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ABSTRACT
Background: Pleural mesothelioma is a highly aggressive malignancy with a poor prognosis due to the limited efficacy of cur-
rently available therapies. Macroautophagy (hereafter “autophagy”) is a lysosome-mediated degradation pathway involved in 
cellular homeostasis that can either support or inhibit cancer progression depending on context. In this study, we investigated 
the effects of SAR405, an inhibitor of vacuolar protein-sorting 34 (VPS34), which is important for regulating the early stage of 
autophagy, on pleural mesothelioma.
Methods: Human pleural mesothelioma cell lines H28, H2452, and 211H were cultured with SAR405. The effects of SAR405 
on protein expression, cell viability, colony formation, cell invasion, and the cell cycle were investigated, as were its synergistic 
effects with cisplatin. Autophagy induction was evaluated in mesothelioma cells transfected with the pMRX-IP-GFP-LC3-RFP-
LC3ΔG plasmid, which was developed for the quantitative and statistical estimation of autophagy.
Results: SAR405 treatment alone significantly reduced cell viability, colony formation, and cell invasion, and increased G2/M 
cell cycle arrest. In addition, SAR405 induced apoptosis in the H2452 cell line. Although cisplatin weakly induced autophagy in 
mesothelioma cells, its combination with SAR405 did not result in additive or synergistic effects on cell viability.
Conclusions: Based on these results, inhibition of VPS34 by SAR405 effectively suppressed cell viability in all mesothelioma 
cell lines and induced apoptosis in H2452 cells. The findings of this study indicate the potential for VPS34 inhibition as a new 
strategy for the treatment of mesothelioma and provide insights into the complex role of autophagy in this malignancy.

1   |   Introduction

Pleural mesothelioma, which is primarily attributed to asbestos 
exposure, is currently treated with chemotherapy, radiotherapy, 
or immune checkpoint inhibitors; however, the prognosis re-
mains poor. In Japan, it is estimated that more than 40 000 peo-
ple will develop pleural mesothelioma between 2030 and 2039 
[1]. Therefore, the development of effective therapies based on 
the molecular biology of mesothelioma is urgently required.

Macroautophagy (hereafter “autophagy”) is a process by which 
cells capture intracellular proteins, lipids, and organelles and de-
liver them to the lysosomal compartment for degradation [2, 3]. 
The products of the autophagic degradation of intracellular ma-
terial are exported from lysosomes into the cytoplasm, where 
they are recycled [4]. The intracellular recycling function of au-
tophagy has variable effects on cellular and organismal physiol-
ogy, depending on the circumstances. There is a long-term need 
for autophagy to prevent tissue damage and disease, as well as 
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an acute requirement for autophagy to maintain homeostasis in 
stressful environments [5].

It is well known that autophagy acts as a double-edged sword in 
cancer [6]. In early carcinogenesis, autophagy has a tumor sup-
pressor role because it prevents genomic instability by the induc-
tion of senescence [6]. As the tumor progresses, autophagy plays 
a tumor promoter role as it helps tumor cells to survive under 
conditions of microenvironmental stress, such as hypoxia, nu-
trient deprivation, and chemotherapy-induced stress [7]. In ad-
dition, autophagy has been associated with tumor metastasis, 
growth, and chemoresistance [8–10]. In contrast, a pro-death 
role of autophagy in response to high levels of stress and com-
plex cross-talk between autophagy and apoptotic cell death have 
been reported [11, 12].

The autophagy pathway can be targeted by using various auto-
phagy inhibitors. Chloroquine and hydroxychloroquine inhibit 
lysosomal acidification and autophagosome–lysosome fusion 
[4, 5]. Hydroxychloroquine is used in various medical specialties 
for long-term treatment, especially in clinical trials for cancer 
treatment. However, the use of hydroxychloroquine is associ-
ated with a significant risk of irreversible blindness due to hy-
droxychloroquine retinopathy, the prevalence of which has been 
reported to be as high as 7.5% [13], using recently developed and 
more sensitive diagnostic techniques. Moreover, hydroxychloro-
quine retinopathy may progress even after cessation of therapy 
[14, 15]. Therefore, clinically useful and novel autophagy inhibi-
tors need to be developed.

