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Abstract

G-protein–coupled estrogen receptor 1 (GPER1) has been
reported to play a significant role in mediating the rapid
estrogen actions in a wide range of normal and cancer cells.
G-1 was initially developed as a selective agonist for GPER.
However, the molecular mechanisms underlying the actions of
G-1 are unknown, and recent studies report inconsistent effects
of G-1 on the growth of breast cancer cells. By employing high-
resolution laser scanning confocal microscopy and time-lapse
imaging technology, as well as biochemical analyses, in the
current study, we provide convincing in vitro and in vivo evi-
dence that G-1 is able to suppress the growth of breast cancer
cells independent of the expression status of GPERs and classic

estrogen receptors. Interestingly, we found that triple-negative
breast cancer cells (TNBC) are very sensitive to G-1 treatment.
We found that G-1 arrested the cell cycle in the prophase of
mitosis, leading to caspase activation and apoptosis of breast
cancer cells. Our mechanistic studies indicated that G-1, similar
to colchicine and 2-methoxyestradiol, binds to colchicine bind-
ing site on tubulin, inhibiting tubulin polymerization and
subsequent assembly of normal mitotic spindle apparatus
during breast cancer cell mitosis. Therefore, G-1 is a novel
microtubule-targeting agent and could be a promising anti-
microtubule drug for breast cancer treatment, especially for
TNBC treatment. Mol Cancer Ther; 16(6); 1080–91. �2017 AACR.

Introduction
Estrogens play critical roles in the regulation of many physio-

logical and pathological processes, including the development
of various types of cancer (1). It has long been thought
that the actions of estrogen are mediated by estrogen receptor
a (ERa) and estrogen receptor b (ERb). Recent evidence indicates
that G-protein–coupled estrogen receptor 1 (GPER, also called
GPR30) is able to mediate the rapid actions of estrogen in
numerous tissues and cells (2). G-1 {1-[4-(6-bromobenzo[1,3]-
dioxol-5yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-8-yl]-
ethan one} was developed as a selective agonist of GPER to
distinguish the estrogen effects mediated by GPER from those

mediated by classic nuclear estrogen receptors (ERa and ERb;
ref. 3). The original report showed that G-1 was able to bind to
GPER with high-affinity and did not bind to classic nuclear ERs
and other 25 examined G-protein coupled receptors (3). Since
its first report in 2006, G-1 has been wildly used to investigate
the functions of GPER in various tissues and organs (4).

Current research results considering effects ofG-1 on cancer cell
proliferation and survival are highly controversial. Magiollini and
colleagues (5, 6) reported that G-1 stimulates the growth of
ovarian and endometrial cancer cells. Supporting these results,
several studies indicated that G-1 promotes proliferation of
endometrial cancer and seminoma cells (7, 8). However, accu-
mulating evidence indicated that G-1 is a potent tumor growth
inhibitor. Recent studies demonstrated that G-1 suppresses pro-
liferation and induces apoptosis in numerous types of cancer cells,
including: ovarian cancer (9–11), adrenocortical carcinoma (12),
lung cancer (13), cervical cancer (14), and prostate cancer (15).

Breast cancer, which accounts for 23% of the total diagnosed
cancer cases and 14% of the total cancer-related deaths among
females, is themost common type of cancer inwomenworldwide
(16). Prolonged exposure to estrogens represents a major risk
factor for the progression of breast cancer. In breast cancer cells,
17b-estradiol (E2) triggers stimulatory effects by binding to the
nuclear ERs that regulate the expression of genes, which contrib-
ute to cancer cell proliferation, migration, and survival (17).
Because GPER is a membrane ER and G-1 is an agonist of GPER,
it is implicated that G-1 promotes survival and growth of breast
cancer cells. However, research results considering effects of G-1
on breast cancer cell growth are also very inconsistent. Several
reports show thatG-1 (from10nmol/L to1mmol/L) simulates the
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proliferation of breast cancer cells (6, 18, 19). Other studies show
that G-1 potently suppresses breast cancer cell growth at micro-
molar levels (20–23).

Although previous reports show conflicting outcomes regard-
ing the effects ofG-1 on the growth and survival of cancer cells, the
majority of these studies postulate that the actions of G-1 are
mediated by activation of GPER (5–8, 14, 15, 18–22, 24). How-
ever, it is surprising that none of these studies actually provide
direct evidence that G-1, via binding to GPER, activates G-pro-
teins. Therefore, the controversial results may be attributed to the
fact that the molecular mechanism by which G-1 regulates cancer
cell growth is still unclear. The aim of this study is to investigate
effects of G-1 on the growth of breast cancer cells and to define the
molecularmechanisms underlying the actions of G-1.Our studies
show that G-1 is able to arrest breast cancer cell cycle in the
prophase ofmitosis and induces cancer cell death independent of
the expression status of ERs. Moreover, our mechanistic studies
demonstrate that G-1 binds to the colchicine-binding site of
tubulin protein to block microtubule assembly, leading to failure
of spindle formation, cell-cycle arrest, and apoptosis.

Materials and Methods
Chemicals and reagents

G-1 and G-15 were purchased from Tocris Bioscience. Anti-
bodies against human cleaved caspase-3, caspase-3, cleaved cas-
pase-7, caspase-7, cleaved PARP, PARP, cyclin B1, phosphorylated
histone H3 (S10), phosphorylated CDC2 (Y15), phosphorylated
CDC25C (T48), and phosphorylated CDC25C (S216) were from
Cell Signaling Technology Inc.; b-actin antibodies were from
Sigma; Alexa-conjugated second antibodies were fromMolecular
Probes, Inc.; horseradish peroxidase–conjugated second antibo-
dies were from Jackson Immunoresearch Laboratories Inc.; the
Vybrant MTT Assay Kit was from Invitrogen; The Caspase-Glo 3/7
assay Kit was purchased from Promega; The microtubule sedi-
mentation assay products were purchased fromCytoskeleton, Inc.
All other molecular-grade chemicals were purchased from Sigma,
Thermo Fisher Scientific, or United States Biochemical.

Cell lines and culture
Breast cancer cell linesMCF-7, SK-BR-3, BT-549, Hs 578T, HCC

1937, andMDA-MB-231were purchased from the ATCC, authen-
ticated by the ATCC using STR polymorphism analysis, and used
within 6 months after receipt. The MCF-7 cell line expresses ERs,
progesterone receptors (PR), and GPERs. The SK-BR-3 cell line
expresses GPER but not classical ERs. The MDA-MB-231 cell line
lacks of ERs, PRs, and HER2. This triple-negative breast cancer
(TNBC) cell line does not express GPER (or very low expression of
GPER if any). Hela-GFP cells were fromDr. Jixin Dong. Cells were
cultured in DMEM medium with 10% FBS and 1% penicillin–
streptomycin (10,000 U/mL, Gibco) in a 37�C, humidified cell
culture incubator supplied with 5%CO2. Cells were treated in the
fresh phenol red-free DMEM supplemented with or without
steroids-free FBS for indicated time points.

