation of biological process 55 2.1 B.5E-5

GOTERM_BP_ALL  anti-apoptosis 14 0.5 1.2E-4

GOTERM_BP_ALL  developmental process 79 3.1 1.5E-4

Bl El (= =t

GOTERM_BP_ALL  multicellular organismal development 73 2.8 1.8E-4

BEBEBBBAAAEBAMB

11 0.4 2.0E-4

GOTERM_BP_ALL  cyclic-nucleotide-mediated signaling i

GOTERM_BP_ALL  intracellular signaling cascade RT & 39 1.5 4.6E-4
GOTERM_BP_ALL  positive requlation of transcription, DNA-dependent RT § 21 0.8 4.8E-4
GOTERM_BP_ALL  positive requlation of cellular metabolic process RT & 31 1.2 5.2E-4
GOTERM_BP_ALL  positive requlation of RNA metabolic process RT & 21 0.8 5.3E-4
GOTERM_BP_ALL female gamete generation RT § 7 0.3 5.6E-4
GOTERM_BP_ALL  cell differentiation RT & 46 1.8 6.1E-4
GOTERM_BP_ALL  positive requlation of macromolecule metabolic process RT & 30 1.2 7.2E-4
GOTERM_BP_ALL  anatomical structure development RT = 65 2.5 7.9E-4
GOTERM_BP_ALL  cellular developmental process RT & a7 1.8 7.9E-4
GOTERM_BP_ALL  system development RT B 61 2.4 B.4E-4

Table 6. Top 31 GO terms (from a total of 245) associated with thecandidate list of 277 genes identified in the DG
RNAI screen. The GO terms list is cropped at p value <0.0001. Software used: DAVID EASE
(http://david.abce.nciferf.gov/). ACount’ is how many genes represented in each term. P-value is a modified Fisher’s
Exact P-value or EASE score (the smaller the value, the higher the enrichment).

Validation of Candidate ohitsd from the DG RNAI screens.

A rationalized argument can certainly be made for a number of additional genes within
these GO terms, and indeed from the candidate list of 277 genes. This highlights the need to
experimentally validate the candidate genes identified in the RNAI screen in order to prioritize
an in-depth interrogation of the molecular mechanism most likely triggering E,-induced
apoptosis in the MCF7:5C model. A custom flexiplate-containing the candidate genes of
interest, (containing 4 separate validated siRNAs per gene target) was developed and purchased
by Dr. Azorsa’s laboratory and the flexi-plate RNAI validation screen in MCF7:5C cellswas
performed in September of 2011. In October of 2011, Dr. Azorsa alerted me to the extremely
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unfortunate news that there was a technical mishap in the lab in that the MCF7:5C validation
screen had been performed on the incorrect flexiplate developed for a separate collaborative
study. There was, however, 1 candidate gene on the incorrect flexi-plate used that overlapped
with our candidate gene list, and this happened to be the gene ESR1. The validated data is
depicted in Figure 41, and shows a clear requirement for ESR1 expression to mediate E,-induced
apoptosis in MCF7:5C. The final flexiplate validation screen was not conducted due to Dr.
Azorsa’s unanticipated departure from TGen at the end of 2011.

Figure 41
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Figure 41. Validation of ESR1 in MCF7:5C +/- E, in flexi-plate format. A. Viability of MCF7:5C cells treated
with vehicle or E, following RNAI transfection. All positive and negative controls are shown as well as data for
ESR1 and BRCAL. UBBs1 siRNA is lethal no matter what the media condition. The proportion of cell death in the
AllStar negative control (ASN) and buffer controlare similar to that of BRCA1. Cells receiving transfection of
ESR1 siRNA remain viable in the presence of E,. B.Histogram of MCF7:5C cell viability across multiple validated
siRNAs. Top panel: AllStar negative control showing loss in cell viability with E, (red bars). Bottompanel shows 4
separate siRNAs against ESR1 (assayed in duplicate) showing the protective effect of ESR1 blockade (no loss in
cell viability with E, treatment).
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Key Research Accomplishments (For All Tasks of the CoE):

Task 1 (LCCC, lsaacs)

Institutional funds were secured at LCCC for continued study accrual, whilst the trial was
permanently closed to accrual at FCCC and affiliates, but remained open at LCCC.

The protocol was transitioned to LCCC under direction of Claudine Isaacs, MD.

DOD approval was obtained for a protocol amendment that reflected the change of PI and
closure to accrual at the other sites.

Screening began at LCCC and 1 patient has been accrued; she is currently on week 8 of
Estrace and tolerating it well.

We elected to modify our protocol to 6 mg/daily, based off of data from a recent
randomized Phase Il study that had examined the impact of lower-dose versus higher-
dose estrogen therapy in women with advanced hormone receptor positive breast cancer
who had evidence of disease resistance to aromatase inhibitors, and noting the estradiol
dose as a barrier to patient accrual at the FCCC site.

We are currently awaiting DOD approval of the protocol amendement. Once approved,
we plan to expand our accrual to other sites, as well as advertise the protocol and increase
accrual via that avenue as well.

Task 2b-1 (GU T Jordan/Fan)

Baseline levels of ER, HER2, and c-Src activation were studied in a panel of breast
cancer cell lines: wild-type (MCF-7, T47D, ZR-75-1, BT474, MDA-MB-231, and Sk-Br-
3) and endocrine resistant (MCF-7:5C, MCF-7:2A, MCF-7/F, and T47D:C42).

Baselines levels were differential across the panel, and expressed levels of total c-Src and
phosphorylated c-Src.

Although there is no clear relationship between c-Src phosphorylation and HR expression
after normalized by total c-Src among tested cell lines, we observe that c-Src is activated
in resistant cell lines compared with respective parental cell lines (MCF-7:5C, MCF-
7:2A, and MCF-7/F versus MCF-7, T47D:C42 versus T47D).

The c-Src inhibitor, PP2, effectively blocked ER negative breast cancer cell growth.

The growth inhibitory effects by the c-Src inhibitor on ER positive cells appear to be
more complex than on ER negative cells.

Inhibition of c-Src tyrosine kinase predominantly blocked ER negative breast cancer cell
growth, particularly the triple (i.e. ER, PR, and HER?2) negative cells.

The majority of ER positive breast cancer cells were not sensitive to PP2 regardless of
wild-type or endocrine resistant cell lines.

The c-Src affected the function of ER in ER positive cells.

PP2 could not block the proliferation induced by E, in MCF-7 and ZR-75-1 cells but
partially abolished E, stimulation in T47D and BT474 cells, indicating that c-Src might
play a distinct role in mediating E; signaling in wild-type cells.
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In two endocrine resistant cells (MCF-7:5C and MCF-7:2A), that overexpress ER, PP2
could block c-Src activation and abolished about 25% of proliferation in MCF-7:5C cells,
but without any inhibition in MCF-7:2A cells.

