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Abstract

Purpose: Estrogen (E,)-stimulated growth re-emerges after a c-Src inhibitor blocking E-
induced apoptosis. A resulting cell line, MCF-7:PF, is selected with features of functional estrogen
receptor (ER) and over-expression of insulin-like growth factor-1 receptor beta (IGF-1Rp). We
addressed the question of whether the selective ER modulator (SERM), 4-hydroxytamoxifen (4-
OHT) or other SERMs could target ER to prevent E,-stimulated growth in MCF-7:PF cells.

Methods: Protein levels of receptors and signaling pathways were examined by immunoblotting.
Expression of mMRNA was measured through real-time RT-PCR. Recruitment of ER or nuclear
receptor coactivator 3 (SRC3) to the promoter of ER-target gene was detected by chromatin-
immunoprecipitation (ChlIP).

Results: 4-OHT and other SERMs stimulated cell growth in an ER-dependent manner. However,
unlike Eo, 4-OHT suppressed classical ER-target genes as does the pure antiestrogen ICI 182,780
(ICI). ChlIP assay indicated that 4-OHT did not recruit ER or SRC3 to the promoter of ER-target
gene, pS2. Paradoxically, 4-OHT reduced total IGF-1Rp but increased phosphorylation of
IGF-1Rp. Mechanistic studies revealed that 4-OHT functioned as an agonist to enhance the non-
genomic activity of ER and activate focal adhesion molecules to further increase phosphorylation
of IGF-1Rg. Disruption of membrane-associated signaling, IGF-1R and focal adhesion kinase
(FAK), completely abolished 4-OHT-stimulated cell growth.

Conclusions: This study is the first to recapitulate a cellular model in vitro of acquired
tamoxifen resistance developed in athymic mice in vivo. Importantly, it provides a rationale that
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membrane-associated pathways may be valuable therapeutic targets for tamoxifen resistant
patients in clinic.
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selective estrogen receptor modulator (SERM); resistance; insulin-like growth factor-1 receptor
beta (IGF-1Rp); non-genomic pathway; focal adhesion molecules

1. Introduction

The clinical application of the laboratory strategy of long-term adjuvant antihormone
therapy for the treatment of breast cancer (1) has significantly improved breast cancer
survival. Selection of patients whose tumors express the estrogen receptor (ER) are more
likely to respond to long-term adjuvant tamoxifen (TAM) (2, 3) or aromatase inhibitors
(Als) (4) than those without ER. However, acquired resistance to antihormone therapy
remains a challenge as adjuvant therapy is extended (3, 5).

The evolution of acquired resistance to TAM treatment was discovered using MCF-7 tumors
transplanted in athymic mice to mimic years of adjuvant treatment in patients (6-8). Long-
term therapy generates selection pressure for cell populations that evolve from acquired
TAM resistance, ubiquitously observed in metastatic breast cancer, to eventually expose a
vulnerability that is expressed as Ex-induced apoptosis (8-10). Acquired resistance to TAM
or other selective ER modulators (SERMS) is unigue in that the growth of resistant tumors is
dependent on SERMs (6-8). Acquired TAM resistance during the treatment of metastatic
breast cancer occurs within one or two years (11), consistent with the model of SERM
resistance in athymic mice (6, 8). An Al (depleting E») or fulvestrant (ICI 182,780; a pure
antiestrogen that destroys the ER) is effective as second-line therapy after TAM failure (12,
13). Thus, it appears that acquired resistance to SERMs is initially able to utilize either E; or
a SERM as the growth stimulus in ER-positive TAM-resistant breast tumors. However, no
mechanism has been established to explain this paradox.

We describe a new model of antihormone-resistant breast cancer in vitro that exhibits the
characteristics of acquired TAM resistance in vivo. The MCF-7:5C cell line emerged
unexpectedly from an established MCF-7 cell line after long-term E, deprivation, i.e.
simulated Al resistance (14). The E,-deprived cell lines (14, 15) created from MCF-7 cells
have the unique ability to undergo E-induced apoptosis that has clinical significance for the
treatment (16) and prevention of breast cancer (17). We discovered that if a c-Src inhibitor is
applied, E»-induced apoptosis is initially blocked in MCF-7:5C cells (18), but with extended
treatment, E,-stimulated growth re-emerges (19). Unexpectedly, the derived cell line
MCF-7:PF was found to mimic the SERM/E,-stimulated models in vivo (6), thereby
providing the opportunity to decipher the mechanism of SERM-stimulated growth. Here, we
provide evidence that 4-hydroxytamoxifen (4-OHT)-stimulated growth of MCF-7:PF is ER-
dependent despite suppression of classical ER-target genes. However, 4-OHT functions as
an agonist to enhance the non-genomic activity of ER and activates focal adhesion
molecules to further increase phosphorylation of IGF-1Rp. All of these events promote 4-
OHT-stimulated cell growth. Overall, the constant nuclear pressure causes broad activation
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of membrane-associated signaling to aid breast cancer cell survival during the selection
process required for acquired TAM resistance.

