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Therapeutic effects of statins 
against lung adenocarcinoma via 
p53 mutant-mediated apoptosis
Cheng-Wei chou1,4,5, Ching-Heng Lin6, Tzu-Hung Hsiao6, Chia-Chien Lo4, Chih-Ying Hsieh4, 
Cheng-Chung Huang7 & Yuh-Pyng Sher1,2,3,4*

the p53 gene is an important tumour suppressor gene. Mutant p53 genes account for about half of all 
lung cancer cases. There is increasing evidence for the anti-tumour effects of statins via inhibition of 
the mevalonate pathway. We retrospectively investigated the correlation between statin use and lung 
cancer prognosis using the Taiwanese National Health Insurance Research Database, mainly focusing 
on early-stage lung cancer. This study reports the protective effects of statin use in early-stage lung 
cancer patients regardless of chemotherapy. Statin treatments reduced the 5-year mortality (odds 
ratio, 0.43; P < 0.001) in this population-based study. Significantly higher levels of cellular apoptosis, 
inhibited cell growth, and regulated lipid raft content were observed in mutant p53 lung cancer cells 
treated with simvastatin. Further, simvastatin increased the caspase-dependent apoptotic pathway, 
promotes mutant p53 protein degradation, and decreased motile activity in lung cancer cells with p53 
missense mutations. These data suggest that statin use in selected lung cancer patients may have 
clinical benefits.

Statins, which target the rate-limiting enzyme in cholesterol biosynthesis (3-hydroxy-3-methylglutaryl coen-
zyme A [HMG-CoA] reductase), are used as lipid-lowering agents to reduce cardiovascular events in patients at 
risk for atherosclerotic vascular disease1. They also reduce long-term coronary heart disease events and related 
mortalities in patients without risk of cardiovascular disease2. Previous experimental results demonstrated the 
HMG-CoA-dependent anti-tumour effects of statins in vitro and in vivo, and HMG-CoA-independent effects 
have been reported when statins are used as broad-spectrum agents in disease pathways, including inflammation, 
immunomodulation, and angiogenesis3. However, the efficacy of statins in cancer prevention and protection in 
population-based studies has been controversial4. These inconsistent findings are likely related to cancer type, 
sample size, follow-up periods, or genetic background.

Lung cancer is a leading cause of cancer mortality worldwide5,6, with disease stage being the major factor 
influencing mortality. Preventing metastasis and enhancing treatment response are the key factors for prolonging 
patient survival. In recent population-based studies, long-term statin use reduced overall lung cancer mortality7,8.

Statins can be divided into two categories, including lipophilic and hydrophilic statins. A population-based 
cohort study revealed that lipophilic simvastatin is more efficacious at reducing rates of cancer-specific mor-
tality than other hydrophilic statins9. Statins might also enhance the therapeutic effects and overall survival in 
lung cancer patients receiving epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI) therapy10. 
However, conflicting results from randomized trials showed no superiority in the statin-combined treatment 
group11–13.

Mechanisms underlying the reduction in cancer mortality after statin treatment are not clearly understood. 
However, in a previous breast cancer study, sterol biosynthesis genes were highly expressed in patients with a 
TP53 (p53) mutation, implicating the mevalonate pathway as a possible therapeutic target14. There is a high per-
centage of lung cancer patients with p53 mutations; approximately 46–62% of patients with lung adenocarcinoma 
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have p53 mutations15. Most (61%) p53 mutations are missense mutations within the DNA binding domain and 
correlate with poor outcomes16. In addition, a different spectrum of mutations is observed in patients who smoke 
than in patients who have never smoked. HMG-CoA reductase inhibitors modify the mevalonate pathway and 
attenuate the smoking-induced carcinogenesis pathway17. The p53 gene plays a critical role in tumour suppression 
and modulates several key cellular functions, including senescence, apoptosis, autophagy, and metabolic repro-
gramming processes18. Here, we investigated the impact of p53 mutations on the treatment effects of simvastatin 
in lung adenocarcinoma. We found that simvastatin is more toxic in lung adenocarcinomas that harbour TP53 
mutations, providing a possible therapeutic strategy in lung cancer treatment.

Results
Statin treatment decreases early lung cancer mortality. To examine whether statin use confers a 
protective effect that reduces mortality in lung cancer patients, we included patients from the National Health 
Insurance Research Database (NHIRD) between 1998 and 2011. The median follow-up time was 5 years. A total 
of 96682 patients with newly diagnosed lung cancer were enrolled in this study. We focused on the early-disease 
stage, attributable to the heterogeneity of the patient population. To identify patients at the early stage, we estab-
lished several criteria to exclude late-stage patients as described in the methods sections. A total of 10795 early 
lung cancer patients were included for further analysis (Fig. 1). The exposure period for statin use was defined as 
more than 4 weeks of statin treatment after lung cancer diagnosis to death or end of follow-up. The chemotherapy 
cohort and non-chemotherapy cohort are listed in Table 1. The comparison of incidence density of 5-year mortal-
ity between patients with statin use or not is reported in Table 2. Among all patients analysed, statin use conferred 
protective effects in lung cancer patients, with a reduced 5-year mortality (odds ratio, 0.43; 95% confidence inter-
val [CI], 0.37–0.49; P < 0.001). These patients were mainly diagnosed during the early stage of cancer rather than 
locally advanced or metastatic disease, as we only enrolled patients with lung resection without further treatment 
for metastatic disease according to the above criteria.

Figure 1. Flowchart describing lung cancer patient cohort and patient selection.

Variables

Regular C/T 
(n = 1356)

Non-CT 
(n = 9439)

p-valuen (%) n (%)

Age <0.001

<50 315 (23.2) 1118 (11.8)

50–64 648 (47.8) 3332 (35.3)

≥65 393 (29.0) 4989 (52.9)

Sex 0.702

Women 589 (43.4) 4048 (42.9)

Men 767 (56.6) 5391 (57.1)

CCI score <0.001

≤3 398 (29.4) 4320 (45.8)

4–6 154 (11.4) 2533 (26.8)

≥7 804 (59.3) 2586 (27.4)

Table 1. Comparison of baseline characteristics between patients with regular C/T and without C/T among 
lung cancer patients with resection. C/T, chemotherapy; CCI, Charlson comorbidity index.
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The Charlson comorbidity index (CCI) is a method of predicting outcomes and risk of death from many 
comorbid diseases according to their potential influence on mortality and is a valid prognostic indicator for mor-
tality19. We further analysed these data using a multivariate model by adjusting for observation time, sex, age, and 
CCI score; protective effects for reducing the 5-year mortality were observed for most statins in the multivariate 
model, except lovastatin and pravastatin, probably attributable to fewer cases (Table 2). To investigate whether 
the protective effects of statins remain in patients receiving chemotherapy, these patients were separated into 
two groups based on the chemotherapy schedule, including a regular chemotherapy (C/T) and non-C/T group. 
Table 3 demonstrates that the protective effects of statins were still observed in non-C/T patients. Taken together, 
statin use had a protective effect in early-stage lung cancer patients regardless of chemotherapy.

