
HAL Id: hal-00535413
https://hal.science/hal-00535413

Submitted on 11 Nov 2010

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Role of GPR30 in the mechanisms of tamoxifen
resistance in breast cancer MCF-7 cells

Atanas Ignatov, Tanja Ignatov, Albert Roessner, Serban Dan Costa, Thomas
Kalinski

To cite this version:
Atanas Ignatov, Tanja Ignatov, Albert Roessner, Serban Dan Costa, Thomas Kalinski. Role of GPR30
in the mechanisms of tamoxifen resistance in breast cancer MCF-7 cells. Breast Cancer Research and
Treatment, 2009, 123 (1), pp.87-96. �10.1007/s10549-009-0624-6�. �hal-00535413�

https://hal.science/hal-00535413
https://hal.archives-ouvertes.fr


PRECLINICAL STUDY

Role of GPR30 in the mechanisms of tamoxifen resistance
in breast cancer MCF-7 cells

Atanas Ignatov • Tanja Ignatov • Albert Roessner •

Serban Dan Costa • Thomas Kalinski

Received: 2 October 2009 / Accepted: 28 October 2009 / Published online: 13 November 2009

� Springer Science+Business Media, LLC. 2009

Abstract Tamoxifen is the most frequently used anti-

hormonal drug for treatment of women with hormone-

dependent breast cancer. The aim of this study is to

investigate the mechanism of tamoxifen resistance and the

impact of the new estrogen G-protein coupled receptor

(GPR30). MCF-7 cells were continuously exposed to

tamoxifen for 6 months to induce resistance to the inhibi-

tory effect of tamoxifen. These tamoxifen-resistant cells

(TAM-R) exhibited enhanced sensitivity to 17-ß-estradiol

and GPR30 agonist, G1, when compared to the parental

cells. In TAM-R cells, tamoxifen was able to stimulate the

cell growth and MAPK phosphorylation. These effects

were abolished by EGFR inhibitor AG1478, GPR30 anti-

sense oligonucleotide, and the selective c-Src inhibitor

PP2. Only EGFR basal expression was slightly elevated in

the TAM-R cells, whereas GPR30 expression and the basal

phosphorylation of Akt and MAPK remained unchanged

when compared to the parental cells. Interestingly, estrogen

treatment significantly increased GPR30 translocation to

the cell surface, which was stronger in TAM-R cells.

Continuous treatment of MCF-7 cells with GPR30 agonist

G1 mimics the long-term treatment with tamoxifen and

increases drastically its agonistic activity. This data

suggests the important role of GPR30/EGFR receptor sig-

naling in the development of tamoxifen resistance. The

inhibition of this pathway is a valid option to improve anti-

hormone response in breast cancer.

Keywords GPR30 � Breast cancer �
Tamoxifen resistance � Estrogen

Introduction

Tamoxifen (Tam) is the most frequently used anti-hor-

monal drug for treatment of women with hormone-depen-

dent breast cancer. Tam treatment is very effective in

tumors expressing estrogen receptors (ER) and signifi-

cantly reduces the mortality of breast cancer patients [1, 2].

However, during the treatment almost all tumors developed

resistance to Tam and several cellular mechanisms have

been discussed to be responsible for this development [3].

The reduction or loss of ER expression, quantitative or

qualitative change in ER-related co-factors, impaired

metabolism of hormonal agents [Cytochrom P450 2D6

(CYP2D6) variants] could contribute to the development of

endocrine-resistant breast cancers [3]. Nevertheless, sev-

eral experimental studies have revealed that increased

growth factor signaling can play an important role in the

development of Tam resistance. Growth factors and their

intracellular signaling pathways can stimulate ER activity

in the absence of a ligand termed ‘‘ligand-independent’’

activation of ERs. It has been proposed that this phenom-

enon is associated with the overexpression of EGFR and

human epidermal growth factor receptor-2 (Her-2) [4, 5]

and is particularly mediated via estrogen activation of

MAPK signaling pathway [6]. Moreover, this data is sup-

ported by a clinical finding revealing that Tam resistance is
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related to overexpression of EGFR and/or Her-2 [3]. These

tumors are more aggressive and resistant to endocrine

therapy.

