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Purpose: The epithelial to mesenchymal transition (EMT) is pivotal for driving metastasis
and recurrence in lung cancer. Some in vitro reports have shown that statins suppress EMT
by inactivating mutant p53 functions. Several clinical trials of conventional treatments with
statins have been performed, but the effect of these drugs on prognosis is still uncertain. The
purpose of this study is to examine the impact of statins on EMT and the prognosis of
patients with lung adenocarcinoma.
Materials and methods: Morphological changes were evaluated and EMT markers
(E-cadherin, vimentin) were analyzed by Western blotting in p53-overexpressing H1650
and mutant p53-harboring H1975 lung adenocarcinoma cells, with and without simvastatin
administration. The invasive ability of these cells was analyzed in a Matrigel chemoinvasion
assay. A total of 250 lung adenocarcinoma specimens were also collected from patients who
underwent surgery in our institute. EMT markers in these tumor specimens were evaluated
by immunostaining and p53 mutation status was determined by direct sequencing.
Associations among EMT status, p53 mutation status, and statin use were evaluated, and
prognosis was analyzed using a marginal structural model.
Results: Mutant p53 induced EMT and increased the invasive ability of H1650 cells. Simvastatin
restored the epithelial phenotype and decreased the invasive ability of both H1650 and H1975 cells.
Statin administration was associated with inactivation of EMT only in patients with mutant p53,
which was consistent with the in vitro results. Moreover, in patients with mutant p53, statin users
had signiﬁcantly better survival than non-statin users. In contrast, statins signiﬁcantly worsened the
prognosis of patients with wild type p53 (HR 2.10, 95% CI 1.14–3.85).
Conclusion: Statins suppress EMT and change the prognosis of patients with lung adenocarcinoma in a p53 mutation-dependent manner.
Keywords: p53, epithelial to mesenchymal transition, statin, survival analysis, non-small
cell lung cancer
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Lung cancer is a leading cause of cancer death worldwide.1,2 Recent advances in cancer
therapy, including postoperative adjuvant chemotherapy and use of immune checkpoint
inhibitors (ICIs), have led to dramatic clinical responses.3 However, the postoperative
5-year survival rates in lung cancer are still unsatisfactory due to metastasis and
recurrence, even in operable stages.4,5 To address this problem, extensive research
has been performed on the mechanisms of metastasis and recurrence.
The epithelial–mesenchymal transition (EMT) is pivotal for driving metastasis
and recurrence in lung cancer, and has been widely studied in recent years.6–8
Various factors, including mutant p53, can induce EMT,9–11 and suppression of
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EMT activation has become an important target in cancer
therapy. Some reports have shown that statins have an
anticancer ability and suppress functions of mutant p53
in vitro.12–15 Several clinical trials of conventional treatments with statins have been performed,16–20 but there is
little literature on the effects of statins on early stage lung
adenocarcinoma. Additionally, the impact of statins on
prognosis is unclear because these reports did not investigate the p53 mutation status.
We hypothesized that the effects of statins may depend
on the p53 mutation status, and we analyzed cancer cell
lines and patient survival with a speciﬁc focus on this
status. The purpose of this study is to examine the impact
of statins on EMT and the prognosis of patients with lung
adenocarcinoma harboring p53 mutations.

Materials and methods
Cell culture
Human non-small cell lung cancer cell lines, NCI-H1650
and NCI-H1975, were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). H1650
has wild-type p53 with EGFR mutation (del E746-A750),
whereas H1975 has mutant p53 (R273H) with EGFR
mutations (L858R, T790M). Cells were maintained in the
ATCC-recommended medium (RPMI 1640; SigmaAldrich, St. Louis, MO, USA) supplemented with 10%
FBS (HyClone, Thermo Fisher Scientiﬁc K.K.,
Kanagawa, Japan) and penicillin/streptomycin in standard
culture conditions (5% CO2, 100% humidity, 37°C).
Mycoplasma negativity was conﬁrmed for these cell lines
before use.

