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Background: Atrazine (ATZ) is a triazine herbicide that is widely used in agriculture and has been detected in surface
and underground water. Recently, laboratory and epidemiological research have found that the bioaccumulation of ATZ
in the environment leads to biotoxicity in the human immune and endocrine systems and results in tumor development.

Objective: To investigate the effects of ATZ exposure on epithelial ovarian cancer (EOC) cells and elucidate the potential
mechanisms governing these effects.

Materials and Methods: The human EOC cell lines Skov3 and A2780 were used in this study to explore the effects
and mechanisms of ATZ exposure on EOC. The mouse embryonic osteoblastic precursor MC3T3-E1 cells served as the
control cells to determine the effects of ATZ on cancer cell lines. After exposure to ATZ, the MTT assay, flow cytometry,
the colony formation assay, immunohistochemical staining, the cell scratch assay, and the Transwell assay were used to
evaluate the proliferative activity, invasion, and migration capabilities of EOC cell lines. Moreover, flow cytometry was
also applied to detect the level of reactive oxygen species (ROS) in these two EOC cell lines, as well as the MC3T3-El
cells. To further illustrate the underlying mechanisms governing the effect of ATZ on EOC, real-time PCR and Western
blotting were employed to assess the transcription and the expression level of Stat3 signaling pathway-related genes in
Skov3 and MC3T3-El cells.

Results: The results showed that following ATZ treatment, the cell proliferation, migration, and invasion potencies of
Skov3 and A2780 cells were increased compared to those of the control group. Meanwhile, the ROS levels of EOC and
MC3T3-El1 cells were notably elevated after ATZ treatment. In Skov3 cells, the expression levels of p53 and p21 were
downregulated, while those of Cyclin E, vascular endothelial growth factor (VEGF), matrix metallopeptidase 2 (MMP2),
MMPO, signal transducers and activators of transcription 3 (Stat3), and p-Stat3 were upregulated by ATZ treatment. In
MC3T3-E1 cells, however, ATZ treatment did not affect the level of p53/p21 mRNA compared to the control groups.
Moreover, there was no significant change in the expression levels of Stat3 and p-Stat3 in MC3T3-E1 cells exposed to
ATZ. This phenomenon was observed while the proliferation rate was enhanced in MC3T3-E1 cells by ATZ.

Conclusions: The results of this study suggest that ATZ effectively promotes the proliferation and metastasis of EOC
cells through the Stat3 signaling pathway by inducing low levels of ROS. Additionally, although ATZ might also induce
proliferative potential in normal cells, the mechanisms governing its effects in these cells might be different from those
in EOC cells.
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1. Background

Atrazine (ATZ), an herbicide of the triazine class, has
been widely used worldwide to increase the production
of crops, such as sugarcane, sorghum, and corn, due to
its convenience, low cost, and excellent broadleaf weed
control efficacy (1). The annual use of ATZ in China
is 1000-1500 tons, which accounts for approximately
15% of the global total (70,000-90,000 tons per year)
(2, 3). Because ATZ has a stable structure and is
difficult to degrade, it has a long residence time in the
environment (1). The abuse of ATZ would contribute to
the pollution of soil and surface and underground water,
which poses a further threat to human health (4). The
United States Environmental Protection Agency (US
EPA) has set the maximum allowed amount of ATZ
in public water supplies and drinking water at 3 pg.L!
(5). However, the amount of ATZ in the environment is
still notably high due to its overuse. In the midwestern
United States, researchers found that the concentration
of ATZ in farmland was over 300 pg.L' after rainfall
(6). A monitoring study on the soil and groundwater in
Qian’an and Gongzhuling of China observed that the
detection rates of ATZ in soil and groundwater were
97% and 89%, respectively (7). Some researchers have
shown that human exposure to ATZ may be associated
with chronic noncancer effects, including long-term
immunotoxic effects (8, 9), endocrine disruption
(4), and wvascular lesions (10), and carcinogenic
effects, such as lung, breast, pancreatic, prostate, and
ovarian cancers, as well as leukemia (11). Although
mechanisms related to the development of carcinomas
caused by ATZ exposure have not been fully elucidated,
it is suspected that the pathways may include oxidative
stress, DNA damage, and chromosome aberration (12).
However, the complicated association between ATZ
and its carcinogenic risk warrants further investigation.
Epithelial ovarian cancer (EOC) is the most lethal
gynecological cancer with a five-year survival rate of
only approximately 46% (13). Worldwide, 230,000
women are diagnosed with EOC annually, causing
150,000 deaths (14). Many risk factors, such as lifestyle,
exogenous hormone use, and reproductive history, have
been considered to be the potential etiology of EOC in
epidemiological studies (15). Environmental factors
have also been investigated, but to date, they have not
been conclusively associated with the development of
this neoplasm. Albanito found that ATZ could promote
EOC cell proliferation (16). Meanwhile, studies have
found that the effects of ATZ exposure on EOC are
related to various signaling pathways. Albanito revealed
that ATZ could regulate the estrogen receptor a pathway
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in EOC cells and cancer-associated fibroblasts, thereby
inducing the proliferation of tumor cells (16). Besides,
it was found that ATZ could induce DNA damage
and tumorigenesis in frogs (17). Although numerous
accounts of laboratory research have provided evidence
linking ATZ to a higher risk of EOC, epidemiological
research has not identified the link between ATZ and
EOC to date (18). Therefore, the specific association
between ATZ and increased risk of human EOC needs
to be further explored and discussed.

