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Atorvastatin induces autophagic cell death
in prostate cancer cells in vitro
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Abstract. Athough it is well known that apoptosis contributes
to cancer cell death, the role of autophagy in cancer cell death
has remained in dispute. Atorvastatin has been suggested
to exhibit anti-cancer effects. The present study aimed to
examine atorvastatin-induced autophagy-associated cell death
and the autophagy-associated gene expression profile in the
PC3 prostate carcinoma cell line. The atorvastatin-induced
process of autophagy in PC3 cells was determined via evalua-
tion of the cellular expression levels of autophagosomal marker
light-chain-3 (LC3)-II, using immunoblotting and counting of
green fluorescent protein (GFP)-LC3-transfected autophagic
cells. Apoptosis was examined by terminal deoxynucleotidyl
transferase dUTP nick end labeling assay and an MTT assay
was used to evaluate cell viability. Total RNA of PC3 cells
was isolated for characterization of the gene expression profile
following atorvastatin treatment. Atorvastatin treatment of
PC3 cells for 24 h increased the expression of green fluores-
cent protein-LC3-II by >25%, and expression continued for
>72 h, while apoptosis was not significantly induced within
this time period. Four genes associated with the autophagy
machinery were also significantly upregulated. In the presence
of atorvastatin, autophagy may be unable to abrogate cell damage
and may therefore contribute to cellular dysfunction, leading to
autophagic/type II programmed cell death. In response to atorv-
astatin treatment, the expression of genes involved in autophagic
mediating pathways may have a role in tumor suppression.
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Introduction

Prostate cancer is the most frequently diagnosed non-cuta-
neous malignancy and the second leading cause of death due
to cancer amongst males worldwide (1). Treatment options
for localized disease include watchful waiting, surgery and
radiotherapy (2). However, in terms of a definitive treatment,
despite developments in systemic chemotherapy strategies,
minimal improvements in the quality of life and overall
survival have been achieved amongst patients with prostate
cancer (3). The development of novel treatment strategies for
patients with advanced metastatic prostate cancers remains
a challenge.

The PC3 human prostate cancer cell line [p53- and phos-
phatase and tensin homolog (PTEN)-] was established from a
prostatic adenocarcinoma, which was metastatic to bone. It has
been extensively used as a cell model for the study of prostate
cancer and is generally assumed to model an advanced stage
of prostate cancer (4). PC3 cells are resistant to numerous
chemotherapy drugs and apoptosis inducers (5,6).

Atorvastatin, a 3-hydroxy-3-methylglutaryl
(HMG)-coenzyme A reductase inhibitor, is among the widely
prescribed drugs used to lower cholesterol and prevent cardio-
vascular diseases (7). In addition to its cholesterol-lowering
effect, atorvastatin has pro-apoptotic and anti-metastatic
effects on prostate cancer cells (8,9). Parikh et al (10) hypoth-
esized that atorvastatin may induce autophagy-associated
cell death in PC3 cells. However, the biological mechanisms
underlying the anti-cancer effects of atorvastain remain to be
elucidated.

Autophagy is a homeostatic, catabolic process responsible
for the packaging and degradation of cytoplasmic proteins and
organelles. Autophagy is therefore required in order to main-
tain genomic stability and overall cell survival (11). During
autophagosome formation, light-chain-3 (LC3), a cytosolic
microtubule-associated protein, is conjugated to phosphati-
dylethanolamine to form LC3-II prior to its insertion into the
autophagosome membrane (12). Evaluation of the transloca-
tion and processing of enhanced green fluorescent protein
(eGFP)-LC3 fusion proteins is frequently utilized as a marker
of autophagic activity (13).

Complex associations exist between the processes of
autophagy and apoptosis. Apoptosis and autophagy are
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genetically modulated, evolutionarily conserved processes
responsible for the regulation of cell fate (14). However,
whereas apoptosis directly induces cancer cell death,
autophagy functions as a survival response to growth factor or
nutrient deprivation, as well as being a molecular mechanism
for tumor-cell death (15). Numerous studies have suggested
that if cellular damage is extensive, or if apoptosis is compro-
mised, cell death may be induced via autophagy (16,17).

Multiple autophagy-associated genes have been selected
for study, because they are not only required for autophagy,
but also as tumor suppressors under certain conditions. For
example, the beclinl gene, which induces autophagy when
overexpressed in mammalian cells, also functions as a tumor
suppressor in human cancer (18,19).