We reasoned that a combination of PP2 with E; would enhance E,-induced apoptosis.
However, PP2 did not enhance the growth inhibitory effects of E; on these two cell lines,
but rather, blocked the growth inhibition induced by E,.

These data implied that E,-triggered apoptosis might be utilizing c-Src tyrosine kinase as
an important signaling pathway. We are currently investigating the mechanisms of how
the c-Src inhibitor blocks E,-triggered apoptosis.

Activation status of HER2 determined the inhibitory effects of the c-Src inhibitor.

HER2 was highly activated in Sk-Br-3 cells which made it hypersensitive to lapatinib, a
dual tyrosine kinase inhibitor of HER2 and EGFR.

HER2 hyper-activation rendered breast cancer cells completely resistant to PP2; the
higher HER phosphorylation, the lower responsive rate to PP2.

Overall, c-Src mediates the essential role of growth pathways in ER negative breast
cancer cells without HER2 over-activation.

These data provided an important therapeutic rationale for patient selection in clinical
trials with c-Src inhibitors in triple negative breast cancer.

Task 2b-2 (GU T Jordan/Fan)

Antiestrogens 4-hydroxyltamoxifen and ICI 182,780 block Ej-induced apoptosis which
demonstrated that estrogen utilizes ER as the initial site to trigger apoptosis.

The non-receptor tyrosine kinase c-Src acts as a critical molecule in relaying ER
signaling, including nongenomic and genomic actions. Its activity is modulated by E,
through multiple mechanisms, leading to breast cancer cell proliferation, invasion, and
metastasis.

c-Src was utilized by E; to induce apoptosis-related pathways including oxidative stress
and inflammatory responses etc.

E, caused mitochondrial dysfunction through disrupting mitochondrial membrane
integrity, facilitating the translocation of cytochrome ¢ from the mitochondria into the
cytosol, and inducing oxidative stress.

AP-1 is often considered as a nuclear decision-maker that determines life or death cell
fates in response to extracellular stimuli. Both ER and AP-1 are nuclear transcription
factors.

We believe that the role of AP-1 in apoptosis should be considered within a complex
network of nuclear factors that respond simultaneously to a wide range of signal
transduction pathways triggered by estrogen.

AP-1 belongs to basic region-leucine zipper (bZIP) protein which can interact with
nuclear protein NF-kappa B (11) and other bZIP transcription factors such as CREB1
(15).
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It will be a challenge to identify how ER regulates or associates with AP-1 through other
nuclear proteins to trigger apoptosis-related genes in long-term estrogen deprived cells.

Task 2b-3 (GU T Jordan/Sengupta)

Basal expression of cMYC transcripts and protein level is 3-4 fold higher in the Al-
resistant ER+ breast cancer cell model, MCF7:5C cells, as compared to parental
counterpart MCF7 cells.

High levels of cMYC is responsible for the estrogen independent growth of MCF7:5C
cells.

Un-liganded estrogen receptor U is partially responsible for the higher cMYC levels in
MCFT7:5C cells as fulvestrant treatment, which degrades the ERU protein, can decrease
the cMYC levels as well as the estrogen independent growth of these cells.

Recruitment of high levels of serine-2-phosphorylated RNA polymerase 1l (a marker of
elongation of RNA synthesis) at the cMYC promoter in MCF7:5C cells, as compared to
parental MCF7 cells, is most likely responsible for the higher levels of cMYC transcripts.
High levels of phosphorylated-CDK?9 is found in MCF7:5C cells which is known for the
phosphorylation of serine-2 residue of RNA polymerase 1.

Activated CDKO9 is responsible for the estrogen independent growth of the MCF7:5C
cells as CDK9 specific inhibitor can block its spontaneous growth.

Task 2b-4 (GU T Jordan/Sengupta/Obiorah)

Bisphenol and bisphenol-A, both compounds act as an estrogenic ligand for growth of
ERU positive breast cancer cells, whereas bisphenol, but not bisphenol-A, acts as an
estrogen-antagonist in MCF7:5C cells, as it is unable to induce apoptosis in these cells.
Bisphenol (even at high concentrations) can only partially induce PS2 gene transcription
as compared to 17-b estradiol treatment. In contrast, bisphenol-A, at higher concentration
can induce PS2 gene transcription to the same extent as 17-b estradiol treatment.

Using ChIP assay, we found that at higher concentration (10°M) bisphenol-A treatment
can recruit ERU as well as steroid receptor co-activator-3 (SRC3) proteins at the PS2
promoter as efficiently as 17-b estradiol treatment in the MCF7:WS8 cells. On the other
hand, high concentration of bisphenol failed to recruit ERU and steroid SRC3 proteins at
the PS2 promoter as efficiently as 17-b estradiol.

By using MC2 and JM6 cells we determined that bisphenol required the aspartate amino
acid at the 351 position of ERU to induce the TGFU mRNA whereas bisphenol-A and 17-
b estradiol did not require it suggesting that mode of ligand binding to the ERU is similar
for bisphenol-A and 17-b estradiol, whereas it is distinctly different for bisphenol.
Molecular docking studies demonstrated that bisphenol binds to the ERU protein in the
same mode as 4-hydroxy tamoxifen (antagonist mode), whereas binding of bisphenol-A
to the ERU is predicted as similar to 17-b estradiol or di-ethyl stilbestrol (agonist mode).
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Molecular docking studies suggested weak binding capacity of bisphenol-A and that it
can bind to ERU in two distinct modes, both predictive of agonist conformation.
Comparative analysis of regulation of apoptotic genes in MCF7:5C cells by bisphenol
and bisphenol-A revealed that bisphenol failed to induce apoptotic genes and resembled
4-hydroxy tamoxifen treatment whereas bisphenol-A was as able to induce the apoptotic
genes almost as effective as 17-b estradiol treatment.

Task 2b-5 (GU T Jordan/Obiorah)

Eo-induced apoptosis occurs as a delayed event in MCF7:5C cells in contrast to the
generally accepted norm.

Paclitaxel, a cytotoxic chemotherapy, rapidly induces apoptosis in the same cell line by
24 hrs, while E; begins this process after 72 hrs using a cell proliferation assay.

E. induces ERS and inflammatory stress genes as well as apoptotic genes that induce
both the intrinsic and extrinsic apoptosis pathway.

Given the above results, it is proposed that the delayed mechanism of apoptosis induced
by E, involves an initial induction of both endoplasmic reticulum stress and
proinflammatory stress with early involvement of NOXA and subsequent activation of
mitochondrial mediated apoptotic genes that later expands to involve other apoptotic
genes including the death receptor gene family.

E,-induced apoptosis involves a number of multifactorial events that may explain the
delayed apoptosis that is observed in the MCF7:5C cells.

