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The G-protein-coupled estrogen receptor agonist G-1
suppresses proliferation of ovarian cancer cells by
blocking tubulin polymerization

C Wang*'#3% X Lv'"*5, C He'2, G Hua"? M-Y Tsai® and JS Davis*"%*

The G-protein-coupled estrogen receptor 1 (GPER) has recently been reported to mediate the non-genomic action of estrogen in
different types of cells and tissues. G-1 (1-[4-(6-bromobenzo[1,3] dioxol-5yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-8-yl]-
ethanone) was developed as a potent and selective agonist for GPER. G-1 has been shown to induce the expression of genes and
activate pathways that facilitate cancer cell proliferation by activating GPER. Here we demonstrate that G-1 has an anticancer
potential with a mechanism similar to vinca alkaloids, the commonly used chemotherapy drugs. We found that G-1 blocks tubulin
polymerization and thereby interrupts microtubule assembly in ovarian cancer cells leading to the arrest of cell cycle in the
prophase of mitosis and the suppression of ovarian cancer cell proliferation. G-1 treatment also induces apoptosis of ovarian
cancer cells. The ability of G-1 to target microtubules to suppress ovarian cancer cell proliferation makes it a promising

candidate drug for treatment of ovarian cancer.

Cell Death and Disease (2013) 4, €869; doi:10.1038/cddis.2013.397; published online 17 October 2013

Subject Category: Cancer

The novel G-protein-coupled estrogen receptor 1 (GPER,;
previously called GPR30 (G-protein-coupled receptor 30))
has important roles in many physiological actions in the body.
Accumulating evidence indicates that GPER is able to
mediate estrogen actions in the immune system, nervous
system, renal system, cardiovascular system, and reproduc-
tive system." The mechanisms underlying how GPER
mediates estrogen action remain unclear, primarily because
estrogens are ligands for both classic estrogen receptors
(ERs) and for GPER."? To distinguish GPER-mediated
estrogen action from that of the classic ERx and ERp,
selective GPER agonists and antagonists have recently been
developed 3. Among them, G-1 (1-[4-(6-bromobenzo[1,3]-
dioxol-5yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c] quinolin-8-
yl]-ethanone) was designed as a non-steroidal, high-affinity,
and selective GPER agonist.® Recent reports show that G-1
selectively binds to GPER, not to the classic ERx or ERf.%*
G-1 was found to be incapable of activating the estrogen
response element in the promoters of estrogen response
genes at concentrations from 1nM to 10 uM.® The specificity
of G-1 was further confirmed by a study showing that G-1 does
not significantly interact with 25 other G-protein-coupled

receptors.® G-1 has been found to mobilize intracellular
calcium in COS-7 cells that transiently expressed GPER and
activate phosphatidylinositide 3-kinase in SKBr3 (ER~ and
GPER™') and MCF7 (ERT and GPER™) breast cancer
cells.>* Moreover, G-1 has been found to inhibit the
chemoattractant-induced migration of SKBr3 and MCF7
cells.®>* The above mentioned characteristics make G-1 an
excellent ligand to study GPER’s function under both
physiological and pathological conditions.

G-1 has been extensively used to explore the biological
significance of GPER in different tissues and organs,
including cancer tissues." However, recent results are
inconsistent regarding the role of GPER in cancer cell
proliferation. For example, G-1 has been shown to induce
the expression of genes and activate pathways that facilitate
cancer cell proliferation.””'® G-1 has also been shown to
stimulate proliferation of certain endometrial, breast, ovarian,
and testicular cancer cells.”'®'2 In contrast, Chan et al.'®
demonstrated that activation of GPER by G-1 led to sustained
activation of extracellular signal-regulated kinase 1/2
and upregulation of p21CIP1, resulting in the arrest of PC-3
prostate cancer cells at the G2 phase of mitosis.
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Similar effects of G-1 were observed in ER-positive breast
cancer cells.' Therefore, both the function of GPER and the
effect of G-1 on the proliferation of cancer cells require further
investigation.

GPER has been reported to be expressed in ovarian cells
and may have important physiological and pathological roles
in the ovary.'®'® Furthermore, GPER has been shown to be
expressed in high-risk epithelial ovarian cancer and is
associated with low survival rates,'® although this conclusion
has been recently challenged.?® Still, because of the
existence of multiple ERs in ovarian cells, it is difficult to
evaluate the function of a single ER such as GPER in these
cells. In the present study, as an initial step toward under-
standing the function of GPER and G-1 in ovarian cancer, the
effect of G-1 on the proliferation and survival of ovarian cancer
cells was investigated. Contrary to above mentioned reports,
in this study, we surprisingly revealed that G-1, like many
anticancer drugs, targets microtubules to suppress proliferation
of ovarian cancer cells. The ability of G-1 to target microtubules
and prevent cell proliferation makes it a novel potential
chemotherapeutic agent for ovarian cancer treatment.

Results

G-1 suppresses proliferation and induces apoptosis in
ovarian cancer cells. The ovarian cancer cell lines IGROV-1
and SKOV-3 were used as cellular models of ovarian
carcinoma to evaluate the effect of G-1 on ovarian cancer
cell proliferation. The results show that G-1 is able to suppress
IGROV-1 cell proliferation in a concentration-dependent
manner (Figure 1a). Morphologically, G-1-treated IGROV-1
cells became rounded cells within several hours and cells
began to detach from the culture plate. G-1 also suppressed
the proliferation of SKOV-3 cells in a concentration-dependent
manner and altered the morphology of these cells within
several hours (Figure 1c).