Multiple drugs have been developed to target the process
of autophagy in an attempt to manipulate it into an anti-cancer
pathway (20,21). The present study aimed to evaluate the
effect of atorvastatin treatment on genes involved in the
initiation or activation of autophagy and apoptotic signaling
pathways. The results of the present study indicate potential
treatment combinations to augment the effects of atorvas-
tatin. Super-additive effects of atorvastatin treatment may be
achieved by use of atorvastatin in combination with regulation
of autophagy-associated genes or co-regulation of autophagic
and apoptotic genes to accelerate autophagic cell death in
PC3 cells.

Materials and methods

Cell culture. PC3 prostate carcinoma cells were purchased
from the American Type Culture Collection (Manassas,
VA, USA) and maintained in GluMax MEM with 10% fetal
bovine serum, 1% non-essential amino acid and 1% peni-
cillin/streptomycin, which were all purchased from Invitrogen
Life Technologies (Carlsbad, CA, USA), in 37°C humidified
incubator supplied with 5% CO,.

pCMV expression vectors containing green fluores-
cent protein (GFP) or GFP-tagged microtubule-associated
protein 1 LC3 (GFP-LC3) were purchased from Cell Biolabs
(San Diego, CA, USA). Atorvastatin was purchased from
Sigma-Aldrich (St. Louis, MO, USA). The LC3-II purified
monoclonal antibody was purchased from Abgent (San
Diego, CA, USA; AM1800a). Primary monoclonal antibodies
against human GAPDH (ab8245) and secondary donkey
anti-rabbit (NA934)/mouse (N1034) immunoglobulin G
antibodies were obtained from GE Healthcare Life Sciences
(Uppsala, Sweden). An enhanced chemoluminescence (ECL)
Plus kit was obtained from GE Healthcare Life Sciences.

GFP-LC3 assay. A GFP-tagged LC3 assay was used to detect
and quantify the induction of autophagy, since constitutively
expressed LC3-I1 is recruited to the autophagosomal membrane
during autophagy. PC3 cells (90% confluent) were transiently
transfected with the GFP-LC3 vector or GFP control vector using
Lipofectamine® 2000 reagent (Invitrogen Life Technologies).
The transfection rate was determined using flow cytom-
etry (Guava Flow Cytometry system, 0500-4005; Millipore,
Billerica, MA, USA) which revealed 60-70% GFP-positive cells
with 2x10° cells/U, and following 48 h incubation cells were
treated with atorvastatin (6 ug/ml; Sigma-Aldrich). Following
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24, 48 and 72 h of treatment, cells were washed once with
cold phosphate-buffered saline (PBS; Boshide Biotechnology
Co., Ltd., Wuhan, China), fixed with 4% paraformaldehyde,
counterstained with DAPI (Sigma-Aldrich) and examined
under a fluorescence microscope and a confocal laser scanning
microscope (TCS SP8; Leica, Wetzlar, Germany). A diffuse
distribution of GFP-LC3 is expressed in the cells under control
conditions, whereas a punctate pattern of GFP-LC3 expression
is presented in those cells that undergo autophagy. A total of
600 GFP-positive cells from three regions of each sample slide
were evaluated and the number of autophagic cells that demon-
strated GFP-LC3 puncta (=4 puncta/cell) was determined.

Western blot analysis. Cells were treated with atorvastatin
(6 pg/ml), and at 28 h of treatment, cells were washed with
ice-cold PBS and the lysate was isolated using M-PER
Mammalian Protein Extraction reagent (Thermo Fisher
Scientific, Waltham, MA, USA). Equivalent amounts of cell
lysate protein (50 ug) were separated by gel electrophoresis on
a4-20% gradient SDS-PAGE gel (GE Healthcare, Logan, UT,
USA), transferred onto nitrocellulose membranes (Bioleaf
Biotech, Shanghai, China). Membranes were blocked with
5% non-fat milk and then incubated with anti-human LC3-II
(1:400) or anti-human GAPDH antibodies (1:5,000) at 4°C
overnight. Membranes were then washed with 0.1% Tween20
in PBS and probed with horseradish-peroxidase conju-
gated donkey anti-rabbit antibodies (1:1,000) and donkey
anti-mouse antibodies (1:10,000) for 1 h at room tempera-
ture. The bound antibody complexes were detected using
an ECL Plus kit using a Storm 840 PhosphorImager system
(Molecular Devices, Sunnyvale, CA, USA). The image
was further analyzed using ImageQuant TL 8.1 software
(GE Healthcare Life Sciences).