Paclitaxel selectively induces the TRAIL/TNFRSF10A/B pathway initially which expand
to involve more death receptors with inhibition of the cell cycle at G1 checkpoint by p21.
NOXA and DAPK1 also induced by E; are expressed at 24 hrs. The implicated role of
these two genes is not obviously apparent to the rapid and delayed treatment with
paclitaxel and E; respectively.

Task 3 (GU T Riegel/Wellstein)

In MCF-7 cells, Bcl-2, a major anti-apoptosis gene, is upregulated by estradiol treatment
whereas no change of Bcl-2 was seen in MCF-7:5C cells.

Overall the expression analysis and proteomics data show some interesting convergences
especially in apoptotic regulatory pathways which may be functionally relevant as
initiators of estradiolTinduced apoptosis.

It has been suggested from an in vitro study that mitochondria have been significantly
involved in initiation of apoptosis in the MCF7:5C cells. We found PHBL1 as one of the
interacting partners of AIB1 coactivator. To further explore these findings, we used
MCF7:5C tumor cells in a xenograft model to extend our knowledge of estrogen-induced
apoptosis in vivo.
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We show that, at least in our model, PHBs interaction with signal proteins is dynamic,
regulated by PTMs, and time-depended. These results support specificity of found
interactions.

Elevated levels of the PHB proteins often correlate with mitochondrial dysfunction and
could be used as markers of imbalance of the respiratory chain. Due to the
compartmentalization effect, the function of these proteins would be either pro-
growth/survival or pro-apoptotic/negative regulators of cell cycle.

Mitochondrial prohibitins interact with ANTs and VDACs proteins and stabilize the
Permeability Transition Pore (PTP) complex. The PTP regulates energy flux and plays an
important role in initiating apoptosis.

Both the OST48 and DAD1 proteins are believed to be subunits of the
oligosaccharyltransferase complex. The loss of DAD1 function induces apoptosis. The
two-hybrid systems involving DADL as bait points toward the Mcl-1 protein, one of the
Bcl-2 family, as a candidate for interaction.

The second group of proteins detected in our mass spectrometry analysis originated from
the endoplasmatic reticulum (ER). The ER plays an important role in maintaining the
cytosolic level of calcium and regulating the apoptotic response of mitochondria.
Interestingly, one ER associated protein Erlin-2 (ER lipid raft protein) has a sequence
similarity with prohibitins and fall within the growing family of prohibitin domain-
containing (PHB) proteins, which includes the prohibitins, the stomatins and the flotillins.
Ariazi et al conducted gene expression study of estrogen induced apoptosis, comparing
MCF-7 cell variants that were estrogen-dependent (WS8), or resistant to estrogen
deprivation (2A), or sensitive (5C) to E,-stimulated apoptosis. They found significant
association and overrepresentation of endoplasmic reticulum stress (ERS) genes among
the 5C-specific genes. This link indicated that E; inhibited protein folding and translation.
The major restriction for study and evaluation of novel phosphorylation sites is the
availability of immunochemical reagents, such as phosphospecific antibodies for Western
blotting. To overcome this limitation, we implemented an assay on the base of the
LCTMRM-MS platform to enable the measurement method.

Task 4 (TGen T Azorsa/Balagurunathan/Cunliffe)

We have completed replicate kinase RNAI screens, and replicate druggable genome (DG)
RNAI screens in MCF7:5C cells in the presence and absence of estrogen.

We have identified 277 candidate genes that are protective against E,-mediated apoptosis
in MCF7:5C cells from the DG RNAI screen.

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
MCEF7 cells in the absence of E,. This work was accomplished to empower integration of
multiple analytical approaches by the Jordan laboratory, and to assist with further
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prioritization of candidate genes identified by the RNAI screening for subsequent
validation.

e All gene expression microarray studies performed by the Jordan Laboratory
(Northwestern University Microarray Core Facility) and the Cunliffe Laboratory were
transferred to a 1TB external hard-drive and returned to the Jordan Laboratory prior to
the completion of the DoD Year 5 budget period.
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CONCLUSIONS
It is 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 the 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 (3, 60).

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) (61). 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.

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 (1, 2). 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 an opportunity to revolutionize women’s health through the prudent application of
remaining resources awarded through our CoE grant to be used in our no cost extension. | 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 have moved the coordinating center from FCCC to LCCC, as | have acquired
funding to maintain patient accrual through the clinical Pl, Dr. Claudine lIsaacs. All of the
biological materials collected at FCCC are invaluable and are being transferred to LCCC for
evaluation, analysis and data mining. It is our intention to maintain patient accrual with our
primary objective of sample acquisition and the Center Director at LCCC, Dr. Louis Weiner, has
committed institution funds to pay for patient costs. 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 to date on the grant is 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
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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 equivalent of creating 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. We have taken all of our enormous gene array data against time (96 hours) and
provided it to Dr. Joe Gray at the University of Oregon. He will be working with us over the next
year of the grant to create an unique pathway analysis fimovieo. This has never been done before.
With my election to the National Academy of Sciences and my induction during the last
reporting period, we we have published our pioneering work in the Proceedings of the National
Academy of the Sciences ((PNAS); see #7 in Appendix). With our database, we have already
identified the sequence of events 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 such as glucocorticoids. The other major
finding from our database is a description of the caspase cascade that provokes cell death and
destruction following estrogen-induced apoptosis. We have precisely defined and identified
caspase 4 as 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 the issue of what are the basic estrogen-ER related events that trigger estrogen-
induced apoptosis?

We have focused attention on understanding the role of c-Src in breast cancer and the
potential role of c-Src inhibitors as therapeutic agents for metastatic breast cancer. We have
expanded our work on the discovery that by blocking c-Src, one can block estrogen-induced
apoptosis by using a panel of breast cancer cells to study the general actions of a c-Src inhibitor
in breast cancer. Our work is to be published in the European Journal of Cancer in the next few
months (see #18 in the Appendix for the proofs). We identify types of breast cancer not to be
treated with c-Src inhibitors (Task 2b-1).

We have addressed the hypothesis that by blocking cellular survival signaling, we should
be able to enhance estrogen-induced apoptosis (Task 2b-2). 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.
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2) Our observation that blockade of c-Src has potential to inhibit estrogen-induced apoptosis has
resulted in a collaboration with our Stand Up 2 Cancer (SU2C) grant 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. Our collaboration with Joe Gray’s group has resulted in the
completion of an RNAseq analysis to identify the critical role of AP-1 (c-Fos and c-Jun), that is
initiated as a trigger of apoptosis 24 hours after estrogen impacts on the cell. We have proved
that cells can be rescued up to 24 hours from estrogen-induced apoptosis. We have demonstrated
and will continue during our no cost extension, the critical role of AP-1 signaling in apoptosis.
Through a collaboration with Dr. Myles Brown at Harvard University, we have identified
chromatin binding sites in one of our cell lines that is aromatase resistant, MCF-7:2A (62) (see #
13 in the Appendix). We are currently determining ER targets in our MCF-7:5C cells that can be
activated during the first 24 hours to create AP-1 functional units.