p53 manipulation
For the generation of cells stably expressing recombinant
p53, lentivirus plasmids were generated as follows. pBabehygro vector-based retrovirus plasmids encoding wild type
or mutant p53 (R175H, R273H) were kindly provided by
Professor Sabe (Hokkaido University).13 A cDNA encoding a wild type or mutant p53 (R175H, R273H) was
generated by PCR-based cloning independently. The oligonucleotide primers were as follows: forward: 5ʹ-ACT
GGA TCC ATG GAG GAG CCG CAG-3ʹ; reverse: 5ʹCGC GAA TTC TCA GTC TGA GTC AGG CCC TTC-3ʹ.
After double restriction digestion with EcoRI and BamHI
(TaKaRa, Japan), each cDNA fragment was ligated into an
equally cut recipient plasmid, pENTR2B (Thermo Fisher
Scientiﬁc K.K.) using DNA Ligation Kit Mighty Mix
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(TaKaRa). The three independent cDNA fragments were
cloned into a CSII-CMV-RfA-IRES2-venus plasmid
(RIKEN BioResource Center, Tsukuba, Japan) through
a LR Clonase Reaction using Gateway® LR Clonase® II
enzyme mix (Thermo Fisher Scientiﬁc K.K.). Lentivirus
plasmids containing wild type or mutant p53 (R175H,
R273H) and control plasmid were transfected into 293T
cells independently, together with the envelope plasmid
pCMV-VSV-G-RSV-Rev and the packaging plasmid
pCAG-HIVgp (both from RIKEN BioResource Center)
using Lipofectamine 2000 (Invitrogen). The cultured
supernatants were harvested 48 hrs after transfection and
ﬁltered through 0.45-μm ﬁlters (Millipore, Billerica, MA,
USA), and the resultant lentivirus preparations were then
applied to target cells in the presence of 8 μg/mL polybrene (Santa Cruz Biotechnology, Dallas, TX, USA).
Stable transformants of venus-infected cancer cells were
selected using a FACS Aria III cell sorter (BD
Biosciences, Franklin Lakes, NJ, USA).

Chemicals
Erlotinib (Wako Pure Chemical Industries, Osaka, Japan),
osimertinib (Selleck Chemicals, Houston, TX, USA), and
simvastatin (S6196, Sigma-Aldrich) were used in the
study. Simvastatin was activated by alkaline hydrolysis to
the acidic form prior to usage, as previously described.12

Western blot analysis
Whole cell lysates were resolved by 4–20% SDS-PAGE and
transferred onto Immobilon-P PVDF membrane (Millipore).
Blots were incubated overnight (4°C) with anti-E-cadherin
(TaKaRa), anti-vimentin (Leica Biosystems, Wetzlar,
Germany), anti-p53 (Santa Cruz Biotechnology), antipERK, anti-ERK (Cell Signaling Technology, Danvers,
MA, USA), anti-ZEB1 (Abcam, Cambridge, UK), and
anti-β-actin (Sigma-Aldrich). Membranes were incubated
with horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA),
and then visualized using an EzWestLumi Plus detection
kit (Atto, Tokyo, Japan), with detection of luminescence
using the LuminoGraph II imaging system (Atto).

Matrigel chemoinvasion assay
The Matrigel chemoinvasion assay was performed using
Matrigel chambers (Biocoat; BD). In brief, 2.5×104 cells
were seeded on the upper wells of 24-well chambers with
0.1% FBS containing medium, with the lower wells ﬁlled
with 10% FBS containing medium. After incubation for 14
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hrs, cells were ﬁxed in methanol, and the number of cells
that transmigrated through the chamber ﬁlter to the lower
surface of the ﬁlters was counted by staining with DiffQuick. Data were collected from three independent
experiments.

Drug sensitivity assay
Cell viability was determined using a Cell Counting Kit-8
(Dojindo, Kumamoto, Japan). Cell viability was assessed
72 hrs after drug treatment, using three wells for each drug
concentration. Experiments were performed in triplicate.
The half-maximum inhibitory concentration (IC50) was
calculated using Prism7 (GraphPad, La Jolla, CA, USA)
with a three-parameter sigmoidal curve ﬁt. The p-values
for the two-curve comparisons were calculated using an
extra sum of squares F test.

Combination index
The combination effect of two drugs was evaluated based
on the combination index.21–23 The combination index was
calculated using Compusyn software (ComboSyn, Inc.
Paramus, NJ, USA). The index <1 indicated a synergistic
effect, the index =1 indicated an additive effect, and the
index >1 indicated an antagonistic effect.

Nishikawa et al

Diagnostic Pathology at Kyoto University Hospital, using
the approach described by Kononen et al24. The most representative areas of the tumors were selected based on the
morphology on hematoxylin and eosin-stained slides.
Tissue cores measuring 2 mm in diameter were arrayed in
a parafﬁn block. Non-neoplastic lung tissue cores from
selected patients were arrayed in the same block as controls.

