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Abstract. Statins are the most effective drugs used in the reduc-
tion of intracellular synthesis of cholesterol. Numerous studies 
have confirmed that statins reduce the risk of multiple types of 
cancers. Statin use in cancer patients is associated with reduced 
cancer-related mortality. Epithelial-to-mesenchymal transition 
(EMT), a complicated process programmed by multiple genes, 
is an important mechanism of cancer metastasis. We explored 
the effect and mechanism of atorvastatin on the EMT process 
in A549 cells by establishing an EMT model in vitro induced 
by TGF-β1, and evaluated the effects of atorvastatin on the 
lower signaling pathway of TGF-β1 stimulation. Our results 
showed that atorvastatin partially inhibited the EMT process, 
and inhibited cell migration and actin filament remodeling. 
Transcriptional upregulation of ZEB1 and protein sphingosine 
kinase 1 (SphK1) induced by TGF-β1 was also suppressed. 
SphK1 plasmid transient transfection strengthened the EMT 
process induced by TGF-β1 in the presence of atorvastatin. 
Our experiments confirmed that atorvastatin can partially 
inhibit the EMT process of non-small cell lung cancer cells 
induced by TGF-β1 by attenuating the upregulation of SphK1.

Introduction

Lung cancer is the leading cause of cancer-related deaths world-
wide. Approximately 85% of all lung cancers are non‑small 

cell lung cancer (NSCLC). Despite advances in early detec-
tion and standard treatments, NSCLC is often diagnosed at an 
advanced stage and has a poor prognosis (1). Metastases are 
the cause of 90% of human cancer-related deaths (2).

Epithelial-to-mesenchymal transition (EMT) is a cellular 
process during which epithelial cells lose their polarized 
organization and cell-cell junctions, undergo changes in cell 
shape and in cytoskeletal organization and acquire mesen-
chymal characteristics, such as fibroblast-like cell morphology 
and increased cell migration and invasion (3). Transcriptional 
factors which are essential for EMT, such as Snail, Slug 
and ZEB1 are induced by growth factors in most cases. The 
endogenous presence or the forced expression of these tran-
scriptional factors in cancer cells have been linked with the 
loss of E-cadherin and the gain of vimentin (4). EMT endows 
cells with migratory and invasive properties, induces stem cell 
properties, prevents apoptosis and senescence and contributes 
to immunosuppression (5).

Statins, which inhibit the 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMG-CoAR) enzyme, are the most 
effective drugs used in the reduction of intracellular synthesis 
of cholesterol  (6). The interactions between statins and 
HMG-CoA reductase prevent the conversion of HMG-CoA 
to L-mevalonate resulting in the inhibition of downstream 
cholesterol biosynthesis, and numerous isoprenoid metabolites 
such as geranylgeranyl pyrophosphate (GGPP) and farnesyl 
pyrophosphate (FPP) (7). The isoprenoids are lipid moieties 
that are added to various proteins, including G-proteins and 
the G-protein subunits RAS, Rho, Rac and Cdc42, during 
post-translational modification (prenylation) and anchor these 
proteins to the cell membrane (8). Prenylation also occurs 
in many cellular and systemic regulatory pathways that are 
partly responsible for the pleiotropic effects of statins (9). 
Other pleiotropic effects may be independent of prenylation 
or inhibition of cholesterol production such as cell cycle 
arrest  (10). Numerous studies have confirmed that statins 
reduce the risk of multiple types of cancers (11-14). Statin 
use in cancer patients is also associated with reduced cancer-
related mortality (15).
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The sphingosine kinase 1 (SphK1) can convert sphingosine 
to sphingosine 1-phosphate (16), and can be upregulated by 
TGF-β in fibroblasts and myofibroblasts (17). TGF-β can upre-
gluate SphK1 in A549 cells (18). All of these facts indicate that 
SphK1 has roles in the TGF-β lower signaling pathway.