Another population-based study showed that lipophilic statins are associated with a more significant reduc-
tion in cancer-specific mortality and all-cause mortality, particularly when treated with simvastatin9. Further, 
simvastatin induced anti-proliferative and anti-migration effects in lung cancer cell lines as well as in a mouse 
model20–22. Therefore, we further investigated the effects of simvastatin in lung cancer cell lines.

Simvastatin inhibits lung cancer cell growth. From the above population-based case-control study, 
we show that statins provide benefits to dyslipidaemia patients with lung cancer. To investigate the therapeutic 
effects of statins in lung cancer cells, we first determined the cytotoxicity of simvastatin in several lung cancer cell 
lines, including immortalized normal lung epithelial cells (HBEC3KT); lung cancer A549, H1299, PC9, HCC827, 
H1975 and H1435 cells; and an established lung cancer cell line (PE8sc) obtained from the pleural effusion of a 
lung cancer patient. Relative cell viability was measured by setting untreated cells in each cell line to 100% and 
calculating the half maximal inhibitory concentration (IC50) dosage in cells treated with simvastatin for 2 days. 
We discovered a wide range of IC50 values among these lung cancer cells when treated with simvastatin (Fig. 2A). 
Notably, normal bronchial epithelial cells (HBEC3KT), lung cancer cells with wild type (WT) p53 (A549), or null 
p53 (H1299) required higher doses of simvastatin to reach a 50% cytotoxic effect (IC50 near/over 30 μM). In con-
trast, lung cancer cells with a p53 missense mutation exhibited an significantly lower IC50 compared to wild type 
or null. Moreover, we performed a cytotoxicity assay in CL1-0 (low invasive) parental cells and the Bm7 (highly 
invasive) sub-line; these two cell lines contain a p53 mutation (R248W) resulting in higher levels of p53 in Bm7 
cells than in CL1-0 cells (Fig. 2B) despite being derived from the same patient. In addition, Bm7 cells had a nearly 
2-fold lower IC50 (7 μM) than the parental CL1-0 cells (13 μM). These data suggest that simvastatin has higher 
therapeutic effects in lung cancer cells containing p53 mutations. We also extracted data from web-based tool of 
the Developmental Therapeutics Program (DTP) of the National Cancer Institutes (NCI) (https://discover.nci.
nih.gov/cellminer/). In the NCI-60 panel, z score was determined through the lung cancer cells with sensitive 
(z score > 0) and resistant (z score < 0) results23. Several lung cancer cell lines with mutant p53 also response to 

Variables
Number 
(Y/N)

Univariate model Multivariate model

OR (95% CI) P OR‡ (95% CI) P

Statin 1391/9404 0.43 (0.37–0.49) <0.001 0.47 (0.40–0.55) <0.001

Atorvastatin 596/10199 0.33 (0.26–0.42) <0.001 0.34 (0.27–0.44) <0.001

Fluvastatin 165/10630 0.32 (0.21–0.50) <0.001 0.41 (0.25–0.66) <0.001

Lovastatin 97/10698 0.40 (0.24–0.68) <0.001 0.73 (0.41–1.30) 0.285

Pravastatin 113/10682 0.43 (0.27–0.70) <0.001 0.75 (0.44–1.27) 0.283

Rosuvastatin 341/10454 0.25 (0.18–0.34) <0.001 0.23 (0.16–0.33) <0.001

Simvastatin 229/10566 0.45 (0.32–0.62) <0.001 0.65 (0.45–0.94) 0.024

Table 2. Comparison of incidence densities of 5-year mortality between patients with drugs and without drugs 
among lung cancer patients with resection (all patients). ‡Adjusted for observation time, sex, age, and Charlson 
comorbidity index (CCI) score; Y, yes; N, No.

Variables

Regular C/T (n = 1356) Non-C/T (n = 9439)

Number 
(Y/N) OR (95% CI) P

Number 
(Y/N) OR (95% CI) P

Statin 141/1215 0.49 (0.31–0.76) 0.002 1250/8189 0.47 (0.40–0.56) <0.001

Atorvastatin 55/1301 0.27 (0.12–0.64) 0.003 541/8898 0.35 (0.27–0.45) <0.001

Fluvastatin 16/1340 NA NA NA 149/9290 0.47 (0.29–0.77) 0.003

Lovastatin 5/1351 0.64 (0.06–6.33) 0.703 92/9347 0.73 (0.40–1.33) 0.298

Pravastatin 9/1347 0.23 (0.03–1.98) 0.181 104/9335 0.85 (0.49–1.47) 0.571

Rosuvastatin 43/1313 0.44 (0.20–1.00) 0.049 298/9141 0.21 (0.14–0.32) <0.001

Simvastatin 15/1341 0.69 (0.19–2.48) 0.568 214/9225 0.64 (0.44–0.95) 0.025

Table 3. Comparison of incidence densities of 5-year mortality between patients with drugs and without drugs 
among lung cancer patients with resection by C/T status. Adjusted for observation time, sex, age, and Charlson 
comorbidity index (CCI) score. NA, not available; C/T, chemotherapy; Y, yes; N, no.
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Figure 2. Simvastatin increases cytotoxicity in lung cancer cells. (A) Relative survival (%) in lung cancer 
cells treated with simvastatin for 48 h using 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide 
(MTT) assays is shown. (B) The half-maximal inhibitory concentration (IC50) of simvastatin is summarized, 
and western blots of p53 in low-invasive CL1-0 and high-invasive Bm7 cells are shown with elongation factor 
1 alpha (EF1α) used as a loading control. (C) Z score of statins as well as simvastatin in lung cancer cell lines 
from NCI-DTP database, z score > 0 for sensitive and <0 resistant. (D) Apoptotic H1299 (null p53), A549 
(wild type p53), Bm7-shGFP (mutant p53), and Bm7-shTP53 (knock-down p53) cells treated with simvastatin 
were detected using flow cytometry, *P < 0.05 and **P < 0.01. (E) Apoptotic HCC827-shGFP (mutant p53) 
and HCC827-shTP53 (knock-down p53) cells treated with simvastatin and cisplatin were detected using 
flow cytometry, *P < 0.05 and **P < 0.01. (F) Western blots of indicated proteins involved in apoptosis and 
autophagy in both Bm7 and HCC827 cells with control (shGFP) and p53 knockdown (shTP53) treated with 
simvastatin is shown. MDM2, murine double minute 2; AKT, serine–threonine kinase; PARP, poly (ADP-
ribose) polymerase; mTOR, mammalian target of rapamycin; WT, wild type. Full-length blots/gels are presented 
in Supplementary Fig. 1.
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statins or simvastatin but not in wild type cells (Fig. 2C)24. Therefore, statins seem to provide a therapeutic choice 
for lung cancer with mutant p53.