Cell proliferation assay
The effect of G-1 on breast cancer cell proliferation was ana-

lyzed as described before (10). Briefly, half confluent cells were
cultured with DMSO (control) or different concentrations of G-1
for indicated time. Cell morphology was pictured before trypsin
addition with an Olympus IX71 inverted microscope equipped

with a DP73 digital camera. Cells were then trypsinized and the
live cell numberwas counted by using a Countess Automated Cell
Counter.

Anchorage-independent cell growth assay
Anchorage-independent growth of breast cancer cells were

analyzedwith amethod established inour laboratory as described
previously (25).

Xenograft mouse model
MDA-MB-231 cells (5 � 106 cells in 100-mL PBS for each

mouse) were injected subcutaneously into the right dorsal flank
of 6-week-old female athymic nude mice. The animal handling
and all experimental procedures were approved by the Institu-
tional AnimalCare andUseCommittee (IACUC) at theUniversity
of Nebraska Medical Center. Two weeks after injection, small
xenografts were formed in all mice. We randomly distributed 12
mice in two groups with 6 mice in each group. One group mice
were injected with G-1 (5 mg/kg) in sesame oil every day for 2
weeks, whereas in the other group, mice were injected with only
sesame oil at the same time. The tumor size was measured
(shortest diameter and longest diameter) weekly and the tumor
volume was estimated as following: volume ¼ (shortest diame-
ter)2 � longest diameter � 3.14/6. Mice were sacrificed in the
fourth week and the xenografts were harvested, weighted, and
processed for preparation of frozen sections.

Fluorescent IHC and immunocytochemistry
Expression of Ki67 in tumor xenografts was determined by

fluorescent IHCon frozen sections to examine the effect of G-1 on
the proliferation of breast cancer cells in vivo (26). Fluorescent ICC
was also used to determine tubulin distribution and phosphor-
ylated histone H3. Images were captured with a Zeiss 710 Meta
Confocal Laser Scanning Microscope and analyzed with the Zeiss
Zen 2010 software.

Flow cytometry to detect cell apoptosis and cell cycle
For cell apoptosis analysis, cell staining, and fixation were

performed using an Annexin V-FITC Apoptosis Kit as described
previously (27). Cell apoptosis and cell cycle were analyzed using
flow cytometry as described previously (28).

Western blot analysis
Western blot analysis was performed to determine protein

expression and activation using methods established in our
laboratory (29).

Caspase-3/7 activity assay and MTT assay
Caspase-3/7 activity was determined as described previously

(10). MTT assay was performed using the Vybrant MTT Assay Kit
with a protocol described previously (30).

In vitro tubulin polymerization assay
G-1 (20 mmol/L), paclitaxel (20 mmol/L) or DMSO vehicle was

mixed with X-rhodamine–labeled tubulin in G-PEM buffer (with
glycerol, Cytoskeleton Inc.) and incubated at 37�C for 20minutes
for polymerization. Microtubules was monitored using a Zeiss
710MetaConfocal Laser ScanningMicroscope (Carl ZeissMicros-
copy, LLC).

Mechanism of G-1 Inhibiting Breast Cancer Cell Growth
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Microtubule sedimentation assay
Purified bovine tubulin was incubated at 37�C for 20 minutes

with or without 20 mmol/L G-1. Taxol (20 mmol/L) was used as a
microtubule polymerization control. The polymerized microtu-
bule filaments were precipitated by centrifugation at 100,000� g
for 30 minutes at room temperature. The pellet and supernatant
was fractioned with a SDS-PAGE, transferred to nitrocellulose
membranes, and stainedwith SYPRORuby protein blot stain. The
images were captured and quantified with a UVP gel documen-
tation system (UVP LLC).

Time-lapse video microscopy for microtubule
dynamics and cell division

Hela cells expressing GFP-labeled tubulin were seeded in Nunc
Lab-Tek II Chambered Cover glass (Thermo Fisher Scientific)
and imaged in a live-cell imaging system using Zeiss 710 Meta
Confocal Laser Scanning Microscope with 63� oil objective.
Time-lapse image series were acquired at 3-minute intervals for
microtubule dynamics and 5-minute intervals for cell division
experiments.

Colchicine-binding scintillation proximity assay
The ability of G-1 binding to the colchicine-binding site

in tubulin was examined using a CytoDYNAMIX screen 15
assay kit (Cytoskeleton Inc.) in accordance with the manufac-
turer's instruction and previous description. Biotin-labeled
tubulin (0.5 mg) in 10 mL of reaction buffer was mixed with
[3H]colchicine (0.08 mmol/L, PerkinElmer) and the test com-
pounds (positive control colchicine, negative control vinblas-
tine, G-1, fluorescent G-1, or 2-ME) in a 96-well plate (final
volume: 100 mL). After incubating for 2 hours at 37�C with
gentle shaking, streptavidin-labeled yttrium SPA beads (80 mg
in 20 mL reaction buffer, PerkinElmer) were added to each well
and incubated for 30 minutes at 4�C. The radioactivity was
determined using Packard TopCount Microplate Scintillation
Counter (Packard Instrument).

Statistical analysis
All experiments were repeated at least three times unless oth-

erwise mentioned. The statistical analyses were performed by
using GraphPad Prism software (GraphPad Software, Inc.) and
quantitative data were analyzed using Student t test and one-way
ANOVAwith Tukey post-test. AP value of<0.05was considered to
be significant.

Results
G-1 inhibits breast cancer cell growth in an ER-independent
manner

MCF7 (ERaþ, ERbþ, and GPERþ), SK-BR-3 (ERa�, ERb�, and
GPERþ), and MDA-MB-231 (ERa�, ERbþ, and GPER� or Low)
breast cancer cell lines were used as cellularmodels to evaluate the
effect of G-1 on the growth of breast cancer cells. Regardless of
the expression status of ERs, breast cancer cells treated with 2
mmol/L G-1 detached from the culture plates within several
hours and eventually died (Supplementary Fig. S1A). Quanti-
tative studies indicated that G-1 inhibited breast cancer cell
growth in a concentration- and time-dependent manner (Fig.
1A and B; Supplementary Fig. S1B and S1C). Lower concentra-
tions of G-1 (1–10 nmol/L) had no obvious effect on the
growth of breast cancer cells in either FBS-supplemented or
FBS-free media. However, 100 nmol/L of G-1 significantly

inhibited growth of breast cancer lines in FBS-free media
(Supplementary Fig. S1B). When concentrations approached
micromolar levels, G-1 consistently suppressed breast cancer
cell proliferation and viability (Fig. 1A and B; Supplementary
Fig. S1B and S1C). G15, a previously reported selective GPER
antagonist (31), was not able to block the suppressive effects of
G-1 on breast cancer cell proliferation (Supplementary Fig. S1B
and S1C). Interestingly, the proliferation of MCF7, but not SK-
BR-3 and MDA-MB-231 cells, was slightly stimulated by G15
(Supplementary Fig. S1B and S1C). This slight increase in cell
proliferation may be attributed to the nonspecific binding of
G15 to ERa in MCF cells, an event that has been reported to
weakly activate ERE in this cell line (32).