Immunohistochemical (IHC) analysis
IHC staining for E-cadherin and vimentin was performed with
mouse an anti-human E-cadherin monoclonal antibody (36B5,
dilution 1:300, Leica Biosystems, Newcastle upon Tyne, UK)
and a mouse anti-human vimentin monoclonal antibody
(SRL33, dilution 1:300, Leica Biosystems) using the standard
avidin-biotin-peroxidase complex method. Visualization was
performed with 3,3′-diaminobenzidine tetrahydrochloride
(Dojindo Laboratories), with hematoxylin counterstaining.
After immunostaining, each specimen was categorized as
negative or positive for E-cadherin and vimentin expression.
EMT status was classiﬁed into three categories:6 full EMT
(E-cadherin negative, vimentin positive), partial EMT (both
E-cadherin and vimentin positive or both negative), and null
EMT (E-cadherin positive, vimentin negative).

PCR and DNA sequencing
Specimens from lung cancer patients
A total of 282 lung adenocarcinoma specimens were collected from patients who underwent surgery at our hospital
from January 2001 to December 2007. Among these specimens, 32 were excluded from analysis because the specimen
on the tissue microarray was inappropriate for evaluation or
cDNA was not available. The median follow-up time was
59.3 months (range, 1–129). Overall survival (OS) times and
outcomes data were available for all patients. The Kyoto
University Graduate School and Faculty of Medicine Ethics
Committee approved the study (approval number: G0028-7,
R1706) and written informed consent in accordance with the
Declaration of Helsinki for tumor tissue use was obtained
preoperatively from all patients. All tumors were reviewed
by a pathologist (A.Y.) who conﬁrmed predominant tumor
subtypes, node status, and local lymph-vascular involvements. The tumors were restaged based on the TNM classiﬁcation of the International Union Against Cancer, 7th
edition.

Tissue microarrays
Tissue microarrays were assembled from parafﬁn-embedded
tumor blocks by pathologists in the Department of
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Using a RNeasy Plus mini kit (QIAGEN, Valencia, CA,
USA), total RNA was extracted from tumor samples that
had been frozen and stocked within 30 mins after resection. Total RNA was reverse transcribed to cDNA using
a Ready-To-Go You-Prime First-Strand Beads (GE
Healthcare Life Sciences, Pittsburgh, PA, USA). For
PCR ampliﬁcation, each cDNA was diluted to 10 ng/
μL. PCR conditions were as follows: p53 exon 4 forward: 5ʹ-CCC AAG CAA TGG ATG ATT TG-3ʹ; p53
exon 10 reverse: 5ʹ-AGC CTG GGC ATC CTT GAG-3ʹ.
The PCR assay was carried out in a 15μL volume that
contained 15 ng of cDNA and 1 unit of Taq PCR Master
Mix Kit (QIAGEN). Each PCR reaction was started at
95°C for 5 mins, and then cDNA was ampliﬁed for 40
cycles at 95°C for 30 s, 54.7°C for 30 s, and 72°C for
90 s, with a ﬁnal extension time of 7 mins at 72°C. Each
amplicon was puriﬁed using a QIAquick Gel Extraction
Kit (QIAGEN) after agarose gel electrophoresis.
Puriﬁed PCR products were sequenced in forward and
reverse directions using a 3130xl Genetic Analyzer
(Thermo Fisher Scientiﬁc K.K.). We detected p53 mutations in exons 5 through 8, similar to previous
reports.25,26
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Statistical analysis
Baseline characteristics were compared between statin users
and non-statin users by Student’s t-test for continuous variables
and chi-square test for categorical variables. Propensity scores
were used to adjust for potential biases that may have inﬂuenced the prognosis. These scores were estimated using
a logistic model that included age, gender, smoking history,
EGFR mutation status, p53 mutation status, and pathological
stage, which was recategorized as IA, IB, II, III, IV due to small
frequencies. Patients were analyzed using a marginal structural
model with standardized mortality ratio weights (SMRWs) to
estimate the effects of statins.27 SMRWs were calculated as 1
for statin users and PS/(1-PS) for non-statin users, and comparable statin and non-statin users were created. Time-to-event
curves for OS were estimated using the Kaplan–Meier method,
differences in time-to-event curves were evaluated by log-rank
test, and HRs were estimated using a Cox regression model.
A p-value <0.05 was considered signiﬁcant. Statistical analyses were conducted using JMP Pro 13 and 14, and SAS 9.4
(SAS Institute, Cary, NC, USA).