EMT, a complicated process programmed by many genes, 
is an important mechanism for cancer metastasis. In the 
present research, we evaluated the effect and mechanism of 
atorvastatin on the EMT process in NSCLC cells by estab-
lishing an EMT model in vitro induced by TGF-β1, and we 
investigated the effects of atorvastatin on the lower signaling 
pathway of TGF-β1 as well as its effect on SphK1.

Materials and methods

Cell culture and reagents. Human lung adenocarcinoma 
A549 and NCI-H1975 cells were obtained from the American 
Type Culture Collection (ATCC; Manassas, VA, USA). A549 
cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM) with 10% fetal bovine serum (FBS) (Gibco, 
Grand Island, NY, USA) at 37˚C in a humidified 5% CO2 
atmosphere. NCI-H1975 cells were maintained in RPMI-1640 
medium with 10% FBS. The cells were trypsinized and seeded 
in 12-well tissue culture plates, and were treated with atorv-
astatin (Sigma, St. Louis, MO, USA) or TGF-β1 (PeproTech 
Inc., Rocky Hill, NJ, USA) for different time periods in 
serum-free medium. The rabbit anti-human antibodies, 
such as E-cadherin, phospho-Smad2 (S465/467), Smad2, 
phospho‑Smad3 (Ser423/425), Smad3, phospho-AKT (S473), 
AKT, phospho‑ERK (T202/Y204), ERK, Snail and Slug were 
purchased from Cell Signaling Technology (Danvers, MA, 
USA). The monoclonal mouse anti-human antibodies, such 
as vimentin, SphK1 and ZEB1 were purchased from Abcam 
(Cambridge, UK). The polyclonal rabbit anti-human β-actin 
antibody was purchased from Sigma-Aldrich. The monoclonal 
mouse anti-human glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) antibody, horseradish peroxidase‑conjugated 
anti-mouse and anti-rabbit secondary antibodies were all 
purchased from KangChen Bio-tech (Shanghai, China). BCA 
protein assay kit was purchased from Beyotime Biotechnology 
(Shanghai, China). The pBABE-SphK1 plasmid was a kind 
gift synthesized by the Shanghai Institute of Materia Medica 
(Chinese Academy of Sciences).

Transwell assay. The migration assay was carried out using 
8-µm pore size Transwell filters (6.5-mm diameter; Corning 
Inc., Corning, NY, USA). Following pretreatment with atorv-
astatin for 24 h, the A549 cells were detached and single-cell 
suspensions were placed at 1x105 cells/well into the upper 
chamber in 0.1  ml of serum-free medium. In the lower 
chamber, DMEM supplemented with 10% FBS was placed 
as a chemoattractant. Atorvastatin and TGF-β1 were added at 
constant concentration to both the upper and the lower cham-
bers. After 18 h of incubation in 5% CO2 at 37˚C, the filters 
were fixed with 90% ethanol for 30 min and stained with 
crystal violet. Cells from the upper surface of the chamber 
were removed with gentle swabbing and the invasive cells on 
the lower surface of the filters were examined by bright field 
microscopy. The average number from five randomly chosen 
fields was counted.

Immunofluorescence analysis. Stock solutions of FITC-
phalloidin were made in DMSO at 0.2 mg/ml. Final staining 
solutions in phosphate-buffered saline (PBS) were at the 
concentration of 5 µg/ml. Monolayers of A549 cells were 
serum-starved and treated with atorvastatin on glass cover-
slips for 24 h, and then treated with atorvastatin and TGF-β1 
for 24 h. The A549 cells were washed with PBS and fixed for 
10 min in 4% polyformaldehyde, and then extensively washed 
in PBS three times. After being permeabilized with 0.1% 
Triton X-100 in PBS and washed again in PBS, the A549 cells 
were stained with 5 µg/ml FITC-phalloidin. Cover slides were 
mounted onto slides with 1% 4'6‑diamidine‑2'‑phenylindole 
dihydrochloride (DAPI). Cells were examined under an 
Olympus Fluoview FV1000 confocal microscope (Olympus, 
Tokyo, Japan).

