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Abstract

Background: Recently, a novel variant of ER-a, ER-a36 was identified and cloned. ER-a36 lacks intrinsic transcription activity
and mainly mediates nongenomic estrogen signaling. Here, we studied the role of nongenomic estrogen signaling
pathways mediated by ER-a36 in tamoxifen resistance and agonist action.

Methodology: The cellular localization of ER-a36 was examined by immunofluorescence in MCF-7 cells and Hec1A cells.
MCF-7 breast cancer cells, MCF-7 cells expressing recombinant ER-a36 (MCF-7/ER36), Hec1A endometrial cancer cells and
Hec1A cells with siRNA knockdown of ER-a36 (Hec1A/RNAiER36) were treated with 17b-estradial (E2) and tamoxifen (TAM)
in the absence and presence of kinase inhibitor U0126 and LY294002. We examined phosphorylation of signaling molecules
and the expression of c-Myc by immunoblotting, and tumor cell growth by MTT assay.

Conclusions: ER variant ER-a36 enhances TAM agonist activity through activation of the membrane-initiated signaling
pathways in endometrial cancer, and that ER-a36 is involved in de novo and acquired TAM resistance in breast cancer.
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Introduction

Tamoxifen is a selective estrogen receptor modulator (SERM)

with mixed agonist/antagonist activities that has been used widely

as an effective treatment of all stages of estrogen receptor (ER)-

positive breast cancer [1]. Tamoxifen suppresses the recurrence of

breast cancer and reduces the incidence of contralateral breast

cancer by 49% [2]. Tamoxifen has also been used as a

chemopreventive agent in women who have high risk for breast

cancer [3]. It is believed that tamoxifen acts as an antagonist by

competing with estrogens for the ligand binding domain of ER,

thereby inhibiting ER-mediated mitogenic estrogen signaling [4].

However, the major obstacle to tamoxifen usage is tamoxifen

resistance, which occurs de novo or can be acquired after its use [5].

In addition, tamoxifen usage increases the incidence of endome-

trial cancer in postmenopausal women with long-term treatment

[6]. The molecular mechanisms underlying both de novo and

acquired tamoxifen resistance and its agonist action in endometrial

tissue are poorly understood.

ER belongs to the steroid hormone family of the nuclear

receptor superfamily. It is prevailingly considered that ER acts as a

transcription factor that is mainly localized in the cell nucleus [7].

However, accumulating evidence has demonstrated that ER also

exists on the plasma membrane and participates in rapid estrogen

signaling. It has been reported that ER is modified by

posttranslational palmitoylation in the ligand-binding domain that

may contribute to its membrane localization [8]. Association of

ER and caveolin-1 also was shown to facilitate ER localization on

the plasma membrane [9]. Caveolin-1 is a structural protein of

caveolae and serves as a scaffold protein to recruit signaling

molecules such as growth factor receptors, G proteins, Src family

tyrosine kinases and the PI3K [10]. It was postulated that estrogen

may rapidly activate different signaling pathways, including

MAPK/ERK, phospholipase C, PI3K/Akt and G protein-

coupled receptor-activated pathways in the caveolae [11].

Recently, we identified and cloned a novel variant of ER-a with

a molecular weight of 36 kDa that was named as ER-a36 [12].

The original 66 kDa ER-a was named ER-a66 [13]. ER-a36

transcript is initiated from a promoter located in the first intron of

the ER-a66 gene and is generated from two alternative splicing

events. ER-a36 protein thus lacks ligand-dependent and -

independent transactivation domain (AF-1 and AF-2), but it

retains DNA- binding domain and partial dimerization domain

and ligand-binding domains [12]. ER-a36 possesses a unique 27

amino acid domain at the C-terminal that replaces the last 138

amino acids encoded by exons 7 and 8 of ER-a66 gene. Our
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previous report showed that 17b-estradiol and SERMs such as

tamoxifen could induce activation of the MAPK/ERK pathway

and stimulate cell proliferation through membrane-associated ER-

a36 [14]. We thus hypothesized that ER-a36 may be associated

with the agonist activity of tamoxifen. In the present report, we

studied the ER-a36 function in ER-positive MCF-7 breast cancer

cells and Hec1A endometrial cancer cells, and investigated the

contribution of the MAPK/ERK and PI3K/Akt pathways

mediated by ER-a36 to the agonist action of tamoxifen in

endometrial cancer.

Results

ER-a36 Is Expressed on the Plasma Membrane in MCF-7
and Hec1A Cells

ER-a36 is a novel variant of ER-a66 generated by alternative

promoter usage and alternative splicing [12]. To examine ER-

a36 expression in MCF-7 cells and Hec1A cells, Western blotting

analysis was performed using ER-a36 specific antibody against

the unique 20 amino acids at the C-terminal of ER-a36. ER-a36

is expressed in both cell lines (Fig. 1A, left). However, Western

blot analysis failed to detect ER-a66 expression in Hec1A cells

(Fig. 1A, right), consistent with that Hec1A is an ER-negative

cancer cell line [15]. To examine the cellular localization of

ER-a36, immunofluorescence assay was performed. In both cell

lines, immunofluorescence staining revealed an intense plasma

membrane distribution pattern (Fig. 1B). Caveolae are invagi-

nated microstructures on the plasma membrane in which

caveolin-1 serves as a scaffold protein to form the signaling

complex. As shown in Fig. 1C, caveolin-1 was primarily

expressed on the cell surface (red). Merged images of ER-a36

and caveolin-1 showed substantial co-localization signals (yellow)

on the plasma membrane.