The effect of G-1 on cell-cycle progression was further
investigated. Surprisingly, the results show that G-1 treatment
actually stimulates cell-cycle progression. Specifically, G-1
treatment stimulated IGROV-1 cells to transition into the
S-phase of mitosis. However, G-1 treatment also significantly
increased the proportion of both IGROV-1 and SKOV-3 cells
in the G2/M phases of mitosis (Figures 1b and d). Moreover,
G-1 treatment induced apoptosis, as indicated by an increase
in apoptotic cells in G-1-treated IGROV-1 and SKOV-3 cells
(Figures 1b and d). These results reveal that the putative
GPER agonist G-1 is able to promote cell-cycle progression to
the S-phase and then arrest ovarian cancer cells in the G2/M
prophase, leading to suppression of ovarian cancer cell
proliferation and induction of ovarian cancer cell apoptosis.

G-1 arrests ovarian cancer cells in the prophase of
mitosis. Given that flow cytometric analysis revealed G-1 to
arrest ovarian cancer cells in the G2/M phase, experiments
were designed to specify the cell-cycle stage of these G-1-
treated cells. The distribution of microtubules was detected
by localization of o-tubulin using fluorescent immunocyto-
chemistry. The morphology of the nuclei was detected using
4’ 6-diamidino-2-phenylindole (DAPI) staining. High-resolution
images show that 2 M of G-1 treatment for 16h causes
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cell-cycle arrest among the IGROV-1 cells during the
prophase of mitosis, as indicated by the disappearance of
the nuclear envelope, the appearance of microtubules in the
nuclear area, and the condensation of chromosomes
(Figures 2a and b).

Itis well known that phosphorylation of histone H3 at Ser10,
Ser28, and Thri1 is tightly correlated with chromosome
condensation during both mitosis and meiosis, and phos-
phorylated histone H3 has been used as a mitotic marker.2'-22
To confirm that G-1-treated IGROV-1 cells had entered
mitosis and were arrested during the prophase, histone H3
phosphorylation was detected in cells treated with or without
different concentrations of G-1. The treatment of IGROV-1
cells with G-1 for 16 h significantly increased the number
of phospho-histone H3 (Ser10)-positive cells (P<0.001)
(Figure 2c). The phospho-histone H3 (Ser10)-positive cells
in G-1-treated groups were 10-20-fold higher than that of
control (Figure 2c).

Analysis of the IGROV-1 cells in different stages of cell
cycle revealed that, during mitosis, G-1 treatment significantly
decreased the number of cells in interphase (P<0.001) and
increased the number of cells in prophase (P<0.0001)
(Figure 2d). Compared with the control, the cells in prophase
increased more than 20-fold in 2uM G-1-treated groups
(Figures 2a, b, and d). Meanwhile, G-1 treatment for 16h
eliminated the cells in metaphase, anaphase, telophase, and
cells undergoing cytokinesis (Figures 2a, b and d).

Similar to the IGROV-1 cells, G-1 treatment also signifi-
cantly decreased SKOV-3 ovarian cancer cells in the G1
phase, increased cells in the prophase (Figure 3), and
eliminated cells in metaphase, anaphase, telophase, and
cells undergoing cytokinesis (Figure 3). Compared with the
control, the SKOV-3 cells in the prophase of mitosis were
increased by more than 20-fold in 2 uM G-1-treated groups
(Figure 3d).

G-1 treatment induces apoptosis in ovarian cancer cells
through multiple mechanisms. Flow cytometry analysis
revealed that G-1 treatment is able to induce ovarian cancer
cell apoptosis (Figures 1b and d). Therefore, experiments
were designed to determine whether the interruption in
cell proliferation is associated with increased apoptosis.
Compared with control cells, G-1-treated IGROV-1 cells lost
their cellular boundaries and normal cellular structures
(Figure 4a). DAPI staining revealed that after 60h of G-1
(2 uM) treatment, the nuclei of most of IGROV-1 cells were
fragmented (Figure 4b). Consistent with the fragmentation of
DNA, G-1 treatment of IGROV-1 cells for 24 h significantly
increased the expression of cell-cycle inhibitor P21 CIP1 and
decreased the expression of the prosurvival protein B-cell
lymphoma 2 (BCL-2) (Figure 4c; for quantification see
Supplementary Figure S1). In contrast, a compensatory
increase in the levels of survivin was also observed, whereas
these treatments had no effect on the expression of f-actin
and fS-tubulin (Figure 4c). G-1 treatment was also found to
induce cleavage of poly(ADP-ribose) polymerase (PARP)
and fodrin, two important protein markers of cell apoptosis
(Figure 4c). Moreover, the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay showed that G-1
reduced IGROV-1 cell viability in a concentration-dependent
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Figure 1 Effectof G-1on the proliferation of ovarian cancer cells. (a) Representative images of the morphological change in IGROV-1 cells before (top image, control) and
after treatment for 16 h with 0.5 M of G-1 (middle panel image) or 2 uM of G-1 (lower panel image). The bar graph shows the cell number before and after treatment with
increasing concentrations of G-1 for 60 h. Each bar represents mean + S.E.M. Bars with different letters are significantly (P< 0.05) different from each other. Scale bars,
50 um. (b) Effect of G-1 on the cell-cycle progression of IGROV-1 cells. CTRL: DMSO (0.1% in the medium) control; G-1: cells treated with 2 uM of G-1 for 16 h.
(c) Representative images show the morphology of SKOV-3 cells before (top image, control) and after treatment for 16 h with 0.5 1M of G-1 (middle panel image) or 2 uM of
G-1 (lower panelimage). Scale bars, 50 um. The bar graph shows the SKOV-3 cell number before and after treatment with different concentrations of G-1 for 60 h. Each bar
represents a mean cell number = S.E.M. Bars with different letters are significantly (P< 0.05) different from each other. (d) Effect of G-1 on the cell-cycle progression of
SKOV-3 cells. CTRL, DMSO (0.1% in the medium) control; G-1: cells treated with 2 uM of G-1 for 16 h

