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Atorvastatin suppresses the progression
of cervical cancer via regulation of autophagy
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Abstract: Atorvastatin (ATO), one of the most common cholesterol reduction agents, exhibits anti-neoplastic effects
in several human cancers. However, the antitumor effects of ATO on cervical cancer have not been extensively re-
ported. Recently, autophagy inhibitors are reported to enhance the efficacy of chemotherapeutics. Here, we showed
that ATO reduced cell viability and promoted apoptosis of cervical cancer cells by inducing caspase-3 and PARP
activation and upregulating Bim. Treatment of ATO also suppressed tumor growth in vivo. In addition, co-culture with
GGPP almost completely reversed the morphological change and apoptosis induced by ATO in cervical cancer cells.
Furthermore, ATO induced cellular autophagy in cervical cancer cells, which was confirmed by an increase of LC3-I
into LC3-II conversion, downregulation of p62 expression, regulation of AMPK and Akt/mTOR pathways. Moreover,
pharmacologic inhibition of autophagy using either Baf-A1l or 3-MA significantly enhanced ATO-mediated apoptosis
on cervical cancer cells. In conclusion, combination of ATO with autophagy inhibitors could emerge as a new thera-

peutic strategy for cervical cancer treatment.
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Introduction

Cervical cancer, as the fourth cause of cancer-
related death among women globally, origi-
nates from epithelial neoplastic transformation
of uterine cervix [1, 2]. According to statistics,
the numbers of new cervical cancer cases and
deaths in the United States are estimated
to reach 13,800 and 4,290, respectively [3].
According to international guidelines, surgery is
recommended as the standard treatment for
early stage (IA and IB1) cervical cancer patients
[4]. But for patients with stage IB2 onwards,
concurrent chemoradiation is primarily consid-
ered for them especially who are not suitable
for radical hysterectomy [4, 5]. Nevertheless,
both of these therapeutic strategies often
induce unfavorable clinical outcomes or seri-
ous side effects such as ovarian failure [6] and
loss of fertility [7]. Thus, discovering an effec-
tive agent with less toxicity is paramount to
decreasing cervical cancer related mortality
and improving overall survival.

Statins are a well-established type of agents
for the treatment of hypercholesterolemia and

often are categorized into two classes: hydro-
philic (pravastatin and rosuvastatin) and lipo-
philic (cerivastatin, simvastatin, lovastatin and
atorvastatin) [8]. Individual statin, however, dis-
plays different pharmacokinetic properties as
well as therapeutic dose ranges, which are due
to the differing chemical structure [8]. Hydro-
philic statins tend to be more hepatoselective
whereas lipophilic statins are prone to pene-
trate extrahepatic cells and hence achieve hi-
gher concentration in these tissues [9-11].
Moreover, Kato et al. [12] revealed that cell
apoptosis was selectively induced in the pres-
ence of lipophilic but not hydrophilic statin in
cervical, ovarian and endometrial cancer cells,
suggesting a greater anti-cancer effect of lipo-
philic statins. As a class of drugs, statins are
known for causing a few possible adverse
effects in which myalgia and rhabdomyolysis
are the most important [13]. Notably, several
clinical trials show that ATO leads to appreciably
lower incidence of myalgia than simvastatin,
giving the evidence that ATO is more beneficial
than simvastatin in lowering lipid levels and
reducing side effects [14, 15].
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Table 1. Lists of primary antibodies used in this study

Primary antibodies Source Catalog no. Western blot
Rabbit monoclonal anti-PARP Cell Signaling Technology 9532 1:1000
Rabbit monoclonal anti-cleaved PARP Cell Signaling Technology 5625 1:1000
Rabbit monoclonal anti-Cleaved Caspase-3 Cell Signaling Technology 9664 1:1000
Rabbit monoclonal anti-Bim Cell Signaling Technology 2933 1:1000
Rabbit monoclonal anti-AMPK Cell Signaling Technology 5831 1:1000
Rabbit monoclonal anti-p-AMPK (Thr172) Cell Signaling Technology 50081 1:1000
Rabbit monoclonal anti-Akt Cell Signaling Technology 4685 1:1000
Rabbit monoclonal anti-p-Akt (Ser473) Cell Signaling Technology 4060 1:1000
Rabbit monoclonal anti-LC3B Cell Signaling Technology 3868 1:1000
Rabbit monoclonal anti-p62 (Ser349) Cell Signaling Technology 16177 1:1000
Rabbit polyclonal anti-mTOR Abways Technology CY3456 1:1000
Rabbit monoclonal anti-p-mTOR (S2481) Abways Technology CY5996 1:1000
Mouse monoclonal anti-Caspase-3 Abcam Ab208161 1:1000
Mouse monoclonal anti-GAPDH Beyotime AFO006 1:2000
Mouse monoclonal anti-Tubulin Beyotime AT819 1:2000

