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Antiestrogens such as tamoxifen (TAM) provided a successful treatment for estrogen receptor
(ER)-positive breast cancer for the past four decades. However, most breast tumors are eventually
resistant to TAM therapy. The molecular mechanisms underlying TAM resistance have not been
well established. Recently, we reported that breast cancer patients with tumors expressing high
concentrations of ER-�36, a variant of ER-�, benefited less from TAM therapy than those with low
concentrations of ER-�36, suggesting that increased ER-�36 concentration is one of the underlying
mechanisms of TAM resistance. Here, we investigated the function and underlying mechanism of
ER-�36 in TAM resistance. We found that TAM increased ER-�36 concentrations, and TAM-resistant
MCF7 cells expressed high concentrations of ER-�36. In addition, MCF7 cells with forced expression
of recombinant ER-�36 and H3396 cells expressing high concentrations of endogenous ER-�36
were resistant to TAM. ER-�36 down-regulation in TAM-resistant cells with the short hairpinRNA
method restored TAM sensitivity. We also found that TAM acted as a potent agonist by activating
phosphorylation of the AKT kinase in ER-�36-expressing cells. Finally, we found that cells with high
concentration of ER-�36 protein were hypersensitive to estrogen, activating ERK phosphorylation
at picomolar range. Our results thus demonstrated that elevated ER-�36 concentration is one of
the mechanisms by which ER-positive breast cancer cells escape TAM therapy and provided a
rational to develop novel therapeutic approaches for TAM-resistant patients by targeting
ER-�36. (Endocrinology 154: 1990 –1998, 2013)

Because mitogenic estrogen signaling plays a pivotal
role in development and progression of estrogen re-

ceptor (ER)-positive breast cancer, treatment with anties-
trogens such as tamoxifen (TAM) provides a successful
option for ER-positive breast cancer patients in the past 4
decades. However, despite the significant antineoplastic
activity of TAM, most breast tumors are eventually resis-
tant to TAM therapy, which largely affects the efficacy of
this treatment. Essentially, two forms of TAM resistance
occur: de novo and acquired resistance (reviewed in Refs.
1–3). Although ER-� absence is the most common de novo
resistance mechanism, about 50% ER-positive breast can-
cer patients with advanced disease do not respond to TAM
treatment by the time of diagnosis (reviewed in Ref. 2).
The exact mechanisms underlying the de novo TAM re-

sistance in these ER-positive tumors are largely unknown.
Several mechanisms have been postulated to be involved in
the TAM resistance, such as increased growth factor sig-
naling, metabolism of TAM by cytochrome P450 2D6
variants, altered expression of coregulators, and muta-
tions of ER-� (reviewed in Refs. 3, 4). In addition, most
initially responsive breast tumors gradually acquire TAM
resistance by loss of TAM responsiveness, the acquired
resistance. The mechanisms by which breast tumors lose
their TAM responsiveness have not been well established.
Breast tumors with acquired TAM resistance frequently
retain ER-� expression that would still classify them as
ER-positive tumors (3). Therefore, loss of ER-� expres-
sion is not a major mechanism driving acquired TAM re-
sistance. Another acquired TAM-resistance phenotype
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has been described in breast cancer xenografts that exhibit
a switch from a TAM-inhibitory phenotype to a TAM-
stimulated one (5, 6). The agonist activity of TAM in this
model may be due to the enhanced growth factor signaling
that is often associated with acquired TAM resistance (re-
viewed in Ref. 7). However, the molecular mechanism
underlying this type of acquired TAM resistance has not
been well established.