Simvastatin induces apoptosis and has little effect on autophagy in lung cancer cells. To inves-
tigate whether decreased cell survival associated with simvastatin treatment is accompanied by apoptotic features, 
we examined the distribution of apoptotic cells using annexin-V/propidium iodide (PI) staining in cell lines with 
a different p53 status, including null (H1299), wild type (A549), mutant p53 (Bm7-shGFP, HCC827-shGFP), 
and knock-down (Bm7-shTP53, HCC827-shTP53) cells. After treatment with simvastatin (0, 10, or 50 μM) 
for 48 h, a significant increase in apoptotic cells was observed in the mutant p53 (Bm7-shGFP) cell line in a 
dose-dependent manner (Fig. 2D). However, only a slight increase in apoptotic cells in the p53 wild type and null 
cells was detected. Compared with mutant p53 cell lines, the effect of simvastatin-induced apoptosis was abro-
gated by knocking down mutant p53 (Bm7-shTP53) to a comparable level in p53 wild type or null cancer cells 
(Fig. 2D). In another mutant p53 lung cancer cell line, HCC827 (p53 V218del), simvastatin induced cell apop-
tosis and its apoptotic effect were reduced after knocking down mutant p53 as well. Compared to conventional 
chemotherapy, cisplatin induced similar cell apoptosis rate regardless of p53 status (Fig. 2E). This demonstrates 
that simvastatin-induced cell apoptosis was increased in lung cancer cells with mutant p53. We then determined 
whether simvastatin induces the caspase-dependent apoptotic pathway in lung cancer cells containing a p53 
mutation. In Bm7 cells with a p53 mutation (shGFP) treated with different concentrations of simvastatin for 48 h, 
the levels of cleaved poly (ADP-ribose) polymerase (PARP), a key protein involved in apoptosis, and cleaved 
caspase-3 were dose-dependently higher than those in the mock controls (Fig. 2F). In contrast, this phenomenon 
was not observed in p53-knockdown cells (shTP53), suggesting p53 mutations increase cell apoptosis in lung can-
cer cells treated with simvastatin (Fig. 2F). Similar results of the higher cleaved caspase-3 levels were also shown 
in control cells treated with simvastatin than p53 knockdown HCC827 cells (Fig. 2F).

The Akt signalling pathway has an important role in modulating cell growth and survival25. However, we 
found that simvastatin moderately reduced the level of phospho-Akt in p53 mutant control cells; the decreasing 
trend of phospho-Akt was also found in p53 knockdown cells. Therefore, Akt signalling is not likely related to 
rescue apoptosis in p53 knockdown cells treated with simvastatin (Fig. 2F).

Since fluvastatin, a type of statin drug, has been reported to induce autophagy in lung cancer cells through 
the p53-AMPK-mTOR pathway via fluvastatin-induced AMPK phosphorylation and mTOR (Ser-2448) 
dephosphorylation26, we next examined the signalling pathway involved in autophagy in cancer cells treated 
with simvastatin. AMPK phosphorylation only slightly increased after treatment with simvastatin but there 
was no significant difference between mutant p53 and knockdown cells. In addition, no obvious difference of 
microtubule-associated protein 1 A/1B-light chain 3 (LC3-II), a marker of autophagy, was observed after treat-
ment with high doses of simvastatin in Bm7 or HCC827 cells. Phospho-mTOR wasn’t affected by the mutant 
status of p53, suggesting that mTOR signalling was not significantly regulated by the mutant 53 status. Therefore, 
simvastatin-mediated cytotoxicity of lung cancer cells with mutant p53 may be dependent on cell apoptotic path-
ways, with little effect on autophagy.

Simvastatin decreased lipid rafts in lung cancer cells with p53 mutations. Cholesterol plays an 
essential role in maintaining membrane integrity and is critical for lipid raft formation in cell membranes. High 
levels of lipid rafts can serve as a platform for enhancing receptor mediated-cell transformation and metasta-
ses27. Thus, we tested whether simvastatin influences the lipid raft content of lung cancer cells, which in turn 
modulates cell viability and metastasis. First, we measured lipid rafts in cells with cholera toxin B (CTXB) using 
a flow cytometry assay28. Signals representing lipid raft staining were stronger in Bm7 cells than parental CL1-0 
cells (Fig. 3A). After simvastatin treatment, the fluorescent signal quickly declined in Bm7 lung cancer cells. In 
contrast, signals in simvastatin-insensitive cells, including HBEC3KT and H1299 cells, were slightly decreased 
during simvastatin treatment (Fig. 3B). A decrease in lipid rafts on the membrane of Bm7 cells treated with 1 μM 
simvastatin was detected using immunofluorescence staining; however, no differences were observed in H1299 
cells treated with 10 μM simvastatin (Fig. 3C). We also transiently transfected vector, wild type p53, and mutant 
p53 (R248W) into the p53 null H1299 cells and determined the effect of p53 on lipid rafts. After simvastatin treat-
ment, a significant decrease in immunofluorescence staining of lipid rafts (CTXB) was detected in the mutant p53 
plasmid transfected cells, and CTXB staining remained at high levels in vector or wild type p53-overexpressed 
cancer cells (Fig. 3D). These results indicate that simvastatin reduces the presence of lipid rafts on p53 mutant 
lung cancer cell membranes.

