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Introduction

Pancreatic neuroendocrine neoplasm (pNEN) is a type of 
pancreatic neoplasm originating from neuroendocrine cells (1). 
Its incidence rate is approximately 0.48 per 100,000 persons 

[2000–2012] and has shown a significant increase in recent 

years (2). 

Due to substantial heterogeneity, managing pNEN is 

highly complex. Surgical resection remains the primary 
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option for localized pNEN, while debulking surgery 
is recommended for locally advanced cases (3). For 
unresectable progressive disease, medical therapies such as 
somatostatin analogs, everolimus, temozolomide-based and 
streptozotocin-based chemotherapies, radiation therapy, 
and immunotherapy may prolong survival (4,5). However, 
the severe side effects and prolonged treatment duration 
compared to surgery pose challenges, leaving the treatment 
of advanced pNEN an unmet clinical need (6). 

Statins are a class of hydroxymethylglutaryl-coenzyme 
A reductase (HMGCR) inhibitor drugs that block the 
mevalonate pathway and are commonly used as cholesterol-
lowering agents (7). Recent studies have indicated their 
potential in cancer treatment and prevention (8,9). Among 
statins, simvastatin (SIM) has garnered significant attention 
for its protective effect against cancer and its ability to 
enhance chemotherapy’s adjuvant efficacy, particularly 
in breast and colon cancer in clinical studies (10-14). 
Multiple studies have demonstrated SIM’s anti-tumor 
effects in various types of tumors, including suppressing 
cell proliferation and migration (15), inducing cell cycle 
arrest (16,17) and inhibiting tumor angiogenesis (18,19). 
Published researches by our group revealed that lipid 
metabolism is related to pNEN progression (20,21). As a 
prominent lipid-lowering agent, the potential anti-tumor 
effects of SIM on PNEN merit detailed investigation.

In this study, we assessed SIM’s anti-tumor effect in 
pNEN cells, elucidating its mechanisms via the MAPK 
pathway-mediated proliferation retardation, cell-cycle 
arrest, or apoptosis in pNEN cells for the first time. Our 
findings suggest that SIM may significantly contribute 

to tumor suppression, and targeting the p53 and MAPK 
pathway could be promising therapeutic strategies for 
pNEN treatment. We present this article in accordance 
with the MDAR and ARRIVE reporting checklists (available 
at https://tcr.amegroups.com/article/view/10.21037/tcr-24-
363/rc).

Methods 

Cell culture

The human pancreatic neuroendocrine tumor cancer cell 
line QGP-1 (JCRB0183) was obtained from the JCRB 
cell bank (JCRB0183), and BON-1 cells were a gift from 
Xianrui Yu of Fudan University Affiliated Cancer Hospital. 
QGP-1 cells were cultured in RPMI 1640 (Gibco, USA), 
and BON-1 cells were cultured in DMEM/F-12, both 
supplemented with 10% fetal bovine serum (FBS; Gibco) 
and 1% penicillin-streptomycin (NCM Biotech, China). 
Cells were maintained in a humidified atmosphere 
containing 5% CO2 at 37 ℃.

Drugs, chemicals and reagents 

SIM was purchased from Macklin (Shanghai, China) 
and dissolved in dimethylsulfoxide (DMSO; Sigma, 
Germany) to obtain a concentration of 100 mM (mmol/
L). All treatments were diluted in cell culture medium to 
achieve final concentrations before use, with a maximum 
of 0.5 μL of DMSO per ml of culture medium. Matrigel 
was obtained from BD Biosciences (New Jersey, USA). 
Antibodies used for Western blot analysis were as follows: 
CDK2 (#2546), CDK6 (#3136), CDK4 (#12790), p21 
(#64016), GAPDH (#5174), PARP (#9542), Caspase3 
(#9662), BAX (#2772), BCL-2 (#15071), p44/42 MAPK 
(Erk1/2) (#9102), phospho-p44/42 MAPK (Erk1/2) (#9102) 
from Cell Signaling Technology (Boston, USA); cyclin D1 
(#sc-8396), cyclin E (#sc-248) from Santa Cruz (California, 
USA); KLF4 (ab215036) from Abcam (Cambridge, UK). 
HRP-linked anti-rabbit (#7074) and anti-mouse (#7076) 
secondary antibodies were obtained from Cell Signaling 
Technology.