MTT assay. Cell viability was assessed at 24, 32, 48 and
72 h of atorvastatin (6 pg/ml) treatment. Cell damage was
quantified using a tetrazolium salt colorimetric assay with
MTT (Sigma-Aldrich). Briefly, MTT was added to each well
with 1x10°-1x10* cells (final concentration, 1 mg/ml) at the
indicated time and incubated for 4 h at 37°C. The dye was
subsequently solubilized with dimethyl sulfoxide (DMSO;
100 pl; Sigma-Aldrich), and the absorbance of each sample
was measured at 490 nm in a 96-well plate-reader (SpectraMax
Plus 384; Molecular Devices). The absorbance of cells without
MTT dye was subtracted from each value. The data were
normalized to the absorbance of vehicle-treated cells (100%)
and expressed as a percentage of inhibition. Results were
obtained from n=3 wells per experiment from two separate
experiments.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay. Cells were divided into three
groups according to the different treatments (untreated,
6 pg/ml atorvastatin or 5 ul DMSO). All three groups were
then labeled with Guava Annexin V reagent (Millipore) and
fixed with 4% paraformaldehyde (Sigma-Aldrich) for using
in the TUNEL assay (QIA33; Millipore) according to the
manufacturer's protocol following 24, 48 and 72 h treatment.
Cells were treated with atorvastatin (6 xg/ml) and DMSO
(5 ul), at 24, 48 and 72 h, detached using trypsin-EDTA and
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Figure 1. (A) Images of a control cell and an autophagic cell induced by
atorvastatin treatment. A representative image (magnification, x630) of
PC3 prostate cancer cells revealed that the characteristic punctate appear-
ance of GFP-LC3 expression, indicative of autophagosome formation,
increased following atorvastatin treatment. (B) Quantitative comparison
of the percentage of autophagic cells between the treatment and control
groups. GFP-LC3 transfection studies indicated that atorvastatin promoted
autophagosome formation between 24 and 72 h of treatment in PC3 cells.
Values are presented as the mean + standard for each sample slide (n=3).
“P<0.05 vs. control group. PC3 non-treat, control group; GFP, green fluores-
cent protein; LC3, .light-chain-3.
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Figure 2. Comparison of the MTT reduction rate between the two groups.
There was marked inhibition of cell proliferation 24 h following atorvastatin
treatment compared with that of the control (dimethyl sulfoxide-treated) group.

fixed with 4% paraformaldehyde for TUNEL assay according
to the manufacturer's instructions. Cells were subsequently
analyzed using a Guava Personal Cell Analysis (PCA) system
(EMD Millipore).

RT? profiler polymerase chain reaction (PCR) array.
Atorvastatin (6 pg/ml) and DMSO (5 ul) were added into
preseeded cells. Following 28 h of incubation, cells (1x10°/well)
were washed with cold PBS, total RNA was isolated using
an RNeasy kit and treated with DNase A (Qiagen, Valencia,
CA, USA). The cDNA was synthesized from 1 ug total RNA
using an RT? PCR array first strand kit (Qiagen). The RT?
Profiler PCR array for the autophagy pathway (Qiagen) was
subsequently analyzed using a Bio-Rad CFX96 real-time
PCR instrument (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) according to the manufacturer's instructions, in order to
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Figure 3. Comparison of the percentage of apoptotic cells between the three
groups. (A) Apoptotic rate as determined by quantification of TUNEL
staining. (B) Flow cytometric analysis of TUNEL staining. Low levels of
apoptosis occurred prior to 72 h post-atorvastatin treatment in PC3 cells.
TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

examine the expression of 84 genes. The fold-change in gene
expression was calculated using the Excel-based PCR Array
Data Analysis program (version 3.5; Qiagen).

Statistical analysis. All statistical analyses were performed
using the Excel Data Analysis program (Microsoft Corp.,
Redmond, WA, USA). Two individual groups were evaluated
by Student's t-test and P<0.05 was considered to indicate a
statistically significant difference.