Results
Mutant p53 induces EMT and simvastatin
suppresses induction of EMT
To investigate the impact of mutant p53 on EMT in lung
cancer cells, we established a H1650 cell line that stably
overexpressed mutant p53. Two months after mutant p53
(R175H, R273H) transfection, H1650 cells showed morphological changes (Figure 1A) of spindles and increased intercellular spaces. After simvastatin treatment, these
morphological changes were diminished. To examine whether
simvastatin can suppress EMT in a cell line with
a mesenchymal phenotype, we used H1975 cells, which
have endogenous mutant p53 (R273H). After simvastatin
treatment, H1975 cells changed morphology from
a mesenchymal to epithelial type, as for the H1650 cells
overexpressing mutant p53, in a dose-dependent manner
(Figure 1B). The simvastatin-treated cells showed reversed
EMT changes 2 months after withdrawal of simvastatin (data
not shown).
Western blotting of whole cell lysates was performed to
conﬁrm the EMT changes observed microscopically in the two
cell lines. Mutant p53-overexpressing H1650 cells showed
signiﬁcant E-cadherin suppression and vimentin overexpression accompanied by ZEB1 overexpression, which indicates
induction of EMT, and simvastatin eliminated these EMTrelated changes (Figure 1C). Similarly, H1975 cells had
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signiﬁcantly restored E-cadherin and decreased vimentin
expression after simvastatin treatment in a dose-dependent
manner (Figure 1D). Moreover, these EMT changes observed
by Western blotting were correlated with the p53 expression
level. Again, we conﬁrmed using Western blotting that simvastatin-treated cells regained EMT changes after withdrawal
of simvastatin (data not shown). Interestingly, pERK and
ZEB1 were signiﬁcantly downregulated in simvastatintreated mutant p53-overexpressing H1650 cells, whereas
pERK was signiﬁcantly upregulated and ZEB1 was not downregulated in simvastatin-treated wild type p53-overexpressing
H1650 cells (Figure 1C).

Mutant p53 increases invasive ability and
simvastatin suppresses this invasive ability
The effects of mutant p53 and simvastatin on the invasion
ability of lung cancer cells were examined in a Matrigel chemoinvasion assay. This assay showed that mutant p53 signiﬁcantly increased the invasion ability of H1650 cells, and this
was diminished by simvastatin treatment (Figure 2A–E). In
contrast, simvastatin increased the invasion ability of wild type
p53-overexpressing H1650 cells (Figure 2C–E). Consistent
with the results in H1650 cells with mutant p53, the invasion
ability of H1975 cells was signiﬁcantly suppressed by simvastatin treatment (Figure 2F).