We believe that a critical issue that may aid our understanding of estrogen-induced
apoptosis in breast cancer may be to discover what the mechanism of estrogen-independent
growth actually is (Task 2b-3). To address this question, we have discovered that cMYC is a
prime survival mechanism for estrogen independent growth. We have rigorously examined the
regulation of cMYC on the cell cycle and our work provides a mechanistic understanding of
autonomous growth of breast cancer following the development of resistance to aromatase
inhibitors. We are planning to complete our studies during our no cost extension and submit our
work for publication within the next 6 months.

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-4). 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 1) produced a neat protein complex around the planar
estrogen. In contrast, non-planar estrogens (Class I1) 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 (25). 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 now extended our
investigation using Class Il estrogens (Tasks 2b-4 and 2b-5). Although estrogen-like, Class Il
estrogens stimulate breast cancer cell replication, but do not in fact stimulate estrogen-induced
apoptosis. The triggering mechanism slowed down and apoptosis now occurs about 7 days later.
It is a remarkable demonstration of how we can modulate the trigger through the shape of the ER
complex. 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 plan to initiate a major project studying
the structure function relationships of Class Il estrogens and their ability to modulate apoptosis
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and deliver appropriate co-activators to promoter sites on estrogen target genes during the next
year. Our progress in Tasks 2b-4 and 2b-5 is highly significant, as we demonstrate that Class 11
estrogens slow down apoptosis through the second week of estrogen exposure. This contrasts
with planar Class | estrogens that cause apoptosis in the first week (Task 2b-4). We have also
discovered that chemotherapy with a standard breast cancer drug, paclitaxel, causes immediate
apoptosis by the extrinsic (death) receptor pathway (Task 2b-5). In contrast, estradiol initiates
apoptosis through the intrinsic pathway in mitochondria and then the cells complete the process
by recruiting the extrinsic pathway Task 2b-5). 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.

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 (63) and our work on the shape of the
ER and estrogen-induced apoptosis. In our parallel studies, we concluded that AIBL1 is the
controlling mechanism to trigger estrogen-induced apoptosis in our antihormone resistant breast
cancer cells. In Year 5 of our grant, we used breast cancer tumors grown in athymic mice to
address the same questions we have derived here in cell culture (40), but in vivo. We have
discovered novel gene activation never considered previously. These data are the first to report
that the functions of PHBs as an ER co-repressor can be regulated by post-translational
modification (PTMs). The work is being prepared for publication.

The genomics program at TGen (Task 4a) has accomplished a remarkable analysis of the
resting and gene activation states of our antihormone resistant breast cancer cells in culture. As a
supportive commitment, Dr. Heather Cunliffe from TGen has conducted a high-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. The data generated will be
used in Year 6 of the no cost extension to discover the apoptotic trigger of the estrogen receptor
complex.

Our future plans for the no cost extension will complete our original plan for deciphering
the molecular mechanism (mechanisms) of estrogen-induced apoptosis. Our unique team has
built on our strengths and we are now poised to interrogate the models and move rapidly towards
publication. We are the leaders in this area. It is important to stress that our data was used to
obtain grants from other sources (SU2C, Susan G. Komen For The Cure). This enhances our
capacity for interaction with the best breast cancer research scientists in the world.
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Most Plastic Products Release Estrogenic Chemicals: A Potential Health

Problem that Can Be Solved
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BACKGROUND: Chemicals having estrogenic activity (EA) reportedly cause many adverse health
effects, especially at low (picomolar to nanomolar) doses in fetal and juvenile mammals.

OBJECTIVES: We sought to determine whether commercially available plastic resins and products,
including baby bottles and other products advertised as bisphenol A (BPA) free, release chemicals
having FA.

METHODS: We used a roboticized MCF-7 cell proliferation assay, which is very sensitive, accurate,
and repeatable, 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,
ultraviolet 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
did 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 compounds,
or have developed, monomers, additives, or processing agents that have no detectable EA and have
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.

KEY WORDS: bisphenol A, endocrine disruptor, endocrine-disrupting chemical, estrogen receptor
binding, estrogenic activity, plastic. Environ Health Perspect 119:989-996 (2011). doi:10.1289/

€hp.1003220 [Online 2 March 2011]

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 [Interagency Coordinating
Committee on the Validation of Alternative
Methods ICCVAM) 2003, 2006; National
Research Council 1999]. Chemicals having
EA typically interact with one or more of the
classical nuclear estrogen receptor (ER) sub-
types: ERo., ERB, or nonclassical membrane
or ER-related subtypes (Hewitt et al. 2005;
Matsushima et al. 2008; National Research
Council 1999). In mammals, chemicals hav-
ing EA 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. 2004; Patisaul et al.
2006, 2009). Fetal, newborn, and juvenile
mammals are especially sensitive to very low
(sometimes picomolar to nanomolar) doses of
chemicals having EA (Gray 2008; vom Saal
etal. 2005). Many of these effects observed in
mammals are also expected to be produced in
humans, because basic endocrine mechanisms
have been highly conserved across all classes
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of vertebrates (Kavlock et al. 1996; National
Research Council 1999).

Thermoplastics, which are used for many
items that contain food, are made by polymer-
izing a specific monomer or monomers in the
presence of catalysts into a high-molecular-
weight chain known as a thermoplastic poly-
mer [see Supplemental Material, Figure 1
(doi:10.1289/ehp.1003220)]. 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 (PP) copoly-
mer (PPCO), and non-BPA-based PP homo-
polymer (PPHO)] or, more commonly, mixed
with other resins, additives, colorants, and/or
extenders to form plastic compounds (e.g.,
polymer blends and precolored polymers).
Plastic products are then made by using one
or more plastic compounds or resins to form
a finished plastic part that can be subjected to
finishing processes that may use inks, adhe-
sives, and so forth, 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 (doi:10.
1289/¢hp.1003220)] collectively use many
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monomers and additives that may exhibit EA
because they have physicochemical properties,
often from an insufficiently hindered phenol
(HP) 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.,
nanomolar to picomolar) 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 ultraviolet (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 propri-
etary and not known. A single part may consist
of 5-30 chemicals, and a plastic item contain-
ing many parts (e.g., a baby bottle) may con-
sist of > 100 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 con-
vert an EA-free chemical into one with EA.
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Very few studies (Soto et al. 1991; Till
et al. 1982) have examined the extent to
which plastics that presumably do not con-
tain BPA nevertheless release other chemicals
having detectable EA. For example, a recent
comprehensive review [table on page 72 of
Gray (2008)] described polyethylene (PE),
PP, and PE terephthalate (PET) plastics as
being ““OK’ for use with respect to release of
chemicals exhibiting EA.”