2. Materials and Methods

2.1 Materials

Estradiol and FAK inhibitor (PF573228) were purchased from Sigma-Aldrich (St. Louis,
MO); ICI 182,780 (ICI) was purchased from Tocris (Park Ellisville, MO). SERMs: 4-
hydroxytamoxifen (4-OHT) was purchased from Sigma-Aldrich (St. Louis, MO), raloxifene
was a kind gift from Eli Lilly (Indianapolis, IN), endoxifen was gifted from Dr. James Ingle
(Mayo Clinic, Rochester, MN), bazedoxifene (BZA) was gifted from Dr. Ronald Grigg
(University of Leeds, UK), EM652 was gifted from AstraZeneca (UK). c-Src inhibitor, PP2,
and IGF-1Rp inhibitor, AG1024, were purchased from CalBiochem (San Diego, CA).
Sources of antibodies for Western blot were as follows: ERa (sc-544), mouse IGF-1Rf
(sc-462), and rabbit IGF-1Rp (sc-713) antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA). Total MAPK (#9102), phosphorylated MAPK (#9101), total Akt (#9272),
phosphorylated Akt (#9271), total STAT3 (#4903), phosphorylated STAT3 (#9131), total
FAK (#3285), phosphorylated FAK (Y397, #3283), phosphorylated FAK (Y576/577,
#3281), phosphorylated p130CAS (#4014), phosphorylated IGF-1Rp (#3024), and
phosphorylated c-Src (#2101) antibodies were from Cell Signaling Technology (Beverly,
MA). Total c-Src (GD11) and anti-phosphotyrosine 4G10 antibodies were from Millipore
(Temecula, CA). Total p130CAS (Cat: 610272) was purchased from BD Biosciences (San
Jose, CA).

2.2 Cell culture conditions and cell proliferation assays

The ER-positive wild-type human breast cancer MCF-7 cells, estrogen-deprived MCF-7:5C
cells, and MCF-7:PF cells were cultured as previously described (19). The DNA
fingerprinting pattern of all cell lines are consistent with the report by the ATCC (19). The
DNA content of the cells, a measure of proliferation, was determined as previously
described (19) using a DNA fluorescence Quantitation kit (Bio-Rad Laboratories, Hercules,
CA).

2.3 Immunoblotting

Proteins were extracted in cell lysis buffer (Cell Signaling Technology, Beverly, MA)
supplemented with Protease Inhibitor Cocktail Set | and Phosphatase Inhibitor Cocktail Set
Il (Calbiochem, San Diego, CA). Immunoblotting was performed as previously described
(19).

2.4 Immunoprecipitation

Proteins were extracted in cell lysis buffer (Cell Signaling Technology, Beverly, MA)
supplemented with Protease Inhibitor Cocktail Set | and Phosphatase Inhibitor Cocktail Set
Il (Calbiochem, San Diego, CA). Supernatants containing 1 mg total protein were incubated
with antibody against the target protein at 4°C for 4 h before addition of 40 puL Protein G
beads (Millipore, Temecula, CA), and incubation was continued at 4°C overnight. The
protein G beads with immunocomplex were centrifuged at 14,000 rpm for 20 s. The
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supernatant was carefully removed. The beads were washed twice with cell lysis buffer (Cell
Signaling Technology, Beverly, MA) and then boiled in 20 uL of 2x Laemmli buffer (Bio-
Rad Laboratories, Hercules, CA). Immunoblotting was conducted as described above.