Next, we analyzed ligand-induced ER-a36 expression. Hec1A

cell lines were treated with tamoxifen for different time points and

ER-a36 expression was assessed by Western blotting analysis,

revealing that ER-a36 expression was increased in tamoxifen

treated cells (Fig. 1D).

ER-a36 Mediates Estrogen- and Tamoxifen- Stimulated
ERK Activation

To probe the mechanism underlying the agonist effect of

tamoxifen in endometrial cancer cells, we decided to examine

the function of ER-a36 in tamoxifen treated Hec1A cells. We

first examined the phosphorylation levels of MAPK/ERK, a

serine-threonine kinase involved in cell proliferation [16]. As

Figure 1. ER-a36 is expressed on the plasma membrane. A, The expression of ER-a36 and ER-a66 protein in MCF-7 and Hec1A cells. Protein
extracts were prepared from MCF-7 and Hec1A cells and used for Western blot analysis. B, The localization of ER-a36 in MCF-7 and Hec1A cells. Cells
cultured on coverslips were fixed and immunofluorescently stained with a specific anti-ER-a36 antibody (green). The cells were counterstained with
Hoechst 33258 (blue). C, The co-localization of ER-a36 and caveolin-1 on the plasma membrane of Hec1A cells. Green: ER-a36; Red: caveolin-1; blue:
nuclear; yellow, co-localization signals. Bar, 10 micrometers. D, Time-course analysis of ER-a36 expression in Hec1A cells. Hec1A cells were treated
with 2 mM Tam for indicated time points. Levels of protein expression were normalized with b-actin expression level, and each bar represents mean
value 6 SEM (n = 3). *, P,0.05 compared to untreated cells.
doi:10.1371/journal.pone.0009013.g001
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shown in Fig. 2A and Fig. 2B, E2 or tamoxifen treatments result

in rapid phosphorylation of ERK1/2. Reprobing the mem-

brane with a total ERK1/2 antibody indicated that the total

ERK1/2 content was not changed, suggesting that the increased

ERK1/2 phosphorylation was not caused by increased ERK1/2

expression.

To test the involvement of ER-a36 in the activites of E2 and

tamoxifen observed in Hec1A cells that lack ER-a66 expression,

we decided to knock down ER-a36 expression with the siRNA

approach. We established stable cell lines that express shRNA

expression vector against ER-a36 (Hec1A/RNAi cells) and

examined ER-a36 expression (Fig. 2C and 2D). As shown in

Figure 2. ER-a36 mediates tamoxifen induced activation of the MAPK/ERK in Hec1A cells. A and B, Hec1A cells were treated with 10 nM
E2 or 2 mM Tam for the indicated time points. Levels of ERK1/2 phosphorylation were measured in protein extracts with Western blot analysis. Total
ERK1/2 was used as loading control. Each bar represents mean value 6 SEM (n = 3). *, P,0.05 compared to untreated cells. C and D, ER-a36
expression in Hec1A/V and Hec1A/RNAi cells. Each bar represents mean value 6 SEM (n = 3). *, P,0.05 compared to Hec1A/V cells. E, Hec1A/V and
Hec1A/RNAi cells treated with 10 nM E2 or 2 mM Tam were analyzed for the levels of ERK1/2 phosphorylation with Western blot. Total ERK1/2 was
used as loading control, and each bar represents mean value 6 SEM (n = 3). *, P,0.05 compared to untreated cells (2) vs. treatments. F, Lysates from
Hec1A cells treated with DMSO (Lanes 1, 2 and 3), 10 nM E2 (Lanes 2 and 5), 2 mM Tam (Lanes 3 and 6) or pretreated with 10 mM U0126 (Lanes 4, 5
and 6) for 30 min were analyzed with Western blot analysis.
doi:10.1371/journal.pone.0009013.g002
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Fig. 2E, E2 and tamoxifen failed to stimulate phosphorylation of

the ERK1/2 in Hec1A cells with ER-a36 knocked down,

suggesting that ER-a36 is the receptor that mediates the activities

of estrogen and tamoxifen.

Extracellular regulated kinase kinase (MEK) acts upstream of

ERK1/2 and could phosphorylate and activate ERK1/2 [17].

The MEK specific inhibitor U0126 effectively inhibited the

ERK1/2 activation stimulated by E2 and tamoxifen (Fig. 2F).

We also established stable cell lines from ER-positive MCF-7

breast cancer cells that constitutively express recombinant ER-a36

(MCF-7/ER36 cells) (Fig. 3A). In the control MCF-7 cells transfected

with the empty vector, E2 treatment induced phosphorylation of the

ERK1/2 (Fig. 3B), which could be abolished by tamoxifen (Fig. 3C).

However, tamoxifen induced phosphorylation of the ERK1/2 in

MCF-7/ER36 cells (Fig. 3D). MEK specific inhibitor U0126

effectively inhibited the ERK1/2 activation stimulated by E2 and

tamoxifen (Fig. 3E). Therefore, these results indicated that ER-a36

mediates the Ras/MEK/ERK pathway induced by both estrogen

and tamoxifen and suggested that ER-a36 may be involved in

tamoxifen resistance and even promote agonist action of tamoxifen.