Simvastatin has greater cytotoxic effects in lung cancer cells with p53 mutations. To further 
investigate whether overexpression of TP53 mutations increases cytotoxicity in lung cancer cells treated with sim-
vastatin, we transiently transfected WT TP53 and R248W mutants into p53 null H1299 cells and then measured 
cell viability under simvastatin treatment (Fig. 3E). H1299 cells overexpressing p53 mutations were more sensitive 
to simvastatin treatment than the WT p53 cells, with IC50 values of 28 μM and 63 μM, respectively. In addition, 
cell viability under simvastatin treatment was higher after knocking down endogenous mutant p53 in Bm7 cells 
than in control Bm7 cells (Fig. 3F). Therefore, the p53 mutant status of lung adenocarcinoma cells affects the 
cytotoxic potency of simvastatin. Further, we found significantly higher simvastatin-induced inhibition in lung 
cancer cells with p53 mutations.

To validate the effects of statin through mevalonate pathway in mutant p53 cells, we treated Bm7 (p53 R248W) 
and H1975 (p53 R273H) cells with simvastatin and the supplement of mevalonate-5-phosphate (MVP). With 
MVP supplement, the cytotoxic effects of simvastatin in mutant p53 lung cancer cells can be rescued (Fig. 3G,H). 
This has demonstrated that simvastatin’s cytotoxic effect in mutant p53 lung cancer cells was through the inhi-
bition of mevalonate pathway downstream signalling pathway. In CTXB staining of both Bm7 and H1975 cells, 
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simvastatin reduced lipid raft, and MVP enhanced the presence of lipid raft staining (Fig. 3I). Also, with the sup-
plement of MVP, simvastatin induced reduction of lipid raft was at least partially recovered in these mutant p53 
cell lines (Fig. 3I). These results reveal that the change of lipid raft by simvastatin is mainly through mevalonate 
pathway of mutant p53 lung cancer cells.

Simvastatin suppresses the motile activity of lung cancer cells. To assess whether simvastatin treat-
ment affects the motile activity of lung cancer cells, we measured the migration distance (motile activity) for 

Figure 3. Simvastatin reduces lipid raft content and cell viability in lung cancer cells containing p53 mutations. 
(A) Lipid rafts were fluorescence-labelled with CTXB and detected using flow cytometry in CL1-0 and Bm7 
cells. (B) Lipid raft levels in lung cancer cells were measured after simvastatin treatment. (C) Lipid rafts in Bm7 
and H1299 lung cancer cells treated with simvastatin were stained with fluorescence-labelled CTXB and imaged 
using confocal microscopy. (D) Lipid rafts were measured in H1299 cells transiently transfected with plasmids 
of vector, p53WT, and p53R248W under simvastatin treatment. (E) Cell viability was determined in H1299 cells 
transiently transfected with p53WT or p53R248W plasmids under simvastatin treatment. The half maximal 
inhibitory concentration (IC50) is shown. (F) TP53 knockdown increased cell viability in Bm7 cells treated with 
simvastatin. (G,H) Simvastatin induced cytotoxic effects in Bm7 and H1975 cells could be rescued by MVP 
supplementation. (I) Decrease of lipid raft by simvastatin could be reversed by MVP supplementation. DMSO, 
dimethyl sulfoxide; MVP, mevalonate-5-phosphate.

https://doi.org/10.1038/s41598-019-56532-6


7Scientific RepoRtS |         (2019) 9:20403  | https://doi.org/10.1038/s41598-019-56532-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

lung cancer cells treated with simvastatin using time-lapse video microscopy. The accumulative migrated dis-
tance substantially decreased in Bm7 cells treated with a low concentration (1 μM) of simvastatin, whereas it was 
slightly decreased in H1299 cells treated with 10 μM simvastatin (Fig. 4A,B). To validate this result, we transfected 
the H1299 cell line with wild type and mutant p53 (R248W) plasmids and then treated with simvastatin. We 
also observed a significant and dose-dependent decrease in migration after simvastatin treatment in mutant p53 
cells (Fig. 4C). Furthermore, we compared the motile activities in Bm7 (R248W), H1975 (R273H), and HCC827 
(V218del). In these cell lines with mutant p53, we all observed significantly reduction of migration distance after 
treated with simvastatin as well as at least partially rescued by MVP (Fig. 4D). These results demonstrate that 

Figure 4. Simvastatin reduces cell migration in lung cancer cells with p53 mutations. (A) The migration 
distance for Bm7 lung cancer cells treated with simvastatin was measured using time-lapse video microscopy 
(top) and then quantified (bottom). Error bars: SD from three independent experiments; *P < 0.05. (B) The 
migration distance for H1299 lung cancer cells treated with simvastatin using time-lapse video microscopy 
as in (A) is shown. (C) The migration distance for H1299 cells transiently transfected with plasmids of vector, 
p53WT, and p53R248W under simvastatin treatment was measured via time-lapse video microscopy (left). 
The quantified migration distance is shown (right), *P < 0.05. (D) The migration distances for Bm7 (R248W), 
H1975 (R273H), and HCC827 (V218del) cell lines under simvastatin treatment with or without MVP 
supplement were measured, *P < 0.05. Cell migration to the right is shown in red, and to the left is shown in 
black.
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simvastatin influences migration in lung cancer cells, particularly in those cells with p53 missense mutations and 
could be reversed by mevalonate pathway rescue.

Simvastatin increases mutant p53 protein degradation. Since mutant p53 stabilization is crucial 
for the gain-of-function activity, lung cancer cell lines (HCC827 and H1435) with different mutant p53 status 
(V218del and C141W, respectively) were treated with simvastatin to determine whether simvastatin enhances 
the mutant p53 degradation. By treating with cycloheximide to reduce the protein synthesis, simvastatin indeed 
increases the protein degradation rate of mutant p53 proteins in HCC827 and H1435 lung cancer cell lines 
(Fig. 5A,B). To investigate whether statins are attributable to decreased binding of mutant p53 to Hsp40/DNAJA1, 
further increasing the interaction between mutant p53 and the E3 ligase, C terminus of Hsc70-interacting protein 
(CHIP), for promoting p53 degradation29, first, we investigate the levels of mutant p53, HSP-40, and CHIP pro-
teins in lung cancer cells treated with simvastatin. We found that p53 proteins were decreased, and accompanied 
with increased level of higher molecular weight HSP-40 in simvastatin treatment, whereas the CHIP proteins 
remained constant (Fig. 5C). MVP supplement in simvastatin treatment partially restored the levels of mutant 
p53 proteins and the regular molecular weight HSP-40 (Fig. 5C), suggesting that mutant p53 protein expression 
is associated with the regular molecular weight HSP-40. With cycloheximide treatment, it showed a similar phe-
nomenon that simvastatin induced the high molecular weight HSP-40 expression and reduced the p53 expression 
(Fig. 5D). It suggests that the high molecular weight HSP-40 is probably modified from the regular molecular 
weight HSP-40 instead of isoform expression. Moreover, despite the higher level of higher molecular weight 