MDA-MB-231 cells are TNBC (ERa�, PgR�, and HER2�) cells
with very low or no GPER protein expression (33). Interest-
ingly, these cells were very sensitive to G-1 treatment. MDA-MB-
231 cells started to detach from the culture plate 2 to 4 hours
after G-1 addition and the cell number counts significantly
decreased within 6 hours (Fig. 1A and B). Nanomolar concen-
trations of G-1 (100–500 nmol/L) were able to significantly
suppress growth of MDA-MB-231 cells (Fig. 1A, Supplementary
Fig. S1B and S1C). Soft agar colony formation assays showed
that G-1 suppressed anchorage-independent growth of breast
cancer cells. Treatment of MDA-MB-231 cells with 2 mmol/L
G-1 nearly abolished colony formation and cell growth in soft
agar. MDA-MB-231 cells treated with 10 mmol/L G-1 did not
form any colonies (Fig. 1C). We used three additional cell lines
to confirm the suppressive effects of G-1 on TNBC cell growth.
MTT results showed that micromolar G-1 consistently sup-
pressed the proliferation of BT-549, Hs 578T, and HCC1937
TNBC cell lines in both FBS-supplemented and FBS-free media
(Supplementary Fig. S2). Consistent with our previous find-
ings, G15 was not able to block the suppressive effects of G-1 in
these cells (Supplementary Fig. S2). Interestingly, we found that
TNBC cell lines are very sensitive to G-1 treatment. We observed
that 100 nmol/L G-1 was able to suppressed proliferation of BT-
549, Hs 578T, and HCC1937 TNBC cell lines after treatment for
4 days (Supplementary Fig. S2).

G-1 inhibits growth of breast cancer cells in vivo
The MDA-MB-231 breast cancer xenograft mouse model was

used to examine the effect of G-1 on the growth of breast cancer
cells in vivo. Tumor-carrying athymic nudemicewere injectedwith
vehicle (control) or 5.0 mg/kg G-1 daily for 2 weeks. Compared
with the vehicle treated control group, G-1 treatment significantly
reduced tumor volume and tumor weight (Fig. 1D–F). IHC
analysis indicated that G-1 treatment significantly reduced the
percentage of Ki-67–positive cells in breast cancer tissue, suggest-
ing that G-1 is able to suppress the proliferation of breast cancer
cells in vivo (Fig. 1G). Importantly, compared with the control
groups, G-1 treatment for 2 weeks had no significant effect on
mouse body weight, indicating that G-1 was well tolerated in
intact nude mice (Fig. 1H).

G-1 induces caspase-dependent apoptosis of breast cancer cells
G-1 treatment resulted in the detachment of breast cancer cells

from culture plates, suggesting that G-1 may induce breast cancer
cell apoptosis. Annexin V-FITC/propidium iodide (PI) double
staining showed that G-1 (2 mmol/L, 72 hours) significantly
increased the number of Annexin V–positive cells (apoptotic
cells) in all three breast cancer cell lines, regardless of their
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expression status of ERs (Supplementary Fig. S3A). Caspase
assays showed that G-1 treatment also significantly increased
caspase-3/7 activities in all three breast cancer cell lines (Supple-
mentary Fig. S3B). The Western blot analyses further demonstrat-
ed that treatment of breast cancer cell lines with 1 mmol/L G-1 for
24 hours induced cleavage of caspases 3 and 7 (please note that
MCF7 cells do not express caspase-3; ref. 34), and PARP, all of
which are markers for apoptosis (Supplementary Fig. S3C).
Together, these results indicated that G-1 is able to induce caspase
activation and cell apoptosis in breast cancer cells, regardless their
expression status of classic and membrane ERs.

G-1 blocks cell cycle in the prophase of mitosis in
breast cancer cells

Treatment of breast cancer cells withG-1 for 24 hours decreased
the percentage of cells in G1 phase, but increased the portion of
cells in G2–M phase of the cell cycle in all three breast cancer cell
lines (Supplementary Fig. S4). Flow cytometry also showed that
G-1 treatment induced a significant increase in the portion of cells
in the sub-G1 peak in all three breast cancer cell lines (Supple-
mentary Fig. S4), supporting the observation that G-1 induced
apoptosis in breast cancer cells. Importantly, these results indicate
that G-1 arrests breast cancer cells in the G2–Mphase and induces
apoptosis of breast cancer cells in an ER-independent manner.

Active mitosis-promoting factors (MPF), consisting of CDC2
and cyclin B, drive the G2–M transition during cell division.
Western blot analyses showed that G-1 treatments decreased
phosphorylation of CDC2 at Y15 (inactive form), suppressed
phosphorylation of CDC25C at S216 (inactive form), but
increased expression of cyclin B and promoted phosphorylation
of CDC25C (T48, active form, activate MPFs) in all three exam-
ined breast cancer cell lines (Supplementary Fig. S5). These data
strongly suggest that G-1 treatment does not block G2–M transi-
tion. Taken together, these results suggest that G-1 arrested cell
cycle in the mitosis, but not G2 phase.

The phosphorylation of histone H3 at serine 10 (S10) is
considered to be closely related to chromosome condensation
and is present during mitosis. Western blot analyses showed that
phosphorylation of histone H3 (S10) was increased in all three
breast cancer cell lines after G-1 treatments (Supplementary Fig.
S5). Fluorescent ICC analyses showed that in MCF7 and SK-BR-3
cells, G-1 significantly increased the number of cells in mitosis
[phosphorylated histoneH3 (S10)-positive cells] within 16 hours
(Supplementary Fig. S6A and S6B). Interestingly, in MDA-MB-
231 cells, which had very low or no GPER expression, G-1
significantly increased the portion of mitotic cells within 8 hours
(Supplementary Fig. S6A and S6B). These results further confirm
the notion that G-1 is able to arrest cell cycle in the prophase of
mitosis in a GPER-independent manner.

G-1 targets tubulin to interrupt mitotic spindle
formation in breast cancer cells

Laser scanning confocal microscopy and fluorescent immuno-
cytochemistry were used to further explore the mechanism by
which G-1 blocks the cell cycle of breast cancer cells. Compared
with control cells that went through all stages of mitotic phase
(prophase, metaphase, anaphase, telophase, and cytokinesis), G-
1–treated cells only entered the prophase of mitosis, which was
characterized by phosphorylation of histone H3 on serine 10,
chromosome condensation, and the formation of microtubule
asters (Fig. 2A–C). However, normal spindles were never formed

(Fig. 2A and B), suggesting that microtubule assembly was dis-
rupted by G-1 treatment. Those cells arrested in prophase of
mitosis eventually formed apoptotic bodies (Fig. 2B). These
results suggest that G-1 is a potential novel microtubule-targeting
agent.

We then compared the actions of G-1 and known microtubule-
targeting agents on the growth of breast cancer cells. We found
that G-1 induced detachment of MDA-MB-231 and MCF-7 cells
from the culture plates and increased the phospho-Histone H3–
positive cells in a way similar to those known microtubule-
targeting agents such as paclitaxel, 2-methoxyestradiol (2-ME),
colchicine, and vinblastine (Supplementary Fig. S7), further sug-
gesting that G-1 is a novel microtubule–targeting agent.