An orphan G-protein coupled receptor, GPR30, was

recently claimed to be a new membrane-bound estrogen

receptor involved in the rapid nongenomic effects of

estrogen (for review [7]). It belongs to the family of

G-protein coupled receptors (GPCRs), which are membrane

proteins activated by various ligands, such as hormones,

neurotransmitters, chemokines, odorants, and small pep-

tides. Evidence that GPR30 acts independently of ERa and

ERb is provided by the fact that rapid estrogen action does

not have to correlate with the expression of ERa and ERb
proteins and can occur in SKBR3 breast cancer cells that

lack the mRNA for both the receptors [8]. GPR30 mediates

the proliferative effects of estrogen in breast cancer cells,

endometrial cancer cells, and in ovarian cancer cells [8].

Particularly in breast cancer cells, GPR30 activates and

releases heparin-bound growth factor (HB-EGF), which in

turn activates the epidermal growth factor receptor (EGFR)

[9]. Thus, the GPR30 and EGFR would be considered

vehicles for estrogen action. That suggests that GPR30

signaling may contribute to tumor growth and resistance to

endocrine therapy.

Materials and methods

Materials

All chemicals and antibiotics for a cell culture were

obtained from Sigma-Aldrich (Steinheim, Germany).

4-OH-tamoxifen (Tam), 17-ß-estradiol (E2), fulvestrant,

Tyrphostin AG1478, and c-Src inhibitor PP2 were pur-

chased from Sigma-Aldrich. GPR30 agonist G1 was

obtained from Calbiochem (Darmstadt, Germany). GPR30

antibody, Calnexin antibody, and 50-nucleotidase antibody

were from antibodies-online (Aachen, Germany). The

antibodies against total and phosphorylated MAPK, total

and phosphorylated Akt, EGFR and ß-actin were from Cell

Signaling (Frankfurt am Main, Germany). IMEM Medium

was obtained from Biochrom (Berlin, Germany). GPR30

anti-sense oligonucleotides were purchased from Biomers

(Ulm, Germany). Lipofectamin 2000 transfection reagent

was obtained from Invitrogen (Karlsruhe, Germany).

Cell culture

Wild-type MCF-7 cells (MCF-7WT) were obtained from

ATCC (Manassas, VA) and were routinely grown in cul-

tured IMEM medium containing 5% fetal calf serum

(FCS), 100-U/ml penicillin, and 100-lg/ml streptomycin.

TAM-R cells were derived from MCF-7WT cells by

continuous exposure to Tam diluted in 0.1% ethanol. The

control cells were obtained by exposure to medium con-

taining 0.1% ethanol. TAM-R cells were cultured con-

tinuously in medium containing 5% charcoal-stripped

steroid-depleted FCS supplemented with 10-nM Tam. The

growth media were replaced every 3 days. G1-R cells

were derived from MCF-7WT cell continuously cultured

in medium containing 1-nM G1 diluted in 0.1% DMSO.

The matched control cells were cultured in medium

containing 0.1% DMSO. G1-R cells were cultured in

phenol-red-free medium containing 5% charcoal-stripped

FCS. The cells were maintained at 37�C in a humidified

5% CO2 atmosphere.

The cells were used as a pool of clones. They were

seeded in 6-well plates at a density of 60,000 cells per

well. Two days later the cells were treated as described

in figure legends. At the end of treatment, cells were

rinsed twice with saline and counted using a Coulter

counter as described [10]. To test the inhibitory effect of

Tam or fulvestrant, the cells were incubated in medium

containing 5% FCS or 10-nM E2. For assaying the

stimulatory effect of E2 and G1, the cells were grown in

phenol-red-free medium with charcoal-stripped FCS.

Then cells were incubated with an appropriate agent for

5 days before counting. To test the effect of different

cell signaling inhibitors the cells were preincubated with

the inhibitor in concentration and time indicated in figure

legends.

Experiments with GPR30 anti-sense oligonucleotides

For these experiments, the cells were washed twice in

phosphate-buffered saline, then transfected with 0.2-lM

GPR30 anti-sense oligonucleotide (50-TTGGGAAGTCAC

ATCCAT-30) or with 0.2-lM random control (50-GATC

TCAGCACGGCAAAT-30). The transfection was per-

formed with Lipofectamine 2000 transfection reagent as

previously described [11]. The experiments were per-

formed 24 h after transfection.