In a previous study, we investigated the effect of VER-155008, 
which inhibits HSP70 function, on pleural mesothelioma [16]. In 
that study, VER-155008 suppressed the proliferation of pleural 
mesothelioma cells and induced autophagy. However, it was un-
clear whether the induction of autophagy observed in that study 
had cytotoxic or cytoprotective effects on cancer cells.

Therefore, the aim of the present study was to determine the role 
of autophagy in pleural mesothelioma cells by inhibiting autoph-
agy using SAR405, a novel and highly potent autophagy inhibi-
tor that selectively targets vacuolar protein-sorting 34 (VPS34). 
In addition, the effect of autophagy inhibition with SAR405 was 
examined in combination with cisplatin, a conventional thera-
peutic agent used for the treatment of pleural mesothelioma.

2   |   Methods

2.1   |   Cell Lines and Chemical Reagents

Human pleural mesothelioma cell lines 211H, H2452, and 
H28 (all from American Type Culture Collection, Manassas, 
VA, USA) were cultured in RPMI 1640 medium (SH30027.01; 
GE HealthCare, Tokyo, Japan) supplemented with 10% fetal 
bovine serum (Sigma-Aldrich, St. Louis, MO, USA) and 1% 
penicillin–streptomycin (168–23 191; FUJIFILM Wako Pure 
Chemical, Osaka, Japan) at 37°C under 5% CO2. SAR405 
(28 012; MedChemExpress, Monmouth Junction, NJ, USA), 
PIK-III (22 452; MedChemExpress), Vps34-IN-1 (24 001; 
MedChemExpress), chloroquine diphosphate (28 916; Sigma-
Aldrich), cisplatin (033–20 091; FUJIFILM Wako Pure 

Chemical), and/or dimethyl sulfoxide (DMSO; 046–21 981; 
FUJIFILM Wako Pure Chemical), as a control, were added to 
the cell culture media. SAR405, PIK-III, and Vps34-IN-1 were 
dissolved in DMSO to a stock concentration of 1 mM, while cis-
platin was dissolved in 0.9% sodium chloride solution to a stock 
concentration of 1.34 mM. In this study, RPMI-1640 was used 
for all experiments and the culture conditions were 37°C under 
5% CO2.

2.2   |   Western Blotting Analysis

Cells were lysed with the M-PER Mammalian Protein Extraction 
Reagent (YH371252; Thermo Fisher Scientific, Pittsburgh, PA, 
USA) according to the manufacturer's instructions. Cell lysates 
were mixed with 4× Laemmli sample buffer (161–0747; Bio-Rad, 
Hercules, CA, USA) containing 5% 2-mercaptoethanol (161–
0737; Bio-Rad). Then, 30-μg aliquots were boiled at 95°C and 
separated by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (4 561 094; Mini-PROTEAN TGX Gels; Bio-Rad). After 
incubation with 5% skim milk powder (LEE0023; FUJIFILM 
Wako Pure Chemical), blots were incubated for 24 h at 4°C 
with primary antibodies (diluted 1:1000 with Tris-buffered sa-
line Tween-20 [TBS-T]). After washing with TBS-T, the blots 
were then incubated for 2 h at room temperature with the sec-
ondary antibody (diluted 1:50000 with TBS-T). After washing 
with TBS-T, antigen–antibody complexes were detected using 
a ChemiDoc XRS+ System (Bio-Rad) and SuperSignal West 
Femto (XF346244; Thermo Fisher Scientific).

The primary antibodies used in this study were as follows: 
caspase-3 rabbit polyclonal antibody (pAb; 9662), cleaved 
caspase-9 (Asp315) rabbit pAb (9505), poly (ADP-ribose) poly-
merase (PARP) rabbit pAb (9542), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH; D16H11) rabbit mAb (5174), and LC3B 
(D11) rabbit mAb (3868; all from Cell Signaling, Beverly, MA, 
USA); and p62 (sequestosome 1) rabbit pAb (PM045; MBL, 
Chiba, Japan). The secondary antibody was horseradish peroxi-
dase (HRP)-conjugated anti-rabbit IgG (SA00001-2; Cosmo Bio, 
Tokyo, Japan).