2. Objectives

In this study, to elucidate the effect of ATZ exposure on
EOC cells, the human EOC cell lines Skov3 and A2780
were exposed to ATZ, and their proliferation, cell cycle,
and metastasis were observed. Meanwhile, the mouse
embryonic osteoblastic precursor cell line MC3T3-El
was also exposed to ATZ to observe the effect of
ATZ on normal cells. Moreover, the transcription and
expression levels of associated genes were detected.
From these results, we precisely identified whether ATZ
could increase the proliferation and metastasis ability of
human EOC cells in vitro. Furthermore, by observing
the changes in ROS in Skov3 and A2780 cells, the
possible mechanisms governing the carcinogenic
effects of ATZ were discussed.

3. Materials and Methods

3.1. Cell Culture

ATZ (99% purity) was obtained from Sigma Chemical
Company (St Louis, Missouri, USA). The human
EOC cell lines Skov3 and A2780 and the mouse
embryonic osteoblastic precursor cell line MC3T3-El
were obtained from the Basic Medical College of Jilin
University.

Skov3, A2780, and MC3T3-E1 cells were cultured
in Iscove’s Modified Dulbecco’s Medium (IMDM,
HyClone) supplemented with 10% fetal bovine serum
(FBS, Gibco) and incubated at a constant temperature
of 37 °C in a 5% CO, humidified atmosphere. In the
experiments, the EOC cells and MC3T3-E1 cells were
exposed to 0.1 uM and 1 pM ATZ in the experimental
groups.

3.2. MTT Assay

The proliferation effect of ATZ on Skov3, A2780, and
MC3T3-E1 cells was detected by MTT (Sigma-Aldrich,
St Louis, MO, USA) reagent in vitro, as previously
described (19). Briefly, Skov3, A2780, and MC3T3-El
cells were seeded onto 96-well plates at a density of
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3000 cells/well. After incubation for 24 hours, these
cells were exposed to ATZ at 0 uM, 0.1 uM, or 1 pM
for 24 hours, 48 hours, 72 hours, and 96 hours. Then,
an MTT solution (10 pL per well, 5 ng.mL") was added
to each well. After being cultured at 37 °C for 4 hours,
DMSO solution was added at 150 pL.well -'to dissolve
the precipitate. The absorbance of each well was
measured at 490 nm using a Microplate Reader (Biotek,
Citation 5, USA). All experiments were represented by
three replicates.

3.3. Colony Formation Assay

Skov3 and A2780 cells were seeded onto 6-well plates
at a density of 100 cells/well. Two weeks later, the
formation of a typical clone of the cells was observed.
The cells were fixed with methanol and stained with
10% Giemsa (Biotopped, China). The number of visible
colonies was counted to evaluate the colony formation
ability of cells. All experiments were represented by
three replicates.

3.4. Cell Cycle Detection

Skov3, A2780, and MC3T3-El cells were plated in
12-well plates (5 x 10* cells/well) and incubated with
different concentrations (0 uM, 0.1 pM, and 1 uM) of
ATZ for 48 hours. The cells were stained with 200 puL (50
ug.mL") of propidium iodide (PI) solution according
to the manufacturer’s instructions (Biotopped, China).
The flow cytometer (BD FACSCalibur, USA) was
used for single parameter analysis, and the cumulative
curve segmentation method was used to calculate the
percentage of cells in each phase. All experiments were
represented by three replicates.