During development of acquired antiestrogen resis-
tance, breast cancer cells usually undergo adaptive
changes in response to inhibitory effects of antiestro-
gens (8). Adaptive changes also occur in response to
aromatase inhibitor therapy in postmenopausal pa-
tients or from oophorectomy in premenopausal patients
(9, 10). Using a MCF7 breast cancer model system,
Santen’s group demonstrated that deprivation of estro-
gen for a prolonged period of time confers these cells
hypersensitive to low concentrations of estrogen (8 –
11). In these hypersensitive cells, 17�-estradiol (E2)
stimulates cell proliferation at picomolar (pM) range,
whereas the wild-type cells require nanomolar (nM)
range E2 to induce cell growth (11). However, the exact
molecular events in the development of this “adaptive
hypersensitivity” have not been elucidated, although
up-regulation and membrane localization of ER-�, ac-
tivation of the nongenomic estrogen signaling, and in-
duction of c-Myc and c-Myb have been proposed to be
involved in this process (8, 12).

Previously, our laboratory identified and cloned a vari-
ant of ER-�, ER-�36, which has a molecular mass of 36
kDa (13, 14). The transcript of ER-�36 is initiated from a
previously unidentified promoter in the first intron of the
ER-� gene (15). This ER-� differs from the original 66-
kDa ER-� (ER-�66), because it lacks both transcriptional
activation function domains (AF-1 and AF-2) but retains
the DNA-binding and dimerization domains and partial
ligand-binding domain (13). ER-�36 is mainly localized
near the plasma membrane and mediates membrane-ini-
tiated estrogen signaling (14). We also found that the
breast cancer patients with tumors expressing high con-
centrations of ER-�36 benefited less from TAM therapy
than those with low concentrations of ER-�36 (16), sug-
gesting that increased ER-�36 concentration is one of the
underlying mechanisms of TAM resistance. Recently, we
also reported that ER-�36 is able to mediate agonist ac-
tivity of TAM and ICI 182, 780 (17, 18), such as activation
of the mitogen-activated protein kinase (MAPK)/extracel-
lular-signal-regulated kinases (ERK) and the phosphati-
dylinositide 3-kinase (PI3K)/protein kinase B (AKT) sig-
naling pathways, indicating that these antiestrogens may
loss their growth-inhibitory activities in cells with in-
creased ER-�36 expression.

Based on these observations, we hypothesized that ER-
�36 is involved in TAM resistance. Using ER-positive
breast cancer MCF7 cells with different concentrations of
ER-�36 as model systems, we investigated ER-�36 func-
tion in TAM resistance. Here, we present evidence to dem-
onstrate that ER-�36 plays an important role in TAM
resistance presumably through mediating agonist activity
of TAM and estrogen hypersensitivity.

Materials and Methods

Chemicals and antibodies
E2 was purchased from Sigma Chemical Co (St Louis, Mis-

souri). Anti-phospho-p44/42 ERK (Thr202/Tyr204) (197G2)
mouse monoclonal antibody (mAb), anti-p44/42 ERK (137F5)
rabbit mAb, anti-phospho-AKT (Ser473) (D9E) rabbit mAb and
anti-AKT (pan) (C67E7) rabbit mAb, anti epidermal growth
factor receptor (EGFR) and human epidermal growth factor re-
ceptor 2 (HER2) antibodies were purchased from Cell Signaling
Technology (Boston, Massachusetts). Antibodies of ER-�66 and
�-actin were purchased from Santa Cruz Biotechnology, Inc
(Santa Cruz, California). Polyclonal anti-ER-�36 antibody was
generated by the custom service provided by the Pacific Immu-
nology Corp (Ramona, California) using the last 20 amino acids
of the ER-�36 encoded by the exon 9 that is unique to ER-�36
as an immunogen. The produced antibody was purified with an
affinity column made of immunogen peptides. The antibody was
characterized and validated with a number of experiments, in-
cluding immpunoprecipitation, immunofluorescence staining,
and Western blot analysis. The antibody specifically recognizes
ER-�36 and does not cross-react with ER-�66.