2.3   |   Cell Viability Analysis

Mesothelioma cells were seeded onto 96-well plates at a density 
of 1000 cells/well and cultured overnight. The medium was 
then changed to one containing 0.1–50 μM SAR405, 0.1–50 μM 
cisplatin, or DMSO as a control and cells were cultured for a 
further 72 h. Then, 10.0 μL Cell Counting Kit-8 reagent (CK04; 
Dojindo, Kumamoto, Japan) was added to each well and cells 
were cultured for 2 h. The number of viable cells was evaluated 
by measuring reduced water-soluble tetrazolium 8 (WST-8) at 
450 nm (SH1300-Lab instrument; Hitachi High-Tech Science 
Corporation, Tokyo, Japan).

2.4   |   Colony Formation

Mesothelioma cells were seeded onto 6-well plates at a density 
of 1000 cells/well and cultured overnight. The medium was 
then changed to one containing 2.5–5.0 μM SAR405 or DMSO 
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as a control and cells were cultured for 10 days in 211H and 
for 14 days in H28 and H2452, after which the colonies formed 
were stained with methylene blue (A334; Sigma-Aldrich) for 
counting.

2.5   |   Cell Migration and Motility Assay

Cell invasion was measured using a scratch wound healing assay. 
Mesothelioma cells were seeded onto 6-well plates at a density 
of 1.2 × 105 cells/well. After 48 h incubation, the cell monolayer 
in each well was scraped with the tip of a sterile 100-μL pipette. 
The cells were then gently washed with medium to remove de-
tached cells, after which the medium was replaced with fresh 
medium containing either 10.0 μM SAR405 or DMSO as a vehi-
cle control. This medium replacement was designated as the 0 h 
time point for subsequent analyses. Images were taken at 0 and 
48 h using a fluorescence microscope (BZ-X810 equipped with 
BZ series application 01.01.00.17; Keyence, Osaka, Japan). Cell 
migration and motility was assessed as a “closure rate”, which 
was calculated by dividing the wound area at each time point by 
the original wound area.

2.6   |   Cell Cycle and Apoptosis Analyses

Mesothelioma cells were seeded onto 6-well plates at a density 
of 1.2 × 105 cells/well. After overnight incubation, the medium 
was changed to one containing 2.5–10.0 μM SAR405 or DMSO 
as a control. After 48 h in culture, cells were used for cell cycle 
analysis or analysis of cell apoptosis. For cell cycle analysis, cells 
were stained with Cell Cycle Assay Solution Deep Red (VG508; 
Dojindo), and the proportion of cells in each phase of the cell 
cycle was determined by using a BD FACSVerse equipped with 
FACSuite v1.0.5.3841 (BD Biosciences, San Jose, CA, USA). To 
analyze cell apoptosis, cells were stained with annexin V–fluo-
rescein isothiocyanate (FITC) and propidium iodide (IM2375; 
Beckman Coulter, Brea, CA, USA) according to the manufac-
turer's instructions, and stained cells were analyzed using the 
BD FACSVerse.

2.7   |   Morphological Apoptosis

Cells were seeded onto 24-well plates at a density of 1.5 × 104 
cells/well and cultured overnight. The medium was then 
changed to one containing 10 μM SAR405 or DMSO as a con-
trol. Cells were exposed to 10 μM SAR405 for 48 h, stained with 
Hoechst 33 342 for 20 min at 37°C, and observed under a fluores-
cence microscope (BZ-X810; Keyence).