G-1 binds to the colchicine-binding site of tubulin to
interrupt microtubule assembly

Paclitaxel interrupts tubulin dynamics by binding to the inner
surface of microtubules to promote microtubule lengthening,
whereas colchicine, 2-ME, andnocodazole bind to tubulin dimers
to inhibit tubulin polymerization (35). Treatment of MDA-MB-
231 andMCF-7 cells with paclitaxel inducedmassive assembly of
microtubule bundles, whereas treatment of these cells with noco-
dazole induced disappearance of microtubule filaments (Fig. 3).
Similar to nocodazole, G-1 treatment also induced the disruption
of microtubule network in both MDA-MB-231 and MCF7 cells
(Fig. 3), suggesting that G-1 is a suppressor of microtubule
assembly. It seems that G-1 disrupts microtubule assembly in a
concentration-dependent manner. Low concentrations of G-1
(<100 nmol/L) had no obvious effect on microtubule structure
based on our microscopic analysis. However, treatment of MDA-
MB-231 cells with 1 mmol/L G-1 for 2 hours partially depolymer-
ized microtubules. Higher concentrations of G-1 (10 mmol/L)
disrupted almost all microtubules in cells within 2 hours (Sup-
plementary Fig. S8). Consistent with this observation in live cells,
using in vitro microtubule assembly assays, we found that pacli-
taxel was able to promote the assembly of microtubules, whereas
G-1 greatly suppressed microtubule assembly (Fig. 4A). In fact,
addition of G-1 almost completely blocked the assembly of
microtubules (Fig. 4A). We also performed in vitro microtubule
sedimentation assays to explore the effects of G-1 onmicrotubule
dynamics. We found that addition of G-1 in the reaction system
decreased the amount of microtubules in the pellet while
increased the amount of tubulin in the supernatant when com-
pared with the control group (Fig. 4B). Paclitaxel was used as a
tubulin polymerization–positive control. Paclitaxel elevated
microtubules in the precipitate and reduced tubulin in the super-
natant, indicating that the systemworkedwell (Fig. 4B). Together,
these results indicate that G-1, similar to 2-ME and colchicine,
disrupts microtubule assembly.

We next used live-cell imaging and Hela cells expressing GFP-
labeled tubulin to confirm our inference that G-1 is able to
interrupt the dynamics of microtubules in cancer cell to sup-
press microtubule assembly. Live-cell imaging revealed that
microtubules were highly dynamic and frequently grew and
shrank at a rapid yet constant rate in the DMSO vehicle–treated
control cells (Fig. 5A). However, in the G-1–treated Hela cells,
the number of microtubules was significantly reduced. The
remaining curved microtubules finally depolymerized and
became invisible under microscope (Fig. 5A). Using the high-
resolution laser scanning confocal microscopy and a live-cell
imaging system, we further observed that in the dividing
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Figure 1.

G-1 inhibits the proliferation of breast cancer cells independent of the expression status of GPER and classic ERs.A,G-1 inhibits the proliferation of breast cancer cells
in a concentration-dependent manner. Cells were treated with increasing concentrations of G-1 for 48 hours. Cell numbers were counted using an automatic
cell counter and presented as percentages of that of the control group (0.1% DMSO treated). Each bar represents mean � SEM of four repeats. Bars with
different letters are significantly different from each other (P < 0.05). (Continued on the following page.)
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Figure 2.

G-1 arrests cell-cycle progression of
breast cancer cells in the prophase of
mitosis. A, Representative images
showing morphology of MDA-MB-231
cells incubated for 8 hours in the
absence (CTRL) or presence of G-1
(2 mmol/L) for 8 hours. Microtubules
were stained with b-tubulin antibody
(red), and the nuclei were stained with
DAPI (blue). Phosphorylated histoneH3
(S10) was used as cell-cycle
progression marker (green). Cells in
different stages of cell cycle were
indicated by white arrows; scale bar,
20 mm. B, Representative high-
resolution confocal microscopy images
showing detailed morphology of
microtubules of MDA-MB-231 breast
cancer cells incubated in the absence
(top) or presence (bottom) of
G-1 (2 mmol/L) for 8 hours; scale bar, 20
mm. Microtubules were stained with
b-tubulin antibody (red), and the nuclei
were stained with DAPI (blue).
Phosphorylated histone H3 (S10) was
used as cell-cycle progression marker
(green). I, interphase; P, prophase;
M, metaphase; A, anaphase; T&C,
telophase and cytokinesis.
C, A representative high-resolution
image showing the microtubule asters
formed in MDA-MB-231 cells after G-1
treatment for 8 hours. Microtubules
were stained with b-tubulin antibody
(red), and the nuclei were stained with
DAPI (blue). Phosphorylated histoneH3
(S10) was used as cell-cycle
progression marker (green). White
arrowheads point to spindle-like
microtubule asters; scale bar, 5 mm.

(Continued.) B,G-1 inhibits the proliferation of breast cancer cells in a time-dependent manner. Cells were treated with 2 mmol/L G-1 for different time. Cell numbers
were presented as percentages of that of control group (0 hours group). Each bar represents mean� SEM of four repeats. Barswith different letters are significantly
different from each other (P < 0.05). C, Representative images showing colony formation of breast cancer cells in the presence of different concentrations of
G-1 for 7 days. Quantitative data show the colony numbers. Colonieswere stainedwith MTT; scale bar, 200 mm. CTRL: 0.1% DMSO treatment. ��� , P < 0.001 compared
with control. D, Representative images showing the nude mice bearing breast cancer xenograft treated with or without G-1 for 2 weeks (left), and the
harvested tumors (right). Red circles indicate xenograft location and size. CTRL: sesame oil control treatment daily for 2 weeks; G-1: 5 mg/kg G-1 treatment
every other day for 2 weeks. E, Tumor xenograft growth curves in athymic nude mice treated with or without G-1. The xenograft volume was measured weekly.
Student's t test was used to compare the tumor volumes between control and G-1–treated groups. Each point represents mean � SEM (n ¼ 6); � , P < 0.05.
F, The weight of tumor xenografts from nude mice treated with or without G-1 for 2 weeks. Each bar represents mean � SEM (n ¼ 6). �� , P < 0.01 compared with
control.G,Representative images showing expression of Ki67 in control and G-1–treated tumor xenografts determined by fluorescent IHC. Ki67was labeled in green;
actin was stained with rhodamine-phalloidin (red); nuclei were stained with DAPI (blue); scale bar, 20 mm. The number of Ki67-positive cells and total cells in
control and G-1–treated groups were also counted under a fluorescent microscope, and the ratio of Ki67-positive cells was calculated. Each bar represents mean�
SEM (n ¼ 6), ��� , P < 0.001. H, The body weight of athymic nude mice with or without G-1 treatment. Each bar represents mean � SEM (n ¼ 6). Student t test
was used to do statistical analysis. No statistical significance on the body weight was observed between control and G-1–treated groups.
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Figure 3.

G-1 disrupts microtubule assembly in vivo. Representative high-resolution images showingmicrotubule structures (red) of MDA-MB-231 and MCF7 cells incubated in
the presence or absence of vehicle (0.1% DMSO), paclitaxel (10 mmol/L), nocodazole (10 mmol/L), or G-1 (10 mmol/L) for 2 hours. Representative high-resolution
image (focusing on a single cell) in each group was presented in the middle to show the detail of the microtubule structure. The low magnification image
with multiple cells in each group was also presented (on the according side); Scale bar, 10 mm. Paclitaxel stabilizes microtubule, whereas G-1, similar to nocodazole,
disrupts microtubule formation.
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cells, G-1 treatment interrupted the dynamics of microtubules,
leading to the disruption of microtubule assembly and subse-
quent failure of mitotic spindle formation (Fig. 5B). The elon-
gated prophase of mitosis finally induced cell apoptosis, which
was evidenced by the appearance of apoptotic bodies sooner
after they failed to form normal mitotic spindles (Fig. 5B).