Cell culture and establishment of stable cell lines
The MCF7 cell line (American Type Culture Collection, Ma-

nassas, Virginia) and its derivatives, as well as H3396 cells (a
kind gift from Dr Leia Smith of Seattle Genetics, Bothell, Wash-
ington), were maintained at 37°C in a 10% CO2 atmosphere in
Improved Minimum Essential Medium (IMEM) without phenol
red and 10% fetal calf serum. To establish stable cell lines with
knocked down concentrations of ER-�36, we constructed an
ER-�36-specific short hairpin RNA (shRNA) expression vector
bycloningtheDNAoligonucleotides5�-GATGCCAATAGGTAC
TGAATTGATATCCGTTCAGTACCTATT GGCAT-3� from
the 3�untranslated region of ER-�36 gene into the pRNAT-U6.1/
Neo expression vector from GenScript Corp (Piscataway, New
Jersey). Briefly, cells transfected with the empty expression vec-
tor and ER-�36 shRNA expression vector were selected with
500-�g/mL G418 for 3 weeks, and more than 20 individual
clones from transfected cells were pooled, examined for ER-
�36 expression with Western blot analysis, and retained for
experiments. For ERK1/2 and AKT activation assays, cells
were treated with vehicle (ethanol) and indicated concentra-
tions of TAM or E2.

To examine cell growth in the presence or absence of anties-
trogens, cells maintained for 3 days in phenol red-free DMEM
plus 2.5% dextran-charcoal-stripped fetal calf serum (HyClone,
Logan, Utah) were treated with different concentrations of
TAM, E2, or ethanol vehicle as a control. The cells were seeded
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at 1 � 104 cells per dish in 60-mm dishes, and the cell numbers
were determined using the ADAM automatic cell counter (Dig-
ital Bio, Seoul, Korea) after 7 days. Five dishes were used for each
treatment, and experiments were repeated at least 3 times.

Western blot analysis
For immunoblot analysis, cells washed with PBS were lysed

with the lysis buffer (50mM Tris-HCl [pH 8.0], 150mM NaCl,
0.25mM EDTA [pH 8.0], 0.1% sodium dodecyl sulfate, 1%
Triton X-100, and 50mM NaF) plus the protease and phospha-
tase inhibitors (Sigma Chemical Co). The protein amounts were
measured using the DC protein assay kit (Bio-Rad Laboratories,
Hercules, California). The same amounts of the cell lysates were
boiled for 5 minutes in loading buffer and separated on a SDS-
PAGE gel. After electrophoresis, the proteins were transferred to
a polyvinylidene difluoride (PVDF) membrane. The membranes
were probed with various primary antibodies horseradish per-
oxidase (HRP)-conjugated secondary antibodies, and visualized
with enhanced chemiluminescence detection reagents (GE
Healthcare Bio-Sciences Corp, Piscataway, New Jersey). All
Western blot experiments were performed at least 3 times. Band
densities on developed films were measured and analyzed using
Quantity One 1-D Analysis Software version 4.6.7 (Bio-Rad
Laboratories).

Statistical analysis
Data were summarized as the mean � SE using the GraphPad

InStat software program (GraphPad, San Diego, California).
Tukey-Kramer multiple comparisons test was also used, and the
significance was accepted for P � .05.

Results

TAM treatment induces ER-�36 protein
concentration in ER-positive breast cancer MCF7
cells

Previously, our laboratory identified and cloned a 36-
kDa variant of ER-�, ER-�36, that functions differently
from the 66-kDa full-length ER-�, ER-�66 (13, 14). Using
an ER-�36-specific antibody, we further found that ER-
�36 is highly expressed in established ER-negative breast
cancer cells while weakly expressed in ER-positive breast
cancer cells such as MCF7 (14). In order to investigate
ER-�36 function in the activities of antiestrogens, we first
examined whether TAM influences ER-�36 expression in
MCF7 cells. The steady state concentration of ER-�36
protein in MCF7 cells treated with 1�M TAM for differ-
ent time periods or different concentrations of TAM was
examined with Western blot analysis. After ��� treat-
ment, ER-�36 protein concentration was increased in
MCF7 cells in a time- and concentration-dependent man-
ner (Figure 1), indicating that TAM is able to increase
ER-�36 concentration in ER-positive breast cancer MCF7
cells.

