
EBioMedicine 19 (2017) 49–59

Contents lists available at ScienceDirect

EBioMedicine

j ourna l homepage: www.eb iomed ic ine.com
Research Paper
Fluvastatin Prevents Lung Adenocarcinoma Bone Metastasis by
Triggering Autophagy
Zuozhang Yang a,⁎,1, Zhenyi Su b,c,⁎⁎,1, Judy Park DeWitt c,1, Lin Xie d, Yongbin Chen e, Xiaojuan Li a, Lei Han a,
Dongqi Li a, Junfeng Xia a, Ya Zhang a, Yihao Yang a, Congguo Jin f, Jing Zhang a, Su Li a, Kun Li g, Zhiping Zhang g,
Xin Qu a, Zewei He a, Yanjin Chen a, Yan Shen d, Mingyan Ren d, Zhongqin Yuan d

a Bone and Soft Tissue Tumors Research Center of Yunnan Province, Department of Orthopaedics, The Third Affiliated Hospital of KunmingMedical University (TumorHospital of Yunnan Province),
Kunming, Yunnan 650118, China
b Department of Biochemistry and Molecular Biology, Medical School, Southeast University, Nanjing, Jiangsu 210009, China
c Department of Cell Biology, Harvard Medical School, Boston, MA 02115, USA
d Department of Medical Oncology, The Third Affiliated Hospital of Kunming Medical University (Tumor Hospital of Yunnan Province), Kunming, Yunnan 650118, China
e Key Laboratory of Animal Models and Human Disease Mechanisms, Kunming Institute of Zoology, Chinese Academy of Sciences, Kunming, Yunnan 650223, China
f Cancer Institute, The Third Affiliated Hospital of Kunming Medical University (Tumor Hospital of Yunnan Province), Kunming, Yunnan 650118, China
g Department of Radiology, The Third Affiliated Hospital of Kunming Medical University (Tumor Hospital of Yunnan Province), Kunming, Yunnan 650118, China
Abbreviations: SREs, skeletal-related events; HMG-Co
coenzyme A; 3-MA, 3-methyadenine; Baf A1, Bafilomyci
related protein A; CQ, chloroquine; PFTα, pifithrin-α; ACC
extracellular matrix; BLI, bioluminescence imaging.
⁎ Corresponding author.
⁎⁎ Corresponding author at: Department of Biochemistry
School, Southeast University, Nanjing, Jiangsu 210009, Ch

E-mail addresses: yangzuozhang@163.com (Z. Yang),
1 These authors contributed equally to this work and s

authors.

http://dx.doi.org/10.1016/j.ebiom.2017.04.017
2352-3964/© 2017 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 11 December 2016
Received in revised form 6 April 2017
Accepted 10 April 2017
Available online 11 April 2017
Bone is one of the most preferred sites of metastasis in lung cancer. Currently, bisphosphonates and denosumab
are major agents for controlling tumor-associated skeletal-related events (SREs). However, both
bisphosphonates and denosumab significantly increase the risk for jaw osteonecrosis. Statins, 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors and the most frequently prescribed cholesterol-
lowering agents, have been reported to inhibit tumor progression and induce autophagy in cancer cells. However,
the effects of statin and role of autophagy by statin on bonemetastasis are unknown. In this study, we report that
fluvastatin effectively prevented lung adenocarcinoma bone metastasis in a nude mouse model. We further re-
veal that fluvastatin-induced anti-bone metastatic property was largely dependent on its ability to induce au-
tophagy in lung adenocarcinoma cells. Atg5 or Atg7 deletion, or 3-methyadenine (3-MA) or Bafilomycin A1
(Baf A1) treatment prevented the fluvastatin-induced suppression of bone metastasis. Furthermore, we reveal
that fluvastatin stimulation increased the nuclear p53 expression, and fluvastatin-induced autophagy and anti-
bone metastatic activity were mostly dependent on p53.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Lung cancer is one of the most common cancers worldwide (Siegel
et al., 2011; Kuo et al., 2013). Metastasis, a critical step in cancer pro-
gression, indicates a more advanced cancer stage and poorer prognosis,
and bone is a frequently preferred site of metastasis for lung cancer.
Around 30–40% of patients with advanced lung cancer may develop
bonemetastasis leading to a dramatic increase inmortality and rapid re-
duction in quality of life (Rove and Crawford, 2009).
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For patients with bone metastases, current treatments are designed to
decrease tumor burden, prevent further progression andmetastasis and in-
hibit tumor-associated skeletal-related events (SREs), such as pathologic
fracture and spinal cord compression. Individual lesions can be surgically
excised or irradiated either before or after the surgery (Suva et al., 2011).
Moreover, bisphosphonates aremost frequently used agents for cancer pa-
tients with bone metastases. Bisphosphonates, synthetic analogs of pyro-
phosphate, bind to hydroxyapatite and trigger apoptosis in osteoclasts
after internalization (Lopez-Olivo et al., 2012). Denosumab, a fully human
anti-RANKL monoclonal antibody, is an FDA-approved agent (2010) for
the prevention of SREs in patients with solid tumors and bone metastases.
Compared with bisphosphonates, denosumab may longer delay the onset
of a first SRE (Scagliotti et al., 2012; Fizazi et al., 2011). However, the
worst side effect of either treatment is significant increase in the risk of
osteonecrosis in the jaw. Other side effects may include pyrexia, joint and
muscle pain, increased risk of infections, such as cellulitis andhypocalcemia
(Taylor et al., 2010;McLeod et al., 2012; Bamias et al., 2005). These side ef-
fects, especially the risk for jaw osteonecrosis, greatly restrict the use of
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these therapeutic agents to control bone metastasis. Therefore, there is an
urgent need to develop novel anti-bonemetastasis agents with high effica-
cy and minimal side effects.