3.5. Cell Scratch and Transwell Assay

For the cell scratch assay, Skov3 and A2780 cells were
seeded onto 6-well plates (6x10° cells/well). After being
cultured at 37 °C for 24 hours, the cells were divided in
to 3 groups: the control group (ATZ 0 uM), the low-
dose group (ATZ 0.1 pM) and the high-dose group
(ATZ 1 pM). The cellular layer was scratched using a
plastic pipette tip after 80% of the cells had merged.
The migration rate of the cells at the edge of the scratch
was analyzed after 48 hours. All experiments were
represented by three replicates.

For the invasion assay, following 12 hours of serum-
starvation treatment, Skov3 and A2780 cells were
adjusted to a concentration of 3x10* cells/mL using
serum-free media (containing or not containing ATZ),
respectively. Then, 100 uL single-cell suspension was
added to the apical chamber (8 um polycarbonate
membrane, Corning) coated with collagen, and 600 pL
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IMDM with 10% FBS (containing or not containing
ATZ) was added to the bottom chamber. The cells
were allowed to invade through the collagen-coated
polycarbonate membrane for 40 hours at 5% CO, and
37 °C. Then, the cells remaining on the upper surface
were wiped off with a cotton ball. The cells that had
invaded were fixed and stained with 10% Giemsa. The
cells were then observed and counted in 5 random fields
of view (400x) (20). All experiments were represented
by three replicates.

3.6. ROS Detection

ROS generation was determined by flow cytometry
analysis using the fluorescent chemiluminescent probe
2’,7’-dichlorofluorescein (H2DCFDA) (Biyuntian,
Shanghai, China). Briefly, Skov3, A2780, and
MC3T3-E1 cells were grown in 6-well plates at 1x10°
cells/well and treated with different concentrations
of ATZ for 48 hours. After that step, the treated cells
were collected by centrifugation and incubated with
H2DCFDA (10 uM) for 30 minutes at 37 °C. Then, the
cells were washed with PBS three times and cultivated
with serum-free medium for 10 minutes at 37 °C.
Finally, the mean fluorescence intensity of ROS in each
group was measured using flow cytometry.

3.7. Real-time PCR

Skov3 and MC3T3-El1 cells were seeded at a density of
6x10° cells per well and were treated with ATZ for 48
hours. Total RNA was extracted using TRIzol reagent
(Invitrogen Company, USA), and first-strand cDNA
synthesis was performed using a cDNA synthesis kit
(TaKaRa, China). Real-time PCR was used to detect
the transcription of p21 and p53 by the SYBR Green
real-time PCR kit (TaKaRa, China), and GAPDH was
used as an internal control gene. The gene primers for
Skov3 cells in PCR are shown in Table 1. The gene
primers for MC3T3-E1l cells in PCR were supplied

Table 1. Primers for p21, p53 and GAPDH

Gene Primers (5°237)

P21 ACCTTCGACTTTGTCACCGAGA
GCAGGCACAAGGGTACAAGACA

P53 GGCCATCTACAAGCAGTCACAG
AGCAAATCTACAAGCAGTCACAG

GAPDH GGAAAGGCTGGGGCTCATTTG

AGAAGGGGCCATCCACAGTCTTC
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by the Genecopoeia company (Guangzhou, China):
p53 (MQP030403), p21 (MQP072719), and GAPDH
(MQP027158). PCR was performed at 94 °C for 30
seconds followed by 45 cycles of amplification at 94 °C
for 5 seconds, 51 °C for 15 seconds, and 72 °C for 10
seconds by using ABI-Q3 (Thermo Fisher, China). The
results were repeated at least three times independently.