Here, we report that most of the > 500
commercially available plastic products that we
sampled—even those that are presumably BPA
free—release chemicals having detectable EA,
especially if they are assayed by more polar and
less polar solvents and exposed to common-use
stresses. That is, we show that, to reliably detect
such leachable chemicals having EA, unstressed
or stressed plastic resins or products should
be extracted with more polar (e.g., saline) and
less polar [e.g., ethanol (EtOH)] solutions and
exposed to common-use stresses (boiling water,
microwaving, and UV radiation).

Materials and Methods

We developed a sensitive and accurate roboti-
cized version of the MCF-7 cell proliferation
assay (E-SCREEN assay) that has been used
for decades to reliably assess EA and anti-EA
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(Leusch et al. 2010; Soto et al. 1995) and is
currently undergoing validation for interna-
tional use by ICCVAM/NTP (National
Toxicology Program) Interagency Center for
the Evaluation of Alternative Toxicological
Methods (NICEATM). Chemicals with EA
bind to ERs (ERa, ERP, or ER-related sub-
types) and activate the transcription of estrogen-
responsive genes, which leads to proliferation of
MCEF-7 cells.

Detailed methods for the MCEF-7 assay
are provided in Supplemental Material,
(d0i:10.1289/ehp.1003220). In brief, plastic
resins or products were extracted using saline,
a more polar solvent, or EtOH, a less polar sol-
vent. Aliquots of the extracts were then diluted
four to eight times to produce up to eight test
concentrations. Each test chemical or extract
at each concentration was added in triplicate
or quadruplicate to 96-well plates containing
MCE-7 cells in EA-free culture media. After
6 days of exposure, the amount of DNA per
well, an indication of cell proliferation, was
assayed using a microplate modification of the
Burton diphenylamine assay (Burton 1956;
Natarajan 1994).

The effect of a test chemical or extract
on proliferation was expressed as the %E2,
a percentage of the maximum DNA per
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well produced by the maximum response to
17B-estradiol (E2; positive control) corrected
by the DNA response to the vehicle (negative)
control [see Supplemental Material, Equation 1
(doi:10.1289/ehp.1003220)]. For estrogenic test
chemicals, the concentration needed to obtain
half-maximum stimulation of cell proliferation
[half-maximal effective concentration (ECsy),
a measure of binding affinity] was calculated
from best fits to dose-response data that meet a
well-defined set of criteria by Michaelis-Menton
kinetics. The estrogenicity of extracts was calcu-
lated as the relative maximum %E2 (%RME2;
a measure of response amplitude), a percentage
of the maximum DNA per well produced by
an extract at any dilution with respect to the
maximum DNA per 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 had a
positive response (> 15% RME2) but an ECsq
could be calculated because not all criteria were
met, then the estrogenicity of the test chemical
was characterized simply as EA positive or by its
%RME2.

The EA of a test chemical or extract was
considered detectable if it produced cell pro-
liferation > 15% of the maximum response
to E2 (> 15% RME2), which is > 3SDs
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Figure 1. Results of MCF-7 assays shown as dilution response curves (%E2) for E2 (A), E2 and BPA (B), BHA (C), and %RME2 of extracts of plastic bags (D), a PC
bottle (£), and a BPA-free bottle made from PETG (A. Abbreviations: PETG, PET glycol-modified polyethylene terephthalate; VC, vehicle control. Dotted lines repre-
sent 3 SD from the response. In B-F, the negative control (1% EtOH or saline) equals 0% E2. The E2 standard (10~ M) is the positive control diluted as indicated in
C-F. Each point plotted is the average of three or four replicates for each concentration whose SD is very small and falls within the space taken up by each data
point. In (A), E2 was dissolved in EtOH (standard extract) or concentrated 10x and rediluted to show that the EtOH concentration protocol has very little effect on
the ECsg of E2 (50% E2). The ECs of E2 is approximately 1.3 x 10-'3 M, and the threshold of detection (15% E2) is approximately 10> M. The maximum E2 response
was attained at 107" M and remained constant at higher E2 concentrations. (B) The ECs; of both E2 (as in A) and BPA is approximately 6.6 x 108 M, and threshold
detection is approximately 10~° M, all suppressed by 108 M ICI. (C) BHA does not meet criteria needed for accurate calculation of EC5 [see Supplemental Material,
pp. 5-7 (doi:10.1289/ehp.1003220)]. EA is positive; its maximum response is about 50% E2 (i.e., 50% RME2) and is suppressed by 108 M ICI. In D, commercially avail-
able plastic bags were extracted by 100% EtOH. Commercially available PC (E) and BPA-free (A bottles were extracted with saline or EtOH as indicated.
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from the historic control baseline response
(about 10715 M), which is a rather conserva-
tive measure of EA detectability. Stimulation
of MCEF-7 proliferation induced by the test
chemical or extract was confirmed to be
estrogenic (compared with nonspecific) in
an EA confirmation study: If the stimulation
of MCEF-7 proliferation by a test chemical or
extract was suppressed by coincubation with
a strong antiestrogen [ICI 182,780 (ICI) at
107 to 10°8 M], the EA of the test chemical
or extract was confirmed. Therefore, a test
chemical or extract was classified as not hav-
ing detectable EA if it did not induce MCF-7
cell proliferation or if it induced proliferation
that could not be inhibited by ICL.

Figure 1 shows typical MCF-7 responses
plotted as %E2. Figure 1A—C show responses to
some test chemicals: E2 (positive control), BPA,
and butylated hydroxyanisole (BHA; a com-
mon antioxidant). Figure 1D-F show %RME2
responses to test extracts of plastic food bags,
PC bottles, and BPA-free baby bottles and their
ICl-suppressed responses, confirming their EA.
Some chemicals or products were also ana-
lyzed for anti-EA [for details, see Supplemental
Material, pp. 7-8 (doi:10.1289/ehp.1003220)].