Cell proliferation assay

Cell proliferation was assessed using the Cell Counting 
Kit-8 (CCK-8; Dojindo, Japan) and the 5-ethynyl-2’-
deoxyuridine (EdU) kit (Ribobio, Guangzhou, China) 
according to the manufacturer’s instructions.
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Key findings
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CCK-8 assay: QGP-1 cells were treated with 40 μM 
(μmol/L) SIM for 48 h. Subsequently, cells were inoculated 
into 96-well plates at a density of 5,000 cells/well with 3 
replicates per well. After treatment with CCK8 reagent for 
2 h, the absorbance at 450 nm was monitored, continuously 
for 4 days. 

EdU labeling assay: QGP-1 cells were seeded at a density 
of 4×104 cells/well in 96-well plates. Cells were treated with 
50 μM EdU in medium at 37 ℃ for 2 hours. Subsequently, 
the cells were fixed in 4% paraformaldehyde. After 
permeabilization with 0.5% Triton X-100, they were treated 
with 1× Apollo reaction cocktail for 30 minutes. Finally, the 
cells were stained with 1× Hoechst 33342 for 30 minutes to 
visualize the DNA content, and observed using a fluorescence 
microscope (Zeiss, Oberkochen, Germany). 

Colony formation assay 

After treatment of 40 μM SIM for 48 hours, cells were 
seeded onto new 6-well plates at a density of 2,000 cells 
per well. QGP-1 cells and BON-1 cells were cultured for 
approximately 14 days until colonies were large enough 
to be clearly distinguished. The cells were then fixed with 
methanol and stained with crystal violet.

Migration and invasion assays 

The ability of cell migration and invasion were evaluated 
by transwell (Corning, New York, USA) assay. After 
48 hours of SIM treatment, QGP-1 and BON-1 cells were 
resuspended in 0.5 mL serum free medium and added to 
the upper chamber with either an uncoated or Matrigel (BD 
Biosciences) coated membrane; medium containing 20% 
FBS was added to the lower chamber. In order to minimize 
the effect of apoptosis on this experiment, we counted the 
number of viable cells. After incubation for 48 h, migrated 
or invaded cells were fixed with methanol and stained with 
crystal violet (Beyotime, Shanghai, China), and were counted 
in 5 random selected fields per sample. 

Western blotting 

Cells were lysed in RIPA Lysing Buffer (Beyotime) 
supplemented with PMSF (Sunshine Biotech, Co., Ltd., 
Guangzhou, China). The protein concentration was 
determined using a BCA Protein Assay Kit (Beyotime). 
SDS-PAGE was performed with 10% acrylamide gels, and 
proteins were transferred to PVDF membranes (Millipore, 

Boston, USA) using a semidry transfer system (Bio-Rad, 
California, USA). Membranes were incubated in TBST 
(Tris Buffered Saline containing 0.1% Tween-20) with 5% 
nonfat dry milk for 2 hours at room temperature. Primary 
antibodies were then incubated at 4 ℃ overnight, followed 
by appropriate HRP-conjugated secondary antibodies. 
The protein bands were visualized using an ECL system 
(Biosharp, China).

Cell cycle and apoptosis analysis 

QGP-1 cells were collected and seeded into 6-well plates at a 
density of 5×105 cells per dish, then maintained for 24 hours.  
Next, cells were treated with 40 μM SIM for 48 hours. 
Cell cycle analysis was conducted using the Cell Cycle 
Staining Kit (Vazyme, Nanjing, China). Briefly, cells are 
first fixed with 75% ethanol and stored overnight at −20 ℃. 
For analysis, the cells are rehydrated with PBS and stained 
with 1 mL of DNA staining solution after removal of PBS. 
Apoptosis assay was detected using the Annexin V-FITC/PI 
Apoptosis Detection Kit A211 (APExBIO, Houston, USA). 
Cell cycle distribution and apoptosis assay were determined 
using a flow cytometer (Gallios, California, USA).