3.8. Western Blot Analysis

Soluble proteins were extracted from three groups of
cells and separated through 12% SDS-polyacrylamide
gels. Prestained standards (Invitrogen, USA) were
used as molecular weight markers. Separated proteins
were transferred to polyvinylidene difluoride (PVDF)
membranes (iBlot system, Invitrogen). The membranes
were then blocked with 5% skim milk and incubated
at room temperature with primary antibodies for 4
hours, including rabbit anti-Stat3 (1:1500, AF6294),
rabbit anti-p-Stat3 (1:1500, AF3293), rabbit anti-
VEGF (1:1500, AF5131), rabbit anti-MMP2 (1:1500,
AF5330), rabbit anti-MMP9 (1:1500, AF5228),
rabbit anti-CyclinE (1:1500, AF0144), rabbit anti-p21
(1:1500, AF6290), rabbit anti-p53 (1:1500, AF0879)
and rabbit anti-B-actin (1:1500, AF7018). These
primary antibodies were all purchased from Affinity
Company (China). After incubation with secondary
HRP antibodies (1:4000, Bioss, China, bs-0295G-HRP)
for 1 hour at room temperature, the protein levels were
detected with an ECL plus kit (Millipore, USA), and
the densities of the specific bands were quantified with
an imaging densitometer (Clinx Science Instruments
Company, China). The results were repeated at least
three times independently.

3.9. Immunohistochemical (IHC) Staining

The coverslips were placed in the bottom of 24-well
plates. After adjusting to 2x10° cells.mL"', 1 mL single
Skov3 cell suspension was added to each well of the
plates and then incubated for 24 hours at 5% CO, and 37
°C. Subsequently, the cells were treated with different
concentrations of ATZ for 48 hours, which was prepared
for proliferating cell nuclear antigen (PCNA) IHC
staining. For IHC staining, standard IHC procedures
were carried out as previously described (21). Rabbit
anti-human PCNA (1:300, Bioss, bs-0754R) was used
as the primary antibody, and biotinylated goat anti-
rabbit IgG (1:500, Bioss, bs-0295G-Bio) was used as
the secondary antibody. The slices were evaluated by
Image-Pro Plus 6.0, and positive cells were identified
as cells with brown staining. The results were repeated
at least three times independently.
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3.10. Statistical Analysis

All experiments were represented by three replicates.
SPSS 17.0 (SPSS Inc, Chicago, IL, USA) was
employed for statistical analysis. Data are presented
as the means.d. Statistical analysis was performed
for multiple comparisons using a one-factor analysis
of variance (ANOVA). P<0.05 was considered to be
significant, and P<(.01 was considered to be significant.

4. Result

4.1. ATZ Could Promote the Proliferation of EOC and
MC3T3-E1 Cells

The MTT assay results showed that EOC cells treated
with 1 uM ATZ for 48 hours, 72 hours or 96 hours
exhibited a significant increase in cell proliferation
rates compared to the cells treated with ATZ-free
conditions. Moreover, the rates of the low-dose groups
were also significantly higher than those of the control
groups (Fig. 1, A and B). Interestingly, the noncancer
MC3T3-E1 cells also presented an obvious increase in
cell proliferation rates after being treated with ATZ for
24 hours, 48 hours, and 72 hours, regardless of the dose
of ATZ. However, there was a decreasing tendency in
the cell proliferation rates of MC3T3-E1 cells (Fig.
1C). Furthermore, after being treated with both low-
dose and high-dose ATZ, the colony ability of EOC
cells was significantly enhanced compared to that of
the control group (Fig. 1D, E, F, and D). Moreover,
compared with the control group, the Skov3 cell
number and positive rates of PCNA expression were
dose-dependently higher after treatment with 0.1 uM
and 1 pM ATZ (Fig. 4A). The results indicated that the
proliferation of EOC and MC3T3-E1 cells exposed to
ATZ was accelerated.

4.2. ATZ Could Accelerate EOC and MC3T3-E1 Cell
Cycle Progression

The results of PI staining in flow cytometry showed
an increase in EOC cell numbers in the S phase and a
decrease in G0/G1 phase both in the 0.1 uM and 1 uM
groups compared to the control group (Fig. 1 H, I, J
and K). Moreover, ATZ also increased the proportion
of cells in the G2/M phase while decreasing the ratio
of cells in G1/G0 phase in MC3T3-E1 cells (L, M).
These results indicated that ATZ promoted EOC and
MC3T3-E1 cell proliferation by accelerating cell cycle
progression.

