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G-protein-coupled estrogen receptor (GPER) was found to promote non-small cell lung cancer (NSCLC) by 
estrogen, indicating the potential necessity of inhibiting GPER by a selective antagonist. This study was per-
formed to elucidate the function of GPER-selective inhibitor G15 in NSCLC development. Cytoplasmic GPER 
(cGPER) and nuclear GPER (nGPER) were detected by immunohistochemical analysis in NSCLC samples. 
The relation of GPER and estrogen receptor b (ERb) expression and correlation between GPER, ERb, and 
clinical factors were analyzed. The effects of activating GPER and function of G15 were analyzed in the prolif-
eration of A549 and H1793 cell lines and development of urethane-induced adenocarcinoma. Overexpression 
of cGPER and nGPER was detected in 80.49% (120/150) and 52.00% (78/150) of the NSCLC samples. High 
expression of GPER was related with higher stages, poorer differentiation, and high expression of ERb. The 
protein level of GPER in the A549 and H1793 cell lines was increased by treatment with E2, G1 (GPER ago-
nist), or fulvestrant (Ful; ERb antagonist) and decreased by G15. Administration with G15 reversed the E2- or 
G1-induced cell growth by inhibiting GPER. In urethane-induced adenocarcinoma mice, the number of tumor 
nodules and tumor index increased in the E2 or G1 group and decreased by treatment with G15. These find-
ings demonstrate that using G15 to block GPER signaling may be considered as a new therapeutic target in 
NSCLC.
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INTRODUCTION

By regulating cell growth and differentiation, estro-
gens, especially endogenous 17b-estradiol (E2), influ-
ence normal physiological functions such as menstrual 
cycle, reproduction, regulation of bone density, functions 
of brain, etc1–3. Moreover, reported evidence reveals that 
estrogen is associated with the carcinogenesis of certain 
types of cancer, such as breast4, endometrial, ovarian5,6, 
and lung cancers7. Recently, studies revealed that E2 
activated estrogen receptor b (ERb), inducing the prolif-
eration of non-small cell lung cancer (NSCLC) cells in 
culture7–9, human tumor xenografts8, and animal models 
of lung cancer10.

It has been demonstrated that antiestrogen treat-
ments exhibited obvious efficiency in the treatment of 
breast cancer11. Antiestrogen strategies including selec-
tive estrogen receptor (ER) modulators such as tamox-
ifen, pure antagonists (antagonistic in all tissues) such as 
fulvestrant, and aromatase inhibitors such as anastrozole 
have been successfully applied for the treatment and 
prevention of various cancers3,12,13. Increasing evidence 
indicates that patients with NSCLC will benefit from inter-
fering with estrogen signaling. In more than 6,500 survi-
vors of breast cancer, significantly lower subsequent lung 
cancer mortality was found in women who received any 
antiestrogen treatment14. Another study evaluated 2,320 
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women with or without exposure to antiestrogen treat-
ments and found strong association between decreased 
lung cancer mortality and antiestrogen treatments15. 
Importantly, accumulating evidence now focuses on the 
potential efficiency of inhibition of ER using fulvestrant 
in the suppression of NSCLC7,12,16. Safety and potential 
antitumor activity of combined use of gefitinib [an epi-
dermal growth factor receptor (EGFR) tyrosine kinase 
inhibitor] and fulvestrant in postmenopausal women 
have been shown in a phase I study17. However, a phase II 
clinical study18 to evaluate whether the addition of fulves-
trant enhances the antitumor efficacy of erlotinib (another 
EGFR tyrosine kinase inhibitor) demonstrated that pro-
gression-free survival and response rates were similar 
between the two treatment arms in unselected patients. It 
reveals that potential mechanisms limiting efficacy may 
exist and a new inhibition strategy is needed based on the 
antiestrogen theory.

