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Abstract. Statins, a class of commonly prescribed choles-
terol‑lowering medications, have been revealed to influence the 
risk of multiple types of cancer. However, the antitumor effects 
of statins on pancreatic cancer and their differential efficacy 
among a variety of statins are not currently well‑defined. The 
aim of the present study was therefore to identify and compare 
the genes and related biological pathways that were affected 
by each individual statin on pancreatic cancer. Two human 
pancreatic cancer cell lines, MiaPaCa2 and PANC1, were 
exposed to three statins, lovastatin, fluvastatin and simvas-
tatin. The inhibitory effect of statins on pancreatic cancer cell 
proliferation was first validated. Next, RNA‑seq analysis was 
used to determine the gene expression alterations in either low 
(2 µM) or high (20 µM) statin concentration‑treated cancer 
cells. Marked differences in gene transcription profiles of both 
pancreatic cancer cell lines exposed to high concentration 
statins were observed. Notably, the high concentration statins 
significantly suppressed core‑gene CCNA2‑associated cell 
cycle and DNA replication pathways and upregulated genes 
involved in ribosome and autophagy pathways. However, 
the low concentration statin‑induced gene expression altera-
tions were only detected in MiaPaCa2 cells. In conclusion, a 
marked difference in the intra and inter cell‑type performance 
of pancreatic cancer cells exposed to a variety of statins at 

low or high concentrations was reported herein, which may 
provide insights for the potential clinical use of statins in 
future pancreatic cancer therapeutics.

Introduction

Despite substantial investment and years of research world-
wide, pancreatic cancer remains one of the most lethal 
malignancies with very high mortality rates. For all stages 
combined, the 1‑ and 5‑year relative survival rates are 27 and 
7%, respectively, making it the only type of cancer with an 
overall 5‑year survival rate in the single digits (1). There are 
currently no effective medications for the treatment of patients 
with locally advanced or metastatic pancreatic cancer who are 
ineligible for surgery. The stage at which pancreatic cancer is 
diagnosed is strongly correlated with overall survival, and the 
delayed diagnosis results in only 20% of patients being eligible 
for surgery or adjuvant therapy  (2). Therefore, developing 
novel and effective drugs is urgently required for this terrible 
malignancy.

The discovery of new drugs has grown increasingly difficult 
over the years, as itis a time‑consuming, high‑investment and 
high‑risk process in traditional drug development. Therefore, 
drug repurposing has become an increasingly used strategy for 
identifying novel medications or new uses for approved drugs 
that have already been optimized for safety and efficacy (3). 
In the past decade, various high‑throughput strategies and 
experimental platforms have been used for the discovery 
and identification of repurposable drug candidates, with 
statins previously identified as potential promising antitumor 
agents (4). Statins, also known as 3‑hydroxy‑3‑methyglutaryl 
coenzyme A reductase inhibitors, are some of the most 
commonly prescribed medications for the treatment of 
hypercholesterolemia, due to their ability to inhibit de novo 
cholesterol synthesis, thereby reducing the risk of heart 
attacks and other major clinical manifestations of coronary 
artery diseases by up to 37% (5). In 1987, lovastatin (Mevacor, 
Altocor and Altoprev) became the first FDA‑approved statin. 
Since then, further statins have been derived and synthesized, 
including simvastatin (Zocor), atorvastatin (Lipitor and Lipex) 
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and fluvastatin (Lescol). In general, statins are safe and 
well‑tolerated by patients, and they all work in a similar way.

In addition to their powerful cholesterol‑lowing effects, 
statins also exert several other cholesterol‑independent effects 
(pleiotropic effects), including improved endothelial function, 
stabilization of atherosclerotic plaque and anti‑inflammatory, 
antioxidant, anti‑proliferative and immunomodulatory 
effects (6). Notably, there has been growing interest in the poten-
tial antitumor effects of multiple statins based on accumulating 
evidence of their anti‑proliferation and anti‑inflammatory 
activities in various types of cancer in a number of preclinical, 
as well as clinical studies (7). To date, research has indicated 
that statins may inhibit tumor growth and metastasis through 
a series of cellular mechanisms, including the promotion of 
apoptosis, inhibition of cell cycle progression and proliferation, 
reduction of angiogenesis, and interference with carcinogenesis. 
For example, lovastatin treatment could cause breast cancer 
cell death through the LKB1‑AMPK‑p38MAPK‑p53‑survivin 
signaling cascade (8). Recently, simvastatin was reported to 
attenuate macrophage‑mediated gemcitabine resistance of 
pancreatic cancer by regulating the TGF‑β1/Gfi‑1 axis  (9). 
It has also been shown that the suppression of cholesterol 
biosynthesis by lovastatin significantly inhibited gallbladder 
cancer cell proliferation, possibly through the inhibition of 
DNA repair. However, whether these various statins exert their 
antitumor function through a consistent mechanism remains 
largely unknown.