Inhibition assay

For experimentation, the cells were seeded in 6-well

plates and incubated in phenol-red-free medium supple-

mented with 5% charcoal-stripped steroid-depleted FCS.

Two days later the cells were pretreated for 1 h with

1-lM AG1478, 5-lM PP2, or 1-lM fulvestrant. After

that, they were treated for 5 days with 1-lM Tam or 10-

nM E2 and the cell count was measured using a Coulter

counter as described [11]. Control cells were treated only

with medium. The cell number was expressed as percent

(%) of control.
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Western blotting

Protein cell lysis and Western blotting procedures were

performed as previously described [11]. The subcellular

protein fractions were extracted using cell compartment

kit from Qiagen (Hilden, Germany) following the manu-

facturer’s instructions. 25 ll of the samples were sepa-

rated by sodium dodecylsulfate polyacrylamide gel

electrophoresis (SDS-PAGE) and blotted onto nitrocellu-

lose membranes. The membranes were blocked with 3%

dry milk in tris buffered saline with Tween 20 (TBS/

Tween) and incubated for 2 h at room temperature (RT)

with antibodies against GPR30, diluted 1:1000, total or

phosphorylated MAPK diluted 1:2000, total or phos-

phorylated Akt, diluted 1:1000, EGFR diluted 1:100, and

ß-actin diluted 1:10000. A peroxidase-conjugated anti-

rabbit antibody, diluted 1:10000, was used for a second

incubation (30 min at RT). West Pico Supersignal sub-

strate (Perbio, Bonn, Germany) was left on the membrane

until distinct bands had developed. A MagicMark stan-

dard (Invitrogen) was used to identify the molecular

weights. The enhanced chemiluminescence membrane

images were quantified using the GeneGnome and

GeneTools image scanning and analysis package (Syn-

gene, Cambridge, UK).

Statistical analysis

The results are expressed as means of six determina-

tions ±SD. Curve fittings were performed with the Prism

program (Graph Pad Software, San Diego, CA, USA).

Statistical analysis was carried out using Student’s t test for

paired observations. When three or more means were

compared, analysis of variance was applied using the Prism

program. Results were considered statistically significant if

the P value was \0.05.

Results

Enhanced response of MCF-7 cells to G1 and E2

stimulation after long-term Tam exposure

The growth effect of 17-ß-estradiol (E2) and GPR30 ago-

nist G1 was tested. As expected, E2 induced significant

growth stimulation of wild-type MCF-7 cells (MCF-7WT)

without supplementation with 5% FCS, whereas GPR30

agonist G1 increased the cell growth slightly (Fig. 1a).

Exposure of the MCF-7WT to Tam caused concentration-

dependent reduction in cell number (Fig. 1b). To generate

a cell line resistant to Tam, MCF-7WT cells were contin-

uously grown in medium containing 10-nM Tam and were

termed TAM-R cells. Since Tam was dissolved in 0.1%

ethanol, MCF-7WT cells continuously treated with 0.1%

ethanol were used as controls. Prolonged treatment (over

6 months) of MCF-7WT cells with Tam alters the inhibi-

tory effect of Tam significantly, whereas the exposure to

ethanol did not abolish this response (Fig. 1a). Only the

higher concentration of Tam remained to be inhibitory for

TAM-R cells. The long-term stimulation of the wild-type

cells with Tam increased the sensitivity of MCF-7 cells to

the stimulatory effect of E2 and G1. As demonstrated in

Fig. 1a, the long-term treatment with Tam caused a shift of

E2 and G1 dose response curves to the left.