G-protein-coupled estrogen receptor (GPER), recently 
demonstrated to be expressed in lung tumors, acts as a 
third ER promoting the development of breast, endome-
trial, and ovarian cancers19–24. Fulvestrant has been found 
to activate GPER, stimulating the proliferation and migra-
tion of breast cancer cells25 and the proliferation of both 
endometrial and ovarian cancer cells22,24. These phenom-
ena reveal that antiestrogen strategy based on fulvestrant 
has the potential to activate GPER, resulting in the devel-
opment of tumors. A GPER-selective antagonist G15 was 
identified in 200926. Structurally similar to G1, G15 is 
effective in inhibiting E2- and G1-mediated effects26–28. 
The core structures of G15 have been used to generate 
several agents that can be used for the potential treat-
ment of GPER-expressing tumors in vivo29. However, the 
effects of G15 in the inhibition of GPER in NSCLC are 
unclear.

In this study, the expression of GPER was detected in 
the tumor tissues of NSCLC patients, and its relationship 
with clinical factors was analyzed. Furthermore, the role 
of GPER in NSCLC in vitro and in vivo was investigated, 
which provided evidence that the inhibition of GPER  
by the selective antagonist G15 should be considered.

MATERIALS AND METHODS

Construction of Tissue Microarray 
and Immunohistochemistry

The procedure is similar to that described previously30. 
Patients with primary NSCLC (diagnosed between Octo-
ber 2008 and December 2013) who underwent surgery 
in the Department of Thoracic Surgery (affiliated to the 
Tongji Hospital of Huazhong University of Science and 
Technology Tongji Medical College) were enrolled into 
the study after obtaining appropriate approval from the 
Institutional Review Board (IRB; ID No. 20141101). 

Clinical and pathological information from the patients 
was collected, and the database was tabulated in an 
anonymous manner. Samples of tissue sections from pri-
mary tumors were identified, and 1.5-mm cores of the 
identified tissues were punched from the donor blocks 
and inserted into a recipient block. Where available, the 
edge of the primary tumor and the corresponding normal 
lung tissue were identified and included into the tissue 
microarray (TMA). The TMA was cut into 5-μm sec-
tions, and immunohistochemistry (IHC) was performed 
as previously described30. All procedures performed in 
studies involving human participants were in accordance 
with the ethical standards of the institutional and/or 
national research committee and with the 1964 Helsinki 
Declaration and its later amendments or comparable  
ethical standards. All applicable international, national, 
and/or institutional guidelines for the care and use of  
animals were followed.

IHC staining was performed using a GPER anti-
body (1:200; Novus Biologicals, Littleton, CO, USA), 
which was confirmed to be specific for GPER31, and an 
ERb antibody (1:200; AB1410; Chemicon International, 
Temecula, CA, USA). GPER and ERb staining were 
evaluated pathologically in a double-blind manner under 
a light microscope. Cells positive for GPER or ERb 
appeared yellow or yellowish brown in the nucleus or 
cytoplasm, or they contained yellowish brown granules.  
A pathological examination and semiquantitation based 
on the staining intensity and proportion of positive 
cells were performed as previously reported32. Positive 
cells were scored as follows: 1, £20% positive cells; 2, 
20%–50% positive cells; 3, 50%–75% positive cells; and 
4, ³75% positive cells. Staining intensity was evaluated 
as follows: 1, negative; 2, weakly positive; 3, moderately 
positive; and 4, strongly positive. A score of 1–16 was 
given by multiplying the staining intensity and proportion 
of positive cells: (−), £4; (+), >4 and £8; (++), >8 and 
£12; and (+++), >12 and £16.

Cell Lines and Reagents

A549 and H1793 cells were purchased from the 
American Type Culture Collection (Manassas, VA, USA) 
and grown for 2 weeks (five passages). A549 cells were 
cultured in 1640 medium supplemented with 10% fetal 
bovine serum (FBS) at 37°C with 5% CO2. H1793 cells 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM)/F12 medium supplemented with 5% FBS, 
0.005 mg/ml insulin, 0.01 mg/ml transferrin, 30 nM 
sodium selenite, 10 nM hydrocortisone, and extra 2 mM 
l-glutamine at 37°C with 5% CO2. For experiments, 
cells were plated in phenol red-free medium that was 
supplemented with either charcoal-stripped serum or no 
serum for at least 24 h prior to adding the ligand, and 
48 h later they were treated with the following agents:  



Delivered by Ingenta
IP: 89.252.132.194 On: Wed, 22 Jun 2022 07:54:56

Article(s) and/or figure(s) cannot be used for resale. Please use proper citation format when citing this article including the DOI,
publisher reference, volume number and page location.