2.5 Subcellular protein fractionation

Plasma membrane protein was extracted using Mem-PER Eukaryotic Membrane Protein
Extraction Reagent kit, and nuclear and cytoplasmic proteins were extracted using NE-PER
Nuclear and Cytoplasmic Extraction Reagents kit following the manufacturer's instructions.
The kits were purchased from Pierce Biotechnology (Rockford, IL). CD73 antibody
(sc-25603, used as the marker of plasma membrane protein), LDH-A antibody (sc-27230,
used as the marker of cytosol protein), and Lamin-A/C (sc-20681, used as the marker of
nuclear protein) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

2.6 Quantitative real-time RT-PCR

Quantitative real-time RT-PCR assays were conducted as previously described (18) using
the SYBR Green PCR Master Mix from Applied Biosystems (Foster City, CA) and a
7900HT Fast Real-time PCR System (Applied Biosystems). All primers were synthesized
by Integrated DNA Technologies (San Diego, CA).

2.7 Transient transfection reporter gene assays

Transient transfection assays were performed using a dual-luciferase system (Promega,
Madison, WI) as previously described (18). Briefly, MCF-7:PF cells were transfected for 24
hours. Then, transfected MCF-7:PF cells were treated with vehicle control (0.1% EtOH), E,
(1079 mol/L), 4-OHT (1078 mol/L), ICI (1076 mol/L), E5 (10~° mol/L) plus ICI (1076
mol/L), and 4-OHT (1076 mol/L) plus ICI (1076 mol/L) for 24 hours. Cells were harvested
to measure luciferase activity following manufacturer’s instruction (Promega, Madison,
WI).

2.8 Chromatin-immunoprecipitation (ChIP) assay

The standard ChlP assay was conducted as previously described (20). Briefly, MCF-7:5C
and MCF-7:PF cells were treated with different compounds as indicated for 45 minutes.
Immunoprecipitation with antibodies against ERa and steroid receptor coactivator-3 (SRC3)
were purchased from Santa Cruz (Santa Cruz, CA). RT-PCR was performed using primers
specific for the pS2 promoter (20).

2.9 Statistical Analysis

All reported values are the means + SE. Statistical comparisons were determined with two-
tailed Student's t tests. Results were considered statistically significant if the p value was
<0.05.
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3. Results
3.1 The ER agonist activity of SERMs is significantly elevated in MCF-7:PF cells

Our recent publication shows the proliferative response to E; in the selected and
reprogrammed cell line, MCF-7:PF, occurs in an ER-dependent manner (19). Here, we
addressed the question of whether SERMs could block E,-stimulated growth. In long-term
E,-deprived MCF-7:5C cells (simulating Al resistance), no SERM had an inhibitory effect
except for bazedoxifene (BZA) (21), whereas all SERMs significantly stimulated cell
growth in MCF-7:PF cells (Fig. 1A). Raloxifene did not stimulate MCF-7:PF cell growth as
effectively as tamoxifen metabolites (22), 4-OHT and endoxifen, nor did the structurally
related EM652 (23). Endoxifen and 4-OHT had similar actions in MCF-7:PF cells (Fig. 1A).
The stimulation by 4-OHT could be completely blocked by ICI and partially blocked by
BZA (Fig. 1B). Both ICI and BZA reduced levels of ERa protein in MCF-7:PF cells (Fig.
1C). It suggests that SERM-stimulated growth is in an ER-dependent manner.

3.2 4-OHT consistently suppresses classical estrogen-responsive element (ERE)-regulated
transcriptional pathways in MCF-7:PF cells

To test whether 4-OHT could also activate classical ERE-regulated endogenous ER-target
genes as well as stimulating cell growth, MCF-7:PF cells were treated with 4-OHT in the
absence or presence of E, for 24 hours. Unlike E,, 4-OHT was unable to activate ERE
activity in MCF-7:PF cells (Fig. 2A). Interestingly, 4-OHT and ICI both inhibited ER-target
genes encoding c-Myc, GREBL, pS2, and PR (Fig. 2B, 2C, and S1), all of which were ER-
target genes induced by E, in MCF-7:PF cells (Fig. 2B, 2C, and S1). Inhibition of E,-
stimulated pS2 by 4-OHT occurred in MCF-7, MCF-7:5C, and MCF-7:PF cell lines (Fig.
S2) regardless of their different biological effects on inhibiting E,-stimulated growth
(MCF-7), having no inhibitory action on cell growth (MCF-7:5C), or stimulating full growth
(MCF-7:PF). Although non-classical ER-regulated transcriptional factors, AP-1 family
members have been reported to be involved in the TAM resistance (24), we did not observe
the up-regulation of c-Fos/c-Jun mMRNA levels by 4-OHT (Fig. 2D and 2E), whereas E, had
a potential to reduce c-Fos/c-Jun mMRNA levels in MCF-7:PF cells (Fig. 2D and 2E). These
findings imply that 4-OHT is able to consistently suppress the classical ERE-regulated
transcriptional pathways, even at time of growth stimulation.