manner (Figure 4d). Taken together, these results suggest
that G-1 treatment induces ovarian cancer cell apoptosis.
To further understand the mechanisms underlying G-1-
induced cell apoptosis, caspase 3/7 activities were measured
before and after G-1 treatment. Treatment of IGROV-1 cells
with 2 uM of G-1 for 16 h, a time point when nearly 40-50% of
cells began to detach from the culture plate after treatment,
did not affect caspase 3/7 activities (Figure 4e). Next, IGROV-1
cells were treated with 2 uM G-1 for 2—24 h to detect whether
G-1 activated caspase 3/7 in IGROV-1 cells at earlier time
points. Surprisingly, no significant changes in caspase 3/7
activity were observed at any time point (from 2 to 24 h)
(Figure 4e) despite the marked changes in cellular morphology.
This suggests that G-1 induces IGROV-1 cell apoptosis
in a caspase 3/7-independent manner. To confirm this,
IGROV-1 cells were treated with or without G-1 for 16h.
Western blot and fluorescent immunohistochemistry were
used to detect the expression and location of apoptosis-
inducing factor (AIF), a central protein involved in the process

of caspase-independent cell apoptosis. Western blot results
showed that G-1 treatment did not change the level of AIF
protein (data not shown). However, fluorescent immuno-
cytochemistry results showed that G-1-induced translocation
of AIF from the cytoplasm (mitochondria) to the nuclear area
(Figure 4f). These results suggest that G-1 induces IGROV-1
cell apoptosis in a caspase 3/7-independent manner.
Treatment with G-1 also induced cell apoptosis in the
SKOV-3 cells, as shown by dramatic changes in cellular
morphology (Figure 5a), DNA fragmentation (Figure 5b), and
significant increases in the cleaved PARP and fodrin
(Figure 5c; for quantification see Supplementary Figure S2).
Similar to results observed that in the IGROV-1 cells, G-1
treatment of the SKOV-3 cells also led to an increase in the
expression of P21CIP1 and a decrease in the expression of
BCL-2 (Figure 5¢, Supplementary Figure S2). Moreover, G-1
treatment resulted in a decrease in the cell viability, as
detected by the MTT assay (Figure 5d). However, in contrast
to IGROV-1 cells, treatment of SKOV-3 cells with G-1 for 16 h

w
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Figure 2 Effect of G-1 on the cell-cycle progression of IGROV-1. (a) Microtubule structure and distribution of phosphorylated histone H3 (Ser10) in IGROV-1 cells during
the normal cell cycle. Top panels: distribution of microtubule shown by «-tubulin staining (red), lower panels: combination of microtubule marker (red) and phosphorylated
histone H3 (green) in the IGROV-1 cells during the normal cell cycle. Nuclei were stained with DAPI. Inter, interphase; L-G2, late G2 phase; Pro, prophase; Meta, metaphase;
Ana, anaphase; Telo + Cytk, telophase and cytokinesis. Scale bars, 10 zm. (b) Microtubule structure (red) and distribution of phosphorylated histone H3 (green) in IGROV-1
cells after treatment with 2 M of G-1 for 16 h. Scale bars, 10 um. (¢) Percentage of cells staining positive for phosphorylated histone H3 (Ser10). Each bar represents the
mean + S.E.M. Bars with different letters are significantly (P < 0.05) different from each other. (d) Percentage of cells in different stages of the cell cycle. Each bar represents

the mean £ S.E.M. Bars with *’ are significantly (P<0.05) different from control

significantly increased caspase 3/7 activities (Figure 5e). This
result suggests that G-1 induces apoptosis of SKOV-3 cells in
a caspase 3/7-dependent manner.