Because the action of G-1 is similar to 2-ME and nocodazole,
which bind to colchicine binding sites of b-tubulin to exert their
tumor-suppressing action (35, 36), we used a binding competi-
tion assay to examinewhetherG-1 also exerts its role bybinding to
the colchicine-binding sites of b-tubulin to interrupt microtubule
assembly. As expected, vinblastine did not compete for the H3-
colchicine–binding site (Fig. 6). However, G-1, similar to colchi-
cine and 2-ME, effectively competed for the binding of H3-
colchicine to b-tubulin in a concentration-dependent manner
(Fig. 6). These results indicate that G-1 binds to colchicine-
binding site in b-tubulin to block tubulin polymerization and
microtubule assembly in breast cancer cells.

Discussion
It is well known that prolonged exposure to estrogens repre-

sents a major risk factor for the progression of breast cancer (17).
ERa antagonists like tamoxifen and raloxifene are currently used
as first-line pharmacologic interventions in ERa-positive breast
cancer to inhibit the mitogenic stimulation of estrogens (37).
However,more than20%ofERa-positive patients donot respond
to treatment, and in most patients tamoxifen produces agonist
effects after treatment for a few years (38). Recent studies indi-
cated that tamoxifen and fulvestrant activate GPER, which has
been shown to interact with the EGFR signaling pathway to drive
proliferative genes and pathways to promote breast cancer cell
growth (2, 39). Consistently, several studies did show that acti-

vation of GPER by estrogen or tamoxifen promotes breast cancer
cell growth (40–43). Developed as a high-affinity nonsteroidal
GPER agonist (3), G-1 is expected to specifically activate GPER to
stimulate the growth of breast cancer cells. In favor of this
speculation, Magiollini and colleagues (6, 18) showed that G-1
stimulates proliferation of breast cancer cells through the GPER/
EGFR/ERK signal transduction pathways. Moreover, Scaling and
colleagues (19) reported that G-1 increases the mitotic index in
breastMCF10A cells and promotes proliferation of cells in human
normal breast and breast cancer explants. More recent observa-
tions, however, demonstrated that G-1 arrests the cell cycle at the
G2–Mphase, downregulates cyclin B, and inducesmitochondrial-
related apoptosis in SK-BR-3 andMDA-MB-231 cells (23, 44, 45).
The disparate effects of G-1 on the growth of breast cancer cells
were also observed in tumor xenograft mousemodels. Maggiolini
and colleagues indicated that G-1 (0.5 mg/kg/d) promotes the
growth of SK-BR-3 breast cancer cell tumor xenografts (18, 46).
On the contrary, other investigators showed that G-1 treatment
suppressed the growth of SK-BR-3 xenograft tumors (23). A very
common impression from previous reports is that low concen-
trations of G-1 stimulate cell proliferation, while high concentra-
tions of G-1 suppress cell growth. In the current study, we found
that although very low concentrations of G-1 (1–10 nmol/L) had
no obvious effects on the growth of six breast cancer cell lines,
relatively low concentrations of G-1 (100 nmol/L) significantly
suppressed the growth of examined TNBC cancer cell lines.
Micromolar levels of G-1 consistently resulted in the inhibition
of breast cancer cell growth as evidenced by multiple parameters:
(i) detachment of breast cancer cells from culture plates within
hours, (ii) suppression of cancer cell growth in traditional 2-
dimensional culture systems and in anchorage-independent cul-
ture systems, and (iii) activation of caspases and induction of cell
death. Importantly, we found that injection of G-1 (5 mg/kg/d)
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G-1 disrupts microtubule assembly
in vitro. A, High-resolution laser
scanning confocal images showing
effect of G-1 on microtubule assembly in
vitro. Paclitaxel was used as a positive
control. Addition of DMSO (�0.05%,
CTRL) had no effect on microtubule
assembly, which is indicated by
appearance of many microtubules
formed by polymerization of X-
rhodamine–labeled tubulin in
the in vitro reaction system. Addition
of paclitaxel greatly increased
microtubule assembly, whereas addition
of G-1 to the reaction drastically
disrupted microtubule assembly.
B, Effects of G-1 on microtubule
assembly evaluated through a
microtubule sedimentation assay. The
left showed the representative gels
loaded with pellet or supernatant after
incubation with paclitaxel, control
(0.05% DMSO), or G-1. The graphs
show quantitative results. Each bar
represents mean � SEM (n ¼ 3).
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001
compared with control. Taxol: with
20 mmol/L paclitaxel; CTRL: with
DMSO vehicle treatment; G-1: with
G-1 treatment.
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inhibited growth of tumors derived from MDA-MB-231 cells in
xenograft mouse models, suggesting that G-1 is able to exert its
tumor-suppressive action under physiologic conditions.
Although the circulating levels of G-1 were not determined in
our study, previous reports (15) and our in vivo results indicates
that a dosage of approximately 5 mg/kg/d is sufficient to achieve
the drug concentrations required to suppress cancer cell growth in
mice. Importantly, our in vivo study demonstrated that G-1
treatment has no effect on animal body weight during treatment.
Our more recent data further demonstrated that G-1 treatment
suppressed breast and ovarian tumor progression in xenograft
mouse models, but had no effect on ovarian physiology (indi-
cated by normal ovulation and corpus luteum formation in the
ovary, Lv and colleagues, unpublished observations). These in vivo
studies indicate that G-1 is well tolerated in the body. Our results
indicate that G-1 is a promising candidate drug for breast cancers,
especially for TNBC.

The molecular mechanism by which G-1 regulates cancer cell
proliferation is unclear. Previous research showed that activation
of GPER by G-1 in breast cancer cells triggers the activation of the

EGFR signaling pathway (18–19, 23). Other groups showed that
G-1 suppresses cancer cell proliferation via GPER-mediated acti-
vation of P53 and P21 signaling pathways (20). It is worth noting
that previous studies speculated that GPER is the mediator of G-1
actions, on both growth-inhibiting and growth-promoting pro-
cesses (5–8, 14, 15, 19–22, 24). However, no any direct evidence
was provided in those studies to indicate the activation of GPER
and the subsequent activation ofG-proteins. Our previous studies
in ovarian cancer cells showed not only that G-1 does not
stimulate cell proliferation but that it suppresses cell proliferation
in a GPER-independent manner (9, 10). We found that knock-
down of GPER did not affect the inhibitory action of G-1 on the
proliferation of ovarian cancer cells. Moreover, blocking the
function of GPER using the GPER-selective antagonist G-15
(31) did not affect the ability of G-1 to suppress ovarian tumor
cell proliferation (9, 10). Most importantly, we found that G-1
also suppressed proliferation of HEK293 cells (9, 10), which
lack GPER (47). In support of our observations in ovarian
cancer cells, we found that in the TNBC cell line MDA-MB-231,
which has no (or very low if any) GPER expression, G-1 inhibited

A

G-1

01: 06.00

G-1

00: 27.00

G-1

00: 10.00

CTRL

01: 30.00

CTRL

00: 20.00

CTRL

00: 05.00

B

00: 15.00 02: 24.00 05: 10.00 05: 25.00 07: 55.00

DMSO

01: 05.00 01: 39.00 02: 16.00 03: 08.0000: 15.00

G-1

Figure 5.