Western blot analysis. The cells were harvested, rinsed with 
cold PBS and lysed in buffer supplemented with protease 
inhibitors for 1 h as previously described (19). The protein 
samples were separated by 10% sodium dodecyl sulfate‑poly-
acrylamide gel electrophoresis and electrophoretically 
transferred to nitrocellulose. The nitrocellulose membrane 
was blocked with 5% milk in Tris‑buffered saline and 
Tween-20 (TBST) for 1 h at room temperature and incubated 
with primary antibodies at 4˚C overnight. Then, the membrane 
was washed with TBST for 15 min each time for three times 
and incubated with secondary antibodies at room temperature 
for 1 h. To ensure that equal amounts of sample protein were 
applied for electrophoresis and immunoblotting, GAPDH or 
β-actin was used as a protein loading control. All experiments 
were performed at least three independent times.

Transient transfection of the SphK1 plasmid. A549 cells were 
plated in 12-well plates in DMEM supplemented with 10% FBS 
overnight to reach ~80-90% confluency. Then, the cells were 
transfected with the pBABE-SphK1 plasmid and pBABE‑puro 
using Lipofectamine  2000 reagent (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer's instructions and 
replaced with culture medium containing 1 µM atorvastatin at 
5 h after transfection. Twenty-four hours later, the cells were 
treated with atorvastatin and TGF-β1 for another 24 h. Then, 
the cells were harvested for protein quantitative analysis using 
the BCA protein assay kit and western blot analysis.

RNA extraction and real-time PCR for SphK1 mRNA expres-
sion. A549 cells were maintained in 12-well plates with 
serum-free medium and exposed to atorvastatin for 24 h before 
being treated with TGF-β1 for 48 h. Total RNA was extracted 
using Takara MiniBEST Universal RNA Extraction kit 
(Takara Bio, Dalian, China) according to the manufacturer's 
instructions. cDNA was synthesized with PrimeScript reverse 
transcriptase using oligo(dT) primer and 2 µg of total RNA 
(Takara PrimeScript™ RT Master Mix) (both from 
Takara Bio). Real‑time PCR assays were conducted using 
SYBR Premix Ex Taq™ according to the manufacturer's 
instructions (Takara Bio). Amplification was performed in 
20 µl reactions (0.4 µl primer, 10 µl SYBR Premix Ex Taq™) 
containing 2 µl of cDNA in 40 cycles at 95˚C (3 sec) and 60˚C 
(30 sec) following pre-denaturation at 95˚C (30 sec). Data 
normalization was performed using GAPDH as a reference 
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gene. Primer sequences of SphK1 were: F, 5'-CTGGCAGCTT 
CCTTGAACCAT-3' and R, 5'-TGTGCAGAGACAGCAGGT 
TCA-3'; the control primer sequences of GAPDH were: F, 
5'-GGGAGCCAAAAGGGTCATCATCTC-3' and R, 5'-CCA 
TGCCAGTGAGCTTCCCGTTC-3'. The relative quantifica-
tion of SphK1 mRNA was obtained by calculating ΔΔCt.

Statistical analysis. Data are presented as mean ± standard 
deviation (SD). SPSS 10.0 was used for statistic analysis and 
differences between groups were analyzed by the Student's 

t-test or ANOVA. Differences between groups were consid-
ered significant at P<0.05.