3.3 4-OHT does not recruit ERa and SRC3 to the promoter of pS2 in MCF-7:PF cells

Since coactivators may be involved in promoting the agonistic properties of TAM (25), we
tested the recruitment of ERa and the coactivator SRC3 to the promoter region of pS2 gene
by chromatin immunoprecipitation (ChIP). MCF-7:5C and MCF-7:PF cells were treated in
parallel with vehicle (0.1% EtOH), E,, or 4-OHT for 45 min, and thereafter harvested for
ChIP. As noted in wild-type MCF-7 cells (20), we found that both E and 4-OHT recruited
ERa to the pS2 promoter in MCF-7:5C cells (Fig. 3A). In contrast, E, weakly recruited ERa
to the pS2 promoter in MCF-7:PF cells, and 4-OHT showed no ERa recruitment (Fig. 3A).
Recruitment of SRC3, which plays an important role in transcriptional activation of many
ER-regulated genes (26), followed a similar pattern to ERa in MCF-7:5C cells (Fig. 3B).
However, neither E; nor 4-OHT recruited SRC3 to the pS2 promoter in MCF-7:PF cells
(Fig. 3B). These results provide further evidence to suggest that 4-OHT-stimulated growth
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of MCF-7:PF does not involve recruitment of ERa and SRC3 to the promoters of ER target
genes.

3.4 4-OHT stimulates membrane-associated signaling pathways to promote cell growth in
MCF-7:PF cells

We observed that 4-OHT rapidly activated MAPK signaling, in a similar pattern as E; (Fig.
4A, 27), although without clear redistribution of ERa in the plasma membrane (Fig. S3A).
Inhibition of ER (ICl), c-Src (PP2), and IGF-1R (AG1024) were each sufficient to block the
4-OHT-mediated MAPK activation (Fig. 4B), which demonstrates that ER, ¢c-Src and
IGF-1R participate in the rapid non-genomic action of 4-OHT in MCF-7:PF cells. With
prolonged treatment, 4-OHT was more potent than E, in the activation of Akt and STAT3,
whereas MAPK signaling was not significantly different among the treatment groups (Fig.
4C). Both 4-OHT and E; could activate focal adhesion molecules FAK and p130CAS (Fig.
4D). The activation of FAK and STAT3 could be blocked by the c-Src inhibitor, PP2 (Fig.
S3B). Importantly, inhibition of c-Src and FAK completely blocked 4-OHT-stimulated cell
growth, but not Ex-induced proliferation (Fig. 4E, S3C, S3D, and S3E). Together, these
results suggest that focal adhesion molecules contribute to the development of resistance in
this model.

3.5 4-OHT increases phosphorylation of IGF-1R to promote cell growth

Membrane-associated IGF-1Rp has been found to be responsible for the activation of the
phosphatidylinositol-3 kinases (P13K)/Akt signaling pathway in MCF-7:PF cells (19). Here,
E, increased the expression of IGF-1Rp transcript and protein (Fig. 5A and 5B), however,
levels of IGF-1Rp transcript and protein were markedly reduced by 4-OHT, even in the
presence of E, (Fig. 5A and 5B). While 4-OHT did not increase total IGF-1R, it did induce
phosphorylation of IGF-1Rp through ER, which was inhibited by ICI (Fig. 5C). Interaction
between ER and activated IGF-1Rp was increased by 4-OHT in MCF-7:PF cells (Fig. 5C).
Furthermore, a specific inhibitor of IGF-1Rp (AG1024) alone prevented cell growth (Fig.
5D) and completely abolished 4-OHT-stimulated cell growth in MCF-7:PF cells (Fig. 5D).
All together, our results indicate that 4-OHT exerts distinct functions on nuclear ER and
membrane-associated ER in resistant model (Fig. 6). A variety of membrane-associated
molecules are activated by 4-OHT to form a complicated signaling network (Fig. 6). ER and
IGF-1Rp are two critical molecules to integrally modulate signaling between nucleus and
plasma membrane (Fig. 6).