G-1 treatment does not inhibit activation of mitotic-
promoting factors and G2/M entry checkpoint key
proteins. To explore the mechanism of G-1 action, experi-
ments were designed to determine whether G-1 treatment
inhibits mitotic-promoting factors (MPF) and/or key protein
kinases controlling the cell-cycle entry into the G2/M phase of
mitosis. In both IGROV-1 and SKOV-3 cells, treatment with
increasing concentrations of G-1 stimulated phosphorylation
of histone H3 (S10), Aurora A (T288), Aurora B (T232), and
cdc25 (T48), whereas this treatment suppressed phosphor-
ylation of Wee1 (S642) and cdc2 (Y15) (Figures 6a and b;
for quantification see Supplementary Figures S3 and S4).
G-1 treatment activates MPF in a concentration-dependent
manner. At a concentration of 1 uM, G-1 activated MPF to the
maximum point (Figures 6a and b, Supplementary Figures
S3 and S4). G-1 also significantly increased the phosphory-
lation of NUMA (nuclear mitotic apparatus protein 1; S395),
a critical factor for proper segregation of chromosomes

Cell Death and Disease

during mitosis®® (Figures 6a and b, Supplementary Figures
S3 and S4). In contrast, G-1 treatment had no effect on
protein levels of f-tubulin. These results indicate that G-1
treatment does not inhibit the activation of MPF or critical
factors for mitotic entry in ovarian cancer cells.

G-1 suppresses ovarian cancer cell proliferation by
targeting tubulin. The spindle checkpoint has an important
role in cell-cycle regulation.?® Staining «-tubulin showed that
IGROV-1 and SKOV-3 cells treated with G-1 formed more
than two spindle asters, suggesting the possible formation of
multiple spindles (Figures 2b and 3b). Therefore, additional
experiments were designed to determine the function of G-1
in spindle formation. The cultured IGROV-1 cells were first
placed on ice for 1h, which depolymerizes all microtubules
in the cells. The ice-cold medium was then replaced with pre-
warmed medium (37 °C) containing vehicle (control) or 2 uM
G-1. Next, the cells were incubated at 37 °C for an additional
1 h to allow microtubule repolymerization and mitotic spindle
reassembly. It was observed that incubation on ice caused
depolymerized microtubules in the IGROV-1 cells, which was
indicated by the disappearance of microtubules and spindle
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Figure 3 Effect of G-1 on the cell-cycle progression of SKOV-3 ovarian cancer cells. (a) Microtubule structure and distribution of phosphorylated histone H3 (Ser10) in
SKOV-3 cells during the normal cell cycle. Top panels: distribution of microtubules shown by «-tubulin staining (red), lower panels: combination of microtubule marker (red) and
phosphorylated histone H3 (green) in the SKOV-3 cells during the normal cell cycle. Nuclei were stained with DAPI. Inter, interphase; L-G2, late G2 phase; Pro, prophase;
Meta, metaphase; Ana, anaphase; Telo + Cytk, telophase and cytokinesis. Scale bars, 10 um. (b) Microtubule structure (red) and distribution of phosphorylated histone H3
(green) in SKOV-3 cells after treatment with 2 M of G-1 for 16 h. Scale bars, 10 um. (¢) Percentage of cells staining positive for phosphorylated histone H3 (Ser10). Each bar
represents the mean £ S.E.M. Bars with same letter are not significantly (P < 0.05) different from each other. (d) Percentage of the cells in different stages of the cell cycle.
Each bar represents the mean + S.E.M. Bars with * are significantly (P<0.05) different from the control

structures in ice-incubated cells (Figures 7a-1 and a-2). After
the control cells were warmed to 37 °C and incubated for 1 h,
the microtubules successfully repolymerized, as indicated by
the appearance of microtubules in all cells and the formation
of spindles in the cells in metaphase and anaphase (Figures
7a-3 and a-4). However, in the G-1-treated cells, no normal
spindle structures were observed. Instead, microtubules in
the G-1-treated cells formed many microtubule asters
(Figures 7a-5 and a-6), suggesting that G-1 targets tubulin
and interferes with cellular microtubule assembly and spindle
formation. To further confirm this finding, an in vitro tubulin
polymerization assay kit was used to determine whether G-1
affects the tubulin polymerization and microtubule assembly.
As expected, paclitaxel (positive control) stabilized and
enhanced microtubule assembly, whereas nocodazole
(negative control) interfered with tubulin polymerization and
blocked microtubule assembly (Figure 7b). Compared with
the dimethyl sulfoxide (DMSO) control, G-1 treatment
effectively blocked tubulin polymerization and microtubule
assembly (Figure 7b). These results strongly suggest that

G-1 arrests ovarian cancer cells in the prophase of mitosis by
blocking tubulin polymerization and microtubule assembly.

Discussion

The non-steroidal ligand G-1 was developed as a GPER-
selective agonist in order to differentiate GPER-mediated
estrogenic action from that mediated by ERx and ERp.2
Following the original study clearly demonstrating G-1 to be a
high-affinity and GPER-selective agonist, G-1 has been
widely used to study the functions and mechanisms of
GPER-mediated estrogenic action in different tissues
and organs.’ Owing to the discrepant results obtained by
different groups regarding the effect of G-1 on cancer cell
proliferation,” 131424 the present study was initiated to
clarify the action of G-1 on the proliferation and survival in
ovarian cancer cells. In the present study, G-1 was found to
suppress ovarian cancer cell proliferation in a concentration-
dependent manner. For example, G-1 treatment led to
changes in cell morphology within 6—16h in both IGROV-1