Statins, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase inhibitors, include lovastatin, simvastatin, mevastatin, fluvastatin,
pravastatin, atorvastatin, rosuvastatin and cerivastatin. Statins have
been widely used for lowering cholesterol, but recent research reveal
other roles, such as anti-inflammation, immunomodulation, neuroprotec-
tion and antitumor effects (Zhang et al., 2013).

During the last decade, the role of statins in cancer prevention or
therapy has been controversial, but accumulating evidence based on
retrospective analyses support that statins could be beneficial to pa-
tients with certain types of tumors (Nielsen et al., 2012; Singh et al.,
2013; Hamilton et al., 2014). In addition, numerous experimental stud-
ies have revealed that statins have a role in inhibiting tumor growth and
metastasis (Campbell et al., 2006; Clendening and Penn, 2012; Hindler
et al., 2006). However, the underlying mechanisms are complex, and
the working hypothesis can be divided into Rho GTPase dependent
and independentmechanisms. RhoGTPases are considered to be impor-
tant signaling molecules that drive tumor growth and metastasis.
Statins may inhibit Rho GTPase activation by interfering with
mevalonate pathway and Rho geranylgeranylation, a key posttransla-
tional modification for Rho GTPase biological activities (Collisson et al.,
2003; Kusama et al., 2001; Tsubaki et al., 2015). Furthermore, statins in-
volve the innate immune response against human metastatic melano-
ma cells by inducing MHC class I Chain-related protein A (MICA)
membrane expression. As a result, independent of Ras and Rho GTPase
signaling pathways, melanoma cells are more sensitive to lysis by NK
cells (Pich et al., 2013). In addition, simvastatinmay prevent triple-neg-
ative breast cancer metastasis via regulation of FOXO3a (Wolfe et al.,
2015).

Although statinsmay trigger autophagy in a few cancer cells through
inhibition of geranylgeranylation (Araki et al., 2012; Yang et al., 2010;
Parikh et al., 2010), whether statin-induced autophagy plays a role in
promotion or suppression of cancer metastasis is largely unknown.
Only few in vitro studies showed that inhibition of autophagy may en-
hance statin-induced apoptosis or cytotoxicity in some cancer cell
lines (Yang et al., 2010; Misirkic et al., 2012; Kang et al., 2014). The
role of autophagy in tumorigenesis and progression is quite complicat-
ed, because induction of autophagy could either accelerate the tumor
progression or suppression (Zhang et al., 2013; Su et al., 2015a). Many
studies emphasize cancer stages, cancer types and tumormicroenviron-
ments as the determining factors. In our current study, we validate that
statins prevent lung adenocarcinomabonemetastasis though triggering
autophagy. Moreover, we propose a mechanism by which autophagy
serves a positive role in suppression of cancer bone metastasis.

p53, the most well-known tumor suppressor, serves a critical role in
safeguarding the integrity of the genome. After activation by intracellu-
lar stresses, such as DNAdamage, hypoxia and oncogene activation, p53
initiates a series of cell events including apoptosis, cell cycle arrest and
DNA repair to suppress tumorigenesis (Jin, 2005). In recent years, p53
has been revealed to play an important role in either inducing or sup-
pressing autophagy depending on its subcellular localization. Specifical-
ly, nuclear p53 acts as a transcription factor to activate a series of pro-
autophagic genes; cytoplasmic p53 serves a role in repressing autopha-
gy via unclearmechanisms (Maiuri et al., 2010; Tasdemir et al., 2008). In
this study, we investigate the involvement of p53 in both fluvastatin-in-
duced autophagy and suppression of lung adenocarcinoma bonemetas-
tasis and determine the signaling pathway bridging p53 to autophagy.

2. Materials & Methods

2.1. Reagents

Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime Biotech,
China); Lipofectmin 2000 (Invitrogen, USA); Entranster™-in vivo
transfection reagent (Engreen Biosystem, China); pifithrin-α (Sigma,
USA); fluvastatin (Novartis Pharma, Switzerland); 3-methyadenine
(Sigma, USA); Bafilomycin A1 (Santa Cruz, CA, USA), chloroquine
(MedChemExpress, USA), denosumab (Prolia, Amgen Inc., USA);
mouse-anti-AMPKα1/2 (sc-74461, Santa Cruz, USA); rabbit-anti-
pAMPKα1/2 (Thr 172) (sc-33524, Santa Cruz, USA); rabbit-anti-ACCα
(sc-30212, Santa Cruz); rabbit-anti-ACCα (sc-271965, Santa Cruz);
mouse-anti-PTEN (sc-7974, Santa Cruz); rabbit-anti-AKT (sc-8312,
Santa Cruz); rabbit-anti-pAKT (Ser 473) (sc-33437, Santa Cruz); rab-
bit-anti-Histone H3 (sc-10809, Santa Cruz); mouse-anti-p53 (sc-126,
Santa Cruz); rabbit-anti-LC3 (sc-28266, Santa Cruz); rabbit-anti-mTOR
(sc-8319, Santa Cruz); rabbit-anti-mTOR (Ser 2448) (sc-101738, Santa
Cruz); mouse-anti-β-Actin (sc-47778, Santa Cruz).