TAM-resistant ER-positive breast cancer MCF7 cells
express high concentration of ER-�36 protein

To examine the possible involvement of ER-�36 in de-
velopment of acquired TAM resistance, we cultured

Figure 1. TAM treatment increases concentrations of ER-�36 protein. (A) Western blot analysis of the concentrations of ER-�36 and ER-�66
proteins in ER-positive breast cancer MCF7 cells treated with indicated concentrations of TAM for 12 hours. (B) Western blot analysis of MCF7 cells
treated with 1�M TAM for indicated hours (h). All experiments were done at least 3 times, and representative results are shown. Relative band
intensities were obtained by quantitative densitometric scanning of autoradiographic signals and are shown with the ER-�36 band densities from
the cells treated with vehicle (ethanol, 0�M TAM) or at 0 hours that were arbitrarily set as 1. The columns represent the means of 3 experiments;
bars, SE.
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MCF7 cells in the presence of TAM (1�M) for 6 months
and pooled all surviving cells to establish a cell line MCF7/
TAM. This cell line exhibited resistance to the growth-
inhibitory activity of TAM compared with the parental
cells and TAM at 1�M even acted as an agonist in MCF7/
TAM cells (Figure 2A). Western blot analysis revealed that
MCF7/TAM cells expressed higher concentration of ER-
�36 protein compared with the MCF7 parental cells,
whereas ER-�66 protein concentration was without sig-
nificant change (Figure 2B), suggesting that MCF7 cells
gained ER-�36 expression during development of ac-
quired TAM resistance. MCF/TAM cells also expressed
increased concentrations of EGFR and HER2 proteins
(Figure 2B), indicating that MCF7/TAM cells also gained
expression and signaling of the EGFR/HER2 pathway.

High concentration of ER-�36 protein confers TAM
resistance

To confirm that elevated concentration of ER-�36 pro-
tein is involved in TAM resistance, we sought to down-
regulate ER-�36 expression in MCF7/TAM cells using the
shRNA approach. We established a cell line with knocked
down concentration of ER-�36 protein (MCF7/TAM/
Si36) from MCF7/TAM cells using the shRNA method as
evidenced by Western blot analysis (Figure 3A). We also
noticed that the concentrations of EGFR and HER2 were
also decreased in MCF7/TAM/Si36 cells (Figure 3A). ER-
�36 knockdown restored the sensitivity of MCF7/TAM
cells to the growth-inhibitory effects of TAM to a level

similar to parental MCF7 cells (Figure 3B). Our data thus
suggested that elevated ER-�36 concentration is involved
in development of acquired TAM resistance.

To further confirm that elevated ER-�36 expression
contributes to TAM resistance, we introduced recombi-
nant ER-�36 into MCF7 cells that express high concen-
tration of ER-�66 protein but lower concentration of ER-
�36 to establish a stable cell line, MCF7/ER36. Western
blot analysis confirmed that recombinant ER-�36 protein
was highly expressed in MCF7/ER36 cells compared with
the control MCF7 cells transfected with the empty expres-
sion vector (Figure 4A). We also observed that the EGFR
expression was strongly increased, whereas the HER2 ex-

Figure 2. TAM-resistant ER-positive breast cancer MCF7 cells express
high concentrations of endogenous ER-�36. (A) ER-positive breast
cancer MCF7 cells and TAM-resistant MCF7 cells (MCF7/TAM) cells
were treated with indicated concentrations of TAM for 7 days, and
surviving cells were counted. The columns represent the means of 3
experiments; bars, SE. *P � .05 for MCF/TAM cells treated with vehicle
vs cells treated with 1�M TAM. #P � .01 for MCF/TAM cells vs MCF
cells treated with indicated concentrations of TAM. (B) Western blot
analysis of the expression concentrations of ER-�36 and ER-�66, EGFR,
and HER2 in MCF7 and MCF7/TAM cells.