GPER ANTAGONIST G15 DECREASES ESTROGEN-INDUCED DEVELOPMENT OF NSCLC 285

E2 (Sigma-Aldrich, St. Louis, MO, USA), (1-(4-(6- 
bromobenzo[1,3]dioxol-5-yl)-3a,4,5,9b-tetrahydro-3H- 
cyclopenta[c]quinolin-8-yl)-ethanone, 1-[(3aS,4R,9bR-rel)-
4-(6-bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-tetrahydro-
3H-cyclopenta[c]quinolin-8-yl]-ethanone) (G1, a GPER 
agonist; Cayman Chemical, Ann Arbor, MI, USA), ful-
vestrant (an ER antagonist and also a GPER agonist; 
Cayman Chemical), and (4-(6-bromo-benzo[1,3]dioxol-5-
yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c] quinoline) (G15, 
a GPER antagonist; Cayman Chemical) at the indicated 
concentrations. For cell culture experiments, all reagents  
used were formulated in 100% dimethyl sulfoxide.

Cell Proliferation Assay

Cell proliferation was assessed using the Cell Counting 
Kit-8 (CCK-8) assay. A549 and H1793 cells were seeded 
in 96-well plates at an initial density of 3 ́  103 cells 
per well and incubated overnight to allow adherence. 
Subsequent to washing, cells were treated with E2, G1, 
fulvestrant, and G15 at different concentrations. Cells of 
each group were incubated for 1–5 days. Nine duplicate 
wells were used for each group. At the end of the cul-
ture period, the viability of cells was measured using the 
CCK-8 assay according to the manufacturer’s instruc-
tions. In brief, 90 μl of fresh serum-free medium and 
10 μl of CCK-8 reagent were added into each well after 
decanting the old medium, and the culture was continued 
at 37°C for 2 h. The optical density (OD) at 450 nm was 
measured using a microplate reader (Promega, Madison, 
WI, USA). The above steps were repeated three times, 
and the mean was calculated.

Cell proliferation was also quantified by the uptake 
of 5-ethynyl-2¢-deoxyuridine (EdU) incorporation assay, 
which was performed using the CellLight™ EdU imaging 
detection kit (RiboBio, Guangzhou, P.R. China) accord-
ing to the manufacturer’s instructions. The cell prolifera-
tion rate was calculated using the formula (EdU add-in 
cells/Hoechst-stained cells) ́  100%. The assay was per-
formed in triplicate and repeated three times in indepen-
dent experiments.

Urethane-Induced Adenocarcinoma Model 
and Treatments

Four-week-old female Kunming mice were maintained  
in an environment with a standardized barrier system  
(System Barrier Environment No. 00021082) in the Exper-
imental Animal Center of Tongji Hospital of Huazhong 
University of Science and Technology (Institutional Ani-
mal Care and Use Committee No. S365). After mice under-
went ovariectomy, lung cancer was induced by urethane 
(Sigma-Aldrich) as previously described10. Then mice 
were subcutaneously administered with E2, G1, E2 +  
fulvestrant (Ful), G1 + Ful, E2 + Ful + G15, Ful, G15, and 
blank control. E2 (0.09 mg/kg), G1 (0.14 mg/kg), Ful  

(2.4 mg/kg), and G15 (1.46 mg/kg) were prepared in 
ethanol. These drugs were injected twice weekly. After  
14 weeks, mice were sacrificed and the lungs were col-
lected. The lungs were macroscopically observed, and 
tumor nodules were counted as previously described10. 
The total number of lung nodules was counted in each 
mouse using light microscopy. The lung nodules were 
divided into two groups. One group was fixed in 10% 
formalin and embedded in paraffin. The largest lobe was 
stained with hematoxylin and eosin (H&E) for patho-
logical examinations, and other lobes were sectioned for 
TMA. The other group was stored in liquid nitrogen at 
−80°C for further use (Western blot analysis).