In the present study, a previously established reporter 
system was used to screen potential drugs for the treatment of 
pancreatic cancer from the Prestwick Chemical Library (10,11). 
Three statins were identified: Fluvastatin, lovastatin and 
simvastatin. Furthermore, low‑(2 µM) and high‑concentration 
(20 µM) treatment with these three statins was used to deter-
mine their impact on the global transcriptional activity, as 
well as their concentration‑dependent effect in two human 
pancreatic cancer cell lines, MiaPaCa2 and PANC1. The aim 
of the present study was to elucidate the unique and shared 
functions of these three statins, and thereby gain some insights 
of theoretical guidance for the potential use of these statins in 
the future clinical treatment of pancreatic cancer.

Materials and methods

Materials. In all experiments, pure forms (≥98.0%) of 
fluvastatin, lovastatin and simvastatin (Tocris Bioscience) 
were used. All statins were dissolved in DMSO and tested in 
final concentrations of 2 and 20 µM.

Cell culture. Human pancreatic cancer MiaPaCa2 and PANC1 
cell lines (American Type Culture Collection) were main-
tained in DMEM supplemented with 2 mM glutamine, 1 mM 
Na‑pyruvate, 100 units/ml penicillin, 100 µg/ml streptomycin 
and 10% fetal bovine serum (all from Gibco, Thermo Fisher 
Scientific, Inc.) at 37˚C in a humidified atmosphere containing 
10% CO2.

Medium throughput screening of the Prestwick Chemical 
Library on pancreatic cancer. For preliminary screening 
purposes, the pancreatic cancer cell line MiaPaCa2bearing 
stable expressing BIRC5‑GLuc was first arrayed in 384‑well 

plates and treated with test compounds at 20 µM for 48 h under 
serum‑free conditions. Changes to the luciferase expression 
and cell viability were quantitated using the CellTiter‑Glo® 
Luminescent Cell Viability Assay. For more information, the 
1,280 chemically and pharmacologically diverse compounds 
(90% of which were FDA‑approved drugs) from the Prestwick 
Chemical Library were screened against the pancreatic cancer 
MiaPaCa2 cell line. Experiments were conducted in 384‑well 
plates. A fully automated Hamilton Star workstation was used 
for all liquid handling protocols. Compounds were loaded into 
black F‑bottom 384‑well assay ready plates (Greiner Bio‑One), 
followed by 200 µl of pBIRC5‑eGFP, resulting in a final drug 
concentration of 20 µM with <0.002% DMSO in the primary 
screen. Assay plates were cultured for 48 h in an incubator at 
37˚C in a humidified atmosphere containing 10% CO2.

Cell viability assay. The MiaPaCa2cells were seeded in 
384‑well plates at a density of 1x103  cells/well in 100  µl 
medium. A total of 24 h after seeding, the cells were treated 
with the indicated concentrations of statins (0‑100 µM) for 48 h. 
Cell viability was determined by CellTiter‑Glo® Luminescent 
Cell Viability Assay (Promega Corporation), according to 
the manufacturer's instructions. Briefly, at the end of incuba-
tion, the culture supernatant was replaced with CellTiter‑Glo 
reagent (1:20 v/v dilution in fresh culture medium) (Promega 
Corporation). Plates were incubated at 37˚C for 15 min and 
absorbance was measured at 490 nm using an Omega micro-
plate reader (IMGEN Technologies).

Drug effect assay. The drug effect was determined by Cell 
Counting Kit‑8 (CCK‑8) assay. Briefly, 3,000 cells/well were 
seeded into a 96‑well plate and incubated overnight in a cell 
culture incubator (37˚C, 95% humidity). Cells were then 
treated with different concentrations (2 and 20 µM) of statins. 
Following incubation, the medium in each well was replaced 
with fresh culture medium containing 10 µl CCK‑8 (Dojindo 
Molecular Technologies, Inc.). The plates were incubated 
for an additional 2 h in a cell culture incubator (37˚C, 95% 
humidity), and absorbance was determined at 450 nm using a 
microplate spectrophotometer.