2.2. Cells

293 T cells and the human lung adenocarcinoma cell line A549were
obtained from the ATCC and cultured with DMEM (Invitrogen, USA)
supplemented with 10% fetal bovine serum (Hyclone, USA). Human
lung adenocarcinoma cell line SPC-A-1 was purchased from the Cell Re-
source Centre of Shanghai Institutes for Biological Sciences of the Chi-
nese Academy of Sciences and cultured with RPMI 1640 medium
(Invitrogen, USA) supplemented with 10% fetal bovine serum. Lucifer-
ase-expressing SPC-A-1 cells were established in our lab by a stable
transfection with pCMV-G Luc 2 plasmid (New England Biolabs, USA).
Atg5−/− and Atg7−/− SPC-A-1 cells were established by CRISPR/Cas9
system (Inovogen, Beijing, China). Exon 2 of Atg5 and exon 1 of Atg7
were selected for design of guide RNA. Guide RNA sequences: Atg5:
5′-TGCTTCGAGATGTGTGGTT-3′; Atg7: 5′-AAGCTGAACGAGTATCGGC-
3′.

2.3. Wound Healing Assay

Briefly, after seeding A549 or SPC-A-1 cells in 12-well plates, media
was changed to 0.1% FBS DMEM before scratching. Scratch wound was
generated with a 10 μl pipette tip, and then cells were incubated with
10 μM fluvastatin or combinedwith other drugs at different time points.
Photographs were taken at indicated time points. The percentage of
wound healing was calculated using the Image J software. Wound
healing rate (%) = (initial wound area − non-healing area)/initial
wound area.

2.4. Matrigel Invasion Assay

TheMatrigel invasion assay was done using the BD Biocoat Matrigel
Invasion Chamber (pore size: 8 μm, 24-well; BD Biosciences) and fol-
lowing the manufacturer's protocol. Cells (5 × 104) were plated in the
upper chamber in serum-free medium with 10 μM fluvastatin or other
drugs. The bottom chamber containedmediumwith 10% FBS. After indi-
cated times, the cells that had invaded through the membrane to the
lower surface were fixed, stained with 0.1% Crystal Violet and counted
by microscopy.

2.5. Bioluminescence Imaging (BLI)

Mice were inoculated with 5 × 106 luciferase-transfected SPC-A-1
cells and then treated with different drugs for 3 weeks. At the end of
treatment, mice were injected (i.p.) with 100 μl of the D-luciferin solu-
tion (150 mg/kg) (Gold Biotechnology, St. Louis, MO). During the
image acquisition,micewere anesthetizedwith 50mg/kg pentobarbital
sodium (i.p.) and then imaged in a dorsal position using the Xenogen
IVIS Spectrum system (Caliper Life Sciences, USA). Signal intensity in
both left and right hind limbs was quantified as photons flux (pho-
tons/s/cm2/sr) using Living Image software 4.2 (Caliper Life Sciences)
as described previously (Hu et al., 2011).
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2.6. In vivo Lung Adenocarcinoma Bone Metastasis Experiments

The female BALB/c nude mice (4–6 weeks, purchased from Beijing
Vital River Ltd., China) were injected with 5 × 106 SPC-A-1-luc cells
(in some experiments, Atg5−/− or Atg7−/− SPC-A-1 cells were used)
via the heart's left ventricle. Oneweek later, micewere divided into dif-
ferent groups (n=6) and injected (i.p.) with normal saline or different
drugs (e.g., fluvastatin, 50 mg/kg; denosumab, 120 mg/kg; fluvastatin
+ 3-MA (10 mg/kg/d); fluvastatin + Baf A1 (1 mg/kg); fluvastatin
+ PFTα (2 mg/kg)) every day for 3 weeks. At the end of treatment,
mice were subjected to X-ray radiography, and tissues were fixed and
embedded in paraffin for histological analysis. For in vivo p53 knock-
down experiment, mice were injected (i.v.) with p53-shRNA plasmid
or negative control shRNA plasmid carried with Entranster™-in vivo
transfection reagent every seven days to sustain the knockdown effect
in vivo. These mice were inoculated with luciferase-transfected SPC-A-
1 cells and then injected with 50 mg/kg fluvastatin every day for
3 weeks from the 7th day of post tumor challenge. At the end of treat-
ment, mice were subjected to X-ray radiography, and tissues were
fixed and embedded in paraffin for histological analysis and immuno-
histochemistry staining. For survival curve study, mice (n = 20) were
injected (i.v.) with p53-shRNA or negative control shRNA plasmid
every seven days. After oneweek of post tumor challenge,mice received
50 mg/kg fluvastatin every two day for 20 weeks. The statistical differ-
ence of survival curves was determined by the Log-rank (Mantel-Cox)
test.

2.7. X-ray Analysis and Micro-CT

At the end of drugs treatment, mice were anesthetized and subject-
ed to X-ray radiography in the prone position. Osteolytic lesions were
identified as demarcated radiolucent lesions on radiographs. X-ray le-
sion area was determined from femurs and tibia and quantified using
the Image J software. For some experiments, we detected and evaluated
the bone lesions by micro-CT via calculating the bone volume/total vol-
ume (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th)
and trabecular separation (Tb.Sp).

2.8. Hematoxylin and eosin (H&E) staining and immunohistochemistry
staining

At the end of experiment, mice were euthanized, and hind limbs
were collected and fixed in 10% neutral buffered formalin for 48 h,
followed by decalcification in 10% EDTA for 2 weeks. Next, bone tissues
were embedded in paraffin wax for sectioning (thickness, 3.5μm) and
stained with H&E. Bone sections were also dewaxed and subjected to
immunohistochemistry staining using LC3 antibody. LC3 expression
was scored as following: 0, no staining; 1, weak staining; 2, moderate
staining; and 3, strong staining.