Mutant p53 decreases EGFR-TKI
sensitivity and simvastatin restores this
sensitivity
The inﬂuence of mutant p53 and simvastatin on EGFR-TKI
sensitivity was examined using a drug sensitivity assay.
Mutant p53 signiﬁcantly decreased the sensitivity of H1650
cells to osimertinib (Figure 3A), and this acquired drug resistance was reversed by simvastatin treatment (Figure 3B). To
reveal whether simvastatin and EGFR-TKIs have a synergistic
effect, we performed drug sensitivity assay with simvastatin
without EGFR-TKIs. There was no signiﬁcant effect on cell
viability at a concentration of 1 μM simvastatin monotherapy
(Figure 4A, B). Calculated combination indices ranged from
0.38 to 0.75, which showed synergism in osimertinib with
simvastatin in H1650 cells.21 The sensitivity of H1650 cells
with wild-type p53 was slightly decreased by simvastatin and
combination index was calculated as 2.17 (Figure 3B).
Consistent with the results for H1650 cells with mutant p53,
the sensitivity of H1975 cells to osimertinib was signiﬁcantly
recovered by simvastatin administration (Figure 3C).
Calculated combination indices ranged from 0.15 to 0.27,
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Figure 1 Microscopic and Western blot analysis after p53 transfection and simvastatin treatment of lung cancer cells. (A) In microscopic analysis, wild type p53overexpressing H1650 cells did not show morphological changes. Two months after mutant p53 (R175H, R273H) transfection, H1650 cells showed morphological
changes to spindles with increased intercellular space. At 35 days after addition of 1 μM simvastatin to these cells, these morphological changes were diminished.
No distinct morphological changes occurred in wild type p53-overexpressing H1650 cells after simvastatin treatment. (B) Simvastatin was administered to H1975
cells at the indicated concentrations (vehicle, 1 , 2, and 5 μM), after which the cells changed morphological shape form the mesenchymal to epithelial type in
a dose-dependent manner. (C) Western blot analysis of whole cell lysate from H1650 cells (parental, control vector-, wild-type p53-, p53 R175H-, and p53 R273Htransfected) with or without simvastatin treatment. Membranes were blotted with ZEB1, E-cadherin, vimentin, p53, pERK (Thr202/Thr204), and total ERK
antibodies. β-actin was used to conﬁrm equal protein loading. (n=3, * p<0.05, p53-wild type/R175H/R273H vs control group. # p<0.05, p53-wild type/R175H/
R273H with simvastatin vs without simvastatin) (D) Western blot analysis of whole cell lysate from H1975 cells with or without simvastatin added at the indicated
concentrations. Membranes were blotted with E-cadherin, vimentin, and p53 antibodies. β-actin was used to conﬁrm equal protein loading. (n=3, * p<0.05,
simvastatin 1/2/5 μM vs H1975 parental).
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Figure 2 A Matrigel chemoinvasion assay was performed using Matrigel chambers. Images of invading cells were captured and counted using a dynamic cell counter BZH1C. Representative photographs of (A) wild type p53- and (B) p53 R273H-transfected H1650 cells. (C) Mutant p53 signiﬁcantly promoted invasive ability. (D, E)
Quantiﬁcation of invasion of H1650 cells without (D) and with (E) simvastatin treatment in control vector-, wild type p53-, p53 R175H-, and p53 R273H-transfected H1650
cells. Simvastatin signiﬁcantly suppressed invasion ability in mutant p53-transfected H1650 cells, but increased invasion by wild type p53-transfected H1650 cells. (F)
Simvastatin signiﬁcantly suppressed invasion of H1975 cells. Data are from three independent experiments. Each bar indicates the number of invading cells. The error bar
indicates the standard deviation. Data sets were analyzed by one-way ANOVA followed by a Dunnett multiple comparisons test. * p<0.05 vs control.
Abbreviations: NC, negative control; wt, wild type; N.S., not signiﬁcant.
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Figure 3 Drug sensitivity assay in H1650 and H1975 cells. Cell viabilities in response to osimertinib in control vector-, wild-type p53-, p53 R175H-, and p53 R273H-transfected H1650
cells without (A) and with (B) simvastatin treatment. Mutant p53 signiﬁcantly decreased sensitivity to osimertinib and this mutant p53-induced acquired drug resistance was eliminated by
simvastatin. (C) Simvastatin-treated H1975 cell viabilities in response to osimertinib. The loss of sensitivity of H1975 cells to osimertinib was signiﬁcantly reversed by simvastatin. (D)
Simvastatin-treated H1975 cell viabilities in response to erlotinib. Simvastatin did not reverse the loss of sensitivity of these cells to erlotinib. Experiments were performed in triplicate.
IC50 values were calculated using Prism software. n=3, * p<0.05 vs control (extra sum of squares F test). Combination indices were calculated using Compusyn software. Combination
index <1 indicated a synergistic effect, and index >1 indicated am antagonist effect.
Abbreviations: NC, negative control; wt, wild type.
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Figure 4 Drug sensitivity assay in H1650 and H1975 cells without EGFR-TKIs. Cell viabilities in response to simvastatin monotherapy in control vector-, wild-type p53-, p53
R175H-, and p53 R273H-transfected H1650 cells (A) and parental H1975 cells (B). No difference in cell viability was observed at the concentration of 1 μM of simvastatin.
Experiments were performed in triplicate. IC50 values were calculated using Prism software. n=3, * p<0.05 vs control (extra sum of squares F test).
Abbreviations: NC, negative control; wt, wild type.

which showed strong synergism in osimertinib with simvastatin in H1975 cells.21 However, simvastatin did not recover the
sensitivity of H1975 cells to erlotinib and synergism was not
observed (Figure 3D).