Western Blot Analysis

Cells were detached using trypsin, washed three times 
with phosphate-buffered saline, treated with lysis buffer 
[25 mM Tris-HCl (pH 7.4), 1% Triton X-100, 150 mM  
NaCl, 5% ethylenediaminetetraacetic acid, 10 mM  
NaF, 1 mM phenylmethylsulfonyl fluoride (PMSF), and  
10 mg of aprotinin and leupeptin] and incubated for 
30 min on ice. Lung cancer tissues were lysed in PMSF, 
followed by homogenization and determination of the 
concentration of protein. The lysate was centrifuged 
for 10 min at 12,000 rpm, and the supernatant was col-
lected. Concentrations of protein were measured using 
the Bradford method (Bio-Rad, Hercules, CA, USA). A 
50-μg aliquot of protein per lane was electrophoresed on 
8%–12% sodium dodecyl sulfate-polyacrylamide gel and 
electroblotted on polyvinylidene fluoride membranes 
(Millipore, Bedford, MA, USA). The transferred mem-
branes were blocked with 5% nonfat dry skim milk in 
Tris-buffered saline [TBST; 25 mM Tris-HCl (pH 7.4), 
125 mM NaCl, 0.05% Tween 20] and incubated at 4°C 
overnight with the appropriate primary antibodies, which 
were specific for the protein GPER (1:600) from Novus 
Biologicals. After being washed with TBST, the mem-
branes were incubated with a horseradish peroxidase- 
labeled secondary antibody (1:2,000) for 1 h at 37°C before 
detection using ECL-Plus Western Blotting Detection 
Reagents (Pierce, Rockford, lL, USA). Glyceraldehyde 
3-phosphate dehydrogenase was used as an internal con-
trol for protein loading and analysis.

Statistical Analysis

Statistical analysis was performed using IBM SPSS 
version 19 (SPSS Inc., Chicago, IL, USA). Differences in 
the expression of GPER between NSCLC and benign pul-
monary lesion (BPL) were examined using the chi-square 
test. Associations between the expression of GPER and 
clinicopathological determinants were evaluated using 
the chi-square test and Fisher’s exact test (for nominal 
variables) as appropriate. Spearman rank correlation was 
used to analyze the correlation between the expression of 
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GPER and ERb. Student’s t-test was used to evaluate the 
statistical significance of the in vitro studies. One-way 
analysis of variance was used to analyze the influence 
of E2 and G1 on tumorigenesis. A value of p < 0.05 was 
considered statistically significant.

RESULTS

Expression of GPER in NSCLC

Tumor samples from 150 patients (106 men and 44 
women; mean age, 57 ± 7 years; range, 45–71 years) were 
available for constructing a TMA. All female patients were 
in menopause. Additionally, 76 patients with squamous 
cell carcinoma and 74 patients with adenocarcinoma were 
found equally distributed among the selected patients. All 
carcinomas were classified according to the pathological 
tumor–node–metastasis staging system (UICC, 7th edi-
tion, 2009). Of the total patients, 79 presented with stages 
IA–IIB NSCLC, and 71 presented with stages IIIA– 
IV NSCLC. Furthermore, poorly differentiated NSCLC 
was found in 38 patients, and moderate to well-differ-
entiated NSCLC was found in 112 patients. In addition, 
100 control subjects (54 men and 46 women; mean age, 
55 ± 10 years; range, 45–66 years) with BPL who under-
went surgery at our department were enrolled. All female 
patients were in menopause. Pulmonary tuberculomas,  

bronchiectasis, and sclerosing hemangiomas were found 
in 62, 31, and 7 of these patients, respectively.

GPER+ granules were mainly found in the cytoplasm 
and sometimes the nuclei of lung cancer cells (Fig. 1). In 
BPL, only a few cells were mildly or moderately posi-
tive for GPER (+~++). When accounting for cytoplas-
mic GPER (cGPER) and nuclear GPER (nGPER) sepa-
rately in the NSCLC group, 80.49% (120/150) of the 
samples were positive for cGPER, which was markedly 
higher than that of BPL (35.00%, 49/140) (p < 0.001). The 
proportion of samples positive for nGPER was 52.00% 
(78/150), which was significantly higher than that in 
benign pulmonary tissues (28.00%, 28/100) (p < 0.001; data  
not shown). There was no marked correlation between the 
expression of cGPER and gender, age, smoking index, or 
histological type. The expression of cGPER in NSCLC 
at stages IIIA–IV (88.73%) was markedly higher than at 
stages IA–IIB (72.15%) (p = 0.014). The expression of 
cGPER in poorly differentiated NSCLC (97.37%) was 
significantly increased compared to moderate- to well-
differentiated NSCLC (74.11%) (p = 0.001). There was 
no marked correlation between the expression of nGPER 
and gender, age, smoking index, histological type, lymph 
node metastasis, TNM stage, or degree of differentiation 
(Table 1). The expression of cGPER was positively cor-
related with that of ERb and especially in female patients 