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
was extracted from cells using TRIzol reagent (Invitrogen; 
Life Technologies; Thermo Fisher Scientific, Inc.) according 
to manufacturer's instructions. Reverse transcription was 
performed with RevertAid First Strand cDNA Synthesis kit 
(cat. no. K1622; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's instructions. RT‑qPCR was conducted 
using SYBR Green (ABgene) according to the manufacturer's 
instructions. The primer sequences used in qPCR were as 
follows: Forward, 5'‑CGC​TGG​CGG​TAC​TGA​AGT​C‑3' and 
reverse, 5'‑GAG​GAA​CGG​TGA​CAT​GCT​CAT‑3' for CCNA2; 
forward, 5'‑CGC​TAC​CCC​TCA​GAG​GAC​AA‑3' and reverse, 
5'‑ACA​GAC​ATC​GGT​G‑3' for LZTS3; forward, 5'‑CAT​GTA​
CGT​TGC​TAT​CCA​GGC‑3' and reverse, 5'‑CTC​CTT​AAT​
GTC​ACG​CAC​GAT‑3' for β‑actin (ACTB). The primers were 
obtained from Funengbio Co., Ltd. PCR amplification was 
performed using the following thermocycling conditions: 
95˚C for 30 sec, followed by 40 cycles at 95˚C for 5 sec, 60˚C 
for 34  sec, and a melt curve stage. All experiments were 
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performed in triplicate. The relative gene expression level was 
calculated using the 2‑ΔΔCq method (12), and ACTB was used 
as the internal control.

Effects of statins on cancer cell colony formation. In each 
6‑well plate, 400 cells were seeded and cultured for 24 h. The 
culture medium was then changed to 5, 10, 15, 20 and 25 µM 
statin‑containing medium, and cells were incubated for 9 days, 
with DMSO as the control. The cells were washed with PBS 
and fixed with 100% methanol for 10 min at room temperature. 
Crystal violet (1%) staining buffer (cat. no. C0121; Beyotime 
Institute of Biotechnology) was then added into the plates. 
Following incubation for 30 min at 37˚C, the crystal violet 
staining buffer was removed from the plates, which were then 
washed with de‑ionized water. After the plates were dried at 
room temperature, the colonies in each plate were counted to 
measure the colony formation rate. The colonies were visual-
ized with a general camera. Only colonies containing ≥50 cells 
were counted as clonogenic survivors.

RNA‑seq for statin‑treated pancreatic cancer cells. PANC1 
and MiaPaCa2 cells were collected following treatment or 
no treatment with 2 and 20 µM of the three statins for 48 h 
(3 replicates per sample). Total RNAs were extracted using 
the RNeasy Mini kit (Qiagen AB), and the quality of the 
RNA was evaluated using Agilent Bioanalyzer 2100 (Agilent 
Technologies, Inc.). Sequence libraries were prepared using 
a TruSeq Stranded mRNA Library Prep kit for NeoPrep 
(Illumina, Inc.), according to the manufacturer's instructions, 
and sequenced using an Illumina HiSeq 2000 platform. 
FastQC (https://github.com/s‑andrews/FastQC) was used for 
quality control of the sequenced data  (13). RNA‑seq data 
were trimmed using Trimmomatic (http://www.usadellab.

org/cms/?page=trimmomatic) to remove and filter low‑quality 
sequencing data and the adapters (14). The human genome 
NCBI GRCh38  (15) and its corresponding transcriptome 
gene annotation was used for read alignment. The TopHat 
alignment tool was used for alignment with default parameter 
settings (16).

Construction of weighted gene co‑expression network 
analysis (WGCNA). WGCNA was used for scale‑free network 
topology analysis of RNA‑seq data  (17). The WGCNA R 
package was used to cluster highly correlated genes and 
determine clusters in which gene expression was associated 
with the examined characteristics. An adjacency matrix based 
on expression correlation was created using a soft threshold 
procedure to allow scale‑free topology. The clusters created 
by WGCNA were referred to as modules, and the minimum 
number of genes in a module was set to 30. The functional 
annotation tool Database for Annotation, Visualization and 
Integrated Discovery (DAVID) Bioinformatics Resources 6.8 
was used to determine Gene Ontology terms enriched by the 
identified genes. DAVID analyses were performed using genes 
corresponding to significant WGCNA modules.

DAVID analysis. DAVID (http://david.abcc.ncifcrf.gov) 
Functional Annotation Bioinformatics Microarray Analysis 
was used to identify significantly enriched Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
terms among the genes that were differentially expressed in 
control samples (18,19). Statistically overrepresented GO and 
KEGG categories with a P≤0.05 were considered significant.

Survival and ROC analysis. To explore the potential prog-
nostic value of the hub‑gene, the Gene Expression Profiling 
Interactive Analysis (GEPIA) database was used to perform 
overall and disease‑free survival analysis, and the log‑rank 
tests were used to measure statistical significance (20).