Statin administration is associated with
EMT status in a p53-mutation dependent
manner
The clinicopathological characteristics of the 250 patients are
summarized in Table 1. Of these patients, 51 (20.4%) had
taken statins (simvastatin, atorvastatin, pravastatin) for hyperlipidemia or coronary artery disease. The doses of statin and
their intensity are listed in Table 2. Statin inten
sity was categorized based on the guideline on the statin
treatment.28 Most of these patients took lower potency statins
with their minimum dose. No patients died of cardiovascular
events. p53 mutation was positive in 70 patients (28.0%),
including 13 with p53 R175H and 9 with p53 R273H. The
p53 mutation status was associated with gender (male) (risk
ratio (RR) =1.68, 95% CI 1.37–2.07, p<0.01), smoking history
(current and former) (RR=1.45, 95% CI 1.19–1.77, p<0.01),
wild-type EGFR (RR=1.51, 95% CI 1.18–1.92, p<0.01), and
pathological stage (p<0.01, Fisher exact test).
Expression of E-cadherin and vimentin were analyzed
using IHC of the tissue microarray. E-cadherin was positive in 126 cases (50.4%) and vimentin was positive in 53
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cases (21.2%). A full, partial, and null EMT status was
found in 40 (16.0%), 97 (38.8%), and 113 (45.2%) cases,
respectively. There was no signiﬁcant association of EMT
status with p53 mutation, but the EMT status tended to be
higher in patients with mutant p53. In all patients, there
was also no signiﬁcant association of statin use with EMT
status. In subgroup analyses, statin use was not signiﬁcantly associated with inactivation of EMT in patients with
mutant p53 (p=0.06, Fisher exact test), but none of these
patients had full EMT activation. Statin use did not have
an effect on EMT status in patients with wild-type p53
(Figure 5A). Consistent with these results, statin use had
no signiﬁcant association with vimentin positivity in
patients with mutant p53 (p=0.07, Fisher exact test), but
none of these patients were vimentin-positive, in contrast
to patients with wild-type p53 (Figure 5B).

Statins change the prognosis of patients in
a p53 mutation-dependent manner
The effects of mutant p53 and statin use on OS were
analyzed. In unadjusted analysis in all cases, median OS
did not differ for statin users and non-users (103.9
vs.124.0 months, p=0.70) (Figure 6A, F), and statin use
did not affect the prognosis (HR: 1.12, 95% CI: 0.64–1.95)
(Figure 6F). However, in subgroup analyses, statin use was
associated with better survival in patients with mutant p53
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Table 1 Characteristics of the patients
Characteristic

p-value

Statin
users

Nonusers

SMRW
non-users

(N=51)

(N=199)

Age, years, mean

68.2

65.7 (10.3)

0.1

68.4 (4.9)

(SD)

(6.7)

Male, n (%)
Smoking status,

22 (43.1)

112 (56.3)

0.09
0.51

22.4 (44.0)

Never
Former

25 (49.0)
11 (21.6)

81 (40.7)
56 (28.1)

25.2 (49.6)
11.0 (21.5)

Current

15 (29.4)

62 (31.2)

14.7 (28.9)

Hyper lipidemia,
n (%)

35 (68.6)

7 (3.5)

<0.01

1.7 (3.3)

Cardiovascular

9 (17.7)

3 (1.5)

<0.01

0.8 (1.5)

disease, n (%)
p53 mutation,

10 (19.6)

60 (30.2)

0.13

10.0 (19.7)

n (%)
EGFR mutation,

29 (56.9)

95 (49.2)

0.33

28.6 (56.2)

(N=50.9)

n (%)

n (%)
Pathological stage,
n (%)

0.67

IA

22 (43.1)

90 (45.2)

22.3 (43.7)

IB
IIA

19 (37.3)
3 (5.9)

51 (25.6)
18 (9.1)

18.6 (36.6)
3.3 (6.4)

IIB

1 (2.0)

3 (1.5)

0.5 (1.0)

IIIA
IIIB

3 (5.9)
0 (0)

23 (11.6)
1 (0.5)

2.9 (5.8)
0.1 (0.2)

IV

3 (5.9)

13 (6.5)

E-cadherin positive, n (%)

30 (58.8)

96 (48.2)

0.18

28.0 (55.0)

Vimentin positive,

12 (23.5)

41 (20.6)

0.65

8.6 (16.9)

Full

25 (49.0)

88 (44.2)

25.9 (50.8)

Partial
Null

19 (37.3)
7 (13.7)

78 (39.2)
33 (16.6)

18.6 (36.5)
6.4 (12.7)

n (%)
EMT status, n (%)

3.2 (6.3)

0.8

Abbreviation: SMRW, standardized mortality/morbidity ratio weighted.

Table 2 Statin dose and intensity
Statin

n (%)

Dose (mg)

Statin intensity

Pravastatin

18 (35.3)

5–10

Low

Simvastatin

7 (13.7)

5–10

Low

Pitavastatin
Fluvastatin

6 (11.8)
2 (4.0)

0.5–1
10–20

Low
Low

Atorvastatin

16 (31.4)

2.5–10

Low–moderate

Rosuvastatin

2 (3.9)

2.5–5

Low–moderate

(median OS and HR were not estimated) (Figure 6B, F),
and with poor survival in those with wild-type p53 (HR:
1.83, 95% CI: 1.01–3.34) (Figure 6C, F). To control for
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potential bias, we used a marginal structural model with
SMRWs for further evaluation.27 A total of 199 non-statin
users were condensed to 50.9 patients who were comparable to the 51 statin users using this method. Baseline
characteristics were well balanced after adjustment
(Table 1). In this analysis, statin use improved OS for
patients with mutant p53 (HR not estimated, p=0.00), but
reduced OS for those with wild-type p53 (HR: 2.10, 95%
CI: 1.14–3.85) (Figure 6D–F).