Figure 3. ER-�36 is involved in TAM resistance. (A) Western blot
analysis of the concentrations of ER-�36 and ER-�66, EGFR, and HER2
proteins in MCF7 cells, MCF7/TAM cells transfected with the empty
expression vector (MCF/TAM/Vector), and MCF7/TAM cells transfected
with an ER-�36-specific shRNA expression vector (MCF7/TAM/Si36). (B)
Cells were treated with indicated concentrations of TAM for 7 days,
and the numbers of surviving cells were determined. The columns
represent the means of 3 experiments; bars, SE. *P � .05 for MCF/
TAM/Vector cells treated with vehicle vs cells treated with 1�M TAM.

Figure 4. ER-positive breast cancer cells with elevated concentrations
of ER-�36 protein are resistant to TAM. (A) Western blot analysis of
the lysates from ER-positive breast cancer MCF7 cells, MCF7 cells with
forced expression of ER-�36 (MCF7/ER36), and H3396 cells with high
concentrations of endogenous ER-�36 protein. The concentrations of
EGFR and HER2 proteins are also shown. (B) Cells were treated with
indicated concentrations of TAM for 7 days, and the numbers of
surviving cells were counted. The columns represent the means of 3
experiments; bars, SE.
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pression was weakly increased in
MCF7/ER36 cells (Figure 4A), con-
sistent with our previous report that
ER-�36 stabilizes EGFR protein
(19). When MCF7/ER36 cells were
treated with different concentrations
of TAM, these cells are more resis-
tant to the growth-inhibitory effects
of TAM compared with the control
MCF7 cells (Figure 4B), indicating
that increased ER-�36 concentra-
tion is one of the underlying mecha-
nism of TAM resistance. We also
found a breast cancer cell line H3396
that expressed high concentration of
endogenous ER-�36 protein (Figure
4A). Like MCF7/ER36 cells, H3396
cells were more resistant to the
growth-inhibitory effects of TAM
compared with the control MCF7
cells (Figure 4B).

TAM induces AKT activation in
cells expressing ER-�36

Previously, we found that TAM
elicited agonist activities, such as ac-
tivation of the MAPK/ERK and the
PI3K/AKT pathways in ER-�36-ex-
pressing endometrial cells (15, 16).
We sought to determine whether ER-
�36 mediates agonist activity of
TAM in cells with high concentra-
tions of ER-�36. We first treated
MCF7 cells with different concentra-
tions of TAM, and the AKT phos-
phorylation was measured with
Western blot analysis. In control
MCF7 cells transfected with the
empty expression vector (MCF7/
Vector), we found that at lower con-
centrations from 1�M to 3�M,
TAM induced the AKT phosphory-
lation, whereas at 4�M–5�M, it
failed to do so (Figure 5B). However,
TAM at different concentrations
failed to induce AKT activation in
MCF7 cells with ER-�36 knocked
down (Figure 5, A and B), indicating
that ER-�36 mediates agonist activ-
ity of TAM. However, in MCF7/
TAM, H3396, and MCF7/ER36
cells, TAM potently induced the

Figure 5. ER-�36 mediates TAM-induced phosphorylation of the AKT kinase in ER-positive
breast cancer MCF7 cells. (A) Western blot analysis of ER-�36 and ER-�66 protein concentrations
in MCF7 cells transfected with an empty expression vector (MCF7/Vector) and MCF7 cells
transfected with the ER-�36-specific shRNA expression vector (MCF7/Si36). (B) Western blot
analysis of phosphorylation of AKT in MCF7/Vector and MCF7/Si36 cells treated with indicated
concentrations of TAM using phospho-specific or phospho-nonspecific AKT antibodies. (C)
Western blot analysis of phosphorylation of AKT in MCF7 and MCF7/ER36 cells treated with
different concentrations of TAM. (D) Western blot analysis of phosphorylation of AKT in H3396
and H3396/Si36 cells treated with indicated concentrations of TAM using phospho-specific or
phospho-nonspecific AKT antibodies. (E) Western blot analysis of phosphorylation of AKT in
MCF7/TAM and MCF7/TAM/Si36 cells treated with indicated concentrations of TAM. All
experiments were done at least 3 times, and representative results are shown. AKT phosphorylation
intensities were obtained by quantitative densitometric scanning of autoradiographic signals obtained
with the phospho-specific AKT antibody and normalized with the signals obtained by the phospho-
nonspecific AKT antibody. The relative band intensities are shown with the band densities from the
cells treated with vehicle (ethanol, 0�M TAM) that were arbitrarily set as 1. The columns represent
the means of 3 experiments; bars, SE. P-AKT, phosphorylated AKT.
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AKT phosphorylation even at 4�M–5�M (Figure 5, C–E).
In MCF7/TAM and H3396 cells, TAM induced AKT
phosphorylation at 0.4�M (Figure 5, D and E). To further
confirm the role of ER-�36 in the agonist activity of TAM,
we also used MCF/TAM and H3396 cells with knocked