2.9. Electron Microscope Imaging

SPC-A-1 andA549 cells, treatedwith 10 μMfluvastatin for 24 h,were
collected and fixed with 2.5% glutaraldehyde (MP Biomedicals, USA).
Ultrathin sections of samples were stained with uranyl acetate and
lead citrate, and the autophagosomes were observed and captured by
Transmission Electron Microscopy (TEM) (JEM-1011 electron micro-
scope, Hitachi, Japan).

2.10. LC3 Puncta Analysis

1 × 105 SPC-A-1 and A549 cells were seeded in a six-well plate and
transfected with GFP-LC3 plasmid (Addgene, USA) using Lipofectamine
2000 reagent (Invitrogen, USA). After eighteen-hour transfection, cells
were incubatedwith different drugs or transfectedwith siRNAs for indi-
cated times. GFP-LC3 puncta were detected using a fluorescence
microscope (DMI6000B, Leica, Germany). To quantify the average num-
ber of GFP-LC3 puncta per cell, 200–300 cells in four random fieldswere
counted.

In some experiments, we also transfected SPC-A-1 cells with
mCherry-GFP-LC3 plasmid (Addgene) to track autophagy (Castillo et
al., 2013). TheGFPfluorescence is sensitive to acidic conditions of the ly-
sosome and will be attenuated when autophagosome fuses with lyso-
some. Yellow LC3 puncta (colocalization of GFP and mCherry
fluorescence) indicates that the mCherry-GFP-LC3 protein is on the
phagophore or within the autophagosome; red puncta (strongmCherry
signal but weak GFP signal) indicates that the protein is within the
autolysosome.

2.11. SiRNA Transfection and Lentivirus-based Gene Knockdown

SPC-A-1 cells were seeded and transfectedwith 100 nMnegative con-
trol (NC) siRNA or p53 siRNA using Lipofectamine 2000 reagent
(Invitrogen). After twelve-hour transfection, cells were incubated with
fluvastatin for another 24 h. The sequence of human p53 siRNA is 5′-
CGA TATTGA ACA ATG GTT CAC TGA A-3′. To get a better knockdown ef-
ficiency, we also used lentivirus-based p53 knockdown in some in vitro
experiments. p53 shRNA (the core sequence is same as above) were
cloned into pLVX-shRNA1 (Clontech), and high-titer lentiviral stocks
were generated by co-transfecting packaging vectors into 293 T cells as
described previously (Rocco et al., 2006). Viral supernatants were collect-
ed 48 h post transfection and used for SPC-A-1 infection. For in vivo
experiments, we used p53-shRNA plasmid carried with Entranster™-in
vivo transfection reagent.

2.12. Statistical Analysis

Data were expressed asmeans and SD and analyzed by two-tailed t-
tests and the Log-rank (Mantel-Cox) test (for survival curve analysis). A
p-value b 0.05 was considered statistically significant.

3. Results

First, we examined the role of fluvastatin in the regulation of lung
adenocarcinoma cell migration. As shown in Fig. 1A, fluvastatin signifi-
cantly delayed thewound-healing time in A549 and SPC-A-1 cells com-
pared with the control. Consistent with the wound-healing result,
Matrigel invasive assay revealed that fluvastatin strongly prevented
the invasion of adenocarcinoma cells (Fig. 1B). To further investigate
the anti-metastatic role of fluvastatin in vivo, we established a lung ad-
enocarcinomabonemetastaticmodel in nudemice by injecting SPC-A-1
cells into the heart's left ventricle. Bioluminescence imaging showed
that tumor dissemination was effectively blocked by fluvastatin treat-
ment, and overall, this treatment had greater efficacy than the positive
anti-bone metastatic drug denosumab (Fig. 1C and D). Furthermore,
X-ray images also showed reduced lesions and damage on bones after
the fluvastatin treatment (Fig. 1C and E). H&E staining in Fig. 1C illus-
trated deep purple tumor cells with irregularly shaped nucleus occupy-
ing the bone marrow cavity and replacing normal bonemarrow cells in
sections from untreatedmice. Moreover, metastatic lung adenocarcino-
ma cells caused abrupt lysis of long bones, reduction in trabecular bone
density and gradual destruction of cortical bone. Bone sections from
denosumab-treatedmice showed amixture of tumor and bonemarrow
cells in tibia but the tumor cells were restricted to the cortical bone.
Fluvastatin treatment resulted in a complete reduction in the number
of tumor cells in tibia and lesions of bone structure. These results sug-
gest an inhibitory role of fluvastatin in lung adenocarcinomametastasis,
specifically in bone metastasis.