4.3. ATZ Could Promote EOC Cell Invasion and
Migration
As shown in the cell scratch assay, the migration rates
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Figure 1. ATZ exposure promoted the proliferation of Skov3, A2780, and MC3T3-E1 cells. MTT assays were performed to examine the
proliferation rates of (A) Skov3, (B) A2780, and (C) MC3T3-E1 cells. Colony formation assays were employed to assess the proliferation
ability of (D, E) Skov3 and (F, G) A2780 cells. Flow cytometry analysis was carried out to test the cycle progression of (H, I) Skov3, (J, K)
A2780, and (L, M) MC3T3-E1 cells. *, p<0.05 vs control group, * *, p<0.01 vs control group
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Figure 2. ATZ enhanced the migration ability of EOC cells. A cell scratch assay was used to observe the migration ability of (A, C) Skov3
and (B, D) A2780 cells. *, p<0.05 vs control group, * *, p<0.01 vs control group.

of ATZ-treated cells (0.1 uM or 1 pM) at the scratch
edge were significantly increased compared to the
control group (Fig. 2). The experiment confirmed that
cells exposed to ATZ had a stronger migration ability
than cells with ATZ-free. Furthermore, a Transwell
assay was used to detect the invasion ability of EOC
cells treated with ATZ. After exposure to ATZ, the
number of cells invading through the polycarbonate
membrane significantly increased in the ATZ exposure
groups (Fig. 3 A, B, C, and D), indicating that ATZ
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could enhance the invasion ability of EOC cells. Hence,
the experimental data above confirmed that ATZ could
enhance EOC cell invasion and migration, implying the
notable role of ATZ in the metastasis of EOC cells.

4.4. ATZ Exposure Could Increase Intracellular ROS
Level

Low levels of ROS might be a key driver of tumor
initiation and development. The ROS level was
increased dose-dependently in the ATZ groups
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Figure 3. ATZ strengthened the invasion ability of EOC cells and increased intracellular ROS levels. A Transwell assay was conducted
to assess the invasion capacity of (A, B) Skov3 and (C, D) A2780 cells. Flow cytometry was applied to analyze the level of ROS in (E, F)
Skov3, (G, H) A2780, and (I, J) MC3T3-E1 cells. *, p<0.05 vs control group, * *, p<0.01 vs control group

compared to the control group, implying that ATZ
may promote EOC cell proliferation and metastasis in
vitro by producing low levels of ROS (Fig. 3 E, F, G,
and H). Interestingly, we found that low levels of ROS
were also generated by ATZ in MC3T3-E1 cells (Fig.
3 I and J), suggesting that ATZ might accelerate the
proliferation of noncancerous cells by inducing ROS in
a short time.
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4.5. ATZ Downregulates p53 and p21 while upregulates
Cyclin D1 in Skov3 Cells

As shown in Figure 4 B and C, the transcriptional
levels of p53 and p21 were significantly downregulated
in Skov3 cells after ATZ exposure compared to those
of the control group. However, we did not find any
significant changes in the level of p53 or p21 mRNA
in MC3T3-E1 cells treated with ATZ (Fig. 5 A and
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Figure 4. ATZ accelerated the proliferation and metastasis of Skov3 cells by activating the Stat3 signaling pathway. (A) IHC staining was
carried out to delineate the expression of PCNA protein in Skov3 cells. Real-time PCR was employed to detect the transcriptional levels of
(B) P53 and (C) P21. (C, D, E, and F) Western blot analysis was conducted to measure key proteins of several signaling pathways. *, p<0.05

vs control group, * *, p<0.01 vs control group

B). After that step, Western blotting was used to
detect the expression of p53, p21, and Cyclin E. The
results showed that ATZ exposure for 48 hours could
significantly downregulate the expression of p53 and
p21 and upregulate the expression of Cyclin E in Skov3
cells compared to that of the control group (Fig. 4 D
and E). Taken together, these results indicated that
ATZ strongly promoted cell cycle progression by
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downregulating the expression of p53 and p21 and
upregulating the expression of Cyclin E.

4.6. ATZ Could Upregulate MMP2, MMP9, and VEGF
Expressions in Skov3 Cells

To further investigate the mechanism of ATZ-induced
metastasis in Skov3 cells, Western blot analysis was
employed to detect the metastasis-associated proteins
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Figure 5. ATZ impacted the proliferation and cell cycle in MC3T3-E1 cells, possibly not by regulating the transcription of P53/P21 and
the expression of Stat3/p-Stat3. Real-time PCR was used to detect the transcriptional levels of (A) P53 and (B) P21. Western blotting was
applied to evaluate the expression of Stat3 and p-Stat3. *, p<0.05 vs control group, * *, p<0.01 vs control group

MMP2, MMP9, and VEGF. The expression of MMP2,
MMP9, and VEGF in the ATZ treatment group was
significantly upregulated in a dose-dependent manner
compared with the control group. These results
indicated that ATZ might promote EOC metastasis by
upregulating MMP2, MMP9, and VEGF (Fig. 4 D and
F).