Cell Death and Disease
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apoptosis in the IGROV-1 cells treated with or without different concentrations of G-1 for 24 h. Results are from a representative experiment. Quantitative results from multiple
experiments are presented in Supplementary Figure S1. (d) The MTT assay shows that G-1 treatment (2 M, 48 h) significantly reduces cell viability. (e) IGROV-1 cells were
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(f) Localization of AlF (green) in IGROV-1 cells treated with or without 2 /M G-1 for 24 h. Notice the translocation of AIF from cytosol to the nuclear area after G-1 treatment.
Red is o-tubulin. Nuclei were stained with DAPI. Arrows point to the nuclear-localized AIF. Scale bars, 10 um

and SKOV-3 ovarian cancer cells, leading to detachment of
cells from the culture plate and cell death. The same effect was
also observed in CAOV-3 and HEK-293 cells, and MDA-MB
231 (data not shown). Treatment of ovarian cancer cells in vitro
with G-1 for an extended period of time (>48h) significantly
suppressed the proliferation of ovarian cancer cells. These
results are inconsistent with the observations that activation of
GPER is associated with upregulation of genes and activation
of signaling pathways that promote cell proliferation.®”-9-24-27
One explanation for these discrepancies is that the function of
GPER on cell proliferation may depend on cell or tissue types,
which may have differential expression levels of GPER.
However, recent studies have shown that that G-1 is able
to regulate cellular functions in a GPER-independent
manner.282°

In the present study, flow cytometry was used to detect the
effect of G-1 on ovarian cancer cell-cycle progression. We
found that G-1 treatment significantly decreases the portion of
cells in G1 phase and drastically increases the percentage of
cells in G2/M phases. However, these results are inconsistent
with the deceased cell number after G-1 treatment, suggest-
ing that G-1 treatment may arrest the cell cycle in either the G2
or the M phase. Microscopy of nuclear morphology showed
that in the G-1-treated cells, the nuclear membrane had
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already disappeared, chromosomes had condensed, and
microtubules had invaded into the nuclear space, indicating
that these cells actually had already entered into mitosis.
Interestingly, more than three spindle asters were observed in
most of the cell-cycle-arrested cells. Normal spindles did not
form and the chromosomes did not properly align to form the
metaphase plate, suggesting that the cells were arrested in
the prophase of mitosis and did not progress into later stage of
the cell cycle.

Itis well known that phosphorylation of histone H3 at Ser10,
Ser28, and Thri1 is tightly correlated with chromosome
condensation during both mitosis and meiosis. This feature
has been used as a marker of cellular mitotic entry.?? G-1
treatment of IGROV-1 and SKOV-3 ovarian cancer cells led to
a significant increase in the number of phosphorylated histone
H3 (Ser 10)-positive cells. This biochemical result confirms
the morphological observation in this study that G-1 treatment
arrested cells in the prophase of mitosis. This result also
indicates that G-1 treatment does not inhibit histone activation
during cell division.

In the current study, G-1 treatment not only suppressed cell
proliferation, but also induced ovarian cancer cell apoptosis.
This is supported by the following experimental results: (1)
flow cytometric analysis indicated a significant increase in
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Figure 5 Evidence that G-1 induces apoptosis of SKOV-3 ovarian cancer cells. (a) The morphology of SKOV-3 ovarian cancer cells drastically changed in the G-1-treated
groups (2 uM, 48 h; lower panel) compared with the control (top panel). Floating cells and apoptotic bodies in the G-1-treated SKOV-3 cells suggest that G-1 induces apoptosis
in SKOV-3 cells. Scale bars, 20 um. (b) Compared with the control group (top panel), G-1 treatment (2 xM, 60 h) induced dramatic DNA fragmentation in SKOV-3 cells (lower
panel). Red is o-tubulin. Green is phospho-histone H3 (Ser10). Nuclei were stained with DAPI. Arrows point to the fragmented nuclei. Scale bars, 10 um. (¢) SKOV-3 cells
were treated with different concentrations of G-1 for 24 h. Molecules associated with cell apoptosis were detected by western blot. Results are from a representative
experiment. Quantitative results from multiple experiments are presented in Supplementary Figure S2. (d) SKOV-3 cells were treated with different concentrations of G-1 for
48 h. Cell viability was detected with MTT assay. (e) SKOV-3 cells were treated with different concentrations of G-1 for 24 h. The caspase 3/7 activity assay shows that G-1-

induced apoptosis in a caspase-dependent manner in SKOV-3 cells

apoptotic cells in both IGROV-1 and SKOV-3 cells treated with
G-1; (2) confocal microscopy showed drastic fragmentation of
the nuclei in G-1-treated IGROV-1 and SKOV-3 cells; (3) the
MTT assay indicated a significant reduction in the viability of
G-1-treated IGROV-1 and SKOV-3 cells; and (4) western blot
analysis indicated a significant increase in the cyclin-
dependent kinase inhibitor P21 CIP1 and a significant
decrease in the prosurvival protein BCL-2 in G-1-treated
IGROV-1 and SKOV-3 cells.

Nuclear PARP and the membrane-associated cytoskeleton
protein fodrin have important roles in the maintenance of cell
viability by regulating key cellular processes. PARP is critical
for proper DNA replication, damage detection, repair, and
recombination.®>3" Fodrin is important for maintaining the
normal membrane structure and supporting cell-surface
protein functions.®? Cleavage of PARP effectively neutralizes
its ability to participate in DNA repair and contributes to the
commitment of a cell to undergo apoptosis.®*3* Cleavage of
fodrin leads to miscommunication and dysfunction of mem-
brane proteins and cell shrinkage.®3* Therefore, cleavage of
PARP and fodrin facilitates cellular disassembly and also
serves as markers for cells undergoing apoptosis.®" Results
from the present study show that G-1 significantly increased
the level of cleaved fodrin and PARP in a concentration-
dependent manner, thus further confirming that G-1 treatment
induces cell apoptosis.