ER-a36 Mediates Estrogen- and Tamoxifen-Stimulated
PI3K/Akt Activation

It is well known that the serine/threonine kinase Akt, or protein

kinase B, plays an important role in cell proliferation and survival

Figure 3. ER-a36 mediates E2 or tamoxifen induced activation of the MAPK/ERK in MCF-7 cells. A, Western blot analysis of ER-a36
expression in MCF-7/V and MCF-7/ER36 cells. Levels of expression were normalized to levels of b-actin, and each bar represents mean value 6 SEM
(n = 3). *, P,0.05 compared to MCF-7/V cells. B and C, MCF-7/V cells treated with 10 nM E2 alone or with 2 mM Tam together for the indicated time
points. Protein extracts were analyzed with Western blot analysis. Total ERK1/2 was used as loading control. Each bar represents mean value 6 SEM
(n = 3). *, P,0.05 compared to control cells. D, MCF-7/ER36 cells treated with 2 mM Tam for different time points were analyzed for ERK1/2
phosphorylation with Western blot. Levels of expression were normalized to levels of the total ERK1/2, and each bar represents mean value 6 SEM
(n = 3).*, P,0.05 compared for untreated cells. E, Lysates were prepared from MCF-7/ER36 cells treated with DMSO (Lanes 1, 2 and 3), 10 nM E2 (Lanes
2 and 5), 2 mM of Tam (Lanes 3 and 6) or pretreated with 10 mM U0126 (Lanes 4, 5 and 6) for 30 min and immunoblotted with antibodies against
pERK1/2 or total ERK1/2.
doi:10.1371/journal.pone.0009013.g003
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by inhibition of apoptosis [18]. We tested if E2 and tamoxifen

treatment also induces activation of the Akt pathway in Hec1A

cells. Treatment of E2 and tamoxifen led to rapid phosphorylation

of Akt (Fig. 4A and 4B) whereas both E2 and tamoxifen failed to

induce the Akt phosphorylation in Hec1A/RNAi cells (Fig. 4C).

Tamoxifen also induced Akt phosphorylation in MCF-7 cells that

highly express recombinant ER-a36 (Fig. 4E). Pretreatment with

the PI3K inhibitor LY294002 abrogated the Akt phosphorylation

stimulated by E2 or tamoxifen in both cell lines (Fig. 4D and 4F),

indicating that ER-a36 mediates tamoxifen induced Akt phos-

phorylation through the PI3K pathway in these cells. Thus, our

data suggested that ER-a36-mediated activaton of the PI3K/Akt

pathway may also be involved in resistance and agonist action of

tamoxifen.

ER-a36 Is Involved in Regulation of c-Myc Protein
Expression in Hec1A Cells

Protooncogene c-Myc has profound mitogenic effects in cancer

cells through its ability to promote cell cycle progression [19].

Antisense oligonucleotides to c-Myc can inhibit breast cancer cells

proliferation [20]. Tamoxifen inhibits estrogen-induced c-Myc

expression in ER-a66-positive breast cancer cells. However, c-Myc

plays an important role in tamoxifen agonist action [21]. We

measured the expression levels of c-Myc in Hec1A cells treated

with E2 or tamoxifen. As shown in Fig. 5A, treatment with E2 or

tamoxifen induced c-Myc expression in Hec1A/V cells but not in

Hec1A/RNAi ER-a36 cells, which could be effectively abrogated

by the MEK inhibitor U0126 (Fig. 5B) and PI3K inhibitor

LY294002 (Fig. 5C).

ER-a36 Mediates Tamoxifen-Stimulated Cell Proliferation
in Hec1A Cells

To further study the role of ER-a36 in tamoxifen agonist

activity in endometrial cancer cells, Hec1A/V and Hec1A/RNAi

cells were treated with tamoxifen and their prolifaration was

measured with the MTT assay. MTT assay showed that tamoxifen

stimulated growth of Hec1A/V cells. However, tamoxifen was

able to inhibit the growth of Hec1A/RNAi cells in a dose-

dependent fashion (Fig. 6A). The cell proliferation induced by

tamoxifen was inhibited by the MEK inhibitor U0126 and PI3K

inhibitor LY294002 (Fig. 6B), suggesting that both the MAPK/

ERK and PI3K/Akt pathways were involved in E2 and tamoxifen

stimulated cell growth in endometrial cancer cells.

We observed that tamoxifen strongly inhibited cell proliferation

in the MCF-7/V cells, consistent with previous reports that

tamoxifen functions as a potent antagonist in ER-positive breast

cancer MCF-7 cells [22]. However, MCF-7/ER36 cells that

constitutively express high levels of recombinant ER-a36 exhibited

insensitivity to tamoxifen treatment (Fig. 6C). The MEK inhibitor

U0126 and PI3K inhibitor LY294002 furthermore inhibited

growth of both cell lines (Fig. 6D). These results again suggest that

high level of ER-a36 expression may confer resistance to tamoxifen.

Discussion

Tamoxifen is a SERM that has been widely used to treat

advanced ER-positive breast cancer and to prevent breast cancer

in high risk pre- and post-menopausal women as a chemopreven-

tive agent [23,24]. However, tamoxifen also has partial estrogenic

activity in the uterus that can lead to endometrial hyperplasia [25].

Long-term tamoxifen usage is associated with an increased

incidence of endometrial cancer [26]. Here we reported that a

novel variant of ER-a, ER-a36, that is highly expressed on the

plasma membrane of Hec1A endometrial cancer cells and in the

endometrial cancer specimens from patients who had been treated

with tamoxifen for at least three years. Both E2 and tamoxifen

induced cell proliferation of Hec1A cells presumably through the

ER-a36 mediated non-genomic signaling pathways.