Phosphorylation of MAPK and Akt kinases

in response to E2, G1, and Tam

Since activation of MAPK and Akt is an important

mechanism involved in resistance to Tam [12, 13], we

assayed the effect of E2, Tam, and GPR30 agonist G1 on

phosphorylation of MAPK and Akt in TAM-R cells and

compared them to control cells. TAM-R cells responded

with increase sensitivity to both E2 and G1. After treatment

Fig. 1 Effect of 17-ß-estradiol (E2), GPR30 agonist G1, and Tam on

proliferation in parental hormone-sensitive breast cancer cells (MCF-

7WT) and in Tam-resistant (TAM-R) cells. a Cells were treated with

indicated concentration of E2 and G1 for 5 days and the cell number

was counted. b MCF-7WT and TAM-R cells were treated with

different concentrations of Tam for 5 days and the cell number was

counted. Each experiment was repeated at least three times. The

results are expressed as means ± SD
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with 10-nM E2 or 1-nM G1 for the indicated time, TAM-R

cells showed an earlier and significantly increased level of

MAPK phosphorylation when compared to the control cells

(Fig. 2a, b). Significant increase of E2-induced MAPK

phosphorylation in TAM-R cells was observed after 3-min

incubation (Fig. 2a). In control cells, the E2-induced

MAPK phosphorylation increased significantly slower:

after 15-min incubation. The level of phosphorylation was

not significantly different. E2 treatment did not influence

the level of Akt phosphorylation in both control and TAM-

R cells (Fig. 2a).

Treatment with 1-nM G1 led to an increase in phos-

phorylation level of both MAPK and Akt (Fig. 2b). In

TAM-R cells, the level of phosphorylation was signifi-

cantly higher, started to increase at 3 min and decreased at

10 min to the basal level. In control cells, the MAPK

phosphorylation also increased at 3 min, but was weaker

when compared to the TAM-R cells and decreased mark-

edly at 15 min. The phosphorylation of Akt in TAM-R

cells increased at 3–5 min incubation with G1 and

decreased to the basal level at 10 min (Fig. 2b). In control

cells, stimulation of Akt occurred initially after 15-min

incubation with G1.

In contrast, Tam significantly inhibited the MAPK

phosphorylation in the control cells and was detectable

after 10-min Tam treatment (Fig. 2c). However, in TAM-R

cells, Tam was able to activate MAPK phosphorylation

with peak stimulation at 5 and 10 min. The phosphoryla-

tion level of Akt remained constant. These results dem-

onstrated that Tam agonistic activity was increased in

TAM-R cells.

GPR30/growth factor receptor signaling

in TAM-R cells

Very recently, it has been reported that GPR30 can stim-

ulate the phosphorylation of MAPK and Akt via activation

of EGFR [9]. This fact and the observation that TAM-R

tAKT

pAKT

tMAPK

pMAPK

Tam1µM

sllecR-MATsllecTW7-FCM

0 3 5  10   15 30 0 3 5  10   15 30C

tAKT

pAKT

tMAPK

pMAPK

G1 1nM

B sllecR-MATsllecTW7-FCM

0 3 5  10 15 30 0 3 5  10   15 30

tMAPK

pMAPK

sllecR-MATsllecTW7-FCM

0 3 5   10    15 30 0 3 5    10    15  30

tAKT

pAKT

E2 10nM

A

Fig. 2 Phosphorylation of MAPK and Akt in MCF-7WT and TAM-R

cells. The expression of MAPK and Akt was investigated by Western

blot analysis using specific antibodies against phosphorylated (p) and

total (t) proteins. Cells were cultured for the indicated time with 10-

nM E2 (a), 10-nM G1 (b), and 1-lM Tam (c) and after preparation of

the cell lysates the Western blot was performed
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cells were more sensitive to GPR30 agonist G1 made us to

investigate the cross talk between GPR30 and growth

factor receptor signaling pathway in acquired Tam resis-

tance. Using Western blotting, the basal levels of GPR30,

EGFR, MAPK, and Akt expressions in TAM-R cells were

investigated and compared to their basal levels in control

cells. As shown in Fig. 3a, there was no significant dif-

ference in the levels of protein expression of GPR30, as

well as in the phosphorylation level of MAPK and Akt,

between TAM-R cells, treated for 2, 4, and 6 months with

Tam, and the control cells incubated with ethanol. How-

ever, EGFR levels were slightly increased in TAM-R cells

when compared to the control cells (Fig. 3a). A slight

increase in basal level of EGFR was observed after

4 months of Tam treatment, reaching a maximal level at

6 months (Fig. 3a), and remained unchanged during further

treatment with Tam (data not shown).