Discussion
Drugs that affect metabolic pathways, including statins,
have been suggested to have additional beneﬁts in cancer treatment.29,30 However, the results in clinical trials
are controversial,16–20 and this may partly be because
these studies have not taken p53 mutation status into
account. Various compounds have been tested for suppression of EMT,31 but drugs targeting EMT are not
available at present. This is the ﬁrst report to investigate
the clinical effects of statins on EMT and prognosis with
a focus on p53 mutation status in lung adenocarcinoma
after lung resection.
In previous reports,32–34 p53 mutations have been
divided into two representative categories: conformational
mutations and DNA-contact mutations. Among these
mutations, we selected R175H (conformational mutation)
and R273H (DNA-contact mutation) respectively, because
these two mutations are the most common in each
category35 and have different features.36
Simvastatin restored an epithelial phenotype in mutant
p53-overexpressing H1650 cells and parental H1975 cells,
which indicates that simvastatin affects both endogenous and
exogenous mutant p53. Additionally, based on the mutant p53overexpressing H1650 cells regaining a mesenchymal phenotype after withdrawal of simvastatin, the mutant p53-induced
EMT appears to be reversible. Restoration of an epithelial
phenotype in H1975 cells was dependent on the p53 expression level, which implies that simvastatin had anti-EMT
effects through degradation of mutant p53, rather than wildtype p53. This ﬁnding is similar to that in a previous report.37
Simvastatin did not enhance sensitivity of H1975
cells to erlotinib, which suggests that simvastatin
affected mutant p53 instead of having a direct effect
on the gatekeeper in EGFR. Since statins act differently from EGFR-TKIs, synergistic effects of a statin
and an EGFR-TKI on EGFR mutants concomitant with
p53 mutations may be promising clinically. In the present study, a simvastatin concentration of 1 μM was
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Figure 5 Association between EMT status and p53 mutation with or without statin use. EMT status was categorized into three groups: full (E-cadherin negative, vimentin
positive), partial (both E-cadherin and vimentin positive or both negative), and null (E-cadherin positive, vimentin negative). (A) No statin users had full EMT activation. (B)
No statin users with p53 mutation were vimentin-positive.
Abbreviation: EMT, epithelial to mesenchymal transition.

sufﬁcient for suppressing invasion ability and restoring
sensitivity to osimertinib in both cell lines. This result
suggests that these inhibitory effects of statins can be
obtained in clinical practice because concentrations
from 100 nM to 1 μM of simvastatin are clinically
achievable.12,38,39 The difference in sensitivity in
H1650 and H1975 cells was signiﬁcant, even at
a statin concentration of 1 μM, but this difference
may not be large enough to have an additional effect
in clinical practice. We used high concentrations of
simvastatin of 2 μM and 5 μM to investigate the doseresponse relationship in H1975 cells, even though these
high concentrations may be toxic in clinical practice.
Interestingly, simvastatin increased the invasion ability
of wild type p53-overexpressing H1650 cells. This result
might explain worsening of the prognosis by statins in
patients with lung cancer harboring wild-type p53. Kim
et al mentioned about functional link between p53 and
PTEN.40 Park et al reported that PTEN loss can cause
resistance to simvastatin treatment because this loss
strongly induces pAkt in triple-negative breast cancer.41
Wang et al also showed that simvastatin suppresses pAkt
by enhancing PTEN expression.42 On the other hand,
H1650 cells lose PTEN expression so that Akt is highly
activated.43 Also, Robin et al reported that statins may
accelerate Wnt/β-catenin signaling,44 and some reports
have shown that statins upregulate phosphorylation of
ERK.45–47 In the present study, Western blot analysis
revealed that pERK was signiﬁcantly upregulated and
ZEB1 was not downregulated in H1650 cells overexpressing wild-type p53. Akt was also highly activated in
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H1650 cells (data not shown). Previous reports and these
results might explain why simvastatin increases invasion
ability; however, this explanation is still limited because
the expression levels of pERK and ZEB1 were not proportionate to the invasion ability in comparison of H1650
cells overexpressing wild type and mutant p53. Thus, the
mechanism through which simvastatin increases invasion
ability is still unclear. As a next step, additional investigations of PTEN and other candidate factors should be
performed in H1650 cells and in tissue from patients
with wild type p53.
IHC showed that EMT tended to be highly activated
only in patients with mutant p53, which was consistent
with the results of Western blotting. The reason why there
was also no signiﬁcant association of statin use with EMT
status may be related with the statin doses. Most of these
patients took statins with their minimum doses necessary
to control hyperlipidemia or coronary artery disease,
which may be much lower than that used to produce
anticancer effect. We found the dose-response relationship
in H1975 cells with simvastatin, which can also support
this idea. Statin use seemed to be related to vimentin
suppression more than E-cadherin expression, which may
be due to the different interactions of mutant p53 with
each protein. Recent reports have suggested that mutant
p53 downregulates E-cadherin through interactions with
Slug and ZEB1.9,10 Little is known about the interaction
between mutant p53 and vimentin, but this interaction may
be an interesting therapeutic target.
The poor prognosis of lung cancer with mutant p53 is well
known.25,48,49 Statin use did not affect this prognosis in an
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Figure 6 Analysis of associations among p53 mutation status, statin use, and prognosis. Kaplan–Meier overall survival (OS) curves for (A) all patients and for patients with
(B, D) mutant p53 and (C,E) wild-type p53. Curves are shown (B, C) before and (D, E) after standardization by the SMRW method. (F) Comparison of OS for patients
treated with and without statins. Median OS and HR with 95% CI are listed.
Abbreviation: SMRW, standardized mortality ratio weight.