down concentrations of ER-�36
protein and found that TAM failed
to induce AKT phosphorylation in
these cells (Figure 5, D and E). Taken
together, these results demonstrated
that TAM acts as an agonist to in-
duce AKT phosphorylation in cells
expressing ER-�36, which provides
an explanation to the involvement of
ER-�36 in TAM resistance.

ER-�36-expressing breast cancer
cells exhibit estrogen
hypersensitivity

Previously, it was reported that
cells deprived of estrogen for a long
term exhibited hypersensitivity to
estrogens (8). We decided to exam-
ine whether ER-�36 is involved in
development of estrogen hypersen-
sitivity. MCF7/TAM cells were
treated with different concentra-
tions of E2 for 7 days. We found
that E2 stimulated stronger prolif-
eration in these cells compared
with the parental MCF7 cells (Fig-
ure 6A). In addition, MCF7/TAM
cells exhibited hypersensitivity to
E2; at pM range, E2 stimulated pro-
liferationofMCF/TAMcells,whereas
E2 stimulated proliferation of the pa-
rental MCF7 cells at nM range (Figure
6A). We also found that MCF7/ER36
cells that express recombinant ER-
�36 and H3396 cells with high con-
centrations of endogenous ER-�36
protein also exhibited estrogen hyper-
sensitivity (Figure 6B), suggesting that
ER-�36 is involved in estrogen
hypersensitivity.

We then examined E2-induced
phosphorylation of the MAPK/
ERK1/2, a typical nongenomic estro-
gen-signaling event, in different cell
lines. Cells were treated with E2 at
different concentrations for 30 min-
utes, and Western blot analysis with
a phospho-specific ERK1/2 anti-

body was performed. Figure 6C shows that E2 elicited
ERK phosphorylation in MCF/TAM cells in a dose-de-
pendent manner starting at a very low concentration, 1 �

10�14 M/L, whereas in the parental MCF7 cells and MCF/

Figure 6. ER-�36 is involved in estrogen hypersensitivity. (A) ER-positive breast cancer MCF7
cells and MCF7/TAM cells were treated with indicated concentrations of E2 for 7 days, and cell
number was counted. Each point represents the means of 3 experiments; bars, SE. (B) MCF7 cells
transfected with the empty expression vector (MCF7/Vector) and ER-�36 expression vector
(MCF7/ER36), as well as H3396 cells, were treated with indicated concentrations of E2 for 7
days, and cell number was determined. Each point represents the means of 3 experiments; bars,
SE. (C–E) Estrogen induces ERK activation in different cell lines. Western blot analysis of the
lysates from different cells treated with indicated concentrations of E2 for 30 minutes using the
phospho-specific or phospho-nonspecific ERK1/2 antibodies. All experiments were done at least
3 times, and representative results are shown. ERK phosphorylation levels were obtained by
quantitative densitometric scanning of autoradiographic signals obtained with the phospho-
specific ERK antibody and normalized with the signals obtained by the phospho-nonspecific ERK
antibody. The relative band intensities are shown with the band densities from the cells treated
with vehicle (ethanol, 0M E2) that were arbitrarily set as 1. The columns represent the means of
3 experiments; bars, SE. P-ERK, phosphorylated ERK.
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Vector cells, ERK activation requires E2 at 1 � 10�12 M/L
(Figure 6, C and D). A similar hypersensitivity was also
observed in MCF7/ER36 and H3396 cells (Figure 6, D and
E); E2 induced ERK phosphorylation at 1 � 10�14 M/L.
Our data thus suggested that increased concentration of
ER-�36 protein is one of the mechanisms underlying es-
trogen hypersensitivity.