Statistical analysis. All experiments in the present study were 
independently performed in triplicate. Data are presented as 
the mean ± SEM. All graphs were plotted and analyzed with 
GraphPad Prism Software (GraphPad Prism version 7.1 for 
Windows; GraphPad Software, Inc.) and one‑way ANOVA 
followed by Dunnett's multiple comparisons test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Statins identified through medium throughput screening of 
pancreatic cancer cell lines from the Prestwick Chemical 
Library. The survivin gene, also known as BIRC5, plays a 
central role in cancer cell survival and proliferation, and has 
therefore become a promising therapeutic target for pancreatic 
cancer vaccines and therapeutics (21). In order to discover small 
molecular compounds that could suppress BIRC5 gene expres-
sion and pancreatic cancer cell proliferation, a high‑content 
immunofluorescence screening assay utilizing an enhanced 
BIRC5 super‑promoter system to drive the expression of dual 
Gaussia luciferase (GLuc) and sr39 thymidine kinase (sr39TK) 
reporter genes was developed (22). The screening incorporated 
1,280 compounds from the Prestwick Chemical library. Of 

Figure 1. Statins are potential drugs for pancreatic cancer treatment. 
(A)  Screening for potential drugs in MiaPaCa2 cells. A total of 1,280 
compounds from the Prestwick Chemical library were screened. (B) Three 
statins were validated for the suppression of BIRC5‑GLuc activity in 
MiaPaCa2. Various concentrations of Lovastatin, Simvastatin and Fluvastatin 
were used to analyze luciferase activity by CellTiter‑Glo® Luminescent Cell 
Viability Assay.
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CHEN et al:  STATINS AFFECT GENE EXPRESSION IN PANCREATIC CANCER2572

all tested compounds, three statins (lovastatin, simvastatin and 
fluvastatin) were successfully identified to be consistently and 
potently effective at blocking BIRC5‑induced Gaussia luciferase 
expression (Fig. 1A and B). These results indicated that all three 
statins identified through medium throughput screening could 
functionally suppress the cell proliferation of pancreatic cancer 
cells, which may have a potential clinical application value.

Statins significantly inhibit pancreatic cancer cell proliferation 
in a concentration‑dependent manner. A previous study 
suggested that, although the MiaPaCa2 and PANC1 were 
commonly used pancreatic cancer cell lines, these two cell lines 
had a marked difference in response to various drugs (23). To 
further characterize the antitumor effects of the three statins on 
pancreatic cancer, the MiaPaCa2 and PANC1cell lines were used 
in the following assays. The MiaPaCa2 and PANC1 cells were 
incubated with fluvastatin, lovastatin and simvastatin at either 
a low (2 µM) or a high (20 µM) concentration. CCK‑8 assays 
revealed that all three statins induced cell growth inhibition 
in both cell lines following high‑concentration treatment, but 

not with low‑concentration treatment (Fig. 2A and B). Among 
the three statins, lovastatin exhibited a relatively more efficient 
inhibition of PANC1 cell proliferation, while fluvastatin exhib-
ited a more efficient suppression of MiaPaCa2 cell proliferation. 
In addition, a colony formation assay was carried out on the 
MiaPaCa2 and PANC1 cells treated with different concentra-
tions of these three statins. The colony formation assay revealed 
that 5 µM statins slightly suppressed the proliferation of PANC1 
cells (P<0.05 and P<0.01). This result is inconsistent with 
Fig. 2B, which is likely due to different concentrations of statins 
(5 µM vs. 2 µM) that we used. Consistent with the CCK‑8 assay, 
the results revealed that only at a high concentration (≥5 µM) 
could the three statins significantly attenuate the proliferation 
of both pancreatic cancer cell lines (Figs. 2C and S1). Notably, 
lovastatin and fluvastatin had diverse inhibitory effects on 
MiaPaCa2 and PANC1 cells, respectively. In conclusion, these 
results revealed that the high‑concentration statins significantly 
inhibited the proliferation of both pancreatic cancer cell lines, 
but the inhibitory efficiencies of various statins on these two 
pancreatic cancer cell lines were diverse.