4. Discussion

For the first time, we established a TAM-resistant model entirely in vitro which faithfully
replicates SERM/E,-stimulated growth in vivo (28, 29). We document the mechanistic
changes that membrane-associated pathways play as an essential requirement in the
mediation of TAM resistance despite the constant inhibition of nuclear ER-target genes.

Our results demonstrate that ER is a major driver of growth utilized by both E; and TAM in
resistant models in vivo and in vitro (Fig. 1B, 6, 28). As a result, ER remains a therapeutic
target in breast cancers that are resistant to both first- and second-line endocrine
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interventions (21, 30). This is illustrated recently by the fact that BZA inhibits the growth of
both TAM-sensitive and -resistant ER-positive breast cancer xenografts (30). Indeed, the
SERM used by Wardell et al (30) in vivo are recapitulated here in vitro (Fig. 1A and 1B). In
contrast to E; that activated classical ER-target genes, 4-OHT continued to act as an
effective antiestrogen to inhibit classical ER-target genes (Fig. 2B, 2C, and S1), even at the
time of growth stimulation. The question, therefore, arises as to the function of classical ER-
target genes in the process of selecting a new population to acquire TAM resistance. The
results presented here are consistent with our previous finding in vivo that growth of tumors
by TAM or a fulvestrant/E, combination is potentially independent of ER transcriptional
activity, as evidenced by lack of induction of E,-responsive genes (31). Other groups have
reported similar observations with TAM suppressing classical ERE-regulated genes despite
acquired resistance in vitro (32, 33) or in vivo (34). However, the aforementioned model in
vitro (32, 33) does not demonstrate SERM-stimulated growth. Moreover, we observed that
4-OHT effectively inhibited the ER-target gene, pS2, induced by E; in three cell lines with
differential biological responsiveness to 4-OHT and E, (Fig. S2). Together, these
observations highlight that TAM may continue to function as an antiestrogen for classical
ER-target genes even when acquired resistance occurs. It also illustrates that the function of
ER is modified in the process of acquired SERM resistance.

A significant alteration of ER function observed in TAM-resistant cells is the enhancement
of the non-genomic activity (Fig. 4A) involving a multi-molecular complex containing
IGF-1Rp, c-Src, She, and ER (27, Fig. 4B). Inhibition of c-Src and FAK completely blocked
4-OHT-stimulated growth but not E,-stimulated growth (Fig. 4E, S3C, S3D, and S3E),
confirming the important role of membrane-associated signaling in 4-OHT-stimulated
growth. It needs to be noted here how c-Src integrally regulates the non-genomic function of
ER and interactions among functional membrane-associated molecules. Our observations
demonstrate that blocking E,-induced stress is the major contribution of the c-Src inhibitor,
PP2, to establish a reprogrammed cell line, MCF-7:PF (18, 19). However, c-Src tyrosine
kinase is not permanently suppressed if the c-Src inhibitor is removed from the medium
(19). PP2 is a reversible blocker even after months of treatment (19). The recovery c-Src
tyrosine kinase has multifaceted functions to regulate 4-OHT-promoted cell growth. In
addition to the mediation of the non-genomic pathway of ER (Fig. 4B), c-Src was involved
in the activation of FAK and STAT3 by 4-OHT (Fig. S3B). Tyrosine phosphorylated focal
adhesion molecules, such as FAK and p130CAS (Fig. 4D) provide docking sites for the
redistribution of a small fraction of ER that associates with the cell membrane (33, 35), and
mediate the cross-talk between the ER and growth factor receptors (27, 35). All of these
results illustrate that 4-OHT modulates a variety of membrane-associated molecules to
enhance the non-genomic pathways in TAM-resistant cells (Fig. 6).