The cholesterol lowering function of statins is
dependent on their specific inhibition of the
HMG-CoA reductase, the rate-limiting enzyme
of the mevalonate pathway [16-18]. Notably,
this pathway produces numerous non-steroid
isoprenoid metabolites that have been shown
to promote tumor progression, including cho-
lesterol, FPP, and GGPP [19, 20], indicating that
statins may exert antineoplastic functions in
human cancers. In fact, various in vitro and in
vivo studies have revealed that statins signifi-
cantly attenuate cell proliferation and metasta-
sis and promote apoptosis in human cervical
[21, 22], glioma [23], breast [24], ovarian [25],
and endometrial cancers [26]. Moreover, epide-
miologic researches have unveiled a consistent
association between long term statin use and a
reduced risk of several human malignancies
[27, 28]. However, the underlying mechanisms
by which statins display anticancer effects in
cervical cancer have not been extensively
investigated yet. Therefore, we herein selected
ATO and investigated its role as a potential ther-
apeutic agent in cervical cancer.

Indeed, autophagy can be activated by statins
via the AMPK-mTOR signaling pathway [29],
promoting the survival of cancer cells [30].
Dysfunction of autophagy is tightly involved in a
series of human diseases including cancer [31,
32], whereas downregulation of essential auto-
phagy proteins significantly reduces the surviv-
al of cancer cells [33]. Hence, statin-induced
autophagy activation may play a potent and
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important role in reducing the anticancer effect
of statins. However, the research focusing on
statin use, autophagy, and antitumor effects in
cervical cancer has not been conducted yet.

In this study, we explored that the anticancer
effect of atorvastatin (ATO), a common statin
drug, on the growth and apoptosis of cervical
cancer cells and tumor xenografts. Next, the
role of intermediates (FPP and GGPP) during
the mevalonate pathway in ATO-induced apop-
totic function was also investigated. Further-
more, the autophagy induction by ATO in cervi-
cal cancer cells was also detected. More impor-
tantly, we explored whether ATO-induced cyto-
toxicity could be enhanced in cervical cancer
cells after combination with autophagy inhi-
bitors.

Materials and methods
Antibodies and reagents

Details of primary antibodies used in this study
were listed in Table 1. The following secondary
antibodies were used: peroxidase-conjugated
goat anti-rabbit antibody (1:5000; Biosharp,
Cat #BLOO3A) and anti-mouse antibody (1:
5000; Biosharp, Cat #BLO0O1A). Chemical rea-
gents used were as follows: atorvastatin (Sig-
ma, Cat #PHR1422), FPP (Sigma, Cat #F6892),
GGPP (Sigma, Cat #G6025), Baf-A1l (Med-
ChemExpress, Cat. #HY-100558), 3-MA (Med-
ChemExpress, Cat #HY-19312), and DMSO
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(Sigma, Cat #D2650). ATO was dissolved in
DMSO and diluted with DMEM to storage con-
centrations of 5, 10, 20, 40, 80 uM before
experiments. FPP and GGPP were both diluted
with DMEM and used at 10 yM. Baf-Al was dis-
solved in DMSO and used at 10 nM. In addition,
3-MA was dissolved in PBS and used at 5 mM.

Cell culture

Human cervical cancer cell lines SiHa and
Caski were purchased from the Type Culture
Collection of the Chinese Academy of Sciences
(Shanghai, China). All cells were cultured in
DMEM (Gibco, Cat #11965092) supplement-
ed with 10% FBS (Gibco, Cat #26010074) and
1% penicillin-streptomycin solution (Solarbio,
Cat #P1400) at 37°C in a humidified atmo-
sphere containing 5% CO,. The cells were sp-
lit at approximately 80% confluence by us-
ing 0.25% trypsin with EDTA (Gibco, Cat
#25200072).

Cell viability assay

Viability of cervical cancer cells was measured
by using CCK-8 according to the manufactur-
er's protocol (Dojindo, Cat #FH783). In brief,
SiHa and Caski cells (3000 cells/well) were
seeded into 96-well plates with a volume of
100 ul/well and cultured under different treat-
ment conditions. After incubation for the indi-
cated times, 10 pl CCK-8 solution in 90 ul
DMEM was added into each well, followed by
incubation at 37°C for 2 h. Then, the absor-
bance of each well at 450 nm was measured
under a Micro-plate Reader (Bio-Rad, USA).
After correction by subtracting the optical den-
sity value of wells that did not contain cells, cell
viability was calculated as a percentage of con-
trol. Each sample was detected in triplicate.