Purchase and analyses of plastic products
in survey studies. For Tables 1 and 2, we pur-
chased 455 plastic products used to contain
foodstuffs from various commercial retailers
from 2005 through 2008. The relative fre-
quency of products having detectable EA did
not change with later compared with earlier
purchases. In some cases, we instructed under-
graduate students or employees to purchase
a mix of plastic items used to contain food-
stuffs from a given large retailer (Albertsons,
H-E-B, Randalls, Target, Wal-Mart, Trader
Joe’s, and Whole Foods) mainly in the Austin,
Texas, or Boston, Massachusetts, areas, some
of which market many “organic” products. In
other cases, we purchased products of a par-
ticular plastic type (e.g., PE- or PP-based con-
tainers). We recorded the retailer, resin type
[high-density PE (HDPE), PET, PC, PP, poly-
styrene (PS), polylactic acid], and product type
(flexible packaging, food wrap, rigid packag-
ing, baby bottle component, deli containers,
plastic bags). In addition, because the contents
of some plastic items might have added or
extracted chemicals having EA from the plastic
containers before we purchased and tested the
products (Sax 2010), we recorded whether the
plastic items had contents or were empty when
purchased. For any plastic container having
contents, we thoroughly washed out the con-
tainer with distilled water before testing the
plastic. Except for PC-based items, none of
these products were known to contain 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
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might occur if the samples leached chemicals
having EA. Samples from each retailer gener-
ally included most of the product types listed
above. In addition to surveying commercially
available products, we tested plastic resins [e.g.,
PC, PET, glycol-modified PET (PETG)] that
were purchased from M. Holland Company
(Northbrook, IL) and individual chemicals
used to manufacture plastic products [e.g.,
BPA, BHA, butylated hydroxytoluene (BHT),
dimethyl terephthalate, etc.] that were pur-
chased in their purest form from Sigma-Aldrich

Many plastic products have more than
one plastic part. For example, baby bottles
have 3-10 different plastic parts in vari-
ous combinations [bottle, nipple, anticolic
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
> 100 component parts from > 20 different
baby bottles, including many advertised as
BPA free. Only some (13) of these compo-
nent parts were purchased for the initial survey

(St. Louis, MO). study (Tables 1 and 2).

Table 1. Percentage of unstressed plastic products having EA in at least one extract.

Extraction solvent

EtOH Concentrated EtOH Saline Any extract
Plastic product 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 1 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 component 13 69 — — 16 94 19 89
Deli containers " 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 Al 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

Abbreviations: —, not tested; %D, percent detectable (extract produced cell proliferation > 15% RME2; see “Materials and
Methods”); n, total number of samples purchased (less than the sum of n values for individual extracts if some items were
tested by more than one extraction protocol); PLA, polylactic acid. Data are percentages of samples for which EA was
detected using a standard or concentrated EtOH extract, a saline extract, or one or more such extracts (any extract). Some
individual items are listed in two or three categories (e.g., PET and baby bottles) but were counted only once for the extract
total. Baby bottle components comprised 11 bottles and 2 sealant ring components.

Table 2. Percentage of unstressed plastic products having detectable EA (> 15% RME2) in two extracts.

Extraction solvent

Both EtOH Either EtOH
Category n EtOH only Saline only and saline or saline
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 " 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
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PLA, polylactic acid. Values shown are percent (%) of unstressed plastic items (n) having detectable EA (> 15%RME2)
only in an EtOH extract (and not in a saline extract), only in a standard saline extract (and not in an EtOH extract), in both
EtOH and saline extracts, or in either EtOH or saline extracts. The last column is the sum of the three previous columns.
“All products” is 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 often were not performed. A concentrated EtOH extract was usually used to generate
data shown 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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Most of the samples (338 of 455) in the
survey study (Tables 1 and 2) were extracted
using only one extraction protocol. For the
remaining samples (7 = 102), both saline and
EtOH extractions were used so that the effi-
cacy of each protocol could be directly com-
pared. We used a paired Student’s #-test to
test whether differences between pairs of sam-
ples 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 prod-
ucts, 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; Table 3), antioxidants [see Supplemental
Material, Table 3 (doi:10.1289/ehp.1003220)],

140 PC

Baby Water

120

100

and other additives or processing agents (see

Supplemental Material, Table 4) identified by

our laboratory 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 COIMMON-Use Stresses.

We used the following stresses:

e Samples were placed about 2 feet from a
254-nm fluorescent fixture for 24 hr, simu-
lating repeated UV stress by sunlight (e.g.,
water bottles) or UV sterilizers (e.g., baby
bottles and medical items)

* Samples were autoclaved at 134°C for
8 min, simulating moist heat stress in an
automatic dishwasher

* We heated samples in a microwave 10 times
for 2 min each, using a 1,000-W kitchen
microwave oven set to “high,” simulating heat
and microwave radiation stress to reusable
food containers.

Results

Release of chemicals having EA from unstressed
plastics. Tables 1 and 2 show the percentage
of samples in each category that had reliably
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Figure 2. Total EA released by some PC and BPA-free water bottles (W) and baby bottles (B). The leach-
ing of chemicals having EA (measured as %RME2; excluding caps, nipples, and other components) were
extracted using saline or EtOH as solvents and exposed to autoclaving, microwaving, and/or UV light (see
“Materials and Methods” for details). BPA-free water bottles W;, W,, W3, and W, are PETG, and W5 is
PET. BPA-free baby bottles B; and B, are polyethersulfone; B is PETG; and B, and By are PP. Orange bars
indicate the data set for each individual product. The %RME2 for saline extracts is represented by solid
black lines and for EtOH as solid red lines. Symbols represent the %RME2 of chemicals released by each
assay of a product after an autoclaving stress, microwaving stress, and UV light stress (see figure key).
The dotted horizontal line at 15% RME2 is the rather conservative value below which EA was considered
nondetectable (ND) for any assay. For some products shown (e.g., PC B;, BPA-free By), if one solvent and/
or stress condition showed reliably detectable EA, other solvents and stress conditions were not subse-
quently tested. Some values plotted as 0% RME2 actually had slightly negative %RME2 values (-1% to

7% RME2) due to cellular toxicity.
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detectable EA (> 15% RME2) in our survey
of 455 commercially available plastic products.
[For the %RME2 and content status of indi-
vidual samples, as well as the average %RME2
for products classified by resins (HDPE, PP,
PET, PS, polylactic acid, PC), product type
(flexible packaging, food wrap, rigid packag-
ing, baby bottle components, plastic bags), and
retailer (large retailers 1-5 and large organic
retailers 1 and 2), see Supplemental Material,
Table 5 (doi:10.1289/ehp.1003220).] For
example, 9 of 13 HDPE plastic products
extracted by our standard EcOH protocol
(69%) had detectable EA (Table 1), with a
%RME2 (mean + SD) 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 %RME2
of 64% + 41% (see Supplemental Material,
Table 5C). We found no consistent corre-
lation between the percentage of items in a
product type with detectable EA and their
mean %RME?2 (data not shown).

We found no significant difference
(p > 0.05) in the percentage of items with
detectable EA between those with contents
and those with no contents (76%, » = 160)
at the time of purchase based on the stan-
dard EtOH extraction protocol [67% vs.
70%; see Supplemental Material, Table 2A
(d0i:10.1289/ehp.1003220)], the stan-
dard saline protocol (62% vs. 75%; see
Supplemental Material, Table 2C), or all
extraction protocols combined (69% vs.
76%). Most important, items with no con-
tents in all categories exhibited detectable EA
in at least one protocol (see Supplemental
Material, Tables 2 and 5), including 78% of
items made from HDPE (# = 18), 57% from
PP (n = 14), and 100% from PET (n = 6).
Given all of these results, we present the data
for all items shown in Tables 1 and 2 without
regard to their content status.