Functional and pathway enrichment analyses

Total RNA was isolated and purified using TRIzol reagent 
(Invitrogen, California, USA). From 1 μg of total RNA, 
poly(A) RNA was selectively captured using Dynabeads 
Oligo(dT)25-61005 (Thermo Fisher Scientific, Waltham, 
USA). This poly(A) RNA was then fragmented into small 
pieces, and the cleaved RNA fragments were reverse 
transcribed to synthesize cDNA. The cDNA was subsequently 
amplified to produce fragments of approximately 300±50 bp. 
For RNA sequencing analysis, the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) signaling pathway database 
was used to analyze the signaling pathway enrichment of 
differentially expressed genes in the SIM-treated group 
compared with the control. A threshold of |log2FC| ≥1 
and P<0.05 were used as screening conditions.

Tumor xenograft model in nude mice 

Athymic male BALB/c nude mice (4 weeks old) were 
obtained from the Animal Center of Nanjing Medical 
University. QGP-1 cells (5×106 cells/mice) were resuspended 
in 100 μL serum-free medium and injected subcutaneously 
into the right flank of mice. Mice received normal saline 
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(10 mg/kg) or SIM (10 mg/kg) orally once daily until 
4 weeks after cell injection, with 5 mice in each group. 
Tumors were then excised and weighed. Tumor volumes 
were calculated using the formula: 0.5 × length × width2. All 
animal experiments were performed under a project license 
(No. IACUC-2208028) granted by Institutional Animal 
Care and Use Committee of Nanjing Medical University, in 
compliance with Chinese national or institutional guidelines 
for the care and use of animals.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 
9 software (GraphPad Software, La Jolla, California, USA). 

Two-group comparisons were analyzed with an unpaired 
t-test, and P values were calculated. Each experiment was 
repeated at least three times, with three replicates set up 
each time, and similar results were obtained. P<0.05 was 
considered to be statistically significant. 

Results

SIM suppresses pNEN growth both in vitro and in vivo

The 48-hour IC50 cytotoxicity values of SIM are shown in 
Figure 1A. Based on these results, a concentration of 40 μM 
SIM was chosen for further experiments with QGP-1 cells 
and BON-1 cells, and an incubation time of 48 hours was 

Figure 1 SIM suppressed pNEN cells viability and proliferation. (A) IC50 values of QGP-1 cells and BON-1 cells treated with SIM for 
48 hours. The 95% CI for QGP-1 cells is 89.28–103.4, while for BON-1 cells, the 95% CI is 81.60–91.97. (B-F) Both cell lines’ growth 
rates were determined with CCK-8 proliferation assay, EdU labelling analysis. and colony formation assay. (E) Cells were stained with 
crystal violet. (G,H) Representative images of the tumors formed in nude mice. The scale bar in Figure C is 200 µm. *, P<0.05; **, P<0.01; 
***, P<0.001. NC, negative control; SIM, simvastatin; pNEN, pancreatic neuroendocrine neoplasms; IC50, half maximal inhibitory 
concentration; CI, confidence interval; CCK-8, Cell Counting Kit-8; EdU, 5-ethynyl-2’-deoxyuridine.
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selected. CCK-8 assay (Figure 1B), EdU assays (Figure 1C,1D), 
and colony formation assay (Figure 1E,1F) revealed that SIM 
significantly reduced cell growth. In the in vivo experiment, 
tumors formed in the SIM-treated group were smaller than 
those in the control group (Figure 1G,1H). 

SIM reduces pNEN cells migration and invasion

The transwell migration assay showed that the SIM-treated 
group had fewer migrated cells in both cell lines compared 
with the control group. Similar results were noted in the 
transwell invasion assay (Figure 2A-2D).