Figure 5. Simvastatin induces mutant p53 degradation and nuclear export. (A,B) Western blots of indicated 
proteins and quantification in the presence of cycloheximide (50 nM) and simvastatin treatment are shown 
for HCC827 and H1435 cell lines. (C) Western blots of indicated proteins treated with simvastatin and with 
or without the supplementation of MVP are shown. Full-length blots/gels are presented in Supplementary 
Fig. 1. (D) A western blot of indicated proteins under the treatment of simvastatin is shown. Numbers 
beneath the panel indicate the amount of protein relative to the control. Full-length blots/gels are presented in 
Supplementary Fig. 1. (E) Co-immunoprecipitation of western blot is shown to determine the interaction of 
HSP-40 and p53. Full-length blots/gels are presented in Supplementary Fig. 1. (F,G) Mutant p53 cell line Bm7 
(F) and H1435 (G) treated with simvastatin and LMB (50 nM) under the image of confocal microscopy.

https://doi.org/10.1038/s41598-019-56532-6


9Scientific RepoRtS |         (2019) 9:20403  | https://doi.org/10.1038/s41598-019-56532-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

HSP-40 in the simvastatin treatment group, mutant p53 proteins interacted mainly with the regular molecular 
weight HSP-40 in simvastatin treatment as the detection in no simvastatin group (Fig. 5E). It suggests that reg-
ular molecular weight HSP-40 proteins are likely to maintain the stability of mutant p53. Next, we investigated 
whether simvastatin increased nuclear export of mutant p53 for facilitating the mutant p53 degradation. Indeed, 
simvastatin reduces the levels of nuclear p53 and the lipid raft (Fig. 5F,G). However, leptomycin B (LMB), a 
nuclear export inhibitor, rescued the simvastatin-mediated p53 nuclear export and also restored the lipid rafts 
in Bm7 and H1435 lung cancer cells (Fig. 5F,G), suggesting nuclear p53 contributes on the maintenance of lipid 
rafts. These findings demonstrate that simvastatin enhances the mutant p53 protein degradation and induces 
nuclear export of mutant p53 for further degradation.

Discussion
In this study, we demonstrate that statins exert anti-tumour effects during tumour progression using clini-
cal and cell-based evidence. We aimed to determine the long-term effects of statin usage in early lung cancer 
patients using the Taiwan NHIRD as a source. The NHIRD provides limited information on tumour stage or the 
EGFR status of patients. Also, there is no p53 status of tumour provided in this database; however, we identified 
early-stage lung cancer patients by applying exclusion criteria. Among this population, statins conferred a pro-
tective effect by reducing the 5-year mortality in those who received statin treatment. Moreover, similar clinical 
benefits were observed in early resection patients and those receiving adjuvant chemotherapy. Regardless of the 
p53 mutant status of the population, we demonstrate the protective effects of using statins in lung cancer patients.

The p53 tumour-suppressor gene is the most common mutated gene in most cancer types30. Mutant p53 
proteins become stable and frequently accumulate in tumour cells31. Diverse p53 mutations result in different 
functional consequences; however, p53 remains an attractive target gene, and several drugs have shown a certain 
degree of therapeutic efficacy including restoring WT p53 function, disrupting the gain-of-function response 
partners, degrading mutant p53, and inhibiting p53-mediated survival pathways32. However, promising thera-
peutic agents for most p53-mutant cancers remain elusive or are still under study.

In lung cancer cells, the mevalonate pathway has different transcriptional alterations between different p53 
mutations, leading to potential therapeutic targets for specific p53 mutations33. Moreover, the anti-tumour effects 
of statins are reportedly attributable to modulation of pro-inflammatory and oxidative stress-related tumour-
igenic events34. Statins also inhibit tumour metastasis by triggering WT p53-dependent autophagy26. Further, 
statins cause apoptosis in cancer cells via Akt signalling-dependent down-regulation of survivin and the Ras/
Raf/mitogen-activated protein kinase kinase (MEK)/extracellular-signal regulated kinase (ERK) signalling cas-
cade25,35. These results suggest that statins have tumour suppressive effects in both normal and mutant p53 cells 
by regulating different signalling pathways.

In our study, simvastatin was less cytotoxic toward non-transformed or benign lung tumour cells. In vitro 
studies have shown that lipid rafts influence receptor-mediated transformation and metastatic abilities of cells, 
and cholesterol is a major component of lipid rafts. Herein, a significant decline in lipid rafts is observed in p53 
mutant cell lines treated with simvastatin. Further, treatment with simvastatin also decreased the migration dis-
tance, especially in p53 mutant lung cancer cell lines, which might influence micro-metastases of lung cancer cells 
in vivo. The effects of simvastatin in mutant p53 lung cancer cells mainly act through regulating the mevalonate 
pathway.

In our study, we used R248W mutated cells previously describing as having a gain-of-function for tumour 
progression and mutation hotspot36. Indeed, p53 mutations are present in about 50% of non-small cell lung car-
cinomas (NSCLC), with almost 80% of them being missense mutations37. Thus, statins are potentially protective 
in nearly half of NSCLC cases.

Statins exert a weak effect on WT or null p53 lung cancer cells, such as H1299; however, cell survival and cell 
migration are likely to be moderately decreased at the high dose level used in our study. These results indicate that 
simvastatin, a cholesterol-synthesis inhibitor, has greater inhibitory effects in p53 mutant cells than in WT p53 
and null cells by means of its gain-of-function properties, which upregulate the mevalonate/sterol biosynthesis 
pathway and act as a therapeutic target38.

Without simvastatin treatment, we found ectopic expression of either p53 WT or R248W mutant in p53 null 
H1299 cells can significantly reduce the migration distance compared with the vector group (Fig. 4C). The find-
ing is similar to previous report that deletion of p53 gene resulted in significant increase of migration rate which 
might be related to Rho signalling pathway39. It is likely due to gain of function in p53 WT or mutant in reducing 
migration without the simvastatin treatment. Moreover, in vector group, simvastatin seems to significantly influ-
ence the cell migration and that may be due to critical roles of lipid raft in cancer cell migration27.