Membrane-associated growth factor receptors, such as IGF-1R are another permissive
components resulting in TAM resistance (34-37). IGF-1R is regulated by E5 in an ER-
dependent manner (19, 38). Cross-talk between IGF-1R and ER signaling pathways results
in synergistic growth (39). Here, we provide evidence that 4-OHT functions as an
antiestrogen to suppress the gene expression of IGF-1Rp, even in the presence of E; (Fig.
5A). Interestingly, 4-OHT had the capacity to simultaneously activate IGF-1Rp through ER
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(Fig. 5B and 5C), facilitating its interaction with ER (Fig. 5C) to activate non-genomic
pathways (Fig. 4B). Our observations precisely define the mechanisms underlying the
paradoxical finding in vivo that acquired resistance to TAM is associated with loss of total
IGF-1R (34, 37, 40) but keep (40) or gain of phosphorylated IGF-1R (34, 37). In contrast to
the result that the non-genomic action of ER can rapidly (within minutes) activate IGF-1Rp
(27), we detected increased phosphorylation of IGF-1Rj by 4-OHT after 24 hours (Fig. 5B
and 5C). Currently, it is unclear how 4-OHT activates IGF-1Rp through ER. Deposition of
fibrinogen in the plasma membrane (19) may facilitate the interactions between IGF-1R and
focal adhesion molecules, which may participate in the activation of IGF-1Rf (41). c-Src is
a critical molecule to mediate the functions of focal adhesion molecules (33). However,
inhibition of c-Src did not suppress phosphorylation of IGF-1Rp, which was increased to a
higher level in MCF-7:PF cells (Fig. S4). This result implies that other molecules may be
involved in the activation of IGF-1Rp. All together, distinct functions on nuclear ER and
membrane-associated ER by 4-OHT differentially affect the levels of total and
phosphorylated IGF-1Rp. Cross-talk between ER and IGF-1Rp appears to reinforce one
another to stimulate breast cancer cell growth (Fig. 6).

Acquired resistance to SERMs is not one-dimensional with a simple solution. Resistant cell
populations are in constant evolution depending upon selection pressure and the availability
of growth stimuli that enhances population plasticity and survival of new clones. This
plasticity is well illustrated by the MCF-7 cell line. There are few ER-positive cell lines
(42), but based on results using MCF-7 cells, progress in breast cancer research and patient
care has been profound (43). For the first time, we have recapitulated an entirely new
MCEF-7:PF cell line with both E, and SERM-stimulated growth dependent on ER signaling.
4-OHT exerts distinct functions on nuclear and extra-nuclear ER (Fig. 6). The non-genomic
activity of ER is diversely modulated via multiple membrane-associated molecules to
subvert long-term nuclear suppression by TAM. The targeting of these membrane-associated
pathways and seeking new unanticipated combination therapies with the MCF-7:PF cells
may have further clinical potential to decipher and treat endocrine-resistant patients.
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Figure 1. Cell response to various SERMs
(A) Growth response to various antiestrogens. MCF-7:5C and MCF-7:PF cells were treated

with vehicle (0.1% EtOH; con) and antiestrogens: ICI, 4-OHT, Endoxifen, EM652,
Raloxifene, and Bazedoxifene (BZA\) at a final concentration of 1uM (1076 mol/L). Cells
were harvested after 7 days treatment and cell viability was quantitated by determination of
total DNA. p<0.001, ** compared with control. (B) ICI and BZA blocked the proliferation
activated by 4-OHT. MCF-7:PF cells were treated with vehicle (0.1% EtOH) and different
compounds or combination at the same concentration as above. Cells were harvested after 7
days treatment and total DNA was determined as above. p<0.001, ** compared with control.
(C) ICI and BZA reduced levels of ERa. ERa of MCF-7:PF cells was examined by Western
blot after 24 hours treatment with different compounds at the same concentration as in (A).
All the data shown are representative of at least three separate experiments with similar
results.
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Figure 2. 4-OHT regulated ER transcriptional pathways in MCF-7:PF cells
(A) ERE-reporter gene activity. MCF-7:PF cells were transfected with ERE firefly

luciferase and renilla luciferase plasmids as in Materials and Methods. (B), (C) Expression
of classical ER-target genes. MCF-7:PF cells were treated with vehicle (0.1% EtOH), E,
(1079 mol/L), 4-OHT (1078 mol/L), and E5 (10~ mol/L) plus 4-OHT (1076 mol/L) for 24
hours. Expression of c-Myc (B) and GREB1(C) was quantitated by real-time RT-PCR.
p<0.05, * compared with control, p<0.001, ** compared with control. (D), (E) Expression of
non-classical ER-regulated genes. RNA samples were the same as in (B) and (C).
Expression of c-Fos (D) and c-Jun (E) was quantitated by real-time RT-PCR. p<0.05, *

compared with control.
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Figure 3. 4-OHT did not recruit ERa or SRC3 to the promoter of pS2 in MCF-7:PF cells