Using different solvents increased the prob-
ability of detecting EA. Most (71%) unstressed
plastic items released chemicals with reliably
detectable EA in one or more extraction proto-
cols, 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 listed in Table 2)
when analyzed using both saline (more polar)
and EtOH (less polar) extracts. For exam-
ple, 15% of unstressed HDPE plastic items
leached chemicals with detectable FA into both
EtOH and saline extracts, 15% leached only
into EtOH, and 31% leached only into saline
(Table 2). That is, the leaching of a chemical
with EA was significanty (p < 0.01) more likely
to be detected if we used both polar and non-
polar solvents (61%) than if we used only one
solvent (30% for EtOH only or 45% for saline
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only). We obtained similar results for all types
of plastic products (data not shown).

Assays of > 100 component parts from
> 20 different baby bottles, including many
advertised as BPA free, indicated that extracts
of at least one bottle component of each
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 increased 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
PE resins (LDPE resins 1 and 2) and PETG
resins (PETG baby bottle and PETG resin 1)
that had no detectable EA before stressing sub-
sequently exhibited EA when stressed, espe-
cially by UV (Table 3). Samples (7 > 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 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 (» > 10) and PS (# > 10) products
released chemicals having detectable EA in at
least one extracting solvent (Table 3).

EA-containing and EA-free monomers.
Polymerization of monomers is rarely com-
plete, 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
nontransparent rigid products (Figure 3).
MCE-7 assays (7 = 6) consistently showed
that extracts of “barefoot” (no additives) poly-
mers (e.g., LDPE resin P1 in Table 3) were
EA free, even when stressed. (PP-based poly-
mers require antioxidants to prevent severe
degradation during their use in manufactur-
ing plastic products.) Furthermore, PE- and
PP-based resins containing appropriate addi-
tives to produce fit-for-use products could be
constructed that remained EA free (z > 100
assays of > 10 resins), even when exposed to
common-use stresses. Representative data
from several such resins (LDPE resin P1,
HDPE resin P2, PP homopolymer resin P3,
PP copolymer resin P4) are shown in Table 3.

Figure 3 also shows other monomers and
polymers that can or cannot be used to make
hard-and-clear (HC) plastics. For example,
HC PC plastics (7 > 10) all released chemi-
cals having EA (e.g., PC baby bottle By and
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PC water bottle W in Figure 2), almost cer-
tainly phenolics such as BPA (Figure 1B). The
dimethyl terephthalate monomer used to make
PET and PETG plastics exhibited anti-EA
(n = 3 assays; data not shown; for anti-EA
assay protocol, see Supplemental Material
(doi:10.1289/ehp.1003220)]. 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 prod-
ucts in Tables 1 and 2. Polyethersulfone 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 phe-
nolic stress-degradation products. In contrast,
some HC cyclic olefin polymer/cyclic olefin
copolymer polymers produced from saturated
cyclic olefin monomers contained no phenolics
and did not release chemicals having detectable
EA, even when stressed (Table 3).

Polymers that can be made EA free have
a similar cost compared with polymers made
from monomers that have EA. For example,
currently, clarified PP having no additives
that exhibit EA (even when stressed) that is
suitable for molding bottles costs approxi-
mately $1.20/Ib. PP resins containing addi-
tives that have EA also cost about $1.20/1b.
Commodity resins such as PET, which are
made from monomers having EA and are
suitable for molding bottles, are priced at
approximately $1.28/Ib (Plastics News 2011).

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 mini-
mize 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 HPs (hindered phenols), such
as BHT and BHA, in large part because both
are inexpensive and assumed to be nontoxic.
However, BHT (7 = 4 assays) had reliably
detectable FA, as did BHA (n = 3 assays). [The
ECso of BHT and BHA (Figure 1C) could
not be accurately calculated because both also
exhibited cellular toxicity at higher concentra-
tions (107> M).] Other commonly used HP
antioxidants (7 = 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 (phosphate) OX 1 and HP AOX 2 had
no detectable EA, whereas HP AOX 1 and
Ph (bisphenol) AOX 1 had reliably detect-
able EA [see Supplemental Material, Table 3
(doi:10.1289/¢hp.1003220)].

Many other additives (z > 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

Table 3. Representative %RME2 values for stressed resins or parts made from flexible or HC polymers.

Stress/extraction solvent

Microwave uv Autoclave
Sample type Saline EtOH Saline EtOH Saline EtOH
Flexible polymers
LDPE resin 1 5 7 0 4 4 30
LDPE resin 2 3 7 269 3 -1 278
PET water bottle 1002 3 314 2 478 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 ND ND ND 474 ND ND
HC polymers
Water bottle 1.1 3 232 7 172 -1 192
Water bottle 1.2 4 218 57,269,2 98¢ 48,2 392 8 23¢
Water bottle 2.1 -7 -5 812 222 0 4
Water bottle 2.2 348 -2 804 12 -1 1
PETG baby bottle 0 -2 1228 442 0 1
PETG resin 1 -8 172 614 1114 0 152
PS1 4 3 172 452 769 0
CcoC3 9 7 208 208 0 6
COC resin P18 4 1 9 1 1 -2
COC resin P19 6 2 6 -2 4 2

Abbreviations: COC, cyclic olefin copolymer; ND, not determined; PPCO, polypropylene copolymer; PPHO, polypropylene
homopolymer. Numerical values are %RME2 responses of extract for several different baby bottle and other component
parts. Resins designated with P (e.g., P1, P18) are EA-free formulations developed at PlastiPure. Resin P5 exhibited EA
when stressed. Multiple values for water bottle 1.2 under UV stress are data for repeated analyses.

Plastic items leaching chemicals having detectable EA > 15% RME2.
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phthalocyanine groups), PS-based purge
compounds, and mold-release agents [see
Supplemental Material, Table 4 (doi:10.1289/
ehp.1003220)]. 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 colo-
rant masterbatch concentrates. Nevertheless,
we have identified resins, dispersants, pig-
ments, and antioxidants that are approved by
the Food and Drug Administration for direct
food contact (see Supplemental Material,
Tables 3 and 4) to create colorant master-
batch concentrates (7 > 100) that produce

even colorant dispersion into plastics and that
have no detectable EA, cellular toxicity, or
adverse processing effects, even when stressed.

Because additives comprise a small frac-
tion (typically 0.1-1% by weight) of plastic
resins and compounds and because plastic
resins and compounds using EA-free addi-
tives 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 lit-
tle impact on the cost of the final product.
Furthermore, EA-free additives have only a
slightly higher or no additional cost compared

Figure 3. Properties of monomers and polymers used to make common resins.