A number of hypotheses have been postulated to explain

tamoxifen’s agonist action in endometrial carcinogenesis. It has

been suggested that reactive metabolites of tamoxifen form DNA-

adducts and generate mutagenicity in the endometrial tissue [27].

It has also been demonstrated that the AF1 domain of ER-a66 as

well as cell- and promoter-specific coactivator recruitment are

involved in the tamoxifen agonist action [28,29]. The role of

tamoxifen in endometrial carcinogenesis may utilize distinct

genomic activity [30]. Recently, accumulating evidence suggested

that membrane-initiated signaling pathways confer tamoxifen

resistance and agonist action through different kinase cascades and

distinct second messengers [15].

The MAPK family consists of ERK, JNK and P38. ERK plays

an essential role in cell growth and proliferation. JNK and P38 are

involved in cell differentiation and apoptosis induced by stress

stimuli such as UV light [31], c radiation [32,33], DNA-damaging

and chemopreventive drugs [34]. Many oncogenic signaling

molecules activate the MAPK/ERK pathway [35]. ERK

expression is usually increased and its activity is up-regulated in

breast cancer tissues compared to neighboring normal tissues [36].

Furthermore, tamoxifen resistance in vivo is predominantly

mediated by non-genomic mechanisms. Genomic estrogen action

seems less active [37,38]. In this study, we found that ER-a36

mediates both E2- and tamoxifen-induced activation of the

MAPK/ERK pathway and ER-a36 overexpression in tamoxifen

sensitive MCF-7 cells reduced sensitivity to tamoxifen. In addition,

ER-a36 mediates tamoxifen induced activation of the MAPK/

ERK pathway and also contributes to agonist action of tamoxifen

in Hec1A endometrial cancer cells. Endometrial cancer tissues

that highly express ER-a36 also displayed high levels of the ERK

phosphorylation.

The PI3K/Akt pathway plays an important role in cell growth

and survival [39]. Akt is activated by many signaling pathways,

such as overexpression of growth factor receptors, [40]. Introduc-

tion of a constitutively active Akt into MCF-7 cells could induce

tamoxifen resistance by protecting cells from tamoxifen-induced

apoptosis [41]. In addition, the Akt activity is dramaticaly

increased in tamoxifen- resistant MCF7 cells [18]. In phosphor-

ylated Akt-positive patients, endocrine therapy has worse efficacy

than in phosphorylated Akt-negative patients [42]. In this study,

we found ER-a36 mediated tamoxifen-stimulated activation of

Akt in cells with high levels of ER-a36 expression suggesting that

the activation of the PI3K/Akt pathway mediated by ER-a36

contributes to the resistance and agonist action of tamoxifen.

The c-Myc protein is a nuclear transcription factor that plays an

essential role in cell growth [43]. Previous studies have

demonstrated that MAPK/ERK and PI3K/Akt pathways regu-

late c-Myc protein expression [44,45,46]. We found both E2 and

tamoxifen induced c-Myc expression through ER-a36-mediated

activation of ERK and Akt. Incubation of Hec1A cells with MEK

inhibitor U0126 and PI3K inhibitor LY294002 blocked E2- and

tamoxifen- induced c-Myc expression. Therefore, tamoxifen exerts

agonist action through ER-a36-mediated non-genomic pathway.

In summary, we report here that ER-a36 is expressed on the

plasma membrane and in the cytoplasm of endometrial carcinoma

cells. We further demonstrated that both E2 and tamoxifen

promoted proliferation of endometrial cancer cells through ER-

a36-mediated activation of the MAPK/ERK and PI3K/Akt

pathways and ER-a36 overexpression led to tamoxifen resistance

in MCF-7 cells. Our results provide important novel information

The Role Research of ER-a36
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Figure 4. ER-a36 mediates E2 and tamoxifen induced activation of Akt. Hec1A cells were treated with 10 nM E2 (A) or 2 mM Tam (B) for the
indicated time points and the lysates were immunoblotted with an antibody against phosphorylated Akt. Levels of phosphorylation were normalized
with the total Akt protein, and each bar represents mean value 6 SEM (n = 3). *, P,0.05 compared to untreated cells. C, Western blot analysis of the
Akt phosphorylation in Hec1A/V and Hec1A/RNAi ER36 cells treated with 10 nM E2 or 2 mM Tam for 10 min. Levels of phosphorylation were
normalized with the total Akt protein, and each bar represents mean value 6 SEM (n = 3). *, P,0.05 compared to untreated cells. #, P,0.05
compared with E2- or Tam-treated Hec1A/V cells. D, Hec1A cells pretreated with 50 mM PI3K inhibitor LY294002 (LY, Lanes 4, 5 and 6) for 2 h and then
treated with 10 nM E2 (Lanes 2 and 5) or 2 mM Tam (Lanes 3 and 6) for 10 min. E, Western blot analysis of Akt phosphorylation in MCF-7/ER36 cells
treated with 2 mM Tam for the indicated time points. Expression was normalized to total Akt, and each bar represents mean value 6 SEM (n = 3).
*, P,0.05 compared for untreated cells. F, Lysates were prepared from MCF-7/ER36 cells treated with DMSO (Lanes 1 and 2), 2 mM of Tam (Lanes 2
and 4) or pretreated with 50 mM PI3K inhibitor LY294002 (LY, Lanes 3 and 4) for 2 h, and immunoblotted with antibodies against phosphorylated Akt
or total Akt.
doi:10.1371/journal.pone.0009013.g004
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Figure 5. ER-a36 mediates E2 and tamoxifen induced c-Myc expression. A, Western blot analysis of c-Myc expression in Hec1A/V and
Hec1A/RNAi cells treated with 10 nM E2 or 2 mM Tam for 12 h. Levels of expression were normalized to the levels of b-actin, and each bar represents
mean value 6 SEM (n = 3). *, P,0.05 compared to untreated cells (2) vs. treatments. #, P,0.05 compared to Tam-treated Hec1A/V cells. B and C,
Hec1A cells were treated for 12 h with 10 nM E2 or 2 mM Tam or together with 10 mM of MEK inhibitor U0126 or 50 mM PI3K inhibitor LY294002.
Levels of c-Myc expression were normalized to the levels of b-actin, and each bar represents mean value 6 SEM (n = 3). *, P,0.05 compared to
untreated cells (2) vs. treatments. #, P,0.05 compared to E2- and Tam-treated Hec1A/V cells.
doi:10.1371/journal.pone.0009013.g005