4.7. ATZ Could Promote the Activation of Stat3 in
Skov3 Cells

Stat3 is essential for cell survival and proliferation.
In our study, the expression of Stat3 and p-Stat3 was
significantly upregulated in the ATZ exposure groups
compared to the control group, which indicated that
ATZ could promote the proliferation and metastasis of
Skov3 through the Stat3 signaling pathway (Fig. 4 D
and G). However, ATZ did not increase the expression
of Stat3/p-Stat3 proteins in MC3T3-E1 cells (Fig. 5 C
and D).

5. Discussion

Epidemiological studies have shown that atrazine
(ATZ) has a higher risk of damage to the endocrine and
reproductive systems, as well as numerous other organs,
which may lead to chronic noncancerous or cancerous
diseases (4, 9-11, 22). Epithelial ovarian cancer (EOC)
is the seventh most commonly diagnosed form of
cancer among women worldwide. Epidemiologists
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have further reported that environmental contamination
may be a driving factor for EOC (13, 15). However, the
direct correlative environmental factors causing EOC
have not been determined to date. In recent studies, EOC
cells were used to further identify the mechanism of ATZ
and its degree of impact on the growth and metastasis
of human EOC cells. Additionally, MC3T3-E1 cells,
which are normal noncancerous cells, were compared
to EOC cells.

In MTT and colony formation assays, we found that
ATZ exposure promoted the proliferation of EOC cells
in a dose- and time-dependent manner, which was in
keeping with findings obtained with BG-1 and OV2008
cells in a previous study(16). Although the results of
the MTT assay initially showed that ATZ significantly
enhanced the proliferation ability of MC3T3-E1 cells,
the effects progressively diminished after 48 hours
and 72 hours, respectively. The enhancement effect on
MC3T3-E1 cells disappeared after 96 hours of ATZ
treatment. PCNA, a regulator of cell growth function,
is a well-known molecular marker for cell proliferation.
High-level expression of PNCA indicates the
vigorous proliferation ability of cells(23). Subsequent
immunohistochemical staining also showed that the
expression of PCNA was upregulated in the nucleus of
Skov3 cells after exposure to ATZ. These results implied
both that the proliferation ability of EOC cells could
be enhanced by ATZ in a time-dependent way and that
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normal noncancerous cells could also produce a similar
reaction over a short period. Nevertheless, the cytotoxic
effect of ATZ on normal cells might be gradually
strengthened over a long period and ultimately harm
organ systems. Instead, neither low-dose nor high-dose
ATZ exhibited a clear cytotoxic effect on EOC cells.
To further investigate the mechanism by which
ATZ enhanced the proliferation ability of EOC and
MC3T3-E1 cells, the cell cycle distribution was
examined after ATZ exposure. We found that ATZ
promoted EOC cells to pass through the G1/S phase
checkpoint, decreased the cell numbers in G0/G1 phase,
and finally caused the accumulation of Skov3 cells in
the S phase. S phase is reported to contribute to DNA
synthesis, replication, and repair, suggesting that ATZ
might promote cell growth by S phase arrest(24). To
demonstrate the molecular mechanism by which ATZ
impacts the cell cycle, the mRNA and protein levels of
genes associated with the cell cycle were monitored.
The cell cycle regulatory pattern is regulated by
multiple checkpoints at different phases. Among these
checkpoints, G1/S is an important checkpoint. p53 and
p21 play key roles in G1/S arrest. Specifically, p53
induces the transcription of the cell cycle-related gene
p21, and p21 binds to the CDK2/CyclinE complex and
finally causes G1/S arrest(25, 26). Our results showed
that ATZ exposure downregulated the transcription
and expression of p53 and p21 while increasing the
expression of CyclinE, which might accelerate the
transition from GO0/G1 to the S phase and lead to S
phase arrest. Accordingly, the hypothesis is that ATZ
can improve both DNA synthesis and damaged DNA
repair by inducing S arrest, which would further
suggest that ATZ could induce EOC cells to pass
through the G1/S checkpoint, blocking them in the S
phase. Furthermore, our study showed a decrease in the
GO0/G1 phase proportion and an increase in the G2/M
phase proportion in MC3T3-E1 cells treated with ATZ,
which might suggest that the proliferative potential
of MC3T3-E1 cells was activated by ATZ. However,
ATZ did not decrease the level of p53/p21 mRNA in
MC3T3-E1 cells, which meant that ATZ accelerated
the cell cycle of MC3T3-E1 cells by other mechanisms,
which warrants further research to explore.