Figure 2. Statins suppress the proliferation of pancreatic cancer cells in a concentration‑dependent manner. (A and B) CCK‑8 assays revealed that high‑concen-
tration statins significantly inhibited the proliferation of (A) PANC1 and (B) MiaPaCa2 cells. The cancer cells were treated with statins for 24 h at the indicated 
concentrations (2 and 20 µM). *P<0.05 and ***P<0.01 vs. the control. (C) The statins significantly inhibited colony formation in a concentration‑dependent 
manner. The cancer cells were treated with various concentrations of statins (Control, 0, 5, 10, 15, 20 and 25 µM) for 72 h. Three independently cultured 
replicates were performed per experimental condition. *P<0.05 and ***P<0.01 vs. the control. CCK‑8, Cell Counting Kit‑8.
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Identification of statin‑induced transcriptome alterations in 
pancreatic cancer cells through RNA‑seq. In order to inves-
tigate the transcriptional alterations in pancreatic cancer cell 
lines under various treatment conditions with the three statins, 

RNA‑seq was performed on MiaPaCa2 and PANC1 cells 
treated with either a low‑ or high‑concentration of the three 
statins. The two cancer cell lines were treated with low‑(2 µM 
group) and high (20  µM group)‑concentration statins for 

Figure 3. RNA‑seq analysis of MiaPaCa2 and PANC1 cells treated with low‑ and high‑concentration statins. (A) MMP2 expression levels in RNA‑seq data 
of MiaPaCa2 and PANC1 cells. ***P<0.01. (B) Clustering of the statin‑treated pancreatic cancer cells with t‑SNE. (C and D) WGCNA revealed gene‑network 
modules in the statin‑treated pancreatic (C) MiaPaCa2 and (D) PANC1 cancer cells. WGCNA, weighted gene co‑expression network.

https://www.spandidos-publications.com/10.3892/or.2020.7810
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48 h before the cells were harvested for RNA‑seq library 
preparation. The signature gene expression of MiaPaCa2 and 
PANC1 cells was validated by examining the endogenous 
MMP2 expression of RNA‑Seq data between these two cell 
lines (Fig. 3A) (24). The transcriptional profiles of all three 
statin‑treated cancer cells were distinguished from those of the 
original cancer cells. 2D t‑SNE of whole genome gene expres-
sion profiles in these treated cells revealed that the low‑and 
high‑concentration treatment groups clustered separately 
(Fig. 3B). The high‑concentration statins markedly changed 
the expression of genes in both cell lines. On the contrary, 
the low‑concentration statins had relatively minor effects. 
Only a subset of genes was upregulated in low‑concentration 
statin‑treated MiaPaCa2 cells, which was not observed in 
PANC1 cells (Fig. S2). To further assess the transcriptome 
dynamics of statin‑induced gene alterations, the WGCNA 
was used, and multiple gene‑network modules associated with 
high‑ and low‑concentration statins, as well as three individual 
statins, were obtained (Table SI). In MiaPaCa2 cells, 8 modules 
that were possibly associated with the treatment of various 
statins were identified (Figs. 3C and S3A), while 5 modules were 
identified in PANC1 cells (Figs. 3D and S3B). As compared 

to those untreated cancer cells, high‑concentration treatment 
groups exhibited more robust gene expression alterations than 
that in the low‑concentration treatment groups. A high number 
of upregulated and downregulated genes were identified in the 
high‑concentration groups, which may contribute to the cell 
proliferation inhibition effects of the statins.

Low‑concentration statins stimulate considerable gene 
expression changes in MiaPaCa2, but not in PANC1 cells. As 
revealed by a previous study, the difference in the response 
to various drugs between MiaPaCa2 and PANC1 was 
marked (23). A significant difference (3,028 different expres-
sion genes) was observed between the MiaPaCa2 and PANC1 
cell lines in our RNA‑seq data (Fig. S4A and B). KEGG 
analysis of these different expression genes revealed that the 
MiaPaCa2 cells exhibited a high level of metabolism‑related 
gene expression (Fig. S4C), while the PANC1 cells exhibited 
a high level of cancer‑related gene expression (Fig. S4D). The 
different transcriptome profiles of MiaPaCa2 and PANC1 
suggest that they may have different effects on statin treat-
ment. In response to treatment with low‑concentration statins, 
the MiaPaCa2 cells behaved in a considerably more sensitive 

Figure 4. Effect of low‑concentration statins on MiaPaCa2 cells. (A and B) Low‑concentration statin treatment of MiaPaCa2 cells specifically enriched 
differentially expressed genes, including (A) upregulated and (B) downregulated genes. WGCNA revealed that genes in the dark‑orange and blue modules were 
significantly upregulated, while genes in the green‑yellow and midnight‑blue modules were significantly downregulated. (C and D) DAVID‑KEGG analysis 
of these differentially expressed genes. Top 10 enriched signaling pathways of (C) upregulated and (D) downregulated genes (P<0.01). WGCNA, weighted 
gene co‑expression network analysis; DAVID, Database for Annotation, Visualization and Integrated Discovery; KEGG, Kyoto Encyclopedia of Genes and 
Genomes.
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way than the PANC1 cells. Similarly, the expression of a 
number of genes was significantly altered in statin‑treated 
MiaPaCa2 cells, but not in PANC1 cells (Fig. S2). Additional 
WGCNA analysis also indicated that the PANC1 cells 
treated with a low‑concentration statin exhibited a similar 
gene expression to that of original PANC1 cells. However, 
4 modules were significantly changed in MiaPaCa2 cells. 
In MiaPaCa2 cells treated with low‑concentration statins, 
genes in the dark‑orange [208  genes, module eigengene 