PARP can be cleaved by many IL-Ip-converting enzyme-
like caspases in vitro,®® and is one of the main cleavage
targets of caspase 3 in vivo.*® Likewise, «-fodrin is the primary
target of caspases during apoptosis. Results in the present
study showed that G-1 treatment (2 M, 16h) significantly
increased caspase 3/7 activity in SKOV-3 cells, suggesting
that G-1 induces apoptosis in these cells through a traditional
caspase-dependent signaling pathway. However, G-1 treat-
ment did not alter caspase 3/7 activity in IGROV-1 cells,
despite increases in the level of cleaved PARP and fodrin.
One possible explanation for this is that other pathways of
caspase-independent apoptosis are involved in G-1-induced
apoptosis of the IGROV-1 cells.

Recent studies showed that mitochondria can release
factors involved in caspase-independent cell death. AIF is
believed to have a central role in the regulation of caspase-
independent cell death.3” Following an apoptotic stimulus,
mitochondrial AIF is released and is translocated to the
nucleus where it induces chromatin condensation in a
caspase-independent manner, subsequently causing cell
death. In an effort to explain how G-1 induces apoptosis in
IGROV-1 cells, the expression and location of the AIF protein
was determined in IGROV-1 cells treated with or without G-1.
AIF was found to be expressed in IGROV-1 cells, and G-1
treatment induced nuclear translocation of AIF and conden-
sation of chromatin. Therefore, depending on the cell types,
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Figure 6 Effect of G-1 treatment on the expression and activation of proteins
associated with mitosis entry in the cultured (a) SKOV-3 and (b) IGROV-1 cells.
Cells were treated with different concentrations of G-1 for 16h. Molecules
associated with cell-cycle progression were detected by western blot. Results are
from a representative experiment. Quantitative results from multiple experiments
are presented in Supplementary Figures S3 and S4

G-1 appears to be able to induce ovarian cancer cell apoptosis
both in caspase-dependent and capsase-independent
pathways.

To understand the mechanism(s) underlying the G-1
suppression of ovarian cancer cell proliferation, we evaluated
the expression and activation state of key molecules governing
cell-cycle progression. For eukaryotic cells, successful
progression of mitosis is intensively monitored and subtly
controlled by many biological mechanisms. The G2/M DNA
damage checkpoint is a mechanism that prevents the cell
from entering mitosis if the DNA is damaged. The cdc2-cyclin
B kinase is pivotal in regulating this transition. During late G2
phase, cdc2 is phosphorylated at T14 and Y15 by the protein
kinases Weel and Myt1, and maintained in an inactive
state.®® As cells approach the M phase, the phosphatase
cdc25 activates cdc2 by dephosphorylating cdc2 at T14 and
Y15, and subsequently establishes a feedback ampilification
loop that efficiently drives cells to mitosis.*® The data in the
present study show that G-1 treatment leads to decreased
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phosphorylation of Weel, increased phosphorylation of
cdc25, and significantly decreased phosphorylation of cdc2
at Y15. G-1 treatment also significantly increased phosphory-
lation of NuMA and Aurora kinase, two factors whose
activations are critical for proper mitotic entry. These results
indicate that G-1 treatment does not affect the activation of
key molecules governing the mitotic entry in the IGROV-1and
SKOV-3 ovarian cancer cells.

Results from the present study demonstrate that the
inhibitory effects of G-1 on cell proliferation are not explained
by a disruption of the molecular control of cell-cycle
progression, considering that histone H3 and MPF activity
was normal after G-1 treatment. However, it was clearly
observed that cells were unable to progress past the prophase
of the mitosis. Importantly, the spindle assembly checkpoint
is another critical mechanism that monitors the
proper segregation of chromosomes by preventing cell-cycle
progression from entering anaphase until after all chromo-
somes have correctly attached to the spindle.®® immuno-
cytochemistry results showed that multiple spindle-like
structures were formed in the G-1-treated cells, implying that
the factors involved in the normal spindle formation was
interrupted by G-1 treatment. Several critical factors that
control the formation of centrosomes and spindle pole were
then investigated. The results showed that these factors are
also properly activated or localized (data not shown).

It is well known that microtubules, the main components of
the mitotic spindle, are a target of many anticancer drugs.
Therefore, experiments in the present study were designed to
determine whether G-1 has an effect on the assembly of
microtubules. For this purpose, the spindle in the IGROV-1
cells was temporarily disassembled by depolymerizing
microtubules at low temperature. Upon warming, in order to
reassemble microtubules, G-1 treatment was found to
completely block spindle formation, suggesting that G-1
targets microtubule assembly. Using an in vitro tubulin
polymerization assay, G-1 was found to be able to directly
prevent polymerization of tubulin and disrupt assembly of
microtubules. Taken together, these results suggest that G-1,
the putative GPER agonist, suppresses ovarian cancer cell
proliferation and induces cancer cell apoptosis by targeting
tubulin to block spindle formation.