SIM promotes cell-cycle arrest in QGP-1 cells and 
apoptosis in BON-1 cells

Previous studies have revealed the cell cycle blocking 
effect of SIM in other tumors. We analyzed the cell-cycle 
distribution of QGP-1 and BON-1 cells by flow cytometry 
after 48-hour exposure to SIM. In QGP-1 cells, SIM 

increased the number of cells in G1 phase and decreased 
the number in G2 phase, indicating that the cells underwent 
G1 cycle arrest. In BON-1 cells, SIM increased the number 
of cells in G1 and G2 phases and decreased cell number in 
S phase, indicating affected conversion of G1-S and G2-M 
phases (Figure 3A,3B).

We also assessed the percentage of apoptotic cells by flow 
cytometric analysis. In BON-1 cells, the dot-plot analysis 
indicated a significant increase in apoptotic cells in the 
SIM-treated group compared with control. Conversely, no 
significant increase in apoptotic cells was observed in QGP-
1 cells after SIM treatment (Figure 3C,3D).

Furthermore, we examined the expression of cell cycle 
regulators and apoptosis related regulators. As shown in 
Figure 3E, when treated with SIM, the expressions of cyclin 
D1, cyclin E2, CDK2 were obviously inhibited, whereas 
p21 was over expressed in QGP-1 cells, indicating that SIM 
inhibits QGP-1 cell proliferation partially through inducing 
cell-cycle arrest. While in BON-1 cells, we only observed 
corresponding changes in CDK2 and CDK6. 

Figure 2 SIM reduces pNEN cells migration and invasion. (A,B) Significant reduction in cell migration and cell invasion was found in SIM-
treated group in QGP-1 cells. (C,D) A comparable reduction in migration and invasion was observed in BON-1cells. Cells were stained 
with crystal violet. The scale bar in (A,C) is 100 µm. *, P<0.05; **, P<0.01; ***, P<0.001. NC, negative control; SIM, simvastatin; pNEN, 
pancreatic neuroendocrine neoplasms.
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Figure 3 SIM induces accumulation of G1 phase in QGP-1 cells and apoptosis in BON-1 cells. (A,B) Flow cytometry analysis of Cell-cycle 
distribution in both cell lines. (C,D) Flow cytometry analysis of the apoptotic cells using Annexin V/PI double-staining assay. (E,F) Western 
blot analysis of the protein expression of cell-cycle and apoptotic regulators. ns, P>0.05; *, P<0.05; **, P<0.01. NC, negative control; SIM, 
simvastatin; PI, propidium iodide. 

Consistent with the fact that apoptosis of BON-1 cells 
increased after SIM treatment, the apoptosis related regulators 
including PARP, Caspase 3, BCL-2 were decreased, and BAX 
was over-expressed (Figure 3F), suggesting that SIM inhibits 
BON-1 cells proliferation through inducing cell apoptosis.

SIM suppresses BON-1 cells growth via p53 pathway and 
QGP-1 cells via MAPK pathway

The KEGG enrichment results showed p53 pathway 
and MAPK signaling pathway as the enriched signaling 
pathways (Figure 4A). We found that p53 was hardly 
detected in QGP-1 cells, but highly expressed in BON-1 
cells, and that p53 decreased significantly after treated with 
SIM in BON-1 cells (Figure 4B). It suggested that mutant 
p53 may be expressed in BON-1 cells, and SIM suppressed 

BON-1 cells growth by targeting the functions of mutant 
p53. While in QGP-1 cells, pERK was significantly 
inhibited after treatment of SIM (Figure 4C), indicating that 
SIM inhibited QGP-1 cells growth through modulation of 
the MAPK pathway.

Discussion

pNEN represent a heterogeneous tumor subtype with 
varied clinical manifestations, behavior, and prognosis (22). 
Despite advancements in treatment modalities, effective 
therapies for pNEN remain elusive, highlighting the need 
for novel drugs to control tumor growth. In our study, we 
investigated the potential of SIM as an anti-tumor agent in 
pNEN cells.