Since fluvastatin has a role in the suppression of lung adenocarcino-
ma bone metastasis, we subsequently explored the underlying mecha-
nisms. We found that fluvastatin can induce autophagy in both SPC-A-
1 and A549 cells. Electron microscope images showed an increased



Fig. 1. The anti-metastatic role offluvastatin in vitro and in vivo. (A) The effect offluvastatin (Flu) onmigration of SPC-A-1 andA549.Migrationwasmeasuredbywound-healing assay. Left
graph, representative images of different post-wound time points (0, 6, 12, or 24 h); right graph, quantification of wound-healing data. Wound healing rate (%)= (initial wound area−
non-healing area)/initial wound area. Scale bar, 200 μm. (B) Matrigel invasive assay of SPC-A-1 and A549 cells (6–24 h). Migratory cells were counted in 10 non-overlapping areas using
Stereologer. Flu, 10 μM. (C) Representative images of anti-metastatic role of fluvastatin in vivo. Mice (n=6 per group)were injectedwith 5 × 106 luciferase-transfected SPC-A-1 cells. On
the 7th day, mice were injected with Flu (50 mg/kg), denosumab (Dmab, 120 mg/kg) or normal saline every day for 3 weeks. Tumor metastases are shown by bioluminescence imaging
(BLI) (left), and bone lesions of hind limbs were detected by X-ray (middle) and Hematoxylin and Eosin (H&E) staining (right). Tumor cells in H&E staining images can be identified by
deep purple color and irregular nuclear shape. Bone lesions are shownwithwhite arrows. Scale bar, 50 μm. (D) Quantification of X-ray lesion areas (n=6per group). (E) Quantification of
BLI data. Bioluminescence was measured by mean photon counts per second per cm2 (n = 6 per group). *p b 0.05 (compared with the control groups).
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autophagosomes upon fluvastatin stimulation (Fig. 2A). Furthermore,
after the fluvastatin induction, a larger number of GFP-LC3 puncta
formed indicating the presence of autophagosomes (Fig. 2B). These
data were in accordance with the dose-dependent increase of
LC3IIexpression upon fluvastatin stimulation as shown in Fig. 2C.
Another tool to track autophagy is using the tandem monomeric
mCherry-GFP-LC3 tagged protein. The GFP fluorescent signal is very
sensitive to acidic conditions of the lysosome lumen and easily
quenched, while the mCherry fluorescence is more stable in the lyso-
some. Therefore, colocalization of GFP and mCherry fluorescence



Fig. 2. Fluvastatin induces autophagy in lung adenocarcinoma cells. (A) Autophagosome detection by electron microscope. SPC-A-1 and A549 cells treated with 10 μM Flu for 24 h. Black
arrows indicate autophagosomes. Scale bar, 1 μm. (B) GFP-LC3 puncta analysis by fluorescence microscopy. Left, representative images of GFP-LC3 puncta upon Flu treatment (10 μM for
24 h); right, quantification of average number of GFP-LC3 puncta per cell. Scale bar, 10 μm. (C)Western blot analysis of LC3 expression upon Flu stimulation (0–10 μM). (D)mCherry-GFP-
LC3 puncta analysis in SPC-A-1 cells. Cells were transfectedwithmCherry-GFP-LC3 plasmid and incubated for 6 h. Next, cells were pretreatedwith orwithout CQ (50 μM) for 1 h followed
by stimulation of 5 μM Flu for 24 h or 36 h. Scale bar, 10 μm and 2 μm (magnified graph). (E) Quantification of GFP and yellow LC3 puncta. *p b 0.05, **p b 0.01, ***p b 0.001.
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(yellow puncta) indicates that the tandemprotein is on the phagophore
or within the autophagosome; strong mCherry signal but weak/no GFP
signal (red puncta) indicates that the protein is within the
autolysosome. As shown in Fig. 2D, stimulationwith fluvastatin showed
a strong increase in yellow LC3 puncta at 24 h and decrease from 36 h,
suggesting the formation of autophagosome and subsequent fusion
Fig. 3. The anti-metastatic role of fluvastatin is dependent on autophagy. (A) The effect of autop
Baf A1, Bafilomycin A1 (100 nM); PFTα, pifithrin-α (20 μM). Duration of each drug treatment, 2
ability was evaluated by calculating the percentage of cells invaded throughMatrigel and Trans
healing and invasion of Atg5−/− and Atg7−/− SPC-A-1 cells. (E)Micro-CT assay and H&E staining
and irregular nuclear shape. Mice (n = 6 per group) were inoculated with 5 × 106 SPC-A-1 lu
(10 mg/kg/d) and Flu + Baf A1 (1 mg/kg/d) for 3 weeks. White arrows indicate osteolytic bon
CT images. F, BV/TV (bone volume/total volume); G, Tb.N (trabecular number); H, Tb.Th (tra
bone lesions of Atg5−/− and Atg7−/− SPC-A-1 cells in presence or absence of Flu (50 mg/kg/d)
*p b 0.05, **p b 0.01, ***p b 0.001.
with lysosome. The lysosomal inhibitor chloroquine (CQ) raised the ly-
sosomal pH and increased the autophagic flux (more GFP and mCherry
puncta) (Fig. 2D). The quantification of yellow and red LC3 puncta is
shown in Fig. 2E. In accordance with LC3 fluorescence results,
fluvastatin induced strong LC3-IIexpression between 12 and 24 h, but
the expression decreased from 24 h; pretreatment with CQ delayed
hagy inhibitors on wound-healing of SPC-A-1 and A549. 3-MA, 3-methyadenine (10mM);
4 h. (B) The effect of autophagy inhibitors on invasion of SPC-A-1 and A549 cells. Invasive
well membranes. Duration of each drug treatment, 24 h. (C-D) The effect of Flu on wound-
of bone lesions. Tumor cells inH&E staining images can be identified by deep purple color
ng adenocarcinoma cells for seven days and treated with Flu (50 mg/kg/d), Flu + 3-MA
e lesions. Scale bar, 50 μm. (F–I) Quantitative analysis of bone damages shown in micro-
becular thickness); I, Tb.Sp (trabecular separation). (J) X-ray assay and H&E staining of
. n = 6 per group. Scale bar, 50 μm. (K) The quantification of lesion area in X-ray images.
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the degradation of LC3II (Fig. S1A). Next, we established autophagy-de-
fective SPC-A-1 cells by deleting Atg5 or Atg7 gene using CRISPR/Cas9
system and there was no LC3II induction in response to fluvastatin or
rapamycin in these cells. The knockout effect ofAtg5orAtg7was validat-
ed byWestern blot (Fig. S1B, C). Taken together, these findings demon-
strate that fluvastatin induces autophagy in lung adenocarcinoma cells
in a time and dose dependent manner.