Invasion and migration are two major processes of
tumor cell metastasis. Transwell and cell scratch
assays verified that ATZ promoted the invasion and
migration of EOC cells. To clarify the underlying
molecular mechanism of this ability, a series of
related proteins, including MMP2, MMP9, and VEGF,
were detected in our study. It has been reported that
matrix metalloproteinases (MMPs), such as MMP2
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and MMP9, can dissolve small holes that allow
cancerous cells to invade into the stromal membrane
surrounding blood vessels (27). The results showed
that the expression of MMP2 and MMP9 in Skov3
cells was significantly increased after exposure to
ATZ, which indicated that ATZ exposure enhanced the
invasion ability of EOC cells by upregulating MMP2
and MMP9 expression. VEGF plays an important role
in the formation of blood vessels in physiological and
pathological cancer progression. Additionally, VEGF
is essential for tumor cell migration(23). In this study,
the expression of MMP2, MMP9, and VEGF in Skov3
cells was significantly upregulated after ATZ exposure,
which suggested that ATZ could promote metastasis in
EOC cells.

Signal transducers and activators of transcription 3
(Stat3), an oncogene, contribute to inducing cancer
cell survival, proliferation, and metastasis in numerous
cancers, including EOC (28-30). Using Skov3 cells,
we found that ATZ upregulated the expression of
Stat3, thereby enhancing its activity. Consequently, the
inductive effect of ATZ on Stat3 activation resulted in
vigorous cell proliferation and malignant metastasis.
Moreover, ATZ exposure upregulated MMP2, MMP9,
VEGF, and CyclinE while downregulating the
expression of p53 and p21. Therefore, ATZ promoted
EOC proliferation and metastasis by mediating the
activation of the Stat3 signaling pathways. Furthermore,
we investigated the potential mechanism by which ATZ
activated the Stat3 pathway. Our study showed that ATZ
could induce the production of intracellular reactive
oxygen species (ROS). ROS are a series of chemical
compounds containing oxygen produced during
cellular metabolism, including superoxide anion (O%),
hydroxyl radical (OH"), and hydrogen peroxide (H,0,),
and these chemicals could have a negative effect on
lipids, proteins, and DNA(31). Reports have suggested
that low levels of ROS could initiate carcinogenesis
and help tumor cells survive and metastasize (32).
Interestingly, it has been reported that Stat3 is directly
sensitive to ROS(33). These results imply that ROS may
play an important role in promoting the proliferation
and metastasis capacity of EOC cells by activating the
Stat3 signaling pathway after ATZ exposure. Although
the expression of Stat3/p-Stat3 was not changed in
MC3T3-E1 cells treated with ATZ, we found that
low levels of ROS were produced in the cells, which
might be the reason for its cell proliferation and cell
cycle changes. The reason for the difference in Stat3/p-
Stat3 expression between normal and cancerous cells
might be related to its different activation extents. As
an oncogene, Stat3 is generally active in many tumor
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cells and easily upregulated by some carcinogenic
factors, such as ROS (33). In normal cells, however,
Stat3 might be in a non-active state, which could not be
activated or upregulated by such low-level ROS caused
by ATZ in a short period. Thus, we hypothesized that
the proliferation of MC3T3-E1 cells was enhanced
by low levels of ROS caused by ATZ via other cell
signaling pathways instead of the Stat3 pathway.
Collectively, ROS caused by ATZ might have specific
mechanisms of pro-proliferation on normal cells, which
is different from the mechanisms governing the effect
of ATZ on cancer cells. However, whether the effect of
ROS caused by ATZ is a threat and the mechanisms of
its pro-proliferation effect on normal cells merit further
exploration.

6. Conclusions

We demonstrated that ATZ promoted the proliferation
and metastasis of EOC cells, as well as the proliferation
of MC3T3-E1 cells. Based on the effective promotion of
cell proliferation and metastasis by ATZ, we proposed
a possible mechanism by which ATZ activates the Stat3
signaling pathway by inducing the production of low-
level ROS, which consequently results in the activation
of a variety of signal molecules in EOC cells. These
activated signal molecules subsequently promote the
malignant progression of EOC cells, thereby driving
increased proliferation and metastasis.
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