Screenshots of cell division videos
support the notion that G-1 targets
microtubules to suppress cell growth.
Hela cells with GFP-labeled a-tubulin
were incubated in the culture chamber.
Cell division and microtubule dynamics
were monitored with a high-resolution
laser scanningmicroscope and a live cell
imaging system. A, Screenshots from
the time-lapse video showing the
dynamics of microtubules in cells
treated with vehicle (0.1% DMSO, top)
or G-1 (bottom). White arrows point to
the intact and depolymerized
microtubules. B, Representative
screenshots from time-lapse videos
showing the microtubule dynamics and
morphology cells with or without G-1
treatment. Red arrows indicate the time
point when DMSO or G-1 was added to
the culture system. This video clearly
shows that G-1 treatment interrupts
microtubule assembly, leading to the
failure of spindle formation and
subsequent activation of cell death
pathways, which is indicated by the
formation of apoptotic bodies.
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cell growth with a concentration as low as 100 nmol/L. Moreover,
micromolar levels of G-1 consistently suppressed proliferation
and induced apoptosis in MCF-7, SK-BR-3, and four TNBC cell
lines, which have different expression status of ERs. In addition,
the putative GPER antagonist G-15 did not block the growth-
suppressive effects of G-1 in breast cancer cells. Our data clearly
indicate that the action of G-1 in breast cancer cells has no direct
association with the expression of classic and nonclassic ERs. G-1
is able to suppress breast cancer cell proliferation in a GPER-
independent manner.

How G-1 induces breast cancer cell death is unclear.
Employing the high-resolution laser scanning confocal micro-
copy and time-lapse imaging techniques, our present studies
revealed the dynamic process of G-1–induced cell death. G-1
had no effect on quiescent cells (such as luteinized granulosa
cells, data not shown). However, once cells start to divide, G-1
treatment leads to the formation of many spindle-like micro-
tubule asters in the dividing cells within several hours, whereas
the normal mitotic spindles fail to form. The elongated pro-
phase during cell division triggers the apoptotic signaling
pathway, leading to the formation of apoptotic bodies and
eventually cell death. Biochemical and immunocytochemical
studies showed that G-1 does not affect the entry of mitosis.
Flow cytometry and apoptotic analysis indicated that the
caspase signaling pathway is involved in G-1–induced breast
cancer cell death.

By using high-resolution laser scanning confocal microscopy
and time-lapse microscopy, we provide direct evidence to show
that G-1 suppresses breast cancer cell proliferation and induces
cancer cell apoptosis by disrupting microtubule assembly.
These results are consistent with our observations in ovarian
cancer cells (10). Our data from both ovarian and breast cancer
cells indicate that G-1 is a novel microtubule-targeting agent
(MTA). MTAs are classified into two groups: microtubule-sta-
bilizing agents such as paclitaxel, which exert their function by
promoting tubulin polymerization and increasing microtubule
assembly in cells, and microtubule-destabilizing agents such as

vinca alkaloids, which inhibit tubulin polymerization and
depolymerize microtubules to interrupt microtubule dynamics.
Our results from high-resolution laser scanning microscopy
showed that treatment of the breast cancer cells with G-1
induced significant reduction of tubulin filaments, indicating
that G-1 is a microtubule-destabilizing agent. Supporting this
observation, G-1 abrogated formation of microtubules in both
the tubulin polymerization assay and the microtubule sedi-
mentation assay.

MTAs are known to interact with tubulin through at least 4
binding sites: the laulinmilide, taxane/epthilone, vinca alka-
loid, and colchicine sites (36). The colchicine binding com-
peting analysis showed that G-1, similar to 2-ME (36), com-
petes with colchicine for tubulin binding, indicating that G-1
binds to the colchicine binding sites in the breast cancer cells to
interrupt the tubulin polymerization, microtubule assembly
and the subsequent spindle formation, leading to the arrest of
breast cancer cells in the prophase of mitosis. Colchicine
binding to b-tubulin results in curved tubulin dimer. This
dimer prevents it from adopting a straight structure, due to a
steric clash between colchicine and a-tubulin, which inhibits
microtubule assembly (48). It is possible that G-1 may bind to
the tubulin monomer or dimer to block the tubulin filament
elongation and microtubule assembly. Further studies are nec-
essary to provide deeper understanding on the interaction
between G-1 and tubulins.

Our findings in the present study have significant clinical
relevance. The biological responses in the in vitro studies and the
tumor-suppressing mechanism of G-1 are similar to 2-ME. As a
candidate drug that targets the colchicine-binding site, 2-ME
failed to reach sufficient plasma levels to evaluate its therapeutic
potential in phase I and II clinical trials (49). Results from our
xenograft mouse models indicate that a dose of G-1 (5 mg/kg/d)
was well-tolerated and able to achieve sufficient levels to suppress
breast tumor growth. Moreover, 2-ME easily lost its antitumor
activity in vivo due to oxidation at position 17 and conjugation
between positions 17 and 3 (50). G-1 has a more stable chemical
structure at similar positions compared with 2-ME (3). These
unique features suggested that G-1 is an "improved version of
2-ME," ensuring the potential application of this drug to further
preclinical and clinical studies.

In conclusion, our results provide direct evidence that G-1,
the putative GPER agonist, is a novel microtubule-targeting
agent that binds to colchicine-binding site of tubulin protein to
disrupt microtubule dynamics during mitosis, leading to the
apoptosis of breast cancer cells and suppression of tumor
growth. Importantly, previous physiologic and pharmacologic
studies have shown that pharmacologic doses of G-1 played
favorable roles in circulatory, immune, and nervous system in
mice (4). Our in vivo studies showed that injection of mice with
G-1 suppressed growth of breast and ovarian tumor cells, but
had no effects on mouse body weight, social behavior, and
function of reproductive physiology in a xenograft mouse
model (Lv and colleagues; unpublished data). The low toxicity
and the potent inhibitory effect on growth of breast cancer cells,
especially on the growth of TNBC cells in vitro and in vivo,
indicate that G-1 is a promising chemotherapeutic drug for
better treatment of breast cancers.
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Figure 6.

G-1 binds to the colchicine-binding site in b-tubulin. The ability of G-1 to bind to
the colchicine-binding site in tubulin was evaluated with a colchicine site
competitive assay. Incubation with colchicine, G-1, fluorescein-labeled G-1, and
2-ME–suppressed H3-Colchicine binding in a concentration dependent manner.
Incubation with vinblastine, which was used as a negative control, had no
competition on H3-Colchicine binding to b-tubulin. Each point represents mean
� SEM (n ¼ 4). The competition analysis was repeated for three times. FG-1:
fluorescein-labelled G-1. 2-ME; 2-methoxyestradiol.