Since fluvastatin can both trigger autophagy and inhibit lung adeno-
carcinomabonemetastasis, we next investigated the causal relationship
between induction of autophagy and prevention of lung adenocarcino-
ma bone metastasis. We first determined the effect of fluvastatin on
lung adenocarcinoma cell migration and invasion in vitro. Wound
healing experiment showed that the fluvastatin-induced healing inhibi-
tionwas greatly attenuated by autophagy inhibitor 3-methyadenine (3-
MA) or Bafilomycin A1 (Baf A1) in either A549 or SPC-A-1 cells (Fig. 3A).
In addition, 3-MA or Baf A1 also markedly blocked fluvastatin-induced
anti-invasive effect in Matrigel invasion experiment (Fig. 3B). Results
were similar in Atg5−/− or Atg7−/− SPC-A-1 cells, in which fluvastatin
lost the ability to inhibit the migration and invasion of SPC-A-1 cells
(Fig. 3C, D). These findings suggest the critical role of autophagy in
fluvastatin-induced inhibition of migration and invasion in lung adeno-
carcinoma cells.
Fig. 4. Fluvastatin-induced autophagy is dependent on p53. (A) Dose- and time-dependent indu
Flu stimulation (0–10 μM). RA, rapamycin (100 nM). (C) The effect of p53 inhibitor and p53
plasmids for 18 h and then pretreated with 20 μM PFTα for 2 h or infected with negative cont
additional 24 h. Right panels, quantitative analysis of the average number of LC3 puncta per ce
Flu stimulation in presence or absence of PFTα or with or without knockdown of p53. *p b 0.0
We next investigated the function of autophagy in fluvastatin-in-
duced suppression of bone metastasis in vivo. In accordance with the
in vitro data, 3-MA or Baf A1 treatment also reversed the protective ef-
fect of fluvastatin on bone lesions. As shown in Fig. 3E, bone sections
from untreated mice showed a large number of tumor cells in tibia.
Bone sections from fluvastatin-treated mice revealed tumor cell reduc-
tion. However, pretreatment with 3-MA and Baf A1 inhibited the pro-
tective effect of fluvastatin on tumor invasion and bone destruction.
Micro-CT images showed alleviated bone damage from fluvastatin
treatment with significantly increased the bone volume/total volume
(BV/TV), trabecular number (Tb.N) and trabecular thickness (Tb.Th),
but decreased the trabecular separation (Tb.Sp); inhibition of autopha-
gy by 3-MA or Baf A1 blocked the fluvastatin-induced anti-bone meta-
static function (Fig. 3F–I). To further validate the essential role of
autophagy in this process, we used autophagy defective cells, Atg5−/−

or Atg7−/− SPC-A-1 to establish lung adenocarcinoma bone metastasis
to show that fluvastatin lost the protective effect on bone metastasis;
X-ray imaging and H&E staining confirmed this finding (Fig. 3J, K).
Bone sections from mice inoculated with the Atg5−/− or Atg7−/− SPC-
A-1 cells displayed remarkable tumor-induced osteolysis, and
fluvastatin lost the ability to protect the integrity of bones in autopha-
gy-defective tumors (Fig. 3J). The quantification of lesion area is
ction of total p53 by fluvastatin in SPC-A-1. (B) Nuclear and cytosolic p53 expression upon
knockdown on GFP-LC3 puncta formation. SPC-A-1 cells were transfected with GFP-LC3
rol siRNA (siR-NC) or p53 siRNA (siR-p53), followed by incubation with 10 μM Flu for an
ll. Scale bar, 10 μm. (D) Western blot analysis of autophagy marker LC3 expression upon
5, **p b 0.01, ***p b 0.001.
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shown in Fig. 3K. These data support that the anti-metastatic function of
fluvastatin in vitro and in vivo is greatly mediated by autophagy in lung
adenocarcinoma cells.

Since p53 is reported to be a critical component in autophagy path-
ways, we studied the role of p53 in fluvastatin-induced autophagy. We
found that fluvastatin induced total p53 expression in a dose and time
dependent manner (Fig. 4A). Further study showed fluvastatin did not
significantly increase the protein level of cytosolic p53, but increase
the nuclear p53 level (Fig. 4B). As shown in Fig. 4C, fewer numbers of
GFP-LC3 puncta were formed upon fluvastatin treatment in the pres-
ence of p53 inhibitor pifithrin-α (PFTα). This was in agreement with
the Western blot results (Fig. 4D upper panel) showing the inhibition
of LC3II formation by PFTα. Similarly, p53 knockdown in SPC-A-1 cells
also blocked fluvastatin-induced LC3 puncta accumulation (Fig. 4C), as
well as LC3II expression (Fig. 4D lower panel). These findings demon-
strate that p53 is a key mediator that bridges fluvastatin to autophagy.

Next, we investigated whether p53 plays an important role in
fluvastatin-induced anti-metastatic property in vitro and in vivo.
Wound healing experiment showed that the fluvastatin-induced
healing inhibition was greatly attenuated by either p53 knockdown or
PFTα in SPC-A-1 cells (Fig. 5A). In addition, p53 knockdown or PFTα
also markedly blocked fluvastatin-induced anti-invasive effect in
Matrigel invasion experiment (Fig. 5B).