(KME) dark‑orange >0.5] and blue (1,631 genes, KME blue 
>0.5) modules were significantly upregulated, while genes 
in midnight‑blue (158 genes, KME midnight‑blue >0.5) and 
green‑yellow (1,575 genes, KME green‑yellow >0.5) modules 
were significantly downregulated (KME value=eigengene 
connectivity) (Fig.  4A  and  B). Further DAVID GO and 
KEGG analysis revealed that, upregulated genes enriched 
in the signaling pathways of the biosynthesis of antibiotics 
(P<0.001), metabolism (P<0.001), carbon metabolism 

Figure 5. High‑concentration statins significantly inhibit gene expression in the cell cycle and DNA replication signaling pathways. (A) Genes in the cyan 
module of MiaPaCa2 cells were significantly downregulated by high‑concentration statins. (B) Genes in the blue module of PANC1 cells were significantly 
downregulated by high‑concentration statins. (C) Common genes in the cyan module of MiaPaCa2 cells and blue modules of PANC1. (D) DAVID‑KEGG 
analysis of these common inhibited genes. The enriched signaling pathways are presented (P<0.01). DAVID, Database for Annotation, Visualization and 
Integrated Discovery; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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(P<0.001) and glycolysis/gluconeogenesis (P<0.001), while 
downregulated genes were significantly enriched in the 
signaling pathways of the protein processing in endoplasmic 
reticulum (P<0.001), proteasome (P<0.001), ribosome 
biogenesis in eukaryotes (P<0.001) and ribosome (P<0.001) 
(Fig. 4C and D, Table SII). In conclusion, these results indi-
cated that low‑concentration statins did not influence the 
PANC1 cells, but they affected gene expression in MiaPaCa2 
cancer cells by upregulating the metabolism‑related genes 
and downregulating the ribosome‑related genes.

High‑concentration statins significantly suppress the prolif‑
eration of pancreatic cancer cells by inhibiting the cyclin 
A2 (CCNA2)‑based cell cycle pathway. In PANC1 cells 
treated with high‑concentration statins, the most significant 
variations were the gene upregulation in the turquoise module 
(2,327 genes, KME turquoise >0.5) and downregulation in 
the blue module (1,844 genes, KME blue >0.5; Table SI). In 
MiaPaCa2 cells, treatment with high‑concentration statins 
caused gene upregulation in the black (1,231 genes, KME black 

>0.5) and green‑yellow (1,575 genes, KME green‑yellow >0.5) 
modules, and gene downregulation in the cyan (1,090 genes, 
KME cyan >0.5) and blue (1,631 genes, KME blue >0.5) 
modules (Table SI). Combined with the significant inhibition 
of MiaPaCa2 cells by fluvastatin (Fig. 2B and C), the down-
regulated genes in the cyan module and upregulated genes in 
the black module may play a vital role on the inhibition of 
pancreatic cancer MiaPaCa2 cell proliferation by statins.

In order to identify the common effects of statins on 
pancreatic cancer cells, an integrated analysis of these two 
cell lines was conducted. The cyan module of the MiaPaCa2 
cell line and blue module of the PANC1 cell line displayed 
a concentration‑dependent expression inhibition induced by 
all three statins (Fig. 5A and B). The detailed inhibition of 
the expression of these genes is presented. The gene lists from 
these 2 modules were compared, and 705 overlapping genes 
that were inhibited by statins were identified (Fig. 5C). KEGG 
analysis of these genes revealed significant enrichment in 
the signaling pathways of cell cycle (P<0.001), DNA replica-
tion (P<0.001) and spliceosome (P<0.001) (Fig. 5D). Further 