Figure 1. Expression of G-protein-coupled estrogen receptor (GPER) in lung adenocarcinoma and squamous cell carcinoma. The 
expression of GPER in lung adenocarcinoma is shown in well (A), moderately (B), and poorly (C) differentiated degrees. The expres-
sion of GPER in lung squamous cell carcinoma is shown in well (D), moderately (E), and poorly (F) differentiated degrees. Original 
magnification: 400´. The bar graphs summarize the percentage of lung adenocarcinoma and squamous cell carcinoma that express 
various amounts of cytoplasmic GPER (G) and nuclear GPER (H) proteins.
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with adenocarcinoma (r = 0.242 and 0.457, respectively; 
p < 0.05) (Table 2). The expression of nGPER did not show 
any correlation with ERb (r = 0.019, p < 0.05) (Table 2).

G15 Inhibited the Response of GPER Stimulated  
by E2 in NSCLC Cell Lines

To determine the effects of G15 (chemical structure 
is shown in Fig. 2A) on the expression of GPER protein 
in NSCLC cell lines, A549 and H1793 cells were pre-
treated with E2 (10 nM), G1 (10 nM), E2 + Ful (1 μM), 
E2 + G15 (1 μM), G1 + G15, E2 + Ful + G15, Ful, and G15  
at indicated concentrations. After 48 h, changes in the 
expression of GPER were examined by Western blot. 
Treatment with E2 and G1 both upregulated the expres-
sion of GPER, suggesting the potential reactivity of GPER 
in NSCLC cells. In addition, fulvestrant, a selective ER 
degrader, also upregulated the expression of GPER. The 
GPER protein level was downregulated under E2 + G15, 
G1 + G15, and E2 + Ful + G15 treatments. Interestingly, 
E2 + Ful increased the expression of GPER compared to 
the control group (Fig. 2B). These results indicated that 
E2, G1, and Ful stimulated GPER expression in NSCLC 
cells. Fulvestrant did not inhibit the response of GPER to 
E2 unless G15 was added synchronously.

G15 Inhibited GPER-Mediated Proliferation 
Stimulated by E2 in NSCLC Cell Lines

To investigate the effects of G15 on tumor cell pro-
liferation, the growth of A549 and H1793 cells was first 

examined using the CCK-8 assay after administering 
1, 10, and 100 nM selective agonist G1 and 1, 10, and 
100 nM E2, and 10 nM E2 with 0.1, 1, and 10 μM Ful 
and 10 nM G1 with 0.1, 1, and 10 μM G15. The OD val-
ues increased in a dose-dependent manner in both the G1 
and E2 groups (Figs. 3A and 4A). The A549 and H1793 
cells were grouped as E2 (10 nM), G1 (10 nM), E2 + Ful 
(1 μM), E2 + G15 (1 μM), G1 + G15, and E2 + Ful + G15. 
Between the first and the fifth days, the OD values 
increased gradually. The OD values between the differ-
ent days were significantly different (p < 0.001). E2 and 
G1 induced both A549 and H1793 cells to grow faster 
than in the control group (p < 0.001). G15, fulvestrant, or 
a combination of the above two decreased the proliferation 
by E2 dramatically (p < 0.001), but no significant differ-
ences in the OD value between these three groups were 
observed (Figs. 3B and 4B). To confirm the biological 
effects of G15 in S phase cell cycle progression, A549 
cells were measured using EdU assay after treating with 
E2, G1, E2 + Ful, E2 + Ful, G1 + G15, and E2 + Ful + G15 