unadjusted all-case analysis, but survival of statin users with
mutant p53 was signiﬁcantly better than that of non-statin users
with wild-type p53. This result suggests that statins may have
other effects, in addition to degradation of mutant p53, and is
consistent with a previous report.50 Kodach et al51 suggested
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that statins might directly augment chemosensitivity in p53
mutant cases; that is, statins might have other positive effects
on adjuvant chemotherapy and treatment after recurrence.
Moreover, statins have recently been shown to affect the
immune system.52 Use of an ICI may improve the prognosis
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of patients with lung cancer, but no patients took an ICI in this
study. It will be of interest to investigate ICI use in a future
study.
There are some limitations in this study. First, it was not
possible to adjust for comorbidities of hyperlipidemia and
cardiovascular disease because these conditions are highly
correlated with statin use. Serum cholesterol levels on admission were also not available, since hyperlipidemia is not a risk
factor for lung resection, and this prevented investigation of the
direct impact of serum cholesterol on prognosis. However,
there were no cardiovascular disease-related deaths in the
study, and cardiovascular disease did not affect the prognosis.
Still, there is a possibility that the effects of other comorbidities
similar to cardiovascular disease were not excluded. Second,
the study was performed retrospectively at a single institute,
and statistical analyses were limited by the number of statin
users (51, including 10 with mutant p53 and 41 with wild-type
p53). Given the low number of statin users with mutant p53,
one event could inﬂuence results for OS. Lin et al reported that
lower potency statins, such as simvastatin, ﬂuvastatin, and
pravastatin conferred slightly better survival,16 but we could
not examine differences between lower and higher potency
statins due to the shortage of cases. As Turrell et al have
demonstrated genotype-speciﬁc statin sensitivity, there might
be an inﬂuence from other mutation type.36 In consistent with
this report, the change of protein expression level was observed
greater in R273H than R175H. Genotype-speciﬁc analysis
may help us to elucidate it, but we were not able to perform
this analysis due to a small number in our patients’ group.
However, we found that statins may beneﬁt patients with p53
mutation regardless of their genotype in this study. Third, the
minimum duration of statin use was unknown. Microscopic
and Western blot analyses showed that mutant p53 induced
EMT in H1650 cells and simvastatin restored the epithelial
phenotype, with >21 days required for this reversal. The appropriate duration for statin administration is still unclear in clinical practice.
The mechanism of how statins exert anticancer effects is an
interesting area for further study because statins may have
double-edged effects on the prognosis of patients according
to p53 mutation status. Therefore, we strongly recommend
examining the p53 mutation status before using statins as an
additional anticancer treatment. Further accumulation of data
is needed to permit identiﬁcation of patients who will and will
not beneﬁt from statins in this context, and a future prospective
study with a speciﬁc focus on p53 mutation status should be
performed.
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Conclusion
Our results show that statins suppress EMT and change the
prognosis of patients with lung adenocarcinoma after lung
resection in a p53 mutation-dependent manner.
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