Discussion

TAM therapy is the most effective treatment for ad-
vanced ER-positive breast cancer, but its effectiveness is
limited by high rate of de novo resistance and resistance
acquired during treatment. Many studies were con-
ducted to understand the molecular pathways respon-
sible for the de novo and acquired TAM resistance and
have revealed that multiple signaling molecules and
pathways are involved in TAM resistance. All of these
pathways often bypass the requirement of estrogen sig-
naling pathway for growth of ER-positive breast cancer
cells. Previously, we reported that the breast cancer pa-
tients with tumors expressing high concentrations of
endogenous ER-�36 benefited less from TAM therapy
than those with low concentrations of ER-�36 (16),
suggesting that elevated concentration of ER-�36 pro-
tein may be a novel mechanism underlying both de novo
and acquired TAM resistance.

Here, we showed that TAM treatment induced ER-�36
expression and TAM-resistant MCF7/TAM cells selected
with long-term cultivation in the presence of TAM ex-
pressed elevated concentration of ER-�36 protein. We
also showed that MCF7 cells with forced ER-�36 expres-
sion and H3396 cells that express high concentration of
endogenous ER-�36 protein were relatively more resistant
to TAM compared with MCF7 cells. Down-regulation of
ER-�36 expression, however, was able to restore TAM
sensitivity in MCF/TAM and H3396 cells, indicating that
increased ER-�36 concentration is one of the molecular
mechanisms by which ER-positive breast cancer develops
TAM resistance.

Previously, we found that antiestrogens TAM and ICI
182, 780 failed to block ER-�36-mediated nongenomic
estrogen signaling (14). Here, we showed that TAM ex-
hibited a biphasic activation of the AKT kinase in TAM-
sensitive MCF7 cells; increasing AKT phosphorylation at
low concentrations and failed to do so at higher concen-
trations. However, in cells with high concentrations of
ER-�36 protein, TAM still activates the AKT kinase at
higher concentrations, consistent with our recent report
that ER-�36 mediates agonist activities of both TAM and
ICI 182, 780 (18). Recently, loss of p21 (CDKN1A), a

cyclin-dependent kinase inhibitor, was found to be asso-
ciated with the agonist activity of TAM (20). Likewise,
inhibition of p27 (CDKN1B), another cyclin-dependent
kinase inhibitor, by Src has been associated with a TAM-
resistance phenotype (21). Both p21 and p27 are phos-
phorylated by the AKT kinase, and this phosphorylation
banishes both p21 and p27 from the cell nucleus and keeps
them in the cytoplasm (22, 23). Thus, loss of expression
and function, and relocalization of either of two G1-
checkpoint cyclin-dependent kinase (CDK) inhibitors af-
ter AKT phosphorylation, can lead to TAM resistance. We
found that in TAM-sensitive MCF7 cells, TAM down-
regulated p27 phosphorylation and increased concentra-
tion of p27 protein, whereas TAM up-regulated p27 phos-
phorylation and decreased concentration of p27 protein
(our unpublished data). Our results suggested that ER-
�36-mediated agonist activity of TAM, such as activation
of the PI3K/AKT signaling, is important for ER-�36 func-
tion in TAM resistance.