In conclusion, this study indicates that G-1 targets tubulin to
block microtubule assembly and spindle formation of ovarian
cancer cells leading to cancer cell-cycle arrest and apoptosis.
The inhibitory effect of G-1 on ovarian cancer cell growth
indicates that G-1 may be a promising candidate drug for
ovarian cancer therapy.

Materials and Methods

Chemicals. G-1 was purchased from Tocris Bioscience (Ellisville, MO, USA).
Dimethyl sulfoxide (DMEM) and other cell culture mediums were purchased from
Invitrogen (Carlsbad, CA, USA). Fetal bovine serum (FBS) were purchased from
HyClone Laboratories Inc. (Logan, UT, USA). Alexa-conjugated secondary
antibodies were purchased from Molecular Probes, Inc. (Eugene, OR, USA).
Antibodies against human PARP, «-fodrin, AIF, a-tubulin, P21 cip1, cyclin B,
BCL-2, phospho-Aurora, phospho-histone H3 (Ser10), phosphorylated and non-
phosphorylated cdc2, Weel, and NuMA, as well as horseradish peroxidase-
conjugated secondary antibodies were purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA). The f-actin and S-tubulin antibodies were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The pericentrin-2 antibody was
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Figure 7 Effect of G-1 treatment on the tubulin polymerization and spindle
formation. (a) The effect of G-1 on spindle formation in cultured IGROV-1 cells. a-1,
a-3, and a-5 are IGROV-1 cells stained with o-tubulin; a-2, a-4, and a-6 are IGROV-1
cells stained with combination of o-tubulin (red) and pericentrin-2 (green). The
nucleus was stained with DAPI (blue). a-1 and a-2 show low-temperature-induced
microtubule depolymerization in cultured IGROV-1 cells; a-3 and a-4 show that
temperature recovery results in the polymerization of microtubule and formation of
spindle in IGROV-1 cells. a-5 and a-6 show that addition of G-1 results in the
disassembly of normal microtubules leading to the inhibition of spindle formation.
Notice the formation of multiple spindle asters in the G-1-treated IGROV-1 cells.
Scale bars, 10 um. (b) In vitro microtubule assembly assay shows that G-1 (green
graph) suppresses tubulin polymerization. Paclitaxel was used as a positive control
(red graph). Nocodazole was used as a negative control (blue graph)

purchased from Abcam (Cambridge, MA, USA). The ECL (enhanced
chemiluminescence) Advance Westemn Blotting Detection kit was purchased from
GE Healthcare (Piscataway, NJ, USA). The Optitran Nitrocellulous Membrane was
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purchased from Schleicher & Schuell Bioscience, Inc. (Dassel, Germany). The
tubulin polymerization assay kit was purchased from Cytoskeleton, Inc. (Denver, CO,
USA). The Vybrant MTT assay kit was purchased from Invitrogen. The Caspase-Glo
3/7 assay kit was purchased from Promega (Madison, WI, USA). All other
molecular-grade chemicals were purchased from Sigma-Aldrich, Fisher Scientific
(Pittsburgh, PA, USA), or United States Biochemical Corp. (Cleveland, OH, USA).

Cell lines and culture. SKOV-3 and CAOV-3 cells were recently purchased
from the American Type Culture Collection (Manassas, VA, USA). IGROV-1 cell
line was kindly gifted by Dr. Reuda (Dr. Bo R Reuda, Vincent Center for
Reproductive Biology, Massachusetts General Hospital, Boston, MA, USA). Cells
were maintained in DMEM/F12 medium (Invitrogen) with 10% FBS in a 37 °C cell
culture incubator. The medium was replaced with phenol red-free DMEM
supplemented with 10% steroid-free FBS (Hyclone) 24 h before treatment. Cells
were treated in fresh phenol red-free DMEM supplemented with steroid-free FBS
(5%) for indicated time points as shown in figure legends.

Cell proliferation and viability assay. To detect the effect of G-1 on
ovarian cancer cell proliferation, 70% confluent cells were incubated in phenol red-
free DMEM (5% FBS, steroid-free) with or without G-1 for 60 h in concentrations
indicated in figure legends. Cell morphology was recorded using an Olympus IX71
inverted microscope equipped with a DP73 digital camera (Olympus America Inc.,
Center Valley, PA, USA). The cell number was counted using a Countess
Automated Cell Counter (Carlsbad, CA, USA).

An MTT assay was used to detect the effect of the GPER agonist G-1 on ovarian
cancer cell viability. Cells were plated in 24-well plates and incubated to ~ 60%
confluence. Cells were then treated with or without G-1 for 24 or 48 h. The MTT
assay was performed using a Vybrant MTT Assay Kit according to the
manufacturer's instructions.

Flow cytometry was used to detect the effect of G-1 treatment on the cell-cycle
progression of ovarian cancer cells. Seventy percent confluent cells were incubated in
phenol red-free DMEM (5% FBS, steroid-free) with or without G-1 (0-2 :M) for 24 h.
Cells were then trypsinized, fixed, and permeabilized with 70% ethanol overnight at
— 20 °C. Cells were then labeled with propidium iodide at 37 “C for 30 min, and cell
apoptosis and cell-cycle distribution were analyzed using flow cytometry.