To further investigate the role of growth factor signaling

in Tam resistance, TAM-R cells were transfecte by GPR30

anti-sense oligonucleotides or were pretreated with small

molecule inhibitor AG1478, which block EGFR activity.

The knocking down of GPR30 by transfection of the cells

with GPR30 anti-sense oligonucleotide abrogated the

agonistic effect of Tam and led to significant growth

inhibition of TAM-R cells (Fig. 3b). Similarly, simulta-

neous treatment of TAM-R cells with Tam and AG1478,

reestablished the inhibitory effect of Tam on cell growth

(Fig. 3c). It has been suggested that GPR30 can activate

EGFR by activation of non-receptor tyrosin kinase c-Src

[9]. To investigate this hypothesis the cells were preincu-

bated with c-Src inhibitor PP2. As expected, the prolifer-

ative effect of Tam was completely blocked (Fig. 3c).

Western blotting further demonstrated the role of GPR30

and EGFR cross talk in Tam resistance. As demonstrated in

Fig. 3 GPR30/growth factor receptor signaling in TAM-R cells.

a Basal expression profile of TAM-R cells. Cell lysates were prepared

from control cells (0 months) or TAM-R cells cultivated in presence

of 10-nM Tam for 2, 4, or 6 months (Mo). The protein expression of

GPR30, EGFR, and the basal phosphorylation of MAPK and Akt was

examined by Western blot using specific antibodies. b, c, d Effect of

GPR30 anti-sense oligonucleotide, EGFR inhibitor AG1478 and c-Src

inhibitor PP2 on Tam agonist activity in TAM-R cells. TAM-R cells

were b transiently transfected with control scrambled oligonucleotide

(Con/AS) or with GPR30 anti-sense oligonucleotide (GPR30/AS) or c
preincubated for 1 h with 1-lM AG1478 or 5-lM PP2. After that,

they were treated with 1-lM Tam for 5 days and the cell count

measured (b, c) or the MAPK phosphorylation assayed by Western

blotting (d). Inset, cells transfected with control scrambled oligonu-

cleotide (Con/AS) or with GPR30 anti-sense oligonucleotide (GPR30/

AS). ß-actin was used as a loading control. Each experiment was

repeated at least three times. The results are expressed as

means ± SD. (** P \ 0.01, compare to the Tam treatment). e, f
Growth effect of E2 on MCF-7WT and TAM-R cells. MCF-7WT and

TAM-R cells were e transiently transfected with GPR30 anti-sense

oligonucleotide or with control scrambled oligonucleotide (Con/AS)

or f preincubated for 1 h with 1-lM AG1478, 5-lM PP2, and 1-lM

fulvestrant (Fas) in the presence of 10-nM E2. After 5 days the cell

count was measured. Each experiment was repeated at least three

times. The results are expressed as means ± SD (** P \ 0.01,

compare to the E2 treatment)
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Fig. 3d, AG1478, PP2, and the knocking down of GPR30

reestablished the ability of Tam to inhibit MAPK phos-

phorylation in TAM-R cells. These results clearly sug-

gested the role of GPR30/EGFR signaling pathway in

mediation of Tam growth stimulation activity in TAM-R

cells.

To determine whether GPR30/EGFR signaling plays a

role in ‘‘non-genomic action’’ of E2, control cells and

TAM-R cells were incubated with E2 in presence of

AG1478 and c-Src kinase inhibitor PP2. The role of

GPR30 was investigated by transfection of the cells with

GPR30 anti-sense oligonucleotides. AG1478, PP2, and

knocking down of GPR30 had not or demonstrated only a

slight inhibition of E2-induced cell proliferation in MCF-

7WT (Fig. 3e, f). As expected, ER antagonist fulvestrant

was able to abolish completely the cell proliferation of

MCF-7WT cells, demonstrating that the ‘‘classic’’ genomic

action of E2 is superior in wild-type cells. In contrast, cell

proliferation effect of E2 in TAM-R cells was significantly

diminished by GPR30 knocking down, AG1478, and PP2

(Fig. 3e, f), demonstrating the important role of GPR30/

EGFR cross talk for E2 signaling in TAM-R cells.