Figure 6. ER-a36 mediates tamoxifen stimulated growth in MCF-7 and Hec1A cells. A, Hec1A cells transfected with the empty expression
vector (Hec1A/V) or Hec1A cell lines in which ERa36 had been stably knocked down by shRNA expression (Hec1A/RNAi) were plated 96-well plates
(36103 cells/well). The cells were treated with different concentrations of Tam in medium containing 2.5% dextran charcoal-stripped FBS for 72 h.
MTT assay was performed as described in materials and methods. Results of three independent experiments were averaged and mean value 6 SEM
are shown. *, P,0.05 compared to Tam-treated Hec1A/V cells respectively. B, Hec1A cells were treated with 10 nM E2 or 2 mM Tam together with
10 mM of the MEK inhibitor U0126 or 50 mM PI3K inhibitor LY294002 respectively for 72 h, and analyzed by MTT assay. Results of three independent
experiments were averaged and mean value 6 SEM are shown. *, P,0.05 compared to control cells. C, Empty expression vector transfected MCF-7
cells (MCF-7/V) or MCF-7 cells transfected with ERa36 expression vector (MCF-7/ER36 cells) were plated in 96-well plates (56103 cells/well). The cells
were treated with different concentrations of tamoxifen in medium containing 10% FBS for 72 h. MTT assay was performed. Results of three
independent experiments were averaged and mean value 6 SEM are shown. *, P,0.05 compared to Tam-treated MCF-7/ER36 cells respectively. D,
MCF-7/V and MCF-7/ER36 cells were treated with 2 mM Tam together with 10 mM U0126 or 50 mM PI3K inhibitor LY294002 respectively for 72 h and
analyzed by MTT assay. Results of three independent experiments were averaged and mean value 6 SEM are shown. *, P,0.05 compared to control
MCF-7/V cells.
doi:10.1371/journal.pone.0009013.g006
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to further understand the molecular mechanisms underlying the

agonist action of tamoxifen.

Materials and Methods

Materials and Reagents
All chemicals and reagents were purchased from Sigma unless

otherwise indicated. Polyclonal anti-ERK1/2 antibody, polyclonal

anti-phospho-ERK1/2 antibody (Thr202/Tyr204), polyclonal anti-

caveolin-1 -TRITC antibody, monoclonal anti-c-Myc antibody,

polyclonal anti-Akt antibody, monoclonal anti-ER-a66 (D-12)

antibody and monoclonal anti-b-actin antibody were purchased

from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal anti-

phospho-Akt (Ser473) antibody was obtained from Signalway

Antibody (Pearland, TX). The ER-a36 specific antibody against

the 20 unique amino acids at the C-terminal of ER-a36, ER-a36

expression plasmid, ER-a36 shRNA expression vector and the

empty expression vector were described before [12,14]. U0126

was purchased from Calbiochem (La Jolla, CA).

Cell Culture and Cell Lines
MCF-7 human breast cancer cells were obtained from ATCC

(Manassas, VA), and human Hec1A endometrial cancer cells were

obtained from Dr. Li-Hui Wei (Peking University People’s

Hospital, Beijing). Both cell lines were maintained at 37uC with

5% CO2 in appropriate culture medium. To establish MCF-7 cells

expressing recombinant ER-a36, cells were plated at a density of

16105 cells per 60-mm dish and transfected 24 hours later with an

expression vector driven by the cytomagalovirus (CMV) promoter

in the mammalian expression vector pCB6+ as described

elsewhere [14], using the Lipofectamine 2000 (Invitrogen,

Carlsbad, CA). The expression vector contains the full-length

ER-a36 cDNA. The empty expression vector was also transfected

into cells to serve as a control. Forty-eight hours after transfection,

the cells were re-plated and selected with 500 mg/ml of G418 for

two weeks. The medium was changed every three days until

colonies appeared. Clones were expanded for further analysis.

Clones with high ER-a36 expression were a mixture of more then

twenty clones and termed MCF-7/ER-a36. A cell line with pooled

clones transfected with the empty expression vector was named

MCF-7/V and used as a control.