To further confirm the pivotal role of p53 in fluvastatin-induced
anti-bone metastatic activity and survival, we intravenously injected
p53 shRNA or negative control shRNA plasmids into mice every week
to establish an in vivo p53 knockdown model. As shown in Fig. 5C, the
p53 mRNA and protein levels were effectively inhibited in tumor
nodes of lung tissue after the in vivo injection of p53 shRNA. As expect-
ed, bioluminescence imaging indicated that fluvastatin markedly
prevented the dissemination of cancer cells to other tissues especially
to the skeleton in the control but not in the p53 knockdown model
(Fig. 5D top, and E). Similarly, micro-CT analysis also confirmed that
with p53 expression attenuation, fluvastatin did not block the bone
damage (BV/TV, Tb.N and Tb.Th decreased and Tb.Sp increased) caused
by lung adenocarcinoma cells (Fig. 5D middle and G–J). In accordance
with the impaired anti-bonemetastatic activity, autophagic level of can-
cer cells in bone lesion regions was also decreased by p53 knockdown
(Fig. Fig. 5D bottom and F). Notably, a 20-week survival follow-up
strongly supported that long-term treatment with fluvastatin greatly
extended the longevity of normal mice inoculated with SPC-A-1 lung
adenocarcinoma cells (Fig. 5K). However, fluvastatin had no protective
effect in prolonging the survival when p53 was knockdown in vivo
(Fig. 5L). These findings suggest that anti-bone metastatic property
and survival-extending ability of fluvastatin are highly dependent on
the p53 level in tumors.

We next examined the signaling pathway in activation of autophagy
employed by fluvastatin. Fluvastatin markedly induced phosphoryla-
tion of AMPK and acetyl-CoA carboxylase (ACC) (Fig. 6A). ACC, a down-
stream molecule of AMPK, can be phosphorylated and inactivated by
AMPK and serves as a marker for AMPK activation. In contrast,
fluvastatin neither changed the expression of PTEN nor the phosphory-
lation of AKT, which is another pathway for autophagy induction (Su
et al., 2015b). To further clarify the role of p53 in fluvastatin-induced
Fig. 5. In vitro and in vivo knockdown of p53 abolishes the fluvastatin-induced anti-metastatic
cells in presence or absence of Flu. PFTα, 20 μM; Flu, 10 μM. (B) The effect of p53 knockdown
invasion assay. (C) p53 knockdown efficiency in SPC-A-1 tumor nodes by RT-PCR andWestern
or p53 shRNA plasmid mixed with 100 μl EntransterTM-in vivo. (D) The impact of p53 knockd
p53-shRNA plasmid or negative control (NC) shRNA plasmid every seven days to sustain the k
transfected SPC-A-1 cells and then injected with 50 mg/kg fluvastatin every day for 3 w
bioluminescence imaging (BLI) (top); bone lesions of hind limbs were shown by micro-CT (m
staining (bottom). Scale bar, 50 μm. (E) Quantification of metastasis in bioluminescence im
Scoring of IHC results. 0: no staining; 1: weak staining; 2: moderate staining; and 3: strong s
volume/total volume); H, Tb.N (trabecular number); I, Tb.Th (trabecular thickness), J, Tb.S
treatment mice. Mice were injected with luciferase-expressed 5 × 106 SPC-A-1 cells and then
(L) Survival curve of p53 shRNA treatment mice with or without the treatment of fluvastatin (
autophagic pathway, we knockdown p53 by lentivirus-based shRNA
or inhibited p53 by PFTα. We found that fluvastatin-induced AMPK
phosphorylation andmTOR (Ser-2448) dephosphorylationweremostly
blocked showing a p53-dependent pattern (Fig. 6B). It was reported
that the phosphorylation of Ser-2448 was dependent on mTOR kinase
activity (Chiang and Abraham, 2005), so the reduced phosphorylation
of mTOR Ser-2448 is marker for mTOR inhibition and activation of au-
tophagy. These results imply that fluvastatin-triggered autophagy is
mediated by the p53-AMPK-mTOR signaling pathway.

4. Discussion

It is widely known that wild-type p53 protein is a tumor suppressor,
whereas mutant p53 proteins can actively contribute to tumorigenesis.
p53 mutations have been revealed to be present in numerous human
tumors (Muller and Vousden, 2013). Recently, Freed-Pastor et al. re-
ported the significant upregulation of mutant p53 in the mevalonate
pathway. Specifically, mutant p53 is recruited to sterol gene promoters
partly via SREBP transcription factors and induces sterol biosynthesis of
genes that increase the malignancy of breast cancers. Inhibition of
mevalonate pathway by statins is sufficient to block the phenotypic ef-
fects of mutant p53 on breast tissue architecture. This study demon-
strated a novel anti-tumor mechanism in which statins prevent the
tumor progression by blocking the signaling pathway of mutant p53
(Freed-Pastor et al., 2012). In our study, we demonstrate the role of
statins on normal, wild-type p53. Specifically, we illustrate that
fluvastatin induces nuclear wild-type p53 expression activating the
AMPK-mTOR-dependent autophagy in cancer cells to increase anti-
bone metastatic effect. This suggests that statins can regulate both nor-
mal p53 and mutant p53 functions and contribute to a tumor suppres-
sive effect.