Long-term G1 treatment abrogates the responsiveness

of MCF-7 cells to Tam

As demonstrated in Fig. 1a, the exposure of MCF-7WT

cells to Tam leads to a reduction in cell number. To

investigate further the possible role of GPR30 in mecha-

nisms of Tam resistance, MCF-7WT cells were continu-

ously exposed to 1-nM G1 over a period of 6 months. The

cells cultured in G1-containing medium were named G1-R

cells. Surprisingly, long-term exposure to G1 mimics the

long-term exposure to Tam and abrogated its inhibitory

effect. In G1-R cells Tam acted as agonist and induced the

cell proliferation (Fig. 4a) and MAPK kinase phosphorylation

(Fig. 4b). Only high concentrations of Tam (15 and

20 lM) remained growth inhibitory. As expected, anti-

sense oligonucleotide against GPR30 restored the growth

inhibitory effect of Tam in G1-R (Fig. 4a) and abolished

Tam-induced phosphorylation of MAPK (Fig. 4b).

E2 up-regulates GPR30 expression

During this subset of experiments, we observed an inter-

esting fact, namely the incubation of TAM-R cells in

medium containing FCS or E2, increased their sensitivity

to G1. The simultaneous incubation of the cells with 10-nM

E2 and 1-nM G1 led to a significant increase of cell pro-

liferation over the proliferation caused by each substance

alone. This indicates that both substances potentiate their

growth stimulatory effect. The pretreatment of TAM-R

cells with 10-nM E2 increased significantly the prolifera-

tion potential of GPR30 agonist G1 (Fig. 5a). In control

cells this effect was not observed (data not shown). This

data raised the question if E2 induces the GPR30 expres-

sion. To investigate this hypothesis, MCF-7 and TAM-R

cells were incubated with 10-nM E2 for indicated times

and GPR30 expression was assayed by Western blotting.

E2 incubation increased GPR30 protein expression in both

the cell types (Fig. 5b). However, TAM-R cells showed

earlier increase in GPR30 level when compared to the

control cells with peak stimulation at 2 and 6 h, respec-

tively. These results demonstrate that E2 up-regulates

significantly GPR30 expression in TAM-R cells and

increases additionally their sensitivity to G1.

To define more precisely the subcellular localization of

GPR30 after E2 stimulation, we prepared fractions from

plasma membrane and endoplasmic reticulum from MCF-

7WT and TAM-R cells. The protein expression level was

detected by Western blot, where calnexin and 50-nucleo-

tidase were used as markers of endoplasmic reticulum and

Fig. 4 Long-term G1 treatment of MCF-7WT cells altered their

response to Tam. a MCF-7WT cells, parental cells cultured for

6 months with 1-nM G1 (G1-R cells) and G1-R cells transiently

transfected with GPR30 anti-sense oligonucleotide were then treated

with Tam in the indicated concentrations for 5 days and the cell

number was counted. Each experiment was repeated at least three

times. The results are expressed as means ± SD. b G1-R cells

transfected or not with GPR30 anti-sense oligonucleotide, were

incubated for 5 min with 1-lM Tam. Then the phosphorylation level

of MAPK was measured by Western blot using specific antibodies
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plasma membrane, respectively. MCF-7WT and TAM-R

cells were stimulated with 10-nM E2. As demonstrated

above, E2 stimulation up-regulates significantly GPR30

expression. Interestingly, after E2 stimulation the level of

GPR30 in MCF-7WT cells was increased only in endo-

plasmic reticulum fraction (Fig. 5c, left panel). In TAM-R

cells, a drastic increase of GPR30 was recovered in endo-

plasmic reticulum as well as in plasma membrane (Fig. 5c,

right panel). These data indicate that in TAM-R cells E2

stimulates not only the GPR30 expression, but also its

redistribution to the plasma membrane.

To investigate the role of ER in this process, TAM-R

cells were incubated with E2 in the presence or absence of

the ER antagonist fulvestrant. Because fulvestrant is an

agonist for GPR30, we investigated its influence on GPR30

expression. Fulvestrant alone did not change the expression

of GPR30 in TAM-R cells (Fig. 5d). However, fulvestrant

abolished completely the E2-stimulated GPR30 expression

in membrane and endoplasmic reticulum fractions

(Fig. 5d). This observation suggests that E2-stimulated up-

regulation and translocation of GPR30 to the cell mem-

brane is ER-dependent.