Polymers Monomers Structures EA  Toxicity?
Flexible polymers
Low-density polyethylene (LDPE), Ethylene H H No No
linear low-density polyethylene >=<
(LLDPE), high density poly- H H
ethylene (HDPE)
Polypropylene homopolymer Propylene AN No No
(PPHO)
HC polymers®
Copolymer using terephthalate 1,4-Cyclohexanedimethanol, HO Yes? No
PETG dimethyl terephthalate® \_<:>_\
OH
O, : \o
O\ o
Polycarbonate (PC) Bisphenol A,¢ phosgene e Yes Yes
LT,
X
[ e
Polyethylene terephthalate (PET) Dimethyl terephthalate® _0_0 Yes! No
oé ;o/
Polystyrene (PS) Styrene E/ Yes? No
Polypropylene copolymer (PPCO) Propylene, ethylene PN H _ H No No
H H
Cyclic olefin polymer (COP), Ethylene, norbornene H H No No
cyclic olefin copolymer (COC) >=< @
H H
Polyacrylonitrile (PAN) Acrylonitrile /\\\N No Yes
Polyethersulfone (PES) 1,4-bis(4-Chlorophenyl) Yes? No

sulfone, 1,4-dihydroxy-

benzene®

aPolymer exhibits other toxic effects (e.g., cellular damage or carcinogenicity), or toxic chemicals (e.g., phosgene and
acrylonitrile) are used or produced during polymerization. 8HC polymers generally have a glass transition temperature
(T) above room temperature and limited or no ability to crystallize. “Monomer has anti-EA in MCF-7 assays. 9Under cer-
tain conditions, degradation products exhibit EA. ©®Monomer has EA in MCF-7 assays.
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with additives with EA, so that their cost
impact is very small or nonexistent.

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 res-
ins. PET and PETG are two such resins, but
HC plastic products made from these res-
ins leached chemicals that had detectable EA
(Tables 1-3, Figures 2 and 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 (W1, W2, W3, and
W4; Table 3, Figures 2 and 3), as did uncom-
pounded PETG resins (Table 3). Most PE/
PP-based plastic products were presumably
BPA free but nevertheless had readily detect-
able EA (Tables 1 and 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 EtOH, including
the bottle, nipple, anticolic device, and liner
(data not shown).

In fact, all BPA-replacement resins
or products tested to date (7 > 25) released
chemicals having reliably detectable EA (data
not shown), including polyethersulfone and
PETG, sometimes having more total EA
measured as %RME2 than many PC prod-
ucts when stressed. For example, the %RME2
released by various BPA-free baby and water
bottle component parts extracted by 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 B; (Figure 2) after exposure to
UV showed greater EA than did any of the PC
baby bottle extracts after any of the stresses.
Saline extracts from BPA-free baby bottle B;
after any of the stresses (microwave, autoclave,
or UV) showed greater EA than did the saline
extracts from PC baby bottle B, after any of
the stresses. EtOH extracts from BPA-free
baby bottle By after UV stress showed greater
EA than extracts from PC baby bottle B;.
Saline extracts from BPA-free baby bottle B,
after microwave or autoclave stresses showed
greater EA than did saline extracts from PC
baby bottles By or B, after any of the stresses.
Note also in Figure 2 that multiple extracts
of the same product using the same solvent/
stress combination typically gave rather simi-
lar %RME?2 data, but different solvent/stress
combinations gave very different results, from
very high EA to nondetectable EA. For exam-
ple, EtOH extracts from PC baby bottle B,
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showed very high EA under all stress condi-
tions, whereas saline extracts of the same bottle
under the same stress conditions showed no
detectable EA. Hence, to reliably detect EA,
plastic resins or products must be extracted
with both polar and nonpolar 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 plas-
tics because the use of only one solvent sig-
nificantly 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., milk). When both more polar and less
polar solvents are used, most newly purchased
and unstressed plastic products release chemi-
cals 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
before testing. However, the lack of signifi-
cant difference in average percentage having
detectable EA between plastic items with and
without contents does not imply that the con-
tents do not affect the total EA or specific
chemicals having EA released by individual
plastic items.

Our data show that most monomers and
additives that are used to make many com-
mercially available plastic items exhibit EA.
Even when a “barefoot” polymer (no addi-
tives) such as PE or polyvinyl chloride does
not exhibit EA, commercial resins and prod-
ucts from these polymers often release chemi-
cals (almost certainly additives) having EA.

We found that exposure to one or more
common-use stresses often increases the leach-
ing 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 findings are con-
sistent with recently published reports that
PET products release chemicals having EA
(Wagner and Oehlmann 2009) and that dif-
ferent PET products leach different amounts
of EA. For example, different PET products
release different amounts of EA measured as
%E2 or %RME2 [see Supplemental Material,
Table 5C (doi:10.1289/e¢hp.1003220)],
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 hypothe-
ses that the presence of a phenolic moiety

Most plastic products release estrogenic chemicals

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 (antioxidants commonly
used with HPs to provide synergistic oxida-
tion protection) in their unaltered state should
not bind to ERs [see Supplemental Material,
Table 1 (doi:10.1289/e¢hp.1003220)], organo-
phosphites 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 HPs 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 both in their original, unstressed
form and after stressing. We can identify
monomers and additives (antioxidants, clari-
fiers, slip agents, colorants, inks, etc.) hav-
ing 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 of our data suggest that, when
both are manufactured in comparable quanti-
ties, carefully formulated EA-free plastic prod-
ucts 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 chemi-
cals having reliably detectable EA measured
as %RME2 if extracted with both more polar
and less polar solvents. In response to mar-
ket and regulatory pressures, BPA-free PET
or PETG resins and products have recently
been introduced as replacements for PC res-
ins. However, all such replacement resins and
products tested to date release chemicals hav-
ing EA (measured as %RME?2), sometimes
having more EA than BPA-containing PC
resins or products, especially when stressed
by UV light (Figure 2, 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 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 meas-
ured EA relative to E2 (ECsy or %RME2)
using sensitive assay and extraction protocols.
Furthermore, it is almost impossible to gauge
how much EA anyone is exposed to, given
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such unknowns as the number of chemicals
having EA, their relative EA, their release rate
under different conditions, and their meta-
bolic degradation products or half-lives i vivo.
In addition, the appropriate levels of EA in
males versus females at different life stages are
currently unknown. Nevertheless, @) 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); 4) 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); and ¢) 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 popu-
lations (e.g., on the offspring of mothers given
diethylstilbestrol, or sperm counts in Danish
males and other groups correlated with BPA
levels in body tissues).

Many scientists believe that it is not appro-
priate 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). Because we can iden-
tify existing, relatively inexpensive monomers
and additives that do not exhibit EA, 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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