Figure 6. Hub gene analysis reveals that CCNA2 is the core inhibited gene of statins in pancreatic cancer cells. (A) Hub gene analysis of the cyan module of 
MiaPaCa2 cells. (B) Hub gene analysis of the blue module of PANC1 cells. The red box shows the common genes in the cyan module of MiaPaCa2 and the 
blue module of PANC1 cells. The size of the ball represents the weight of the gene in the module. (C and D) The reduced expression level of CCNA2 indicated 
poor prognosis in pancreatic cancer in the GEPIA database, including poor (C) overall and (D) disease‑free survival. Red, pancreatic cancer patients with 
a high CCNA2 expression; blue, pancreatic cancer patients with a low CCNA2 expression. P<0.05. CCNA2, cyclin A2; GEPIA, Gene Expression Profiling 
Interactive Analysis.
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hub‑gene analysis of these 2 modules was performed. The result 
revealed that they shared some common genes that were also 
involved in the cell cycle pathway, such as CCNA2, ERCC6L, 
TPX2, KIF14 andCDCA8. In these two modules, CCNA2 
was the common main affecting gene (Fig. 6A and B), while 
in pancreatic cancer, the high expression level of CCNA2 was 
significantly associated with poor prognosis, including overall 
(P=0.0047) and disease‑free survival (P=0.034; Fig. 6C and D). 
The suppressed CCNA2 by high‑concentration statins were 
also validated with RT‑qPCR (Fig. S5A‑C). These data demon-
strated the inhibition of a common conserved gene by statins 
in pancreatic cancer cells, and indicated that statins potentially 
inhibited cancer cell proliferation through the suppression of the 
cell cycle pathway, based on the core gene CCNA2.

High‑concentration statins significantly upregulate the genes 
involved in ribosome and autophagy pathways. These statins 
could also induce high gene expression in pancreatic cancer 
cells. In the black module (1,297 genes; Figs. 7A and S6A) of 
the MiaPaCa2 cell line and turquoise module (2,519 genes; 
Figs. 7B and S6B) of the PANC1 cell line, a markedly high gene 
expression of 635 genes was induced by high‑concentration 

treatment with all three statins (Fig. S6C). KEGG analysis of 
these genes revealed significant enrichment in the ribosome 
(P<0.001), regulation of autophagy (P<0.001) and MAPK 
signaling (P<0.001; Fig. 7C) pathways. Further hub‑gene anal-
ysis of these 2 modules revealed that the MiaPaCa2 and PANC1 
cell lines have different core genes for statin‑induced pathway 
activation. In the black module of the MiaPaCa2 cell line, the 
PTEN induced kinase 1 (PINK1), MPST, KRT16, KLF2 and 
HIST3H2A genes form the core gene group (Fig. 7D), while 
in the turquoise module of the PANC1 cell line, the leucine 
zipper tumor suppressor family member 3 (LZTS3), CEBPG, 
ME1 and TSC22D3 genes form the core gene group (Fig. 7E). 
Both PINK1 and LZTS3 appeared in the hub genes of these 
two modules, but they have different contributions. The 
induced expression of LZTS3 by high‑concentration statins 
were validated with RT‑qPCR (Fig. S5D‑F). These results 
indicated that high‑concentration statins could induce massive 
gene expression changes in both pancreatic cancer cells, and 
although the hub genes of different pancreatic cancer cells 
were slightly different, their enriched signaling pathways were 
identical. Both were involved in the ribosome, autophagy and 
MAPK signaling pathways.

Figure 7. High concentration statins significantly upregulated the genes in the signaling pathways of ribosome and autophagy. (A) Genes in the black module of 
MiaPaCa2 cells were significantly upregulated by high‑concentration statins. (B) Genes in the turquoise module of PANC1 cells were significantly upregulated 
by high‑concentration statins. (C) DAVID‑KEGG analysis of these common upregulated genes. The enriched signaling pathways are presented (P<0.05). 
(D) Hub gene analysis of the black module of MiaPaCa2 cells. (E) Hub gene analysis of the turquoise module of PANC1 cells. The red box shows the common 
genes in the black module of MiaPaCa2 cells and turquoise module of PANC1 cells. The size of the ball represents the weight of the gene in the module. 
DAVID, Database for Annotation, Visualization and Integrated Discovery; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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In addition to the aforementioned common effects, these 
high‑concentration statins could also induce the expression 
of different genes in the MiaPaCa2 and PANC1 cell lines 
(Fig. 3C and D). In MiaPaCa2 cells, genes from the dark‑grey 
module were significantly upregulated in fluvastatin‑treated 
cells. KEGG analysis of these genes revealed a significant 
enrichment in the pathways of oxidative phosphorylation and 
ribosome (P<0.001; Table SIII). Genes in the dark‑turquoise 
module were significantly upregulated in simvastatin‑treated 
cells. KEGG analysis of these genes revealed significant 
enrichment in the pathways of the NF‑κB signaling pathway 
(P=0.007; Table SIII). In PANC1 cells, genes in the pink 
module were significantly upregulated in simvastatin‑treated 
cells. KEGG analysis of these genes revealed that the signaling 
pathways of the oxidative phosphorylation and ribosome were 
significantly enriched (P<0.001), which was consistent with the 
dark‑grey module in MiaPaCa2 cells (Table SIII). However, 
fluvastatin‑treated PANC1 cells specifically upregulated the 
genes in the black module, which was enriched in the signaling 
pathways of the protein processing in endoplasmic reticulum 
and endocytosis (P<0.001). These results indicated that, in 
addition to common transcriptional influences, these three 
statins exhibited different effects on the signaling pathways of 
the MiaPaCa2 and PANC1 cell lines.