Cell apoptosis assay

Cell apoptosis was determined using Annexin
V-FITC/PI Apoptosis Detection Kit (BD Bio-
sciences, Cat #556547). After relevant treat-
ment, cells in each group were collected with
0.25% trypsin, washed with ice-cold PBS for
twice, resuspended in 100 pl 1 x binding buf-
fer, and stained using kit solution at room tem-
perature for 15 min in the dark. After incuba-
tion, 400 pl of 1 x binding buffer was added to
the mixture, percentage of apoptotic cells was
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analyzed by flow cytometry (Beckman Coulter,
USA). All experiments were repeated three
times.

Western blotting analysis

Western blotting for measuring the expression
of target proteins were performed using the
standard approach as described previously
[34]. At the indicated time points, total proteins
from cells were isolated using RIPA lysis buffer
(Beyotime, Cat no. POO13B) on ice. Protein con-
centration was determined by the BCA pro-
tein assay kit (Beyotime, Cat #P0012). Equal
amounts of proteins (40 pg) were separated by
8~15% SDS-PAGE, and then transferred onto
PVDF membranes (Millipore, Cat #ISEQ00010).
The membranes were blocked with 5% skim
milk and incubated with primary antibodies
overnight at 4°C. Subsequently, the mem-
branes were washed in Tris-buffered saline
(Cell Signaling Technology, Cat #9997) with 1%
Tween-20 (Sigma, Cat #P1379) solution, fol-
lowed by incubation with appropriate peroxi-
dase-conjugated secondary antibodies for 1 h
at room temperature. The epitopes were
detected and visualized with ECL kit (Invitrogen,
Cat #WP20005). The intensities of the blots
were quantified by densitometry and normal-
ized by corresponding levels of internal loading
controls (GAPDH or Tubulin). Image Lab 3.0
software (Bio-Rad, USA) was employed to ana-
lyze intensities of bands. Each experiment was
repeated three times.

Transmission electron microscopy

In brief, SiHa cells were treated with or without
20 uM ATO for 48 h. Then, the cells were
washed with PBS for 3 times and collected by
centrifugation at 800 x g for 5 min. Sub-
sequently, 2% preheated agarose was dripped
to the cell pellet and mixed uniformly. After
that, the agar was cut into 1 mm?2 blocks and
placed into a 2.5% glutaraldehyde/0.1 M PBS
at 4°C overnight for fixation. Then, the sections
were washed in PBS for 3 times and post fixed
in 1% osmium tetroxide for 1 h at 4°C. After
dehydration in a graded series of ethanol solu-
tions, samples were embedded into araldite
and cut into semi-thin sections. Finally, ultra-
thin sections were stained with 1% uranyl ace-
tate and observed under a transmission elec-
tron microscope (Hitachi, Japan).
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Confocal microscope

A tandem mRFP-GFP-LC3 adenovirus was pur-
chased from Hanheng Biotechnology (Shang-
hai, China, Cat #HH20180703DHP-APO1). The
GFP fluorescence (green) could be quenched
under the acidic condition (pH between 4 and
5) or in the lysosome lumen, whereas the mRFP
fluorescent (red) is stable. Adenoviral infection
was performed according to the manufactur-
er's instructions. Cells were seeded in the 35
mm confocal culture dishes (Wuxi NEST Bio-
technology, China) at a density of 1 x 10* cells
until cells reached 30% to 40% confluence, and
then transfected with mRFP-GFP-LC3 adenovi-
rus (multiplicity of infection = 100) for 2 h at
37°C in 10% serum-containing DMEM. After
DMEM were removed, cells were washed with
PBS twice and treated with or without 20 uM
ATO for 48 h at 37°C in 5% CO,. Finally, LC3
punctas were observed and captured using the
confocal laser scanning microscope (Leica,
Germany). In brief, mRFP fluorescence without
GFP indicated that autophagosomes have been
fused with lysosome. The yellow punctas (colo-
calization of both GFP and mRFP fluorescence)
are shown in phagophores or autophagosomes.
The increase of both yellow and red punctas
indicated the increase of autophagic flux in
cells, while the only elevation on yellow punctas
without red punctas alteration, or the decrease
of both yellow and red punctas suggested the
blockade of autophagic flux.