Results

Atorvastatin treatment activates autophagy in PC3 cells. The
activation of the autophagic process in PC3 cells by atorvastatin
was determined using a GFP-LC3 assay, in which the number
of autophagic cells was counted using previously described
criteria (=4 GFP-LC3 puncta/cell indicated autophagic cells;
Fig. 1A) (22). The results revealed a significantly increased
number of autophagic cells (35% of transfected cells) 24 h
after atorvastatin incubation compared with that of the control
group (8%). The number of autophagic cells peaked at 48 h of
treatment, reaching 38% of transfected cells. This peak was
followed by a slight decrease in the percentage of autophagic
cells at 72 h of treatment. (Fig. 1B).
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Table I. Expression changes of autophagy-associated genes and autophagy-apoptosis co-regulated genes at 28 h post-atorvastatin

treatment.
Atorvastatin (6 yg/ml)
Gene Fold change P-value
Autophagy machinery components
GabarapL1 452 0.030
MAPILC3A 4.55 0.010
MAPILC3B 2.14 0.040
ULK1 10.64 0.100
Co-regulators of autophagy and apoptosis
ARF 229 0.009
TMEM74 393 0.050
Arsa 6.59 0.100
Bnip3 1.98 0.007
Eif2ak3 4.67 0.005
Prkaal 1.87 0.040

A B

LC3-lI —

Figure 4. Formation of LC3-II protein in atorvastatin-treated PC3 cells.
(A) Non-treated control group. (B) LC3-II formation was induced at 24 h
post-atorvastatin treatment (6 yg/ml, 28 h). LC3, light-chain-3.

Atorvastatin reduces cell viability. Atorvastatin has been
shown to inhibit cancer cell proliferation (23). Consistent with
these observations, the results of the present study revealed a
marked inhibition of cell proliferation from 24 h of treatment
(Fig. 2). There was little apoptosis occurring prior to 72 h
with atorvastatin treatment in PC3 cells (Fig. 3). Conversely,
atorvastatin was able to induce autophagy within 24-72 h
(Fig. 1B), raising the possibility that autophagy may function
in the induction of type-II cell death following atorvastatin
treatment in PC3 cells.

Atorvastatin treatment induces LC3II formation and apop-
tosis. A TUNEL assay was performed to assess the level of
apoptosis, and the results indicated that no significant apop-
tosis occurred within the 24-72 h time-period (Fig. 3). Western
blot analysis revealed that formation of LC3II, an autophagy
marker, was induced at 24 h of atorvastatin treatment in the
treatment group but not in control cells (Fig. 4).

Gene expression profiles of autophagy. To investigate the
factors underlying the induction of autophagy in PC3 cells
following atorvastatin treatment, the expression profiles
of autophagy-associated genes were compared between
atorvastatin and DMSO-treated groups using the PCR array

technique. The PCR array panel used in the present study
contained 84 genes which are involved in the autophagic
machinery and regulation. Among these genes, four autophagy
machinery genes (GABARAPLI, ULK1, MAPILC3A and
MAPILC3B) were found to be upregulated (=2-fold). Of note,
multiple genes which co-regulate autophagy and apoptosis
were also found to exhibit a marked increase in expression
levels in atorvastatin-treated PC3 cells (Table I).

Discussion

Atorvastatin, also known under the brand name Lipitor,
is a cholesterol-reducing drug which inhibits cholesterol
synthesis (24). Decreasing endogenous levels of cholesterol
may aid the prevention of heart disease and atherosclerosis,
conditions which potentially lead to heart attack, stroke
and/or vascular diseases (25). It was reported several years
ago that atorvastatin inhibited cancer growth and induced
cancer cell death. However, the specific genes and signal
transduction cascade underlying the anti-tumor effects of
atorvastatin had remained elusive.

Consistent with the results of previous studies, atorv-
astatin was shown to induce autophagy and apoptosis in
PC3 cells (26), but a time interval between the induction
of autophagy and apoptosis was also identified. The results
of the present study demonstrated that PC3 cells began to
exhibit characteristics of autophagy ~24 h of treatment and
remained in the autophagic state until 72 h of treatment, after
which apoptosis was observed. It was also demonstrated that
atorvastatin inhibited cell proliferation between 24-72 h of
treatment. It was hypothesized that autophagy may be a cata-
bolic process involved in the maintenance of homeostasis
via the elimination of superfluous proteins and damaged
organelles (27). However, in the presence of atorvastatin,
autophagy may be unable to reverse the damage and therefore
induce cellular dysfunction, resulting in autophagic/type II
programmed cell death.
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It is well-known that highly expressed genes result
in higher constitutive expression of the encoded protein,
which may influence the further response of cancer cells to
chemo/radiotherapy (28). In the present study, the expression
of 84 genes involved in autophagy pathways was investigated
using a PCR array in order to evaluate their participation in
the autophagic process and thereby identify genes that may
be capable of enhancing the anti-tumor effect of atorvas-
tatin. These 84 genes may be categorized into autophagic
machinery components and autophagy regulators. Autophagy
was initially identified as a cellular survival response to
starvation; however, an increasing body of evidence has indi-
cated that this process may also be induced by various stress
conditions, including chemotherapy and radiotherapy (29,30).
However, whether autophagy is a cell death mechanism or
a survival mechanism remains to be elucidated. Improving
treatment efficiency requires the development of more
specific therapies, based on distinct gene expression patterns.