Discussion

Recent studies have shown that statins can be used for cancer 
prevention or therapeutics (25‑27), due to their pleiotropic 
effects through multiple biological pathways, particularly 
the mevalonate pathway (28). Among prenylated proteins, 
the activated RAS proteins via farnesylation, constitute 
central regulators of numerous cellular functions. It has 
been shown that >90% of pancreatic cancer harbor activa-
tion mutations of the KRAS oncogene (29). Therefore, the 
beneficial effects of statins on pancreatic cancer treatment 
are biologically plausible, although findings from epidemio-
logical studies on their therapeutic benefits are inconsistent 
to some extent (30‑37).

Previous studies have revealed that in addition to the 
known functions on cholesterol metabolism (38), the statins 
have some other pleiotropic effects, involvingthe regulation 
of the NF‑κB signaling pathway  (39), NOTCH signaling 
pathway (40,41) and endocytosis (42,43). The present study 
indicated that different statins may have their unique function 
on cancer cells. For example, high‑concentration fluvastatin 
inhibited gene expression associated with the NF‑κB signaling 
pathway, whereas high‑concentration simvastatin upregulated 
the expression of NF‑κB signaling genes (dark turquoise 
module of MiaPaCa2). Genes related to the NOTCH signaling 
pathway were suppressed by low‑concentration statins. By 
contrast, the high‑concentration simvastatin significantly 
upregulated NOTCH signaling genes (green‑yellow module 
of MiaPaCa2). For endocytosis, low‑concentration statins 
significantly inhibited genes related to endocytosis in both 
MiaPaCa2 and PANC1. The inhibition of endocytosis genes 
was also observed in high‑concentration simvastatin‑treated 
PANC1 cells, but not in high‑concentration Fluvastatin‑treated 
PANC1 cells (black module of PANC1). Collectively, our tran-
scriptome analyses revealed that although these three statins 

exert similar function on pancreatic cancer, the concentration 
of statins and different products of statins may have different 
outcomes.

It is well known that the amount of drugs that could reach 
cancer cells in the human body is limited (44), and therefore 
studying drug response at low concentrations is important. 
The present study indicated that the concentration of statins 
significantly affects its potential cell death‑inducing function. 
The low‑concentration statins (≤2 µM) did not influence the 
gene expression associated with the proliferation of pancreatic 
cancer cells. They could trigger transcriptomic changes in 
MiaPaCa2 cells, but not in PANC1 cells. Notably, as compared 
with PANC1 cells, the MiaPaCa2 cells exhibited a high level of 
metabolism‑related gene expression. In addition, low‑concen-
tration statins could significantly inhibit gene expression in 
ribosome and proteasome signaling pathways while upregu-
lating gene expression in metabolism signaling pathways. 
These results suggested that statins may only exert limited anti-
tumor effects in the treatment of metabolism‑related pancreatic 
cancer. In addition, the low concentration of statins (2 µM) used 
in the present study was markedly higher than the orally admin-
istered therapeutic doses (1‑25 nM) (45). High‑concentration 
statins (20 µM) can induce pancreatic cancer cell death in vitro, 
and this concentration may potentially be achieved by targeted 
implantation. We should therefore be cautious when statins are 
used clinically to treat cancer in future, particularly when it 
comes to the statin concentrations and the metabolic status of 
the cancer cells (46,47).

Although low‑concentration statins did not function 
satisfactorily on pancreatic cancer cells, it was found that 
high‑concentration statins could significantly inhibit the 
proliferation of cancer cells. High‑concentration statins 
could significantly suppress gene expression in the cell 
cycle and DNA replication signaling pathways. However, 
they could also induce gene expression in the ribosome, 
autophagy and MAPK signaling pathways, which may even-
tually lead to therapeutic resistance (48‑50). In conclusion, 
these results indicated that, although high‑concentration 
statins can suppress pancreatic cancer satisfactorily, it is still 
necessary to consider combination therapy with other drugs, 
such as autophagy or MAPK inhibitors, to reduce potential 
resistance.
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