Animal experiments

Five-week-old female BALB/c nude mice were
purchased from Beijing Vital River Laboratory
Animal Technology (Beijing, China), and were
housed under SPF condition in Wenzhou
Medical University for in vivo animal experi-
ments. All procedures were performed under
sterile precautions. To generate a xenograft
model, 5 x 10° SiHa cells in 100 uL PBS were
injected subcutaneously into the right flank of
each mouse. Two weeks after inoculation, mice
were divided into two groups and gavaged daily
either PBS (control) or ATO (50 mg/kg) for six
weeks. The length (a) and width (b) of tumor tis-
sue were monitored with a caliper once a week,
with the following formula to calculate the
tumor volume: V. (mm3) = 0.53*ab?. All mice
were sacrificed after tumor inoculation for a
total of eight weeks. After that, the xenograft
tumors were removed, weighed and imaged
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with the camera. Tissues including liver and
kidney were collected, formalin-fixed, embed-
ded in paraffin and stained with hematoxylin
and eosin (HE) to examine the morphology. All
animal experiments were performed in accor-
dance with the Guide for the Care and Use of
Laboratory Animals published by the United
States National Institutes of Health. Approval
for all animal experiments was obtained from
the Ethics Review Committee of the Second
Affiliated Hospital of Wenzhou Medical
University.

TUNEL staining

The TUNEL staining analysis was conducted
according to the instructions of the TUNEL
assay kit (Roche, Cat #6432344001). Briefly,
the paraffin-embedded sections were cut and
dewaxed in xylene, and the placed in protein-
ase K (Servicebio, Cat #G1205) solution for
antigen retrieval. Tumor cell apoptosis in xeno-
graft tissues was confirmed by terminal deoxy-
nucleotidyl transferase dUTP nick end labeling
technique for 30 min at 37°C in a humidified
atmosphere in dark. Subsequently, the slides
were washed with PBS for 3 times, and incu-
bated in the dark for 10 s after a circle of DAPI
attaining solution was slowly added. Subse-
quently, the slides were placed in PBS to
remove excess stain. The TUNEL positive (shin-
ing green) cells were apoptotic cells and the
nuclei was stained with DAPI (blue). Imaging
and cell counting were conducted under the
Olympus light microscope (Olympus, Japan).

Statistical analysis

Statistical analyses were performed with SP-
SS 22.0 software (Chicago, USA). Continuous
variables were presented as the means + stan-
dard deviation (SD). Two-tailed independent
Student’s t-test was applied for comparison of
two experimental groups. Statistical differenc-
es among the more than two groups were
assessed by one-way ANOVA and LSD post-hoc
test. P value < 0.05 was defined as statistical
significance.

Results

ATO induces morphological changes and re-
duces the viability of cervical cancer cells

The effects of ATO on cell morphological chang-
es were examined in SiHa and Caski cervical
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cancer cell lines. Both cell lines were seeded
into the 6-well plate and exposed to different
doses of ATO (O, 5 and 20 puM) for 24 h. As
shown in Figure 1, ATO exposure dose-depend-
ently changed the morphological appearance
in both SiHa (Figure 1A) and Caski (Figure 1B)
cells. Both cell lines after ATO treatment
showed a characteristic shrinkage of cytoplasm
as well as plasma membrane budding (Figure
1A, 1B). Subsequently, a time course and con-
centration curve of ATO was also carried out to
detect the effect of ATO on viability of SiHa and
Caski cells. Efficacy of ATO treatment with 10,
20, 40, or 80 uM was evaluated at 24, 48, and
72 h of incubation time. Results showed that
ATO significantly reduced cell viability in a dose-
and time-dependent way in both cell lines
(Figure 1C, 1D).

ATO induces cell apoptosis of cervical cancer
cells

Annexin V-FITC/PI double staining was per-
formed to exam the ability of ATO to induce
apoptosis in cervical cancer cells. SiHa and
Caski cells were treated with ATO with different
concentrations (0, 20, 40, and 80 uM) for 48 h,
and then followed by flow cytometry. As shown
in Figure 2, an increase of apoptosis was
detected in both SiHa (P < 0.05; Figure 2A) and
Caski (P < 0.05; Figure 2B) cells. Additional
western blotting analysis firmly established
the apoptotic induction by ATO in both cells,
accompanying with a significant elevation of
pro-apoptotic proteins including cleaved-cas-
pase-3, cleaved-PARP, and Bim in a dose-
dependent manner (P < 0.05; Figure 2C, 2D).