(A) Recruitment of ERa at the pS2 proximal promoter. MCF-7:5

C and MCF-PF cells were

treated with vehicle (0.1% EtOH; con), E; (1072 mol/L), and 4-OHT (10~ mol/L) for 45

min. ChIP assay was performed as in Materials and Methods. p<

0.05, * compared with

control, p<0.001, ** compared with control. (B) Recruitment of SRC3 at the pS2 proximal
promoter. MCF-7:5C and MCF-PF cells were treated the same as above. ChIP assay was
performed as described in Materials and Methods. p<0.05, * compared with control,
p<0.001, ** compared with control. All the data shown are representative of at least three

separate experiments with similar results.
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Figure 4. 4-OHT activated membrane-associated signaling in MCF-7:PF cells
(A) Rapid activation of MAPK. MCF-7:PF cells were treated with E; (1079 mol/L) or 4-

OHT (1076 mol/L) for the time points indicated. p-MAPK was examined by Western blot.
Total MAPK was measured as loading control. (B) Selective inhibition of 4-OHT-induced
MAPK activation. MCF-7:PF cells were treated with 4-OHT (1076 mol/L) alone or in the
presence of specific inhibitors, PP2 (5x107% mol/L), AG1024 (10~ mol/L), and ICI (1076
mol/L) for 10 minutes. p-MAPK was examined by Western blot. (C) Activation of growth
pathways by 4-OHT or E, MCF-7:PF cells were treated with vehicle (0.1% EtOH), E,
(1079 mol/L), or 4-OHT (1078 mol/L) for 72 hours. p-Akt, p-MAPK, and p-STAT3 were
determined by Western blot. Respective total proteins were examined as loading controls.
(D) Activation of focal adhesion molecules by 4-OHT and E, Cell lysates were the same as
in (C). p-FAK and p-p130CAS were determined by Western blot. Respective total proteins
were examined as loading controls. (E) The FAK inhibitor, PF573228, blocked the
proliferation induced by 4-OHT. MCF-7:PF cells were seeded in 24-well plates as above.
One day later, they were treated with vehicle (0.1% DMSO), 4-OHT (1076 mol/L),
PF573228 (1076 mol/L), and PF573228 (1075 mol/L) plus 4-OHT (10~% mol/L) for 7 days.
Total DNA was determined as above as a measure for cell proliferation. p<0.001, **
compared with control.
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Figure 5. 4-OHT increased phosphorylation of IGF-1R in MCF-7:PF cells
(A) Expression of IGF-1RB mRNA. MCF-7:PF cells were treated with vehicle (0.1%

EtOH), E5 (1079 mol/L), 4-OHT (1076 mol/L), or E; (1072 mol/L) plus 4-OHT (106 mol/L)
for 72 hours. IGF-1Rf mRNA was quantitated through real-time RT-PCR. p<0.05, *
compared with control, p<0.001, ** compared with control. (B) Protein levels of p-IGF-1Rp
and total IGF-1RB. MCF-T7:PF cells were treated with vehicle (0.1% EtOH), E, (1079
mol/L), or 4-OHT (107® mol/L) for 72 hours. Total IGF-1Rp and p-IGF-1Rp were
determined by Western blot. (C) Interaction between ERa and p-IGF-1Rp. MCF-7:PF cells
were treated with vehicle (0.1% EtOH), 4-OHT (1076 mol/L), 4-OHT (1078 mol/L) plus ICI
(1078 mol/L), and 4-OHT (1076 mol/L) plus AG1024 (10~5 mol/L) for 24 hours. Protein-
protein interaction was determined by immunoprecipitation. (D) Growth response to the
IGF-1R inhibitor. MCF-7:PF cells were treated with vehicle control (0.1% DMSO), 4-OHT
(1078 mol/L), AG1024 (1075 mol/L), and AG1024 (10~° mol/L) plus 4-OHT (10~ mol/L)
for 7 days. Total DNA was determined as above. p<0.001, ** compared with control.

Eur J Cancer. Author manuscript; available in PMC 2015 November 01.



1duosnuely Joyny vd-HIN 1duosnuely Joyny vd-HIN

wdudsnuel Joyny vd-HIN

Fan et al.

TAM ECM

~ Antiapoptotic

pathway

—— inhibition
—> activation

Page 18

Figure 6. Genomic and nongenomic signal transduction pathways in tamoxifen resistant model
E, and TAM exert differential functions on nuclear ER. E, activates classical ER-target

genes but TAM acts to block gene activation. Both E; and TAM increases the hon-genomic
activity of ER through membrane-associated molecules such as c-Src, IGF-1Rf, and FAK to

enhance downstream signaling cascades.
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