We also established cell lines from Hec1A cells transfected with

an ER-a36 shRNA expression vector (Hec1A/RNAi) and the

empty expression vector (Hec1A/V). Briefly, ER-a36 shRNA

expression vector pRNAT-U6.1/Neo plasmid containing the

shRNA against ER-a36 (GenScript Corp. TX) and the empty

expression vector were transfected into Hec1A cells with

Lipofectamine 2000 according to the manufacturer’s instruction.

Forty-eight hours after transfection, the cells were re-plated and

selected with G418 (600 mg/ml) for two weeks. Clones were

expanded for further analysis.

Immunofluorescence and Confocal Microscopy
The cellular localization of protein was determined by indirect

immunofluorescence. Hec1A or MCF-7 cells cultured on sterile

glass coverslips were fixed in 4% paraformaldehyde in PBS for

10 min. After being permeabilized with 0.4% Triton X-100 at

room temperature for 10 min, cells were blocked in 4% BSA-

supplemented PBS for 1 h and incubated overnight at 4uC with

anti-ER-a36-specific antibody. After three washes in PBS, the cells

were labeled with FITC-conjugated secondary antibody. The

DNA dye Hoechst 33258 was used for nuclear staining.

For double staining of ER-a36 and caveolin-1, after ER-a36

staining and wash in PBS, the cells were blocked in 4% BSA-

supplemented PBS for 1 h at room temperature. After incubation

with anti-caveolin-1-TRITC antibody overnight, the cells were

further washed in PBS and stained with Hoechst 33258.

Microscopic analyses were performed using a Confocal Laser-

Scanning Microscope (Zeiss LSM 510 META, Germany).

Semi-Quantitative RT-PCR
Total RNA was extracted by TRIzol reagent (Invitrogen,

Carlsbad, CA) according to the manufacturer’s instruction. Total

RNA (1.6 mg) was used for production of the first strand cDNA by

reverse transcriptase (Takara, Dalian, P.R.China). The following

primer sets were designed for the amplification of human ER-a36

(BX640939, 1145–1434 bp): forward, 59-CAAGTGGTTTCCT-

CGTGTCTAAAGC-39 and reverse, 59-TGTTGAGTGTTGG-

TTGC CAGG-39; Human GAPDH mRNA was amplified by the

forward primer 59-ACGGATTTGG TCGTATTGGG-39 and the

reverse primer 59-TGATTTTGGAGGGATCTCGC-39.

MTT Assay
Cell proliferation was analyzed using the 3-(4,5-dimethylthiazol-

2-yl)-2,5- diphenyltetrazolium bromide (MTT) assay [47]. Briefly,

cells were seeded in 96-well plates to a final concentration of

56103/well for MCF-7/V and MCF-7/ER36 cells or 36103/well

for Hec1A/V and Hec1A/RNAi cells. MCF-7/V and MCF-7/

ER36 cells were incubated in DMEM medium containing 10%

FCS with the indicated treatments. Hec1A/V and Hec1A/RNAi

cells were incubated in phenol-red free medium containing 2.5%

dextran charcoal-stripped FCS (Biochrom AG, Berlin, Germany)

with the indicated treatments. The cells were then incubated with

MTT (0.5 mg/ml) for 4 h at 37uC. After removal the medium

containing the MTT reagent, 150 ml of DMSO were added to

each well. The plates were read at wavelength of 490 nm using a

microplate reader (Bioteck PowerwaveTM, USA).

Western Blotting Analysis
Cells were grown in phenol-red-free medium with 2.5% dextran

charcoal- stripped FCS for 48–72 hours and then switched to

medium without serum 12 h before stimulation by the agents

indicated. The cells were collected in ice-cold PBS, and the cell

extracts were prepared in RIPA buffer with the proteinase inhibitor

cocktail from Sigma (St. Louis, MO). Cell lysates were boiled with

gel-loading buffer for 5 min at 100uC, resolved on 10% SDS-PAGE,

transferred to PVDF membranes, probed with appropriate

antibodies and visualized with enhanced chemiluminescence (ECL)

detection reagents (Amersham Pharmacia Biotech., Piscataway, NJ).

Statistical Analysis
Statistical analysis was performed using paired-samples t-test, or

ANOVA followed by the Student-Newman-Keuls testing to

determine differences in means. P,0.05 was considered statisti-

cally significant.

Acknowledgments

We would thank Dr. Li-Hui Wei for kindly providing the Hec1A cells. We

also thank Dr. Yong-Feng Shang at Peking University and Dr. Heide

Schatten at the University of Missouri for careful reading of the manuscript

and thoughtful suggestions.

Author Contributions

Conceived and designed the experiments: JQ ZYW QYS. Performed the

experiments: SLL LYY. Analyzed the data: SLL. Contributed reagents/

materials/analysis tools: XTZ JY ML ZYW. Wrote the paper: SLL.

The Role Research of ER-a36

PLoS ONE | www.plosone.org 8 February 2010 | Volume 5 | Issue 2 | e9013



References

1. Lewis JS, Jordan VC (2005) Selective estrogen receptor modulators (SERMs):

mechanisms of anticarcinogenesis and drug resistance. Mutat Res 591: 247–263.
2. Fisher B, Costantino JP, Wickerham DL, Redmond CK, Kavanah M, et al.

(1998) Tamoxifen for prevention of breast cancer: report of the National
Surgical Adjuvant Breast and Bowel Project P-1 Study. J Natl Cancer Inst 90:

1371–1388.