2.8   |   Autophagy Analysis

For evaluation of autophagy, mesothelioma cells were trans-
fected with the pMRX-IP-GFP-LC3-RFP-LC3ΔG plasmid, as 
described previously [16, 17]. Transfected cells express GFP-
LC3-RFP-LC3ΔG, which is cleaved by the autophagy-regulating 
protease ATG4 into GFP-LC3 and RFP-LC3ΔG. GFP-LC3 labels 
autophagosomes and is degraded by lysosomes during autoph-
agy, resulting in a decrease in green fluorescence. In contrast, 

the red fluorescence of RFP-LC3ΔG remains stable, meaning it 
serves as an internal control. A decrease in the ratio of green 
fluorescent protein (GFP) to red fluorescent protein (RFP) indi-
cates activation of autophagy.

Transfected mesothelioma cells were seeded onto 6-well plates 
and cultured overnight. The medium was then changed to one 
containing 0.5–5.0 μM cisplatin, 2.5–10.0 μM SAR405, or DMSO. 
After a further 24 h culture, the medium was removed and the 
cells were fixed with methanol and observed under a fluores-
cence microscope (BZ-X810; Keyence). Fluorescence intensity 
was measured (BD FACSVerse) as FITC for green fluorescence 
and phycoerythrin-Cy5 A (PC5-A) for red fluorescence. Mean 
green and red fluorescence values were assessed, and autophagy 
activity was assessed on the basis of the GFP/RFP ratio.

2.9   |   Spheroid Culture and Projected Area 
Measurement

Mesothelioma cells were seeded onto an Akura 96 Spheroid 
Microplate (25 071 608 AU; InSphero, Schlieren, Switzerland) at 
densities of 4500 cells/well for H28, 3000 cells/well for H2452, 
and 2000 cells/well for 211H. After 72 h of spheroid formation, 
the culture medium was changed to 5.0–10.0 μM SAR405, or 
DMSO. Following an additional 72 h of incubation, spheroids 
were imaged using a ZOE Fluorescent Cell Imager (Bio-Rad), 
and spheroid size was quantified as projected area using ImageJ 
software (version 1.54 g; National Institutes of Health, Bethesda, 
MD, USA) [18].

2.10   |   Statistical Analysis

Statistical analyses were performed using EZR version 2.5–1 
(Saitama Medical Center, Jichi Medical University, Saitama, 
Japan) [19]. The significance of differences between two groups 
was determined using F tests and t-tests. For multiple compari-
sons, Dunnett's multiple comparisons test was used to compare 
each group with the control group. All data are expressed as the 
mean ± SD of three independent experiments, and the level of 
significance was set at two tailed p < 0.05.

The effects of combining two drugs were evaluated using 
SynergyFinder version 3.0 in R [20], and zero interaction potency 
(ZIP) values. Based on the ZIP synergy scoring model, the delta 
(Δ%) scores were interpreted as follows: less than −10, antago-
nistic; between −10 and 10, additive; and above 10, synergistic.

3   |   Results

3.1   |   Effects of SAR405 on Autophagy in Pleural 
Mesothelioma Cells

Fluorescence microscopy revealed that, in all mesothelioma cell 
lines (H28, H2452, and 211H) that were transfected with the 
pMRX-IP-GFP-LC3-RFP-LC3ΔG plasmid, the addition of SAR405 
to the culture medium increased GFP-LC3 fluorescence compared 
with control (Figure  1A). Flow cytometry, which quantitatively 
measured GFP and RFP fluorescence intensities, revealed that 
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SAR405 at concentrations ≥ 2.5 μM increased the GFP/RFP ratio 
in all pleural mesothelioma cell lines (Figure 1B). These findings 
indicate that SAR405 suppressed autophagy in these mesotheli-
oma cell lines. Using the conventional method for the evaluation of 
autophagy, namely degradation of p62/sequestosome 1 (an autoph-
agy marker) as detected by western blotting analysis, also demon-
strated autophagy suppression by SAR405 (Figure 1C).