Table 1. Correlation Between the Expression of Cytoplasmic G-Protein-Coupled Estrogen Receptor 
(cGPER), Nuclear GPER (nGPER), Estrogen Receptor b (ERb), and the Clinicopathological 
Characteristics of Non-Small Cell Lung Cancer (NSCLC)

cGPER nGPER ERb

− + p − + p − + p

Gender 1.00 0.591 0.179
Male 21 85 49 57 10 76
Female 9 35 23 21 14 50

Age 0.131 0.300 0.097
<55 6 42 20 28 4 44
³55 24 78 52 50 20 82

Smoking index 1.000 1.000 0.025*
<400 15 58 35 38 17 56
³400 15 62 37 40 7 70

HT 0.418 0.872 0.003*
Squamous cell carcinoma 13 63 37 39 19 57
Adenocarcinoma 17 57 35 39 5 69

TNM stage 0.014* 0.517 0.826
IA–IIB 22 57 40 39 12 67
IIIA–IV 8 63 32 39 12 59

Degree of differentiation 0.001* 0.575 0.442
Moderate to well 29 83 52 60 20 92
Poor 1 37 20 18 4 34

*p < 0.05.

Table 2. Correlation Between the Expression of 
Aromatase, cGPER, nGPER, and ERb in Female 
Lung Adenocarcinoma (Spearman’s Test)

cGPER nGPER

r p r p

ERb 0.457 0.022* 0.019 0.852
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as mentioned. As expected, the percentage of EdU+ cell 
proliferation increased by nearly onefold by E2 or G1 
compared to control group. Administration with G15 
reversed the E2- or G1-induced tumor growth (p = 0.0001) 
(Figs. 3C and 4C). This result indicated that both G1 and 
E2 enhanced the proliferation of A549 and H1793 cells. 
G15 and fulvestrant can block the proliferative effects by 
G1 or E2, respectively. Moreover, G15 could also inhibit 
the proliferation stimulated by E2/GPER signaling.

G15 Inhibited GPER-Mediated Proliferation Stimulated 
by E2 in Urethane-Induced Adenocarcinoma Mice

Urethane-induced adenocarcinoma mice model was 
established to detect the influence of G15 in the genera-
tion and progression of lung cancer (Fig. 5A). Visible 
tumors were observed on the lung surface after 14 weeks 
of induction (Fig. 5B). The rate of tumor formation was 

94.29% (33/35). H&E staining showed that the induc-
tion rate of lung adenocarcinoma was 93.94% (31/33) 
(Fig. 4B). Moreover, parameters including the body 
weight and number of tumor nodules in the E2 and G1 
groups increased compared with the control group. The 
upregulation of body weight by E2 was reversed by using 
G15, fulvestrant, or a combination of the two. The param-
eters such as number of tumor nodules decreased in the 
E2 + Ful + G15 group but increased in the E2 + Ful group 
compared to the control group (Fig. 5C and D). The pro-
tein expression levels of the GPER from tumor tissues 
were higher in the E2, G1, and E2 + Ful groups compared 
with the control group and were lower in the G1 + G15 
and E2 + Ful + G15 groups compared with the E2 or G1 
group, respectively (Fig. 5E). These findings further indi-
cate a therapeutic effect of G15 on growth and progres-
sion of lung tumor in vivo.

DISCUSSION

Estrogens play an important role in the development 
of NSCLC7,13. Previous studies on the use of hormonal 
replacement therapy and antiestrogen support the idea 
that estrogen acts as a promoter of lung cancer aggres-
sion, which may affect not only the biology but also the 
outcome of lung cancer7,12. ERb is widely considered 
as the major target of endocrine treatment for NSCLC, 
and a pure ER antagonist, fulvestrant, provides consid-
erable inhibition efficiency for NSCLC in vitro and in 
vivo7,12,33. Treatment of fulvestrant was well tolerated in a 
phase II clinical trial18. However, limited efficacy reveals 
little benefit to patients, raising questions about whether 
interfering with estrogen signaling only by treating with 
fulvestrant will benefit NSCLC. Interestingly, another 
estrogen response receptor, GPER, was found highly 
expressed in NSCLC tissues and cell lines compared 
to normal controls31. Thus, the blocking of GPER apart 
from targeting ERb should be taken into consideration. 
In this study, the presence of GPER in NSCLC tissues 
was exclusively correlated with the expression of ERb. 
Additional use of GPER antagonist G15 was found to 
suppress the development of NSCLC both in vitro and in 
vivo, revealing that inhibition of GPER by G15 exhibited 
a new antiestrogen strategy of NSCLC.