Previously, another acquired TAM-resistance pheno-
type has been described in a human breast cancer xeno-
graft model that exhibits a switch from a TAM-inhibitory
phenotype to a TAM-stimulated one. Some breast cancers
may be initially inhibited by TAM and later become de-
pendent on TAM for proliferation (5, 6, 24). These xeno-
grafts also retain the ability to be stimulated by estrogens
(5, 6, 24). In the current study, we found that 1�M TAM
stimulated proliferation of MCF7/TAM cells, whereas
down-regulation of ER-�36 expression in these cells di-
minished TAM stimulation. In addition, these TAM-re-
sistant cells retained estrogen responsiveness and even
showed estrogen hypersensitivity. Our results thus sug-
gested that elevated ER-�36 concentration is involved in
this type of TAM resistance. It also worth noting that the
TAM at 1�M failed to stimulate proliferation of
MCF7/36 cells that express recombinant ER-�36 and
H3396 that express endogenous ER-�36 (Figure 4B). The
exact mechanism for this is not known. We observed that
TAM-resistant MCF7/TAM cells also gained expression
of the growth factor receptors EGFR and HER2, whereas
MCF7/ER36 cells mainly increased the concentration of
EGFR protein, and H3396 cells only express modest con-
centration of EGFR. Thus, it is possible that increased
expression or signaling of the HER2 receptor in MCF7/
TAM cells contributes to the TAM-stimulated proliferation
in MCF7/TAM cells. Intriguingly, the expression of both
EGFR and HER2 was down-regulated in MCF7/TAM/Si36
cells, consistent with our recent reports, there are positive
regulatory loops between ER-�36 and the EGFR/HER2 ex-
pression; ER-�36 stabilizes EGFR protein and activates
HER2 promoter activity, whereas the signaling of EGFR/
HER2 induces ER-�36 expression (19, 25).
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Previously, it has been reported that physiological con-
centrations of E2 exhibit antitumor activity in a TAM-
stimulatory MCF7 cell model that was generated by serial
transplantation of TAM-resistant tumors in the continu-
ous presence of TAM (26). Based on the laboratory stud-
ies, it was recently proposed that physiological concen-
tration of estrogen could be used as a therapeutic
approach for these TAM-resistant patients (27, 28). How-
ever, the molecular mechanisms underlying this paradox-
ical phenomenon have not been well elucidated. It is
known that estrogen stimulates growth of ER-positive
breast cancer cells in a biphasic growth curve, stimulating
cell proliferation at low concentrations while failing to
stimulate or even inhibiting cell growth at higher concen-
trations. Our results presented here that elevated ER-�36
concentration rendered cells hypersensitive to E2, shifting
the biphasic growth curve to the left. Thus, in cells ex-
pressing high concentrations of ER-�36 protein, physio-
logical concentrations of E2 may fail to stimulate prolif-
eration or even inhibit proliferation. Our data thus
provided a molecular explanation to the paradoxical phe-
nomenon that some TAM-resistant tumors are simulated
by TAM but inhibited by estrogen.

Previously, it was reported that long-term estrogen de-
privation with hormonal therapy resulted in “adaptive”
changes of breast cancer cells, making these cells hyper-
sensitive to estrogen (8, 11). Recently, we reported that
ER-�36 concentration is significantly increased in normal
osteoblasts cells from menopausal women (29), suggest-
ing that ER-�36 expression is elevated in response to low
concentration of estrogen in menopausal women. Our
current data showed that E2 induced ERK phosphoryla-
tion and stimulated proliferation at pM range in cells with
high concentration of ER-�36 protein while at nM range in
cells with low concentration of ER-�36. Thus, our results
indicated that gained ER-�36 expression is one of the adap-
tive changes in breast cancer cells after a long-term estrogen
deprivation resulted from antiestrogen treatment.

In summary, here, we provided evidence to demon-
strate that ER-�36 is a novel and important player in nor-
mal and abnormal estrogen signaling, and ER-�36 is in-
volved in many physiological and pathological processes
regulated by estrogen signaling. Our findings that elevated
ER-�36 concentration is one of the mechanisms by which
ER-positive breast cancer cells escape the antiestrogen
therapy provided a rational to develop novel therapeutic
approaches for antiestrogen-resistant patients by target-
ing ER-�36.
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