Our results have demonstrated that statin treatment results in degradation and nuclear export of mutant p53 
in different mutant p53 cell lines. These effects can be rescued by supplementation of MVP. In previous study, 
the protective effects of statins are likely attributed to decreased binding of mutant p53 to Hsp40/DNAJA1, and 
further increasing the interaction between mutant p53 and the C terminus of Hsc70-interacting protein (CHIP). 
This phenomenon activates a ubiquitin ligase-mediated degradation process, which only occurs in p53 confor-
mational mutants29.

Using a population-based study, we found that the protective effects of statins associated with advanced-stage 
lung cancer patients are also observed in early-stage disease patients. Further, the p53-mutant status of lung can-
cer patients might be a potential predictor for the therapeutic effects of statins in clinical treatment.
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Materials and Methods
Study population. This study used medical records from the Taiwanese National Health Insurance Research 
Database (NHIRD), covering 23 million patients between 1998 and 2011. This database includes more than 99% 
of the entire population of Taiwan, with comprehensive clinical visit records for each insured patient. Further, 
the database includes inpatient and outpatient dates, diagnostic codes (International Classification of Disease, 
Revision 9, Clinical Modification [ICD-9-CM]), and prescription records. This study was approved by the insti-
tutional review board of Taichung Veterans General Hospital and all research was performed in accordance with 
relevant guidelines/regulations.

Study subjects. Study subjects were selected from patients aged ≥20 years who were diagnosed with lung 
cancer (ICD-9-CM code 162) between 1998 and 2011. Patients who received lung resection were enrolled in a 
follow-up period up to 5 years (14,989 patients). Patients that received gefitinib, gemcitabine, or pemetrexed 
within 3 months (1,772 patients) were excluded because these agents were not covered by national insurance at 
that time. Patients who died within 6 months (1,143 patients) were also excluded. To further identify patients 
who received complete adjuvant chemotherapy, we excluded patients without regular chemotherapy treatment 
(1,279 patients, defined as less than 4 instances of chemotherapy within 6 months). Patients were then divided 
into two groups. One group received adjuvant chemotherapy (regular chemotherapy group), and the other group 
of patients did not (i.e. they were only followed up and are designated the no chemotherapy group).

Cell lines. Human HBEC-3KT (p53 wild type), A549 (p53 wild type), H1299 (p53 null), PC9 (p53 R248Q), 
PE8sc (p53 Q97L), CL1-0 (p53 R248W), Bm7 (p53 R248W), HCC827 (p53 V218del), H1975 (p53 R273H) and 
H1435 (p53 C141W) lung adenocarcinoma cell lines were used in this study. Immortalized normal lung epi-
thelial cells (HBEC-3KT) were kindly provided by Dr. John D. Minna40. The Bm7 cell line is a brain-metastatic 
clone derived from a highly metastatic sub-line, F4, which has a higher invasion capability than its parental cell 
line, CL1-041. Primary cultured PE8 cells were established from the pleural effusion of a lung cancer patient 
under approval from the institutional review board of China Medical University Hospital (CMUH) with written 
informed consent. CMUH committee has approved the experiments, including any relevant details. All experi-
ments were performed in accordance with relevant guidelines and regulations. Lung cancer cells were confirmed 
to be free of mycoplasma and were authenticated via DNA typing (Genelabs Life Science, Taipei, Taiwan).

Cell viability assay. 3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assays were 
conducted to determine cytotoxicity after treatment with simvastatin. The IC50 was calculated using the CalcuSyn 
program (Biosoft, Cambridge, United Kingdom), as previously described42. Apoptotic cells were stained with 
10 μg/mL annexin V-fluorescein isothiocyanate (FITC) and 6 μg/mL PI and analysed via flow cytometry 
(FACSCalibur, Becton Dickinson, San Jose, CA).

Cell transfection and shRNA-mediated gene silencing of p53. China Medical University committee 
has approved the experiments, including any relevant details. All experiments were performed in accordance with 
relevant guidelines and regulations. H1299 cells were transiently transfected with an empty vector (pcDNA3.1(-)),  
wild type (pcDNA3.1(-)-p53 WT), and mutant p53 (pCMV-Neo-Bam p53 R248W)43. Transfection agent with 
PolyjetTM (SL100688; SignaGen Laboratories) was used per the manufacturer’s instructions. Expression levels 
were further confirmed with western blotting.

The specific lentiviral shRNA constructs targeted against TP53 were obtained from the National RNAi 
Core Facility (Institute of Molecular Biology, Genomic Research Center, Academia Sinica, Taiwan). The target 
sequences for TP53 were shTP53E (5′-CACCATCCACTACAACTACAT-3′). Lentivirus against TP53 was pack-
aged in HEK293T cells and collected to infect Bm7 lung cancer cells as TP53 knockdown cells.

Lipid raft detection. Cells were treated with phosphate-buffered saline (PBS) containing 0.53 mM ethylen-
ediaminetetraacetic acid (EDTA), suspended in cold FACS buffer (0.1% foetal bovine serum in PBS), and then 
stained with either CTXB-FITC (12.5 μg/mL, SIGMA) for ganglioside M1 (GM1) or isotype immunoglobulin G 
(IgG)-FITC (Jackson) as a negative control for 30 minutes at 4 °C. Cells were washed with PBS and then examined 
via FACS analysis (FACSCalibur, BD). Untreated or simvastatin-treated cells were fixed with 4% paraformalde-
hyde, labelled with CTXB, and imaged with a Leica SP2 confocal microscope.

Western blotting and co-immunoprecipitation. The following antibodies were used for west-
ern blotting: p53 (OP43; Merck Millipore), MDM2 (SMP14) (sc-965; Santa Cruz), AKT (2920; Cell Signaling 
Technology), phospho-AKT (Thr308) (9275; Cell Signaling Technology), phospho-AKT (Ser473) (9271; Cell 
Signaling Technology), PARP (9532; Cell Signaling Technology), caspase 3 (9661; Cell Signaling Technology), 
phospho-5′ AMP-activated protein kinase ([AMPK] bs-4002R; Bioss), AMPK (E-AB-30490; Elabscience 
Biotechnology Inc.), phospho-mammalian target of rapamycin ([mTOR] (E-AB-20929; Elabscience 
Biotechnology Inc.), mTOR (E-AB-32129; Elabscience Biotechnology Inc.), LC3A/B (4108; Cell Signaling 
Technology), α-tubulin (NB100-690; Novus Biologicals), GAPDH (10494-1-AP; Proteintech), HSP-40 (sc-59554; 
Santa Cruz Biotechnology), CHIP (sc-133066; Santa Cruz Biotechnology), and vinculin (GTX109749; GeneTex). 
For co-immunoprecipitation assay, cell lysates were incubated with p53 antibody (OP43, EMD Millipore, 
Billerica, MA) or HSP-40 antibody (sc-398766, Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4 °C. 
Then samples were precipitated with appropriate protein A/G beads with matched IgG as negative control. The 
precipitants were analysed in SDS-PAGE western blot.
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Time-lapse migration assay. A time-lapse migration assay was performed as previously described44. In 
brief, cells were cultured on dishes coated with collagen (10 μg/mL) and then treated with simvastatin. The accu-
mulated distance was measured using the track point function of Image J software.