Statins, including SIM, exert their effects by inhibiting 
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HMGCR, a key enzyme in the mevalonate pathway. 
This pathway regulates the production of downstream 
metabolites involved in diverse cellular functions, including 
cell signaling and proliferation (23). Consistent with 
previous research (16,17,24), our findings demonstrated 
that SIM induced cell cycle arrest in pNEN cells, with 
distinct effects observed in different cell lines. Specifically, 
SIM treatment led to G1 phase arrest in QGP-1 cells, 
accompanied by downregulation of cyclin D1/CDK6 and 
cyclin E/CDK2, key regulators of the G1-S transition. As 
we know, G1 cyclins (cyclin D and cyclin E) bind to cyclin-
dependent kinases (CDKs) 4/6 and CDK2, respectively, 
initiating the G1-S transition (25). Our findings corroborate 
these observations, as SIM treatment led to G1 phase arrest 
in QGP-1 cells; while in BON-1 cell line, both of the 
G1-S and G2-M phases conversion were affected. Besides, 
in BON-1 cell line, SIM treatment resulted in increased 
apoptosis marked by modulation of apoptosis-related 
proteins, suggesting different mechanisms of action in 
inhibiting proliferation between the two cell types.

P53, a well-studied tumor suppressor protein, is 
frequently mutated in various tumor types, leading to 
loss of its wild-type activity (26). Mutant p53 (mutp53) 
plays a crucial role in cancer progression and therapy 
resistance (27). The important role of mutp53 in cancer 
makes it an attractive therapeutic target. A large number of 

drugs have been identified or designed to rescue mutp53 
and reactivate its anti-tumor ability through various 
mechanisms (28). Our study revealed high p53 expression 
in BON-1 cells, suggesting the presence of mutp53. The 
substantial decrease in p53 expression following SIM 
treatment provides compelling evidence of SIM’s potential 
to target mutp53 effectively. By reducing mutp53 levels, 
SIM may disrupt the oncogenic functions associated with 
mutp53 and promote apoptosis in BON-1 cells. Overall, 
our findings support the notion that SIM has the ability to 
target and modulate mutp53 expression, thereby presenting 
a promising therapeutic avenue for combating mutp53-
driven cancers. Further investigation into the specific 
mechanisms underlying SIM’s interaction with mutp53, as 
well as its broader effects on cancer progression and therapy 
resistance, is warranted to fully elucidate its potential as a 
mutp53-targeted therapy.

The MAPK pathway has been implicated in modulating 
drug sensitivity and resistance in cancers (29). Studies 
have shown that ERK1/2, a key component of the MAPK 
pathway, promotes cell cycle progression from G1 to S 
phase (30) and increases the expression of pivotal cell cycle 
control molecules such as cyclin D1/E1 and E2F1 (31). 
Our findings suggest a potential role of the MAPK pathway 
in mediating SIM-induced cell cycle arrest in QGP-1 
cells, warranting further investigation into the molecular 

Figure 4 KEGG pathway enrichment showed the related signaling pathways. (A) The abscissa represents the ratio of enriched genes, and 
the ordinate represents pathways. The color gradient from red to blue indicates P value changes from small to large after correction. (B) 
P53 is highly expressed in BON-1 cells, but hardly detected in QGP-1 cells, and after SIM treatment, p53 decreased significantly in BON-
1 cells. (C) In QGP-1 cells, pERK was inhibited after treatment of SIM. KEGG, Kyoto Encyclopedia of Genes and Genomes; NC, negative 
control; SIM, simvastatin.
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mechanisms involved.

Conclusions

In summary, our study reveals that SIM inhibits pNEN 
cells proliferation by inducing cell cycle arrest or apoptosis 
potentially through the p53 and MAPK pathway. These 
results highlight SIM as a promising candidate for the 
treatment of pNEN and underscore the importance of 
further investigations to elucidate its precise mechanisms of 
action and therapeutic potential in clinical settings.
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