ATO exhibits anti-cancer effects in vivo

To characterize whether ATO could inhibit tumor
growth in vivo, subcutaneous cervical cancer
xenografts in nude mice injected with SiHa
cells were generated. Two weeks after inocula-
tion, the nude mice bearing SiHa tumor xeno-
grafts were gavaged with 50 mg/kg/d ATO (the
treatment group) or PBS (the control group) for
6 weeks. The size of implanted tumors was
measured weekly by calipers. Animals in both
groups stayed alive till sacrifice. After sacrifice,
the tumor weight was measured. Results
showed that tumor xenograft growth was mark-
edly suppressed by ATO (Figure 3). As graphi-
cally presented in Figure 3A, tumor volumes
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were significantly smaller in the treatment
group compared to controls from week 2
onwards (P < 0.05). As compared to the control
group, the mean wet tumor weight in ATO-
treated group was approximately 30% lighter
(P < 0.05; Figure 3B, 3C). Figure 3D showed
that ATO treatment did not lead to morphologi-
cal and histological changes in the mouse liver
and Kkidney under macroscopic examination,
indicating that ATO use may be less toxic to
organs or tissues. TUNEL assay results showed
that the number of apoptotic cells in tumor
xenografts was significantly increased in ATO
treatment group compared to that in control
group (Figure 3E).

ATO-induced apoptosis in cervical cancer cells
is reversed by mevalonate metabolites

We explored whether mevalonate metabolites
could rescue the ATO-induced apoptosis in cer-
vical cancer cells. The intermediates during the
mevalonate pathway, FPP (10 uM) and GGPP
(10 uM), were added into the 6-well plate alone
or together with ATO (20 uM) at the same time.
After incubation for 24 h, the morphological
appearance of cells was observed under micro-
scope. Furthermore, cell viability of each group
was detected after 72 h incubation. DMSO was
used as the control group. As shown in Figure
4, FPP or GGPP alone in culture medium showed
no effect on the morphological changes and
viability of SiHa (Figure 4A, 4B) and Caski
(Figure 4C, 4D) cells compared to the control
group. Notably, supplementation of GGPP
almost completely rescued the morphological
changes and viability of both SiHa (P < 0.05;
Figure 4B) and Caski (P < 0.05; Figure 4D) cells
after ATO treatment, while a minor effect was
observed with FPP exposure concomitantly.

Consistently, GGPP or FPP alone also did not
alter apoptosis-related proteins expression lev-
els in both cell lines (Figure 4E, 4F). However,
downregulation of cleaved-PARP and cleaved-
caspase-3 was detected in ATO with co-treat-
ment of GGPP in SiHa (P < 0.05; Figure 4E) and
CaskKi (P < 0.05; Figure 4F) cells, while addition
of FPP had a little influence on atorvastatin-
induced cleavage of PARP and caspase-3.
These results indicated that ATO may induce
apoptosis of cervical cancer through negatively
control of the mevalonate pathway.
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Figure 1. ATO inhibited the viability of cervical cancer cells in vitro. A, B. Morphological changes in SiHa and Caski
cells in response to different concentrations of ATO (0, 5 and 20 uM) for 24 h (magnification x 100). C, D. Cell viabil-
ity of SiHa and Caski cells were determined by CCK-8 assay after treatment of ATO with increasing concentrations
(0, 10, 20, 40 and 80 pM) for O, 24, 48 and 72 h. Data were presented as mean * SD; *P < 0.05 vs. control group.

Each experiment was performed three times.

ATO induces cellular autophagy in cervical
cancer cells

Transmission electron microscopy images
showed an increased number of the double-
membrane and autophagosome-like structures
upon ATO stimulation in SiHa cells (Figure 5A).
To detect the status of autophagic flux, the tan-
dem mRFP-GFP-LC3 adenovirus was used.
Compared to control group, more numbers of
red puncta (GFPmRFP) and yellow puncta
(GFPmRFP) were observed in ATO treatment
SiHa cells (Figure 5B).
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Cellular autophagy activation was also con-
firmed by conversion of the cytosolic LC3-I into
the autophagosome-associated LC3-lIl [35].
Therefore, we employed the ratio of LC3-Il to
LC3-I to determine the LC3 conversion during
autophagy in this study. To further determine
the induction of autophagy by ATO in cervical
cancer cells, the expression patterns of endog-
enous LC3 and p62 were evaluated by western
blotting analysis after ATO treatments with
varying doses (0, 5, 10, 20, and 40 uM) for 48
h. As shown in Figure 5C, 5D, treatment of both
SiHa and Caski cells with ATO led to a dramatic
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Figure 2. ATO promoted the apoptosis of cervical cancer cells in vitro. A, B. Apoptosis of SiHa and Caski cells after
treatment of ATO (0, 20, 40 and 80 uM) for 48 h was evaluated by Annexin V-FITC/PI double staining using a flow
cytometry, and percent of apoptotic cells was quantified. Numbers represent the percentage of the frequency in
each quadrant. C, D. Western blot for the detection of cell apoptosis markers (PARP, Caspase-3, and BIMs) in SiHa
and Caski cells after treatment of ATO (0, 5, 10, 20 and 40 uM) for 48 h. The bar graphs represented the ratios of
Cleaved PARP/PARP, Cleaved Caspase-3/Caspase-3, and BIMs/Tubulin. Data were presented as mean + SD. *P <
0.05 vs. O uM ATO group. Each experiment was performed three times.
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Figure 3. ATO inhibited SiHa tumor growth and induced apoptosis in vivo. Groups of seven female BALB/c nude mice
were subcutaneously transplanted with 5 x 10° SiHa cells. Two weeks after inoculation, the mice were treated with
50 mg/kg/d ATO p.o. for 6 weeks consecutively. Control groups received PBS only. Then, all mice were sacrificed
and xenograft tumors were isolated. Tissues including liver and kidney were also collected. A. Tumor volume (mm?)
from ATO treatment and control groups were measured weekly by calipers. Data were presented as mean + SD. *P
< 0.05 vs. 0 weeks group. B. Macroscopic photos of tumor isolated from individual mice after sacrifice. C. Tumor
weight (g) from ATO treatment and control groups were measured immediately after sacrifice. Data were presented
as mean = SD. *P < 0.05 vs. control group. D. Representative hematoxylin and ecosin (HE) staining images of liver
and kidney tissues from control and ATO-treated mice (magnification x 100). E. Representative photomicrographs
of TUNEL staining in tumor tissues sections from control and ATO-treated mice under a fluorescent microscopy
(maghnification x 100).