Received: 15 January 2019; Accepted: 11 December 2019;
Published: xx xx xxxx

References
 1. Nayor, M. & Vasan, R. S. Recent Update to the US Cholesterol Treatment Guidelines: A Comparison With International Guidelines. 

Circulation 133, 1795–1806 (2016).
 2. Pignone, M., Phillips, C. & Mulrow, C. Use of lipid lowering drugs for primary prevention of coronary heart disease: meta-analysis 

of randomised trials. Bmj. 321, 983–986 (2000).
 3. Demierre, M. F., Higgins, P. D., Gruber, S. B., Hawk, E. & Lippman, S. M. Statins and cancer prevention. Nat. Rev. Cancer 5, 930–942 

(2005).
 4. Wang, A. et al. Statin use and all-cancer survival: prospective results from the Women’s Health Initiative. Br. J. Cancer 115, 129–135 

(2016).
 5. Jemal, A. et al. Annual Report to the Nation on the Status of Cancer, 1975-2014, Featuring Survival. J. Natl. Cancer Inst. 109, djx030 

(2017).
 6. Zheng, R., Zeng, H., Zhang, S. & Chen, W. Estimates of cancer incidence and mortality in China, 2013. Chin J Cancer 36, 66 (2017).
 7. Huang, W. Y., Li, C. H., Lin, C. L. & Liang, J. A. Long-term statin use in patients with lung cancer and dyslipidemia reduces the risk 

of death. Oncotarget 7, 42208–42215 (2016).
 8. Lin, J. J., Ezer, N., Sigel, K., Mhango, G. & Wisnivesky, J. P. The effect of statins on survival in patients with stage IV lung cancer. Lung 

Cancer 99, 137–142 (2016).
 9. Cardwell, C. R., Mc Menamin, U., Hughes, C. M. & Murray, L. J. Statin use and survival from lung cancer: a population-based cohort 

study. Cancer Epidemiol Biomarkers Prev 24, 833–841 (2015).
 10. Hung, M. S. et al. Statin improves survival in patients with EGFR-TKI lung cancer: A nationwide population-based study. PLoS One 

12, e0171137 (2017).
 11. Han, J. Y. et al. A randomized phase II study of gefitinib plus simvastatin versus gefitinib alone in previously treated patients with 

advanced non-small cell lung cancer. Clin. Cancer Res. 17, 1553–1560 (2011).
 12. Lee, Y. et al. Randomized Phase II Study of Afatinib Plus Simvastatin Versus Afatinib Alone in Previously Treated Patients with 

Advanced Nonadenocarcinomatous Non-small Cell Lung Cancer. Cancer Res Treat 49, 1001–1011 (2017).
 13. Seckl, M. J. et al. Multicenter, Phase III, Randomized, Double-Blind, Placebo-Controlled Trial of Pravastatin Added to First-Line 

Standard Chemotherapy in Small-Cell Lung Cancer (LUNGSTAR). J Clin Oncol 35, 1506–1514 (2017).
 14. Freed-Pastor, W. A. et al. Mutant p53 disrupts mammary tissue architecture via the mevalonate pathway. Cell 148, 244–258 (2012).
 15. Zhang, W., Edwards, A., Flemington, E. K. & Zhang, K. Significant Prognostic Features and Patterns of Somatic TP53 Mutations in 

Human Cancers. Cancer Inform. 16, 1176935117691267 (2017).
 16. Halvorsen, A. R. et al. TP53 Mutation Spectrum in Smokers and Never Smoking Lung Cancer Patients. Front Genet. 7, 85 (2016).
 17. Young, R. P. & Hopkins, R. J. The Mevalonate Pathway and Innate Immune Hyper-Responsiveness in the Pathogenesis of COPD and 

Lung Cancer: Potential for Chemoprevention. Curr. Mol. Pharmacol 10, 46–59 (2017).
 18. Bieging, K. T., Mello, S. S. & Attardi, L. D. Unravelling mechanisms of p53-mediated tumour suppression. Nat. Rev. Cancer 14, 

359–370 (2014).
 19. de Groot, V., Beckerman, H., Lankhorst, G. J. & Bouter, L. M. How to measure comorbidity. a critical review of available methods. J 

Clin Epidemiol 56, 221–229 (2003).
 20. Li, Y., Fu, J., Yuan, X. & Hu, C. Simvastatin inhibits the proliferation of A549 lung cancer cells through oxidative stress and up-

regulation of SOD2. Pharmazie 69, 610–614 (2014).
 21. Yu, X., Pan, Y., Ma, H. & Li, W. Simvastatin inhibits proliferation and induces apoptosis in human lung cancer cells. Oncol. Res. 20, 

351–357 (2013).
 22. Liu, H., Wang, Z., Li, Y., Li, W. & Chen, Y. Simvastatin prevents proliferation and bone metastases of lung adenocarcinoma in vitro 

and in vivo. Neoplasma. 60, 240–246 (2013).
 23. Reinhold, W. C. et al. CellMiner: a web-based suite of genomic and pharmacologic tools to explore transcript and drug patterns in 

the NCI-60 cell line set. Cancer Res. 72, 3499–3511 (2012).
 24. Leroy, B., Girard, L., Hollestelle, A., Minna, J. D., Gazdar, A. F. & Soussi, T. Analysis of TP53 mutation status in human cancer cell 

lines: a reassessment. Human mutation 35, 756–765 (2014).
 25. Hwang, K. E. et al. Apoptotic induction by simvastatin in human lung cancer A549 cells via Akt signaling dependent down-

regulation of survivin. Invest New Drugs 29, 945–952 (2011).
 26. Yang, Z. et al. Fluvastatin Prevents Lung Adenocarcinoma Bone Metastasis by Triggering Autophagy. EBioMedicine 19, 49–59 