Mechanism of G-1 Inhibiting Breast Cancer Cell Growth

www.aacrjournals.org Mol Cancer Ther; 16(6) June 2017 1089

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/6/1080/1855258/1080.pdf by guest on 19 M
ay 2023



Authors' Contributions
Conception and design: X. Lv, C. Wang
Development of methodology: X. Lv, C. Wang
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): X. Lv, C. He, C. Huang, G. Hua, J. Dong, C. Wang
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): X. Lv, C. He, Z. Wang, J.S. Davis, C. Wang
Writing, review, and/or revision of the manuscript: X. Lv, S.W. Remmenga,
K.J. Rodabough, A.R. Karpf, J. Dong, J.S. Davis, C. Wang
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): X. Lv, C. Wang
Study supervision: C. Wang

Acknowledgments
We thank Janice A. Taylor and James R. Talaska of the Advanced Microscopy

Core Facility at the University of Nebraska Medical Center for providing
assistance with confocal microscopy.

Grant Support
This work was partially supported by the Eunice Kennedy Shriver Nation-

al Institute of Child Health and Human Development (5R00HD059985; to
C. Wang); The National Cancer Institute (R01CA197976; to C. Wang); The
Olson Center for Women's Health (to C. Wang); The Fred & Pamela Buffett
Cancer Center (LB595; to C. Wang); The Colleen's Dream Foundation (to C.
Wang), The Marsha Rivkin Center for Cancer Research (The Barbara Learned
Bridge Funding Award; to C. Wang), the COBRE Grant from the Nebraska
Center for Cell Signaling/NIGMS (5P30GM106397-02; to K.R. Johnson and
C. Wang), and Department of Veterans Affairs Research and Development
Program (to J.S. Davis).

The costs of publication of this articlewere defrayed inpart by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received September 21, 2016; revised October 28, 2016; accepted February
14, 2017; published OnlineFirst March 3, 2017.

References
1. Burns KA, Korach KS. Estrogen receptors and human disease: an update.

Arch Toxicol 2012;86:1491–504.
2. Revankar CM, Cimino DF, Sklar LA, Arterburn JB, Prossnitz ER. A trans-

membrane intracellular estrogen receptor mediates rapid cell signaling.
Science 2005;307:1625–30.

3. Bologa CG, Revankar CM, Young SM, Edwards BS, Arterburn JB, Kiselyov
AS, et al. Virtual and biomolecular screening converge on a selective agonist
for GPR30. Nat Chem Biol 2006;2:207–12.

4. Prossnitz ER, Barton M. The G-protein-coupled estrogen receptor GPER in
health and disease. Nat Rev Endocrinol 2011;7:715–26.

5. Albanito L, Madeo A, Lappano R, Vivacqua A, Rago V, Carpino A, et al. G
protein-coupled receptor 30 (GPR30) mediates gene expression changes
and growth response to 17beta-estradiol and selectiveGPR30 ligandG-1 in
ovarian cancer cells. Cancer Res 2007;67:1859–66.

6. Vivacqua A, Romeo E, De Marco P, De Francesco EM, Abonante S,
Maggiolini M. GPER mediates the Egr-1 expression induced by 17beta-
estradiol and 4-hydroxitamoxifen in breast and endometrial cancer cells.
Breast Cancer Res Treat 2012;133:1025–35.

7. He YY, Cai B, Yang YX, Liu XL, Wan XP. Estrogenic G protein-coupled
receptor 30 signaling is involved in regulation of endometrial carcinomaby
promoting proliferation, invasion potential, and interleukin-6 secretion
via the MEK/ERK mitogen-activated protein kinase pathway. Cancer Sci
2009;100:1051–61.

8. Chevalier N, Vega A, Bouskine A, Siddeek B, Michiels JF, Chevallier D, et al.
GPR30, the non-classical membrane G protein related estrogen receptor, is
overexpressed in human seminoma and promotes seminoma cell prolif-
eration. PLoS One 2012;7:e34672.

9. Wang C, Lv X, Jiang C, Davis JS. The putative G-protein coupled estrogen
receptor agonist G-1 suppresses proliferation of ovarian and breast cancer
cells in a GPER-independent manner. Am J Transl Res 2012;4:390–402.

10. Wang C, Lv X, He C, Hua G, Tsai MY, Davis JS. The G-protein-coupled
estrogen receptor agonist G-1 suppresses proliferation of ovarian cancer
cells by blocking tubulin polymerization. Cell Death Dis 2013;4:e869.

11. Ignatov T, Modl S, Thulig M, Weissenborn C, Treeck O, Ortmann O, et al.
GPER-1 acts as a tumor suppressor in ovarian cancer. J Ovarian Res
2013;6:51.

12. Chimento A, Sirianni R, Casaburi I, Zolea F, Rizza P, Avena P, et al. GPER
agonist G-1 decreases adrenocortical carcinoma (ACC) cell growth in vitro
and in vivo. Oncotarget 2015;6:19190–203.

13. Kurt AH, Celik A, Kelleci BM. Oxidative/antioxidative enzyme-mediated
antiproliferative and proapoptotic effects of the GPER1 agonist G-1 on
lung cancer cells. Oncol Lett 2015;10:3177–82.

14. ZhangQ,WuYZ, Zhang YM, Ji XH,HaoQ. Activation ofG-protein coupled
estrogen receptor inhibits the proliferation of cervical cancer cells via
sustained activation of ERK1/2. Cell Biochem Funct 2015;33:134–42.

15. Chan QK, Lam HM, Ng CF, Lee AY, Chan ES, Ng HK, et al. Activation of
GPR30 inhibits the growth of prostate cancer cells through sustained
activation of Erk1/2, c-jun/c-fos-dependent upregulation of p21, and
induction of G(2) cell-cycle arrest. Cell Death Differ 2010;17:1511–23.

16. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer
statistics. CA Cancer J Clin 2011;61:69–90.

17. Yager JD, Davidson NE. Estrogen carcinogenesis in breast cancer. N Engl J
Med 2006;354:270–82.

18. Santolla MF, Avino S, Pellegrino M, De Francesco EM, De Marco P,
Lappano R, et al. SIRT1 is involved in oncogenic signaling mediated by
GPER in breast cancer. Cell Death Dis 2015;6:e1834.

19. Scaling AL, Prossnitz ER, Hathaway HJ. GPER mediates estrogen-induced
signaling andproliferation inhumanbreast epithelial cells andnormal and
malignant breast. Horm Cancer 2014;5:146–60.

20. Ariazi EA, Brailoiu E, Yerrum S, Shupp HA, Slifker MJ, Cunliffe HE,
et al. The G protein-coupled receptor GPR30 inhibits proliferation of
estrogen receptor-positive breast cancer cells. Cancer Res 2010;70:
1184–94.

21. Lubig J, Lattrich C, Springwald A, Haring J, Schuler S, Ortmann O, et al.
Effects of a combined treatment with GPR30 agonist G-1 and herceptin on
growth andgene expressionof humanbreast cancer cell lines. Cancer Invest
2012;30:372–9.

22. Broselid S, Cheng B, Sjostrom M, Lovgren K, Klug-De Santiago HL,
Belting M, et al. G protein-coupled estrogen receptor is apoptotic and
correlates with increased distant disease-free survival of estrogen
receptor-positive breast cancer patients. Clin Cancer Res 2013;19:
1681–92.