Because the steady state level of autophagosomes is deter-
mined by the balance between their synthesis and consump-
tion in lysosomes, inhibiting autophagosome consumption 

with chloroquine, a lysosomotropic drug that affects lysosome 
function by increasing pH, can be used to determine whether 
a drug truly inhibits autophagy or merely induces it. In this 
study, chloroquine induced the accumulation of LC3B-II in all 
cell lines. In H2452 and 211H cells, the addition of SAR405 
significantly inhibited the chloroquine-induced accumulation 
of LC3B-II compared with DMSO + chloroquine as a control. 
In H28 cells, although there was a tendency for SAR405 to in-
hibit chloroquine-induced accumulation of LC3B-II compared 
with control, the difference was not statistically significant 
(Figure 1D).

FIGURE 1    |    Suppression of autophagy in pleural mesothelioma cells by SAR405, a VPS34 inhibitor. To evaluate autophagy, mesothelioma cells 
were transfected with the pMRX-IP-GFP-LC3-RFP-LC3ΔG plasmid and then cultured for 24 h with 2.5–10.0 μM SAR405 or dimethyl sulfoxide 
(DMSO) as a control. (A) Fluorescence microscopy findings. Scale bars = 200 μm. (B) Signal intensities of green fluorescent protein (GFP) and red 
fluorescent protein (RFP) were measured by flow cytometry and the GFP/RFP ratio was used as an indicator of autophagy activation. (C) Western 
blotting analysis of p62 expression (as a marker of autophagy). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (D) Effects of 10.0 μM chloro-
quine (CQ), alone and in the presence of 2.5–10.0 μM SAR405, on LC3B levels in mesothelioma cells, as determined by western blotting analysis, 
with GAPDH used as a loading control. Data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 
compared with DMSO.
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3.2   |   Effects of SAR405 on the Cell Viability 
of Pleural Mesothelioma Cells

To investigate the effects of SAR405 on the cell viability of 
pleural mesothelioma cells, the IC50 for SAR405 was deter-
mined and compared to that for cisplatin, which is convention-
ally used for the treatment of malignant pleural mesothelioma. 
After 72 h exposure to SAR405, cell viability of H28, H2452, 
and 211H cells was suppressed by SAR405 at concentrations of 
≥ 5.0, ≥ 25.0, and ≥ 10.0 μM, respectively. The IC50 for SAR405 
at 72 h was 10.8 μM for H28 cells, 17.4 μM for H2452 cells, and 
12.4 μM for 211H cells (Figure 2A). Meanwhile, cisplatin sig-
nificantly inhibited cell proliferation at concentrations ≥ 5 μM 
in all cell lines. The IC50 value for cisplatin at 72 h was 4.6 μM 
for H28 cells, 7.6 μM for H2452 cells, and 3.2 μM for 211H cells 
(Figure 2B).

3.3   |   Effects of SAR405 on Colony Formation 
and Cell Invasion

SAR405 inhibited colony formation at a concentration of 
2.5 μM in H28 cells and 5.0 μM in H2452 and 211H cells 
(Figure 3).

In scratch wound healing assay, microscopy revealed that cell 
migration was suppressed by 10.0 μM SAR405 in all pleural me-
sothelioma cell lines compared with control (DMSO) after 48 h 
(Figure 4A). Forty-eight hours after creation of the wound area 
in mesothelioma cell monolayers, the respective areas remain-
ing in the control (DMSO) and SAR405 groups were 13.9% and 
74.9% for H28 cells, 36.6% and 82.9% for H2452 cells, and 27.0% 
and 84.6% for 211H cells (Figure 4B).

3.4   |   Effects of SAR405 on the Cell Cycle 
and Apoptosis in Pleural Mesothelioma Cells

It has been reported that the antitumor effects of various ther-
apeutic agents on pleural mesothelioma cells are accompanied 
by cell cycle arrest at the G2/M phase [21]. In the present study, 
the G2/M phase cell population increased after 24 h of culture of 
H28, H2452, and 211H cells with 2.5–10.0 μM SAR405 versus 
DMSO (Figure 5).