3. Cuzick J, Powles T, Veronesi U, Forbes J, Edwards R, et al. (2003) Overview of
the main outcomes in breast-cancer prevention trials. Lancet 361: 296–300.

4. Dutertre M, Smith CL (2000) Molecular mechanisms of selective estrogen
receptor modulator (SERM) action. J Pharmacol Exp Ther 295: 431–437.

5. Clarke R, Liu MC, Bouker KB, Gu Z, Lee RY, et al. (2003) Antiestrogen

resistance in breast cancer and the role of estrogen receptor signaling. Oncogene
22: 7316–7339.

6. Fisher B, Costantino JP, Redmond CK, Fisher ER, Wickerham DL, et al. (1994)
Endometrial cancer in tamoxifen-treated breast cancer patients: findings from

the National Surgical Adjuvant Breast and Bowel Project (NSABP) B-14. J Natl
Cancer Inst 86: 527–537.

7. Heldring N, Pike A, Andersson S, Matthews J, Cheng G, et al. (2007) Estrogen

receptors: how do they signal and what are their targets. Physiol Rev 87:
905–931.

8. Acconcia F, Ascenzi P, Bocedi A, Spisni E, Tomasi V, et al. (2005)
Palmitoylation-dependent estrogen receptor alpha membrane localization:

regulation by 17beta-estradiol. Mol Biol Cell 16: 231–237.

9. Pedram A, Razandi M, Sainson RC, Kim JK, Hughes CC, et al. (2007) A
conserved mechanism for steroid receptor translocation to the plasma

membrane. J Biol Chem 282: 22278–22288.
10. Levin ER, Pietras RJ (2008) Estrogen receptors outside the nucleus in breast

cancer. Breast Cancer Res Treat 108: 351–361.
11. Sotgia F, Rui H, Bonuccelli G, Mercier I, Pestell RG, et al. (2006) Caveolin-1,

mammary stem cells, and estrogen-dependent breast cancers. Cancer Res 66:

10647–10651.
12. Wang Z, Zhang X, Shen P, Loggie BW, Chang Y, et al. (2005) Identification,

cloning, and expression of human estrogen receptor-alpha36, a novel variant of
human estrogen receptor-alpha66. Biochem Biophys Res Commun 336:

1023–1027.

13. Khan SA, Rogers MA, Khurana KK, Meguid MM, Numann PJ (1998)
Estrogen receptor expression in benign breast epithelium and breast cancer risk.

J Natl Cancer Inst 90: 37–42.
14. Wang Z, Zhang X, Shen P, Loggie BW, Chang Y, et al. (2006) A variant of

estrogen receptor-{alpha}, hER-{alpha}36: transduction of estrogen- and
antiestrogen-dependent membrane-initiated mitogenic signaling. Proc Natl

Acad Sci U S A 103: 9063–9068.

15. Vivacqua A, Bonofiglio D, Recchia AG, Musti AM, Picard D, et al. (2006) The
G protein-coupled receptor GPR30 mediates the proliferative effects induced by

17beta-estradiol and hydroxytamoxifen in endometrial cancer cells. Mol
Endocrinol 20: 631–646.

16. Santen RJ, Song RX, McPherson R, Kumar R, Adam L, et al. (2002) The role

of mitogen-activated protein (MAP) kinase in breast cancer. J Steroid Biochem
Mol Biol 80: 239–256.

17. Gao J, Niwa K, Takemura M, Sun W, Onogi K, et al. (2005) Significant anti-
proliferation of human endometrial cancer cells by combined treatment with a

selective COX-2 inhibitor NS398 and specific MEK inhibitor U0126. Int J Oncol
26: 737–744.

18. Jordan NJ, Gee JM, Barrow D, Wakeling AE, Nicholson RI (2004) Increased

constitutive activity of PKB/Akt in tamoxifen resistant breast cancer MCF-7
cells. Breast Cancer Res Treat 87: 167–180.

19. Butt AJ, McNeil CM, Musgrove EA, Sutherland RL (2005) Downstream targets
of growth factor and oestrogen signalling and endocrine resistance: the potential

roles of c-Myc, cyclin D1 and cyclin E. Endocr Relat Cancer 12 Suppl 1:

S47–59.
20. Watson PH, Pon RT, Shiu RP (1991) Inhibition of c-myc expression by

phosphorothioate antisense oligonucleotide identifies a critical role for c-myc in
the growth of human breast cancer. Cancer Res 51: 3996–4000.

21. Yu J, Astrinidis A, Howard S, Henske EP (2004) Estradiol and tamoxifen

stimulate LAM-associated angiomyolipoma cell growth and activate both
genomic and nongenomic signaling pathways. Am J Physiol Lung Cell Mol

Physiol 286: L694–700.
22. Reddel RR, Murphy LC, Sutherland RL (1983) Effects of biologically active

metabolites of tamoxifen on the proliferation kinetics of MCF-7 human breast
cancer cells in vitro. Cancer Res 43: 4618–4624.

23. Love RR (1989) Tamoxifen therapy in primary breast cancer: biology, efficacy,

and side effects. J Clin Oncol 7: 803–815.

24. Cole MP, Jones CT, Todd ID (1971) A new anti-oestrogenic agent in late breast

cancer. An early clinical appraisal of ICI46474. Br J Cancer 25: 270–275.

25. Neven P (1990) Endometrial hyperplasia in an oophorectomized woman

receiving tamoxifen therapy. Br J Obstet Gynaecol 97: 551–552.