elevation of LC3-Il:LC3-I ratio (P < 0.05) and a mTOR is a core regulator of autophagic process
sharp decline of p62 level (P < 0.05). and the autophagic process is induced by sup-
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Figure 4. FPP and GGPP reversed ATO-mediated viability-inhibiting and apoptosis-promoting effects in cervical can-
cer cells in vitro. A, C. Morphological changes in SiHa and Caski cells in response to DMSO, 10 uM FPP, 10 uM GGPP,
20 uM ATO, 20 uM ATO plus 10 uM FPP, and 20 uM ATO plus 10 yM GGPP for 72 h (magnification x 100). B, D. Cell
viability of SiHa and Caski cells was determined by CCK-8 assay after treatment of DMSO, 10 uM FPP, 10 uM GGPP,
20 uM ATO, 20 uM ATO plus 10 uM FPP, and 20 pM ATO plus 10 uM GGPP for 72 h. E, F. Western blot for the detec-
tion of cell apoptosis markers (PARP and Caspase-3) in SiHa and Caski cells after treatment of DMSO, 10 uM FPP,
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represented the ratios of Cleaved PARP/PARP and Cleaved Caspase-3/Caspase-3. Data were presented as mean +
SD. *P < 0.05 vs. DMSO group; #P < 0.05 vs. ATO group. Each experiment was performed three times.

pression of mTOR signaling [36]. It is widely upstream regulator of mTOR signaling in mam-
accepted that AMPK and Akt are important malian cells. Specifically, AMPK blocks mTOR
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Figure 5. ATO induced cellular autophagy in cervical cancer cells in vitro. A. Transmission electron microscopic ultra-
structures of SiHa cells treated with 10 uM ATO for 48 h (magnification x 15000, x 30000). Arrowhead represented
autophagosomes. B. Representative images of mRFP-GFP-LC3 transfected SiHa cells treated with 10 uM ATO for 48
h under fluorescence microscopy (Bar = 30 um). C, D. Western blot for the detection of cell autophagic markers (LC3
and p62) in SiHa and Caski cells after treatment of ATO (O, 5, 10, 20, and 40 uM) for 48 h. The bar graphs repre-
sented the ratios of LC3-1I/LC3-1 and p62/GAPDH. E, F. Western blot for the detection of autophagy-related pathway
markers (AMPK, Akt, and mTOR) in SiHa and Caski cells after treatment of ATO (0O, 5, 10, 20, and 40 uM) for 48 h.
The bar graphs represented the ratios of p-AMPK/AMPK, p-Akt/Akt, and p-mTOR/mTOR. Data were presented as
mean = SD. *P < 0.05 vs. O uM ATO group. Each experiment was performed three times.