Results

Atorvastatin partially inhibits the EMT process in A549 
cells induced by TGF-β1. A549 cells were serum-starved and 
treated with atorvastatin for 24 h, and then exposed to atorvas-
tatin and TGF-β1 for another 48 h. Cells displayed a complete 
transformation to fibroblast-like characteristics after 48 h with 

Figure 2. Expression of E-cadherin and vimentin was examined using western blot analysis to evaluate the EMT process. Densitometric analysis of E-cadherin 
and vimentin bands was performed and normalized with that of GAPDH. The bars indicate means ± SD. The significance of the difference was assessed using 
the Student's t-test. *P≤0.05. (A) Atorvastatin (Atv) pretreatment effectively weakened TGF-β1-stimulated downregulation of E-cadherin and upregulation of 
vimentin. (B) The results for the NCI-H1975 cells were the same as those for the A549 cells.

Figure 1. A549 cells display complete transformation to fibroblast-like characteristics when exposed to TGF-β1 for 48 h. After pretreatment with atorvastatin 
for 24 h, A549 cells had a partial transition to a fibroblast-like morphology. In addition, atorvastatin did not change the A549 cell shape after a 48-h stimulation.
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TGF-β1 stimulation. However, when pretreated with atorvas-
tatin for 24 h, cells had a partial transition to a fibroblast‑like 
morphology stimulated by TGF-β1 for 48 h. In addition, there 
was no recognizable change in cell shape after stimulation with 
atorvastatin alone for 48 h (Fig. 1). The result indicated that 
atorvastatin inhibited the TGF-β1-stimulated morphological 
transition of the A549 cells to fibroblast-like cells.

The expression of E-cadherin and vimentin was not 
affected by treatment of various concentrations of ator-
vastatin. Atorvastatin pretreatment effectively weakened 
TGF-β1-stimulated downregulation of E-cadherin as well 
as upregulation of vimentin. The alterations of EMT marker 
proteins such as E-cadherin and vimentin were further 
confirmed in the NCI-H1975 cells (Fig. 2). The result further 
confirmed that atorvastatin can partially inhibit the EMT 
process in A549 cells.

Atorvastatin inhibits cell migration and actin filament remod-
eling induced by TGF-β1. It is known that EMT renders tumor 
cells with increased migratory potential (4). We evaluated the 
effect of atorvastatin on the elevated migration capabilities 
induced by TGF-β1 in the A549 cells using Transwell assay. 
A549 cells were seeded on the upper chamber of the Transwell 
wells in the presence of TGF-β1. A significant decrease in the 
number of A549 cells that migrated to the lower filters was 
observed when cells were pretreated with 1 µM atorvastatin 
for 24 h (Fig. 3).

Remodeling of actin filaments is necessary for TGF-β1-
stimulated EMT. Actin filaments in epithelial cells, which 
are organized in cortical thin bundles, are bundled into thick 
contractile stress fibers after the EMT process (20). Following 
exposure to TGF-β1 for 24 h, atorvastatin pretreatment made 
the actin fibers of A549 cells less and thinner. This finding 

Figure 4. Actin fibers were detected using FITC-phalloidine by confocal laser scanning microscope. Following pretreatment with atorvastatin (Atv) for 24 h, 
the actin fibers induced by TGF-β1 in the A549 and NCI-H1975 cells were less and thinner than that noted in the positive control cells.

Figure 3. Atorvastatin inhibits the cell migration of A549 cells. Transwell assay was used to evaluate cell migration capability. (A) Representative images of 
A549 cells that migrated through the filters (magnification, x100). (B) Quantification of the migrated cells. The bars indicated mean ± SD. The significance of 
the difference was assessed using the Student's t-test; *P≤0.05, **P≤0.01.
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was confirmed in the NCI-H1975 cells and the results indicate 
that atorvastatin can impede the actin filament remodeling 
process (Fig. 4).

Atorvastatin inhibits the TGF-β1-stimulated upregulation 
of ZEB1. Numerous transcription factors which are essential 
for EMT, such as Snail, Slug and ZEB1, can repress genes 
important for maintaining epithelial polarity and organiza-

tion (3). Our experiment found that atorvastatin inhibited the 
upregulation of ZEB1 induced by TGF-β1. However, we did 
not find that Snail and Slug were inhibited by atorvastatin 
pretreatment (Fig. 5).