Our results demonstrated that GPER-selective agonists 
G1 and E2 activated GPER and induced proliferation of 
A549 and H1793 cells. In mice treated with E2 or G1, 
the body weight and number of tumor nodules in the 
E2 and G1 groups were markedly higher than those in 
the control group. These results suggested that E2 and 
G1 could promote the development of NSCLC indepen-
dently. Of greater importance, these parameters in the 
E2 or G1 group were reversed in the fulvestrant, G15, 

Figure 2. (A) Chemical structure of G15. (B) G15 inhibited 
the response of GPER stimulated by 17b-estradiol (E2) and G1 
in the A549 and H1793 cell lines. The synchronized cells were 
treated with E2 (10 nM), G1 (10 nM), E2 + fulvestrant (Ful) 
(1 μM), E2 + G15 (1 μM), G1 + G15, E2 + Ful + G15, Ful, and 
G15 for 2 days. The protein expression of GPER was deter-
mined using Western blot. The data represent means ± SEM 
from three different experiments.
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or combination groups. In recent studies, antagonists of 
ERa and ERb did not completely block estrogen-mediated 
nongenomic signaling34, and E2 was found to stimulate 
proliferation in ER− breast, endometrial, and ovarian can-
cer cells20–24. These findings led researchers to consider a 
third ER, GPER, that contributed to these effects. GPER 
was found to promote the progression of breast, endo-
metrial, ovarian, and thyroid cancers35,36. GPER was also 
found to be expressed higher in TMAs of human lung 
and mice lung tumor tissues31. Differential distribution of 
GPER was also found in breast cancer35, implying that 
cytoplasmic nuclear expression of GPER conveyed dif-
ferent functions. In our study, the findings indicated that 
cytoplasmic nuclear expression of GPER correlates with 
different clinical parameters in NSCLC tissues. We found 
that GPER was responsive to estrogen stimulation and 
acted as a promoter of NSCLC, inducing generation and 
proliferation of tumors. Moreover, inhibition of GPER 
by selective antagonist G15 revealed tumor-blocking  
effects in NSCLC cell lines and a urethane-induced 
NSCLC mice model. Classical ERs are accepted as the 
predominant nuclear receptors involved in the genomic 
effects of estrogen. ERs located at the plasma membrane 

also modulate nongenomic cell signaling pathways via 
ERs. GPER mainly regulates rapid nongenomic signal-
ing, activates metalloproteinases, and induces the release 
of heparin-binding epidermal growth factor, which binds 
and activates EGFR, leading to the downstream activa-
tion of signaling molecules such as ERK1 and ERK235.

G15 was identified as a GPER-selective antagonist26. 
Structurally similar with G1 (Fig. 2A), G15 is effective in 
inhibiting G1- or E2-mediated proliferation of lung tumor 
in vitro and in vivo. Similarly, it has been reported that 
G15 abolished the proliferative effects of GPER in breast 
cancer37, seminoma38, and cancer-associated fibroblasts39. 
It is reported here that the inhibition of GPER by G15 
led to the inhibition of growth of A549 and H1793 cells 
and in urethane-induced lung adenocarcinoma mice, as 
GPER protein level decreased without the influence of 
expression of ERb protein. Especially when G15 was 
added, the upregulation of GPER by E2 and fulvestrant 
was blocked, revealing a potential protumor mechanism 
that exists in fulvestrant-based antiestrogen strategies.

Furthermore, it was found that the completely 
inhibitory effect by G15 on the development of 
NSCLC was mediated through the inhibition of GPER.  