23. WeiW, Chen ZJ, Zhang KS, Yang XL,Wu YM, Chen XH, et al. The activation
of G protein-coupled receptor 30 (GPR30) inhibits proliferation of estro-
gen receptor-negative breast cancer cells in vitro and in vivo. Cell Death Dis
2014;5:e1428.

24. Skrzypczak M, Schuler S, Lattrich C, Ignatov A, Ortmann O, Treeck O. G
protein-coupled estrogen receptor (GPER) expression in endometrial
adenocarcinoma and effect of agonist G-1 on growth of endometrial
adenocarcinoma cell lines. Steroids 2013;78:1087–91.

25. He C, Mao D, Hua G, Lv X, Chen X, Angeletti PC, et al. The
Hippo/YAP pathway interacts with EGFR signaling and HPV onco-
proteins to regulate cervical cancer progression. EMBO Mol Med
2015;7:1426–49.

26. HeC, LvX,HuaG, Lele SM,Remmenga S,Dong J, et al. YAP forms autocrine
loops with the ERBB pathway to regulate ovarian cancer initiation and
progression. Oncogene 2015;34:6040–54.

27. HuaG,He C, Lv X, Fan L,Wang C, Remmenga SW, et al. The four and a half
LIM domains 2 (FHL2) regulates ovarian granulosa cell tumor progression
via controlling AKT1 transcription. Cell Death Dis 2016;7:e2297.

28. Hua G, Lv X, He C, Remmenga SW, Rodabough KJ, Dong J, et al. YAP
induces high-grade serous carcinoma in fallopian tube secretory epithelial
cells. Oncogene 2016;35:2247–65.

29. Fu D, Lv X, Hua G, He C, Dong J, Lele SM, et al. YAP regulates cell
proliferation, migration, and steroidogenesis in adult granulosa cell
tumors. Endocr Relat Cancer 2014;21:297–310.

30. WangC, Lv X, JiangC,CordesCM, Fu L, Lele SM, et al. Transforming growth
factor alpha (TGFalpha) regulates granulosa cell tumor (GCT) cell

Mol Cancer Ther; 16(6) June 2017 Molecular Cancer Therapeutics1090

Lv et al.

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/6/1080/1855258/1080.pdf by guest on 19 M
ay 2023



proliferation andmigration through activation ofmultiple pathways. PLoS
ONE 2012;7:e48299.

31. DennisMK, Burai R, RameshC, PetrieWK, Alcon SN,Nayak TK, et al. In vivo
effects of a GPR30 antagonist. Nat Chem Biol 2009;5:421–7.

32. Dennis MK, Field AS, Burai R, Ramesh C, Petrie WK, Bologa CG,
et al. Identification of a GPER/GPR30 antagonist with improved
estrogen receptor counterselectivity. J Steroid Biochem Mol Biol
2011;127:358–66.

33. Carmeci C, ThompsonDA, RingHZ, FranckeU,Weigel RJ. Identification of
a gene (GPR30) with homology to the G-protein-coupled receptor super-
family associated with estrogen receptor expression in breast cancer.
Genomics 1997;45:607–17.

34. Janicke RU, Sprengart ML, Wati MR, Porter AG. Caspase-3 is required for
DNA fragmentation and morphological changes associated with apopto-
sis. J Biol Chem 1998;273:9357–60.

35. Lu Y, Chen J, Xiao M, Li W, Miller DD. An overview of tubulin inhibitors
that interact with the colchicine binding site. Pharm Res 2012;29:
2943–71.

36. Dumontet C, Jordan MA. Microtubule-binding agents: a dynamic field of
cancer therapeutics. Nat Rev Drug Discov 2010;9:790–803.

37. Ponzone R, Biglia N, Jacomuzzi ME,Mariani L, Dominguez A, Sismondi P.
Antihormones in prevention and treatment of breast cancer. Ann N Y Acad
Sci 2006;1089:143–58.

38. Herynk MH, Fuqua SA. Estrogen receptors in resistance to hormone
therapy. Adv Exp Med Biol 2007;608:130–43.

39. Filardo EJ, Quinn JA, Frackelton AR Jr, Bland KI. Estrogen action via the G
protein-coupled receptor, GPR30: stimulation of adenylyl cyclase and
cAMP-mediated attenuation of the epidermal growth factor receptor-to-
MAPK signaling axis. Mol Endocrinol 2002;16:70–84.

40. Maggiolini M, Vivacqua A, Fasanella G, Recchia AG, Sisci D, Pezzi V, et al.
The G protein-coupled receptor GPR30 mediates c-fos up-regulation by

17beta-estradiol and phytoestrogens in breast cancer cells. J Biol Chem
2004;279:27008–16.

41. Pandey DP, Lappano R, Albanito L, Madeo A, Maggiolini M, Picard D.
Estrogenic GPR30 signalling induces proliferation and migration of breast
cancer cells through CTGF. EMBO J 2009;28:523–32.

42. IgnatovA, Ignatov T, Roessner A, Costa SD, Kalinski T. Role ofGPR30 in the
mechanisms of tamoxifen resistance in breast cancer MCF-7 cells. Breast
Cancer Res Treat 2010;123:87–96.

43. Ignatov A, Ignatov T, Weissenborn C, Eggemann H, Bischoff J, Semczuk A,
et al. G-protein-coupled estrogen receptorGPR30 and tamoxifen resistance
in breast cancer. Breast Cancer Res Treat 2011;128:457–66.

44. Weissenborn C, Ignatov T, Poehlmann A, Wege AK, Costa SD, Zenclussen
AC, et al. GPER functions as a tumor suppressor in MCF-7 and SK-BR-3
breast cancer cells. J Cancer Res Clin Oncol 2014;140:663–71.

45. Ruan SQ, Wang SW, Wang ZH, Zhang SZ. Regulation of HRG-beta1-
induced proliferation, migration and invasion of MCF-7 cells by upregula-
tion of GPR30 expression. Mol Med Rep 2012;6:131–8.

46. De Francesco EM, Pellegrino M, Santolla MF, Lappano R, Ricchio E,
Abonante S, et al. GPER mediates activation of HIF1alpha/VEGF signaling
by estrogens. Cancer Res 2014;74:4053–64.

47. Thomas P, Pang Y, Filardo EJ, Dong J. Identity of an estrogen membrane
receptor coupled to a G protein in human breast cancer cells. Endocrinol-
ogy 2005;146:624–32.

48. JordanMA,Wilson L.Microtubules as a target for anticancer drugs. Nat Rev
Cancer 2004;4:253–65.

49. Mueck AO, Seeger H. 2-Methoxyestradiol–biology and mechanism of
action. Steroids 2010;75:625–31.

50. Kambhampati S, Rajewski RA, Tanol M, Haque I, Das A, Banerjee S, et al. A
second-generation 2-Methoxyestradiol prodrug is effective against Barrett's
adenocarcinoma in a mouse xenograft model. Mol Cancer Ther 2013;
12:255–63.

www.aacrjournals.org Mol Cancer Ther; 16(6) June 2017 1091

Mechanism of G-1 Inhibiting Breast Cancer Cell Growth

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/6/1080/1855258/1080.pdf by guest on 19 M
ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