The activation of Smad2/3 by TGF-β1 represents the 
canonical TGF-β1 signaling system, and non-canonical 
signaling systems including MAPK-ERK1/2, PI3K-AKT and 
small GTP-binding proteins (21). In our research, atorvastatin 
did not inhibit the TGF-β1-stimulated activation of Smad2/3, 
AKT and ERK1/2.

Atorvastatin attenuates the upregulation of SphK1 induced 
by TGF-β1. It has been confirmed that TGF-β1 upregulates 
SphK1 protein expression in A549 cells (18). In our experi-
ment, we found that the upregulation of protein SphK1 induced 
by TGF-β1 was also inhibited by atorvastatin pretreatment at 
1 µM (Fig. 6). However, at the mRNA level, real-time PCR 
found that atorvastatin did not inhibit the upregulation of 
SphK1 mRNA, which indicates that atorvastatin inhibits the 
translation of SphK1 at the post-transcriptional level when 
exposed to TGF-β1 (Fig. 7).

Transient transfection of the SphK1 plasmid strengthens the 
EMT process induced by TGF-β1 in the presence of atorvas-
tatin. A549 cells were transiently transfected with the p-BABE 
SphK1 plasmid using Lipofectamine 2000. The EMT process 
induced by TGF-β1 in the A549 cells, which were transfected 
with the SphK1 plasmid was strengthened. Expression of the 
EMT marker E-cadherin was lower in the cells transfected 
with the SphK1 plasmid. The result indicated that SphK1 
transfection weakens the inhibitory effect of atorvastatin on 
the EMT process (Fig. 8).

Figure 6. Atorvastatin (Atv) inhibits the upregulation of protein SphK1 in the A549 and NCI-H1975 cells. The expression of SphK1 was detected by western 
blot analysis. In addition, densitometric analysis of SphK1 bands was performed and normalized to that of GAPDH. The bars indicate mean ± SD. The 
significance of the difference was assessed using the Student's t-test; *P≤0.05. (A) The results for the A549 cells. (B) The results for the NCI-H1975 cells.

Figure 5. Atorvastatin (Atv) inhibits the expression of transcriptional factor 
ZEB1 in A549 cells. Western blotting was used to analyze the expression 
of ZEB1. In addition, densitometric analysis of ZEB1 bands was performed 
and normalized to that of GAPDH. The bars indicate mean ± SD. The sig-
nificance of the difference was assessed using the Student's t-test; *P≤0.05.
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Discussion

Epithelial-to-mesenchymal transition (EMT) is an important 
mechanism for cancer metastasis. Recent research has confirmed 
that EMT is a potential biomarker of therapeutic resistance and 
is a potential drug target in breast cancer that warrants further 
investigation (22). Statins, HMG-CoA reductase inhibitors, are 
used extensively in the treatment of hyperlipidemia. Evidence 
shows that statins have anticancer effects. These secondary 
actions are known as pleiotropic effects. In the present study, 

we designed a series of experiments to evaluate the effect of 
atorvastatin on the EMT process induced by TGF-β1 in NSCLC 
cells. MTT assay found that atorvastatin at 15 µM significantly 
reduced the cell viability by 80%. In addition, atorvastatin at 
1-5 µM did not affect the cell viability (23). In the present study, 
the cells were treated with atorvastatin at 0.5-2 µM, which had 
no effect on cell proliferation.