Figure 3. G15 inhibited GPER-mediated proliferation stimulated by E2 and G1 in A549 cell lines. (A) The synchronized A549 
cells were treated with E2 or G1 at different concentrations (1, 10, and 100 nM), or Ful (0.1, 1, and 10 μM) and G15 (0.1, 1, and 
10 μM) in combination with 10 nM E2 and 10 nM G1 for 2 days. The viability of the cell was analyzed using the Cell Counting Kit-8 
assay. (B) The synchronized A549 cells were treated with E2 (10 nM), G1 (10 nM), E2 + Ful (1 μM), E2 + G15 (1 μM), G1 + G15, 
and E2 + Ful + G15 for 1–5 days. Cell Counting Kit-8 was used to evaluate the viability of cells. The optical density (OD) value pro-
portional to the cell number was measured and plotted on the growth curve. (C) The synchronized A549 cells were treated with E2 
(10 nM), G1 (10 nM), E2 + Ful (1 μM), E2 + G15 (1 μM), G1 + G15, and E2 + Ful + G15 for 2 days. 5-Ethynyl-2¢-deoxyuridine (EdU) 
assay of relative Hoechst-stained cells and EdU add-in cells was used to analyze cell proliferation. The data represent mean ± SEM 
from three different experiments (*p < 0.05 vs. control group, #p < 0.05 vs. E2 group).
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Antiestrogen-based therapeutic treatments may be ben-
eficial for the prevention of lung cancer in both men and 
women. Potential strategies to target the estrogen signal-
ing for lung cancer treatment include7 aromatase inhibitors 
to block the synthesis of estrogen16, antagonists of ERb 
to anti-estrogens, and targeting growth factor pathways 
such as EGFR33, insulin-like growth factor 1 receptor32, 
or vascular endothelial growth factor receptor40 that are 
activated by estrogen signaling. With regard to the block-
ing of ERb, fulvestrant, one of the most used antagonists, 
acts as a pure antagonist but not as a “partial” antagonist 
such as tamoxifen, downregulating ERb by increasing its 
rate of degradation. However, fulvestrant has been found 
to stimulate, through the activation of GPER, the prolif-
eration and migration in breast cancer cells25 and enhance 
the proliferation in both endometrial and ovarian can-
cer cells22,24, which indicates an estrogen-like action of 
fulvestrant. We hypothesize that fulvestrant blocked the 
activation of ERb by E2 but stimulated the activation of 
GPER. The use of the ERb inhibitor fulvestrant alone in 
NSCLC may not block the effects of estrogen completely. 
However, it should be pointed out that the time of follow-up 
to patients is limited, and more data are needed to evalu-
ate the relationship between GPER and ERb signaling. 

The well-known ER antagonist fulvestrant exerts activa-
tion effects on GPER-mediated signaling, confirming the 
potential opposite functions elicited by estrogenic/anti-
estrogenic agents through each type of ER. Based on the 
findings, the use of G15 to block GPER signaling may be  
considered as an additional therapeutic target in NSCLC.

In conclusion, these data provide a comprehensive 
insight into the role of GPER in NSCLC, and targeting 
GPER by selective inhibitor G15 may be a more potential 
therapy in patients with NSCLC. However, more inves-
tigations, including prospective clinical studies, are war-
ranted in the future. In this regard, the opposite functional 
activity elicited by antiestrogens through the classical 
ERs and GPER, as stated earlier, could represent a thera-
peutic concern toward the pharmacological inhibition of 
all types of ER.
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Figure 4. G15 inhibited GPER-mediated proliferation stimulated by E2 and G1 in H1793 cell lines. (A) The synchronized H1793 
cells were treated with E2 or G1 at different concentrations (1, 10, and 100 nM), or fulvestrant (0.1, 1, and 10 μM) and G15 (0.1, 1, 
and 10 μM) in combination with 10 nM E2 and 10 nM G1 for 2 days. The viability of cells was analyzed using the Cell Counting Kit-8 
assay. (B) The synchronized H1793 cells were treated with E2 (10 nM), G1 (10 nM), E2 + Ful (1 μM), E2 + G15 (1 μM), G1 + G15, 
and E2 + Ful + G15 for 1–5 days. The Cell Counting Kit-8 was used to evaluate the viability of cells. The OD value proportional to the 
cell number was measured and plotted on the growth curve. (C) The synchronized H1793 cells were treated with E2 (10 nM), G1 (10 
nM), E2 + Ful (1 μM), E2 + G15 (1 μM), G1 + G15, and E2 + Ful + G15 for 2 days. The EdU assay of relative Hoechst-stained cells and 
EdU add-in cells was used to analyze cell proliferation. The data represent mean ± SEM from three different experiments (*p < 0.05 
vs. control group, #p < 0.05 vs. E2 group).
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