(2017).
 27. Murai, T. The role of lipid rafts in cancer cell adhesion and migration. Int. J. Cell Biol 2012, 763283 (2012).
 28. Kenworthy, A. K., Petranova, N. & Edidin, M. High-resolution FRET microscopy of cholera toxin B-subunit and GPI-anchored 

proteins in cell plasma membranes. Mol Biol Cell 11, 1645–1655 (2000).
 29. Parrales, A. et al. DNAJA1 controls the fate of misfolded mutant p53 through the mevalonate pathway. Nat Cell Biol 18, 1233–1243 

(2016).
 30. Sabapathy, K. & Lane, D. P. Therapeutic targeting of p53: all mutants are equal, but some mutants are more equal than others. Nat 

Rev Clin Oncol 15, 13–30 (2018).
 31. Muller, P. A. & Vousden, K. H. p53 mutations in cancer. Nat Cell Biol. 15, 2–8 (2013).
 32. Duffy, M. J., Synnott, N. C. & Crown, J. Mutant p53 as a target for cancer treatment. Eur J Cancer 83, 258–265 (2017).
 33. Turrell, F. K. et al. Lung tumors with distinct p53 mutations respond similarly to p53 targeted therapy but exhibit genotype-specific 

statin sensitivity. Genes Dev. 31, 1339–1353 (2017).
 34. Gallelli, L. et al. Effects of simvastatin on cell viability and proinflammatory pathways in lung adenocarcinoma cells exposed to 

hydrogen peroxide. BMC Pharmacol Toxicol 15, 67 (2014).
 35. Pelaia, G. et al. Effects of statins and farnesyl transferase inhibitors on ERK phosphorylation, apoptosis and cell viability in non-

small lung cancer cells. Cell Proli. 45, 557–565 (2012).
 36. Song, H., Hollstein, M. & Xu, Y. p53 gain-of-function cancer mutants induce genetic instability by inactivating ATM. Nat Cell Biol. 

9, 573–580 (2007).
 37. Soussi, T. The p53 pathway and human cancer. Br. J. Surg 92, 1331–1332 (2005).
 38. Schulz-Heddergott, R. & Moll, U. M. Gain-of-Function (GOF) Mutant p53 as Actionable Therapeutic Target. Cancers (Basel) 10 

(2018).
 39. Guo, F. & Zheng, Y. Rho family GTPases cooperate with p53 deletion to promote primary mouse embryonic fibroblast cell invasion. 

Oncogene 23, 5577–5585 (2004).

https://doi.org/10.1038/s41598-019-56532-6


1 2Scientific RepoRtS |         (2019) 9:20403  | https://doi.org/10.1038/s41598-019-56532-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

 40. Ramirez, R. D. et al. Immortalization of human bronchial epithelial cells in the absence of viral oncoproteins. Cancer Res. 64, 
9027–9034 (2004).

 41. Lin, C. Y. et al. ADAM9 Promotes Lung Cancer Metastases to Brain by a Plasminogen Activator-Based Pathway. Cancer Res. 74, 
5229–5243 (2014).

 42. Sher, Y. P. et al. Targeted endostatin-cytosine deaminase fusion gene therapy plus 5-fluorocytosine suppresses ovarian tumor growth. 
Oncogene. 32, 1082–1090 (2013).

 43. Baker, S. J., Markowitz, S., Fearon, E. R., Willson, J. K. & Vogelstein, B. Suppression of human colorectal carcinoma cell growth by 
wild-type p53. Science 249, 912–915 (1990).

 44. Sher, Y. P. et al. ADAM9 up-regulates N-cadherin via miR-218 suppression in lung adenocarcinoma cells. PLoS One 9, e94065 
(2014).

Acknowledgements
This work was supported by the Ministry of Science and Technology [grant number MOST 105-2314-B-039-
034-MY3 and MOST 108-2314-B-039-054-MY3 to Y.P.S]; China Medical University under the Higher Education 
Sprout Project, Ministry of Education, Taiwan; National Health Research Institutes [NHRI-EX107-10706BI and 
NHRI-EX108-10706BI to Y-P.S.]; Taichung Veterans General Hospital [grant number TCVGH-1073701B to 
C.W.C].

Author contributions
Y.P.S. conceived and designed the experiments. C.W.C., C.C.L., C.Y.H. and C.C.H. performed the experiments. 
C.W.C., C.H.L. and T.H.H. analyzed the data. C.W.C., C.H.L., T.H.H. and Y.P.S. wrote the paper. All authors 
reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-56532-6.
Correspondence and requests for materials should be addressed to Y.-P.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-56532-6
https://doi.org/10.1038/s41598-019-56532-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Therapeutic effects of statins against lung adenocarcinoma via p53 mutant-mediated apoptosis
	Results
	Statin treatment decreases early lung cancer mortality. 
	Simvastatin inhibits lung cancer cell growth. 
	Simvastatin induces apoptosis and has little effect on autophagy in lung cancer cells. 
	Simvastatin decreased lipid rafts in lung cancer cells with p53 mutations. 
	Simvastatin has greater cytotoxic effects in lung cancer cells with p53 mutations. 
	Simvastatin suppresses the motile activity of lung cancer cells. 
	Simvastatin increases mutant p53 protein degradation. 

	Discussion
	Materials and Methods
	Study population. 
	Study subjects. 
	Cell lines. 
	Cell viability assay. 
	Cell transfection and shRNA-mediated gene silencing of p53. 
	Lipid raft detection. 
	Western blotting and co-immunoprecipitation. 
	Time-lapse migration assay. 

	Acknowledgements
	Figure 1 Flowchart describing lung cancer patient cohort and patient selection.
	Figure 2 Simvastatin increases cytotoxicity in lung cancer cells.
	Figure 3 Simvastatin reduces lipid raft content and cell viability in lung cancer cells containing p53 mutations.
	Figure 4 Simvastatin reduces cell migration in lung cancer cells with p53 mutations.
	Figure 5 Simvastatin induces mutant p53 degradation and nuclear export.
	Table 1 Comparison of baseline characteristics between patients with regular C/T and without C/T among lung cancer patients with resection.
	Table 2 Comparison of incidence densities of 5-year mortality between patients with drugs and without drugs among lung cancer patients with resection (all patients).
	Table 3 Comparison of incidence densities of 5-year mortality between patients with drugs and without drugs among lung cancer patients with resection by C/T status.