Differentiated epithelial cancer cells convert into migratory 
mesenchymal cancer cells via EMT, which may lead to cancer 
invasion, systemic cancer cell dissemination and metastasis. 
The metastatic potential is acquired by the loss of epithelial 
markers and the acquisition of mesenchymal markers. Our 
research found that atorvastatin treatment alone did not change 
the expression of the EMT markers, E-cadherin and vimentin, 
as well as cell morphology. However, after pretreatment with 
atorvastatin for 24 h, the EMT process in A549 cells induced 
by TGF-β1 was partially inhibited. The results indicated that 
atorvastatin can suppress the downregulation of E-cadherin 
and upregulation of vimentin induced by TGF-β1, impede the 
formation of actin stress fibers and hinder cancer cell migra-
tion. The conversion of the cell shape into a fibroblast-like cell 
morphology was inhibited by atorvastatin pretreatment. These 
experiments demonstrated that atorvastatin can inhibit the 
EMT process induced by TGF-β1 in vitro.

Transcription factors such as Snail, Slug and ZEB1 can 
induce EMT in cancer cells (24,25). We further investigated 
whether these transcription factors are inhibited by atorvastatin 
during the EMT process. The results showed that atorvastatin 
impeded the upregulation of ZEB1 induced by TGF-β1 and 
did not affect the expression of Snail and Slug.

These findings imply that atorvastatin may block the 
TGF-β1 lower signal transduction in one manner or another. 
However, in our experiments, atorvastatin did not inhibit 
the activation of Smad2/3, ERK1/2 and AKT. Sphingosine 
kinase type 1 (SphK1), which catalyzes the phosphorylation 
of sphingosine to sphingosine-1-phosphate (S1P), has been 
shown to regulate various processes important for cancer 
progression (26). TGF-β1 upregulates SphK1 in A549 cells 
and TGF-β1-induced EMT in the A549 cells was inhibited 
by an antagonist of SphK1, providing evidence for crosstalk 
between SphK1 and TGF-β1 (18). We found that atorvastatin 
pretreatment suppressed the upregulation of SphK1 protein 
induced by TGF-β1, while the mRNA expression of SphK1 
was not inhibited by atorvastatin as determined by the RT-PCR 
experiment. The results indicated that atorvastatin inhibited 
the transcription of SphK1 induced by TGF-β1 stimulation. 
As S1P, catalyzed by SphK1 with sphingosine, can activate 
Smad2/3 in A549 cells (27), we considered that atorvastatin 
indirectly inhibits the activation of Smad2/3 by inhibiting the 
upregulation of SphK1 and downregulating the expression of 
transcription factor ZEB1.

When A549 cells were transiently transfected with the 
SphK1 plasmid, cells pretreated with atorvastatin had a lower 
expression of E-cadherin and a higher expression of vimentin 
compared with cells transfected with the SphK1-negative 
plasmid induced by TGF-β1, indicating that the ability of 
atorvastatin to inhibit the EMT process was attenuated in cells 
highly expressing SphK1. This result further illustrated that 
atorvastatin inhibited the EMT process through the SphK1 
pathway.

Figure 8. Transient transfection of the SphK1 plasmid strengthens the EMT 
process induced by TGF-β1 in the presence of atorvastatin (Atv). A549 
cells were transfected with pBABE-SphK1 plasmid and pBABE-puro using 
Lipofectamine 2000 reagent. The expression of E-cadherin, vimentin and 
SphK1 were detected by western blot analysis. In addition, densitometric 
analysis of E-cadherin, vimentin and SphK1 bands was performed and nor-
malized to that of GAPDH. The bars indicated mean ± SD. The significance 
of the difference was assessed using the Student's t-test; *P≤0.05.

Figure 7. mRNA level of SphK1 was detected using real-time PCR assays 
with SYBR Premix Ex Taq™. Atorvastatin (Atv) did not affect the mRNA 
level of SphK1 with or without TGF-β1 stimulation.
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In summary, the present study suggests that atorvastatin 
partially inhibits the EMT process in A549 cells induced by 
TGF-β1 by attenuating the upregulation of SphK1. As EMT 
is one of the main mechanisms for the promotion of cancer 
invasion, and is a survival mechanism of cancer cells, statins 
may have beneficial effects for cancer patients in diverse ways.
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