activity thereby promoting the occurrence of
autophagy [37] whereas Akt activates mTOR
signaling and induces autophagy inhibition
[38]. To further confirm if ATO could influence
the expression of AMPK and Akt/mTOR signal-
ing pathways that were critically involved in
autophagy in SiHa and Caski cells, the expres-
sion of related proteins (AMPK, p-AMPK, Akt,
p-Akt, mTOR, p-mTOR) was measured by west-
ern blotting assay under ATO exposure at differ-
ent concentrations (0, 5, 10, 20, and 40 pM) for
48 h. As shown in Figure 5E, there was no sig-
nificant change on the total protein of AMPK
after ATO administration, while ATO use signifi-
cantly increased the level of p-AMPK in SiHa
cells than that in control (P < 0.05). In addition,
ATO showed no effect on the total level of Akt
and mTOR, while the level of phosphorylation of
Akt and mTOR were suppressed in SiHa cells (P
< 0.05). Similar results were also found in Caski
cells (Figure 5F). Taken together, these findings
suggested that ATO induced cellular autophagy
in cervical cancer cells, which might be associ-
ated with the AMPK and Akt/mTOR signaling
pathways.

Autophagy inhibition increases anticancer ef-
fects of ATO in cervical cancer cells

To investigate whether the anticancer effects of
ATO could be enhanced by autophagy inhibi-
tion, both SiHa and Caski cells were treated
with 40 uM ATO alone or in presence of chemi-
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cal autophagy inhibitors (10 nM Baf-A1 or 5 mM
3-MA) for 48 h. Cell viability was evaluated
using CCK-8 assay and apoptotic-related pro-
teins were detected by western blotting, respec-
tively. Data showed that ATO suppressed the
growth of SiHa (P < 0.05; Figure 6A) and Caski
(P < 0.05; Figure 6B) cells, and this inhibitory
effect was significantly enhanced after supple-
mentation with Baf-A1 (P < 0.05), as confirmed
by enhancement of cleaved-caspase-3 and
cleaved-PARP (P < 0.05; Figure 6C, 6D). Similar
results were also obtained when ATO was co-
treated with 3-MA in both two cell lines (P <
0.05; Figure 6E, 6H). These observations sug-
gested that autophagy inhibitors inhibited the
autophagic process and markedly improved the
anti-cancer effects of ATO on cervical cancer
cells.

Discussion

ATO has been previously reported as an authen-
tic agent in inhibiting the proliferation and
inducing cell death of human cervical cancer
cells [21], which is also confirmed by a recent
study [22]. Consistently, the current study indi-
cated that ATO displayed antineoplastic activity
in cervical cancer cells via suppression of via-
bility and induction of apoptosis. It has been
known that caspases are both the initiators
and the executors of cell death that initially trig-
ger the cellular apoptosis, among which the
caspase-3 is the well-characterized [39]. After
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Figure 6. Autophagy inhibitors Baf-Al or 3-MA increased anticancer effects of ATO in cervical cancer cells in vitro.
A, B. Cell viability of SiHa and Caski cells was determined by CCK-8 assay after treatment of 10 nM Baf-A1, 40 uM
ATO, and 10 nM Baf-A1l plus 40 uM ATO for 48 h. C, D. Western blot for the detection of cell apoptosis markers (PARP
and Caspase-3) in SiHa and Caski cells after treatment of 10 nM Baf-A1, 40 uM ATO, and 10 nM Baf-A1 plus 40 uM
ATO for 48 h. The bar graphs represented the ratios of Cleaved PARP/PARP and Cleaved Caspase-3/Caspase-3. E,
F. Cell viablity of SiHa and Caski cells was determined by CCK-8 assay after treatment of 5 mM 3-MA, 40 uM ATO,
and 5 mM 3-MA plus 40 uM ATO for 48 h. G, H. Western blot for the detection of cell apoptosis markers (PARP and
Caspase-3) in SiHa and Caski cells after treatment of 5 mM 3-MA, 40 uM ATO, and 5 mM 3-MA plus 40 uM ATO for
48 h. The bar graphs represented the ratios of Cleaved PARP/PARP and Cleaved Caspase-3/Caspase-3. Data were
presented as mean * SD. *P < 0.05 vs. control group; P < 0.05 vs. ATO group. Each experiment was performed
three times.

being activated by auto-proteolysis, the execu- study confirmed that ATO significantly enhanced
tor caspase-3 is cleaved off by the initiator cas- the number of apoptotic cervical cancer cells.
pases and further promotes the cleavage of