Cell apoptosis was also monitored by detecting caspase 3/7 activity using a
Caspase-Glo 3/7 assay kit. Ovarian cancer cells in 24-well culture plates were
treated with or without G-1 at the indicated concentrations for designated time points
as noted in the figure legends. Medium was removed and 75 ul of serum-free
medium with an equal volume of caspase3/7 assay reagent were directly added to
the wells. After 30 min of agitation, luminescence was measured using a FLUOstar
OPTIMA microplate reader.

Fluorescent immunocytochemistry to detect cellular localization
of proteins related to cell mitosis and apoptosis. Cells were
cultured on coverslips in six-well plates and treated with or without G-1 for the
indicated time points as described in the figure legends. Cells were fixed with 4%
paraformaldehyde at room temperature for 10 min and then blocked for 1h with
10% normal donkey serum. Cells were then incubated overnight with a primary
antibody at 4 °C in a humidified chamber. The next day, the non-binding primary
antibodies were washed away. Cells were then incubated with the appropriate
fluorescein-labeled secondary antibody at room temperature for 30min in a
humidified chamber. Nuclei were stained with DAPI. Cells on the coverslips were
then mounted with Fluoromount-G (Southern Biotech, Birmingham, AL, USA).
Images were captured with a Zeiss 710 Meta Confocal Laser Scanning
microscope and were analyzed using the Zeiss Zen 2010 software (Carl Zeiss
Microscope, LLC, NY, USA).

Western blot analysis to detect the expression and activation of
mitosis entry and cell apoptosis-related proteins in ovarian
cancer cell lines. To determine the expression and activation of apoptosis
and/or the proteins related to the G2/M checkpoint in ovarian cancer cell lines,
cultured cell lines were directly lysed in the culture dishes and homogenized by
sonication in 100 pl of lysis buffer (10mM Tris (pH 7.4), 100mM NaCl, 1 mM
ethylenediaminetetraacetic acid, 1 mM ethylene glycol tetraacetic acid, 1 mM NaF,
20mM NayP207, 1% Triton X-100, 10% glycerol, 0.1% sodium dodecyl sulfate,
and 0.5% deoxycholate) with protease inhibitor cocktails and phenylmethane-
sulfonyl fluoride. The homogenates were kept on ice for 20min and then
centrifuged at 12000 r.p.m. at 4 °C for 15 min. The supematant was collected and
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the protein concentration was measured using a Micro BCA Protein Assay Kit
(Pierce, Rockford, IL, USA) according to the manufacturer’s instructions. Protein
(20 or 40 ug) was fractioned using 10% polyacrylamide gels, electrotransferred to
an Optitran nitrocellulous membrane, and probed overnight with primary
antibodies at 4°C. Peroxidase-conjugated donkey-anti-rabbit or peroxidase-
conjugated donkey-anti-mouse secondary antibodies (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA) were applied to the membrane, and the
bound secondary antibody was detected using the enhanced chemiluminescence
advanced western blot detection kit. The signal was recorded and quantified using
a UVP gel documentation system (UVP, Upland, CA, USA). The f-tubulin was
used as protein loading controls. Each group had at least three sample replicates
collected from three different experiments.

Microtubule reassembly assay. IGROV-1 cells were seeded on cover-
slips in six-well culture plates and incubated at 37 °C. When cells reached 70%
confluence, three groups of cells were incubated on ice for 1 h to depolymerize the
microtubules. After cold treatment, one group of cells was immediately fixed with
4% paraformaldehyde as a control. The cold medium in the other two groups was
immediately replaced with media containing G-1 (2xM) or DMSO (0.1%)
pre-warmed to 37 °C. Cells were incubated at 37 “C for 1h and then fixed with 4%
paraformaldehyde for 10min. Fixed cells were stained with antibodies against
o-tubulin to visualize the spindle microtubules, or with antibodies against
pericentrin-2 to visualize the centrosomes. Nuclei were stained with DAPI. Images
were captured using a Zeiss 710 Meta Confocal Laser Scanning microscope and
analyzed with the Zeiss ZEN 2010 software.

Tubulin polymerization assay. The effects of G-1 treatment on tubulin
polymerization was analyzed using a purified porcine tubulin and fluorescence-
based tubulin polymerization assay kit (Cytoskeleton Inc.) according to the
protocol provided by the manufacturer. G-1 (5 uM) was added to the system.
An equal concentration of DMSO was used as a normal control. The negative
control was 100 nM of nocodazole, which inhibits tubulin polymerization. A group
with 3 uM of paclitaxel, which stabilizes microtubule to interrupt microtubule
dynamics, was also included as a positive control. The fluorescence was recorded
using a Synergy Mx Monochromator-Based Multi-Mode Microplate Reader
(BioTek Instruments, Inc., Winooski, VT, USA). The basic parameters for the
assay were as follows: integration — 20 us, gain — 80%, shaking — 5, excitation
wavelength — 350 nM; emission wavelength — 440 nM, kinetic force — 61 cycles of
1 reading/min, and reads per well - 3.

Statistics. All immunofluorescence localization and western blot experiments
were repeated at least three times using samples from different experiments, and
representative images are presented. The data from the cell-cycle distribution study
was analyzed using two-way analysis of variance, Prism’s multiple comparison post
tests, and Bonferroni post tests. All other assays were repeated at least three times
and the quantitative data were analyzed using one-way analysis of variance with
Tukey post hoc test. A P-value <0.05 was considered significant.
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