Discussion

In this study, we investigated the role of GPR30 in the

development of acquired Tam resistance. GPR30, a mem-

ber of the big group of seven-spanning GPCR-receptor

family, has been supposed to act as a transmembrane

estrogen receptor [14, 15]. Moreover, it has been suggested

that Tam and fulvestrant, two ER antagonists, act as

GPR30 agonists and stimulate cell proliferation in different

cell types [16–19]. These results raise the question if

GPR30 is involved in the increased estrogen agonist

activity of Tam in Tam-resistant cells.

The role of GPR30 as a functional estrogen receptor

remains a controversial topic [8, 20]. Many works descri-

bed GPR30 as an estrogen G-protein coupled receptor,

whereas others suggest that GPR30 acts as a collaborator

A
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Fig. 5 E2-induced up-regulation of GPR30. a TAM-R cells were

pretreated for 24 h with medium containing 1-nM E2 or not. After

that the cells were treated with G1 in the indicated concentrations for

5 days and the cell number was counted. Each experiment was

repeated at least three times. The results are expressed as

means ± SD. b MCF-7WT and TAM-R cells were incubated with

10-nM E2 for indicated time. GPR30 protein expression was

measured by Western blot using specific antibody against GPR30.

Membranes were re-blotted with an anti-ß-actin antibody. c MCF-

7WT and TAM-R cells were treated with 10-nM E2 for 6 and 2 h,

respectively. The protein expression of GPR30 in plasma membrane

(PM) and endoplasmic reticulum (ER) was investigated and compared

to the expression level in untreated cells. 50-nucleotidase (50-NT) and

calnexin were used as specific markers for plasma membrane and

endoplasmic reticulum, respectively. d TAM-R cells were incubated

with medium (-), 10-nM E2 for 2 h with or without pretreatment

with 100-nM fulvestrant (Fas). 50-nucleotidase (50-NT) and calnexin

were used as specific markers for plasma membrane and endoplasmic

reticulum, respectively. Under the Western blot panels, a quantitative

representation of the expression analysis is shown. The results are

expressed as means ± SD (*** P \ 0.001)
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with ER in transmission of estrogen signaling [20]. In our

experiments, E2 effect in wild-type MCF-7 cells was

unchanged by the knocking down of GPR30, but com-

pletely inhibited by fulvestrant. In this regard, we can

conclude that GPR30 plays a secondary role in transmitting

any estrogen action in the parental cells. In these cells, ER

remains the predominant signaling target for estrogen. In

contrast, long-term exposure of MCF-7 cells to Tam

increased their sensitivity to E2 and capability of GPR30 to

mediate estrogen action. We supposed as a possible

explanation an increase in receptor expression or func-

tionality. Surprisingly, there was no increased basal

expression of GPR30 in TAM-R cells when compared to

MCF-7 cells.

Originally, GPR30 have been found to be localized to

the endoplasmic reticulum, where it transduced the estro-

gen action resulting in increased Ca2? mobilization and

synthesis of phosphatidylinositol 3,4,5- trisphosphate [14].

Therefore, the second possible explanation was an

increased synergism between ER and GPR30 with mobi-

lization of the intracellular pool of GPR30. We found that

E2 incubation increased GPR30 protein expression and it

was more drastically in TAM-R cells (Fig. 5b). Very

recently similar results have been found in endometrial

cancer cells, where the basal mRNA level of GPR30 was

significantly higher in presence of E2 [21]. Moreover, in

TAM-R cells we observed an increase of cell surface

expression of GPR30, which was completely abolished by

ERa inhibitor fulvestrant, but not by genistein, an ERß

inhibitor (data not shown). It demonstrated that the pres-

ence of estrogen is necessary for GPR30 up-regulation/

translocation and might be an important milestone in

development of acquired resistance. The importance of

estrogen milieu for this process has been very recently

confirmed [22]. GPR30 up-regulation can explain the

increased sensibility of TAM-R cells to GPR30-specific

agonist G1. The overexpression of GPR30 alone could not

explain the entire mechanism of Tam resistance, but it may

promote the rapid development of resistance in presence of

its natural ligand in serum.