Pei-Ming Yang et al. reported that atorvastatin could inhibit the
growth of hepatocellular carcinoma and colorectal carcinoma cells via
induction of apoptosis; inhibition of autophagy increased atorvastatin-
induced cell apoptosis (Yang et al., 2010). Unlike this study looking at
in vitro cell apoptosis in primary cancer cell lines, our study focuses on
autophagy in bone metastasis. In fact, the role of autophagy in cancer
metastasis is quite complicated (Kenific et al., 2010). Generally, induc-
tion of autophagy could either promote the tumor progression or sup-
pression and is mostly dependent on cancer stages, cancer types and
tumor microenvironment. Autophagy may exert a suppressive effect
in the early stage of cancer metastasis by promoting oncogene-induced
senescence, restricting tumor necrosis or inflammation and triggering
autophagic cell death to reduce invasion and dissemination of cancer
cells from the primary site. In addition, autophagy was reported to de-
grade TWIST1 to restrict epithelial-mesenchymal transition (Qiang
and He, 2014). During advanced cancer stages, autophagy may acceler-
atemetastasis by supporting extracellularmatrix (ECM)-detachedmet-
astatic cell survival and inducing metastatic cells to enter dormancy if
they fail to establish a contact with the ECM in the new environment.
Furthermore, tumor colonization at a distant site is possible by increas-
ing the motility of tumor cell via autophagy-induced degradation of
paxillin and focal adhesion turnover (Su et al., 2015a; Peng et al.,
2013; Sharifi et al., 2016). Recently, Rosenfeldt et al. reported that p53
function. (A) The effect of p53 knockdown or p53 inhibition onwound-healing of SPC-A-1
or p53 inhibition on invasion of SPC-A-1 cells in presence or absence of Flu by Matrigel
blot. Control, without injection of shRNA plasmid. Injection dose (per mouse): 50 μg NC
own on fluvastatin-induced inhibition of bone metastasis. Mice were injected (i.v.) with
nockdown effect in vivo (n = 9 per group). These mice were inoculated with luciferase-
eeks from the 7th day post tumor challenge. SPC-A-1 metastases were shown by
iddle); LC3 expression in bone lesions was examined by immunohistochemistry (IHC)

ages. Bioluminescence was measured by mean photon counts per second per cm2. (F)
taining. (G–J) Quantitative analysis of bone lesions in micro-CT images. G, BV/TV (bone
p (trabecular separation). (K) Survival curve of negative control shRNA (NC-shRNA)
treated with or without fluvastatin (50 mg/kg) every two days for 20 weeks (n = 20).

n = 20). *p b 0.05, **p b 0.01, ***p b 0.001.



Fig. 6. Fluvastatin-induced autophagy is mediated by the p53-AMPK-mTOR pathway. (A) The effect of fluvastatin on some key components of autophagic pathway in SPC-A-1 cells.
Fluvastatin, 10 μM; treatment for 24 h. ACC, acetyl-CoA carboxylase, can be phosphorylated and inactivated by AMPK. (B) The impact of p53 inhibition or knockdown on fluvastatin-
induced AMPK and mTOR phosphorylation. SPC-A-1 cells were pre-incubated with 20 μM PFTα for 2 h or infected with lentivirus-based p53 shRNA for 12 h and then incubated with
10 μM fluvastatin for 24 h. After treatments, cells were lysed and subjected to Western blot analysis.
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status in tumor host determined the role of autophagy in pancreatic
tumor development (Rosenfeldt et al., 2013). Taken together, these
studies imply that the role of autophagy in tumorigenesis and progres-
sion is highly variable and correlated with timing, space and tumor
microenvironment.

Induction of autophagy in cancer cells may serve an anti-cancer role
by enhancing immunosurveillance. For example, in response to chemo-
therapeutic drugs, autophagy-competent tumors release the chromatin
binding protein high mobility group B1 (HMGB1), calreticulin and
adenosine triphosphate (ATP) that attract dendritic cells and T lympho-
cytes into the tumor microenvironment and promote anti-cancer re-
sponses (Michaud et al., 2011; Apetoh et al., 2007). In this study, we
reveal that induction of autophagy by fluvastatin restricted the SPC-A-
1 cells metastasis in nude mice; enhanced level of autophagy in cancer
cells can attenuate the metastatic ability independent of adaptive im-
munity activation. Although we cannot exclude the possibility that au-
tophagy-related innate immune responses are involved in clearance of
SPC-A-1 cells, in-vitro experiments reveal that induction of autophagy
by fluvastatin in these lung cancer cells greatly lowered their migratory
and invasive ability without affecting the proliferation property. There-
fore, induction of autophagymay serve an anti-cancer function in an im-
mune-dependent or -independent way.

Metastasis is a risk for most cancer patients. Currently, there is no
cure for bone metastasis, and the current treatment options using
anti-bone metastatic agents have negative side effects. For example,
bisphosphonates or denosumab treatments reduce tumor-associated
SREs, but simultaneously increase the risk of the osteonecrosis in the
jaw. Inmedicine, oncologistsmustmake a difficult decision byweighing
these benefits and risks to determine the best treatment regimen for the
patients. Compared with bisphosphonates and denosumab, statins are
frequently prescribed as cholesterol-lowering agents, and their safety
has beenwell confirmed bymore than a decade ofmedical practice. Fur-
thermore, a clinical trial is needed to determine the efficacy of statins in
the prevention of cancer bone metastasis. As a possible therapeutic
treatment option, fluvastatin is promising to cancer patients with a
high risk of bone metastasis.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ebiom.2017.04.017.
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