26. Friedl A, Gottardis MM, Pink J, Buchler DA, Jordan VC (1989) Enhanced

growth of an estrogen receptor-negative endometrial adenocarcinoma by

estradiol in athymic mice. Cancer Res 49: 4758–4764.

27. Shibutani S, Ravindernath A, Suzuki N, Terashima I, Sugarman SM, et al.

(2000) Identification of tamoxifen-DNA adducts in the endometrium of women
treated with tamoxifen. Carcinogenesis 21: 1461–1467.

28. Glaros S, Atanaskova N, Zhao C, Skafar DF, Reddy KB (2006) Activation
function-1 domain of estrogen receptor regulates the agonistic and antagonistic

actions of tamoxifen. Mol Endocrinol 20: 996–1008.

29. Shang Y, Brown M (2002) Molecular determinants for the tissue specificity of
SERMs. Science 295: 2465–2468.

30. Wu H, Chen Y, Liang J, Shi B, Wu G, et al. (2005) Hypomethylation-linked
activation of PAX2 mediates tamoxifen-stimulated endometrial carcinogenesis.

Nature 438: 981–987.

31. Derijard B, Hibi M, Wu IH, Barrett T, Su B, et al. (1994) JNK1: a protein kinase

stimulated by UV light and Ha-Ras that binds and phosphorylates the c-Jun

activation domain. Cell 76: 1025–1037.

32. Kharbanda S, Ren R, Pandey P, Shafman TD, Feller SM, et al. (1995)

Activation of the c-Abl tyrosine kinase in the stress response to DNA-damaging
agents. Nature 376: 785–788.

33. Chen YR, Meyer CF, Tan TH (1996) Persistent activation of c-Jun N-terminal

kinase 1 (JNK1) in gamma radiation-induced apoptosis. J Biol Chem 271:
631–634.

34. van Dam H, Wilhelm D, Herr I, Steffen A, Herrlich P, et al. (1995) ATF-2 is
preferentially activated by stress-activated protein kinases to mediate c-jun

induction in response to genotoxic agents. Embo J 14: 1798–1811.

35. Dufourny B, Alblas J, van Teeffelen HA, van Schaik FM, van der Burg B, et al.

(1997) Mitogenic signaling of insulin-like growth factor I in MCF-7 human

breast cancer cells requires phosphatidylinositol 3-kinase and is independent of
mitogen-activated protein kinase. J Biol Chem 272: 31163–31171.

36. Mueller H, Flury N, Eppenberger-Castori S, Kueng W, David F, et al. (2000)
Potential prognostic value of mitogen-activated protein kinase activity for

disease-free survival of primary breast cancer patients. Int J Cancer 89: 384–388.

37. Shou J, Massarweh S, Osborne CK, Wakeling AE, Ali S, et al. (2004)

Mechanisms of tamoxifen resistance: increased estrogen receptor-HER2/neu

cross-talk in ER/HER2-positive breast cancer. J Natl Cancer Inst 96: 926–935.

38. Massarweh S, Osborne CK, Creighton CJ, Qin L, Tsimelzon A, et al. (2008)

Tamoxifen resistance in breast tumors is driven by growth factor receptor
signaling with repression of classic estrogen receptor genomic function. Cancer

Res 68: 826–833.

39. Frogne T, Jepsen JS, Larsen SS, Fog CK, Brockdorff BL, et al. (2005)
Antiestrogen-resistant human breast cancer cells require activated protein kinase

B/Akt for growth. Endocr Relat Cancer 12: 599–614.

40. Stoica GE, Franke TF, Wellstein A, Czubayko F, List HJ, et al. (2003) Estradiol

rapidly activates Akt via the ErbB2 signaling pathway. Mol Endocrinol 17:
818–830.

41. Campbell RA, Bhat-Nakshatri P, Patel NM, Constantinidou D, Ali S, et al.

(2001) Phosphatidylinositol 3-kinase/AKT-mediated activation of estrogen
receptor alpha: a new model for anti-estrogen resistance. J Biol Chem 276:

9817–9824.

42. Tokunaga E, Kataoka A, Kimura Y, Oki E, Mashino K, et al. (2006) The

association between Akt activation and resistance to hormone therapy in
metastatic breast cancer. Eur J Cancer 42: 629–635.

43. Amati B, Alevizopoulos K, Vlach J (1998) Myc and the cell cycle. Front Biosci 3:

d250–268.

44. Sears R, Leone G, DeGregori J, Nevins JR (1999) Ras enhances Myc protein

stability. Mol Cell 3: 169–179.

45. Sears R, Nuckolls F, Haura E, Taya Y, Tamai K, et al. (2000) Multiple Ras-

dependent phosphorylation pathways regulate Myc protein stability. Genes Dev

14: 2501–2514.

46. Rottmann S, Wang Y, Nasoff M, Deveraux QL, Quon KC (2005) A TRAIL

receptor-dependent synthetic lethal relationship between MYC activation and
GSK3beta/FBW7 loss of function. Proc Natl Acad Sci U S A 102:

15195–15200.

47. Yin N, Wang D, Zhang H, Yi X, Sun X, et al. (2004) Molecular mechanisms

involved in the growth stimulation of breast cancer cells by leptin. Cancer Res

64: 5870–5875.

The Role Research of ER-a36

PLoS ONE | www.plosone.org 9 February 2010 | Volume 5 | Issue 2 | e9013