The cross talk between estrogen and growth factor sig-

naling pathways as an important mechanism for endocrine

therapy resistance in breast cancer is well established (for

review see [23]). Activated GPR30 may transactivate

EGFR by stimulating HB-EGF release [9]. GPR30 up-

regulation in TAM-R cells increases the possibility of cross

talk with EGFR with a consequent MAPK and Akt acti-

vation [24]. This hypothesis is supported by the fact that in

breast cancer specimens, GPR30-expression correlates

significantly with overexpression of Her-2, another mem-

ber of the EGFR-receptor family [25]. Recent results have

shown a cross talk of GPR30 with activated EGFR and ER

in hormone-positive cancer cells [26]. Moreover, the

authors suggested that the EGFR can up-regulate GPR30,

which in turn could contribute to failure of tamoxifen

therapy [26].

Interestingly, only EGFR expression was slightly

increased in MCF-7 cells after 6 months of treatment with

Tam, which is inconsistent and controversially described in

the literature [22, 27–29]. On the other hand, the basal

phosphorylation of MAPK and Akt did not change during

long-term treatment with Tam. However, Tam was able to

increase significantly the MAPK phosphorylation in TAM-

R cells with consequent stimulation of cell growth. Tam-

stimulated expression of MAPK has been reported to be

associated with Tam resistance in breast cancer patients

[30]. Anyway, the Tam-induced cell growth and phos-

phorylation of MAPK in TAM-R cells was blocked by

GPR30 anti-sense oligonucleotides or EGFR inhibitor

AG1478. Additionally, Tam agonist activity was blocked

by preincubation with PP2, an inhibitor of non-receptor

tyrosin kinase c-Src which is known to mediate the E2-

stimulated EGFR activity [9, 31], as well as the cross talk

between GPR30 and EGFR [16]. All these data suggest

involvement of GPR30 and EGFR signaling in Tam ago-

nistic activity in TAM-R cells.

A similar mechanism of Tam resistance has been pro-

posed for membrane-bound ER [27]. However, the fact that

ER protein does not contain hydrophobic transmembrane

domains and membrane localizing sequence [23] make this

suggestion disputable. In addition, the potential role of

cross- talk between membrane-bound ER and EGFR in the

mechanisms of Tam resistance in breast cancer remains

unrealistic, because there is a negative correlation between

ER and EGFR/Her-2 expression in human breast cancer

and ER seems to be a repressor for EGFR [32, 33]. In

contrast, recent results have demonstrated that GPR30

expression correlates significantly with Her-2 expression in

breast cancer [25].

A nonsteroidal, highly selective agonist of GPR30 has

been recently described. The chronic activation of GPR30

by G1 completely abolished the inhibitory effect of Tam.

After long-term exposure of MCF-7 cells to G1, Tam does

not act anymore as growth inhibitory, but as stimulatory

with increased MAPK phosphorylation. Knocking down of

GPR30 and inhibition of EGFR signaling, restored Tam

inhibitory effect in these cells, confirming the importance

of GPR30/EGFR cross talk for the development of Tam

resistance in vitro. The activation of GPR30 in breast

cancer by its natural ligand(s) in vivo might be an alter-

native mechanism supporting the development of Tam

resistance.

Our results demonstrate for the first time the role of

GPR30 in a Tam-resistance model (Fig. 6). Long-term

treatment with Tam increases the sensitivity of the cells to

E2 and leads to increase of E2-stimulated up-regulation of
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GPR30 and its recruitment and translocation from endo-

plasmatic reticulum to the cell surface. The overexpression

of GPR30, converts Tam to a growth stimulator because its

ability to act as an agonist for GPR30. GPR30 activates

various G-proteins with subsequent activation of EGFR,

which possibly occurs by activation of c-Src and matrix

metalloproteinases (MMPs). The GPR30/EGFR cross talk

is followed by phosphorylation of MAPK and Akt. Thus,

MAPK and Akt can further stimulate transcription of dif-

ferent genes (even ER) with consequence, cell growth

proliferation. Then, again, the phosphorylated ER can

further up-regulate GPR30, establishing a vicious circle.

Blockage of GPR30/EGFR signaling is a potential target to

overlap the Tam resistance in breast cancer cells. A further

investigation of the role of GPR30 in this process is

needed.
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