The early stages of autophagosome formation require
ULKI1 (the ortholog of Atgl kinase), the PtdIns-3 kinase Vps34
and two ubiquitin-like conjugation systems composed of the
ubiquitin-like protein LC3-I, an ortholog of yeast Atg8, and
the Atg4 protease, the functions of which result in the forma-
tion of the Atg5-12-16 complex and LC3-1I (31). LC3-Il is a
lipid-conjugated form of LC3-I, and is the most frequently used
marker of autophagy. This core machinery drives the initiation,
expansion and closure of the isolation membrane. In the present
study, it was revealed that ULK1 expression was increased
10.41-fold suggesting that it is a significant gene involved in the
induction of autophagy following atorvastatin treatment.

The late stage of the autophagic response comprises the
delivery of the contents sequestered by the autophagosome
to lysosomes for degradation (32). TMEM74 modulates the
formation of autophagolysosomes and subsequently acceler-
ates functional autophagy (33). The results of the present
study suggested that TMEM74 was a key gene involved in
the atorvastatin-induced autophagy process, due to its over-
expression following atorvastatin treatment.

GABARAPLI and MAPILC3B are mammalian autopha-
gosomal orthologs of the yeast Atg8 gene, which is associated
with the formation of the double-membraned autophagic
vacuole (34,35). The results of the present study revealed over-
expression of these genes (4.52- and 2.14-fold, respectively),
which suggested that these two autophagy-associated genes
also participate in the atorvastatin-induced autophagy process.
An increasing body of evidence indicated that complex inter-
actions may exist between the autophagic and apoptotic cell
death pathways (36). Excessive levels of autophagy may be
associated with the activation of apoptosis via an autodigestive
pathway (37,38). Espert et al (39) hypothesized that autophagy
may function upstream of certain signaling transduction events
which lead to apoptotic cell death. Chen er al (40) demon-
strated that MAP1LC3B-/-mice had significantly decreased
levels of apoptosis in vivo. Conversely, apoptotic cell death was
significantly increased in MAP1LC3B+/+ mice. In the present
study, MAPILC3B exhibited a >2-fold increase in expression
following atorvastatin treatment. It was therefore hypothesized
that the late apoptosis resulting from atorvastatin treatment
after 72 h may occur as a result of activated autophagy and
autophagy-induced cell death.
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PC3 cells are p5S3-null, and it was previously demonstrated
that p19(ARF) possesses a p53-independent function in tumor
suppression. The level of incidence and aggression of tumors
in p53/ARF double knock-out mice are greater than those in
p53 knock-out mice (41). Furthermore, overexpression of ARF
has been shown to repress p53-null cell proliferation (42,43).
In the present study, it was suggested that atorvastatin may
induce autophagy-associated cell death in PC3 cells. The
results revealed increased expression (2.16-fold) of ARF,
following atorvastatin treatment. There are compelling data to
suggest that autophagy frequently has a role in tumor suppres-
sion (19,44). Based on these results, it was hypothesized that
ARF may be a significant cancer suppressor gene upon atorv-
astatin treatment in PC3 cells.

In conclusion, the present study demonstrated that atorv-
astatin treatment significantly influenced the cell viability of
PC3 cells. The results suggested that atorvastatin may induce
cell death in PC3 cells via an autophagic cell death pathway.
Furthermore, to the best of our knowledge, the present study
was the first to detect the autophagy-associated gene expres-
sion profile induced by atorvastatin treatment. The response
of cancer patients to atorvastatin may be dependent on the
signaling context that is generated by autophagy-associated
gene expression levels in the PC3 prostate cancer cell line.
Further investigation is required to focus on the regulation of
autophagy-associated genes in order to enhance the anti-tumor
effects of atorvastatin treatment.
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