specific cellular substrates [40, 41]. During this The mevalonate metabolic pathway is respon-
process, several important apoptotic hallmarks sible for the biosynthesis of several isoprenoid
are observed including chromatin condensa- products during lipid metabolism [46]. Among
tion, plasma membrane asymmetry and cellu- these metabolites, FPP and GGPP are often
lar blebbing [41], which eventually induce the dysregulated during this pathway thereby lead-
typical morphological change of cells [42]. In ing to tumorigenesis [19]. It has been widely
line with this notion, the elevation of cleaved- accepted that ATO exerts its lipid-lowering func-
caspase-3 accounted for the morphological tions via specifically blocking the mevalonate
change of both SiHa and Caski cells after ATO pathway and reducing the level of FPP and
administration. Notably, caspases family has GGPP [17]. In this study, we added either FPP or
also participated in the regulation of non-apop- GGPP as supplements and investigated wheth-
totic processes such as cell differentiation [43], er it could reverse the anticancer effects of ATO
strongly indicating the existence of other apop- in these cells. Results showed that either FPP
totic cascade in cells. In fact, numerous signal- or GGPP alone had no significant cytotoxicity in
ing molecules apart from caspases have been cervical cancer cells. Although only a subtle
reported to be involved in cell apoptotic path- effect was detected in FPP supplemented with
way, such as PARP [44] and Bim proteins [45]. ATO treatment group, the ATO-induced morpho-
Western blotting experiments in our study also logical transformation and viability reduction
demonstrated that treatment of ATO, in a con- were almost completely reversed after adminis-
centration-dependent way, induced the apopto- tration of GGPP and ATO simultaneously in cer-
sis of cervical cancer cells through enhancing vical cancer cells. Similarly, supplementation of
the expression of cleaved-PARP and Bim. Fur- GGPP resulted in a sharp decline of the cleaved-
thermore, the anticancer effect of ATO in cervi- PARP and cleaved-caspase-3 levels after ATO
cal cancer was also explored in vivo. Results treatment, while a little effect of FPP was
showed that ATO induced a remarkable inhibi- observed. These findings indicated that ATO
tion of tumor growth, as evidenced by smaller might induce cervical cancer cells apoptosis
volume and lighter weight of xenograft tumors through suppressing the mevalonate pathway
in atorvastatin treatment group compared with and biosynthesis of the isoprenoid interme-
control group (PBS). Additional TUNEL assay diates.
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Figure 7. A schematic diagram depicting the potential molecular mechanisms underlying anticancer effects of ATO
in cervical cancer cells. ATO-mediated blockade of HMG-CoA activity led to activation of AMPK and inhibition of Akt.
mTOR, a major AMPK/Akt downstream target and negative autophagy regulator, was also down-regulated by ATO.
Pharmacologic inhibition of autophagy significantly enhanced ATO-mediated apoptosis.

Autophagy is a cellular process responsible for
cytoplasmic components degradation during
periods of stress related to nutrient starvation,
infection and apoptosis [47]. In this process, a
number of intracellular macromolecules and
organelles are engulfed by double membrane-
bound autophagosomes and delivered to lyso-
somes or vacuoles for subsequent degradation
[48]. Accumulated evidences have demonstrat-
ed that ATO could induce autophagy in various
human cancers [29]. In this study, the double-
membrane and autophagosome-like structures
were observed in SiHa cells after ATO stimula-
tion using transmission electron microscopy.
Moreover, ATO treatment significant elevated
the expression of LC3-Il and downregulated
p62 proteins, which are considered as the two
classic autophagy-related markers [49].

Previous study has reported that AMPK and
Akt/mTOR signaling pathways are critically
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involved in autophagy regulation [50]. In our
study, western blotting results showed a signifi-
cant accumulation of p-AMPK as well as a dra-
matic reduction of Akt and mTOR phosphoryla-
tion. These results together suggested the
autophagic process was activated by ATO in
cervical cancer cells. Notably, multiple cancer
treatments can also induce the autophagic pro-
cess, which provides a survival advantage for
cancer cells under exposure to cancer treat-
ments such as chemotherapies [51]. Therefore,
interference with autophagy represents a ratio-
nal therapeutic strategy to enhance the effect
of anti-cancer therapeutics for human cancers.
Herein, inhibition of autophagy by either Baf-Al
or 3-MA indeed suppressed proliferation and
promoted apoptosis induced by ATO in cervical
cancer cells. These findings suggested that
suppression of autophagy strengthened the
anticancer effect of ATO in cervical cancer cells,
which was consistent with a previous study
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focusing on hepatocellular carcinoma and
colorectal cancer [16].

In conclusion (Figure 7), this study showed that
ATO inhibited tumor growth and promoted
apoptosis of cervical cancer both in vitro and in
vivo, which might be associated with the sup-
pression of the mevalonate pathway. Further-
more, ATO could also induce autophagy in cervi-
cal cancer cells. More importantly, pharmaco-
logic inhibition of autophagy significantly en-
hanced ATO-induced cytotoxicity in cervical
cancer. Therefore, our results recommended
that combination of autophagy inhibitors and
ATO could be a promising therapeutic approach
for cervical cancer.
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