Cell cycle analysis showing an increase in the sub-G1 popu-
lation of mesothelioma cells compared to the control (DMSO) 
group suggested the induction of apoptosis. After 24 h of 
treatment with 10.0 μM SAR405, Hoechst 33 342 staining of 
H2452 cells revealed apoptotic morphology, including cell 
shrinkage, chromatin condensation, and nuclear fragmen-
tation (Figure  6A). Western blotting analysis revealed that 
the treatment of H2452 cells with 10.0 μM SAR405 induced 
PARP, cleaved caspase-3, and cleaved caspase-9 expression 
(Figure 6B), all of which are markers of apoptosis induction. 
These results confirm the induction of apoptosis by SAR405 in 
H2452 cells. Flow cytometry analysis with annexin V-FITC/
propidium iodide staining demonstrated a significant increase 
in apoptosis in H2452 cells treated with 10.0 μM SAR405, 
whereas no such increase was seen in H28 and 211H cells 
(Figure 6C).

3.5   |   Effects of Cisplatin on Autophagy in Pleural 
Mesothelioma Cells

Before evaluating the combined effects of SAR405 and cis-
platin, a conventional therapeutic agent for the treatment of 

FIGURE 2    |    Effects of (A) SAR405 and (B) cisplatin on the cell viability of pleural mesothelioma cells. Cell viability was assessed by measuring 
the reduction of water-soluble tetrazolium 8 (WST-8). Data are the mean ± SD of three independent experiments. *p < 0.05, ***p < 0.001 compared 
with control.
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pleural mesothelioma, fluorescence microscopy (Figure  7A) 
and flow cytometry (Figure  7B) were used to investigate 
the effects of cisplatin alone on autophagy in pleural me-
sothelioma cells transfected with the pMRX-IP-GFP-LC3-
RFP-LC3ΔG plasmid. GFP-LC3 fluorescence was decreased 
in cisplatin compared with control (normal saline); specifi-
cally, the GFP/RFP ratio decreased following the addition of 

5.0 μM cisplatin to H28 and 211H cells and 0.5 μM cisplatin to 
H2452 cells. Although cisplatin decreased p62 expression in 
a concentration-dependent manner in H2452 cells, it had no 
effect on p62 expression in H28 and 211H cells (Figure  S1). 
The LC3B band was difficult to detect in all mesothelioma 
cell lines, suggesting that autophagy was scarcely induced 
in these cells under steady state conditions. Thus, even using 

FIGURE 3    |    Effects of SAR405 on colony formation by mesothelioma cells. (A) Cells were spread on dishes and cultured for 10 days in 211H and 
for 14 days in H28 and H2452 with 2.5–5.0 μM SAR405 or dimethyl sulfoxide (DMSO). (B) Mean (±SD) number of colonies formed by each mesothe-
lioma cell line. *p < 0.05, **p < 0.01, ***p < 0.001 compared with DMSO.
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chloroquine to evaluate changes in autophagy after cisplatin 
administration was difficult (data not shown).

3.6   |   Effects of the Combination of SAR405 
and Cisplatin

The cell viability of H28 and 211H cells, but not H2452 cells, 
appeared to be suppressed by the combination of cisplatin and 
SAR405 (Figure 8A). However, analysis using SynergyFinder 
(version 3.0) showed that the ZIP synergy score was less than 
−10 in all mesothelioma cell lines, indicating an antagonis-
tic effect for the combination of cisplatin and SAR405. ZIP 
synergy scores for the other VPS34 inhibitors, namely PIK-III 

and Vps34-IN-1, were less than −10 for both in H28 cells, be-
tween −10 and 10 for both in H2452 cells, and between −10 
and 10 for PIK-III and less than −10 for Vps34-IN-1 in 211H 
cells (Figure 8B). These results indicate that the combination 
of cisplatin and VPS34 inhibitors exhibits weak additive or an-
tagonistic effects.

3.7   |   Effects of SAR405 in a 3D Spheroid Model

Based on our in vitro findings, we further evaluated the anti-
tumor effects of SAR405 using a three-dimensional (3D) spher-
oid model to better recapitulate in  vivo tumor architecture. 
Quantitative analysis of the projected spheroid area revealed 

FIGURE 4    |    Effects of SAR405 on cell migration/invasion. (A) Cell invasion of H28, H2452, and 211H mesothelioma cells was measured using 
a scratch wound healing assay. A single scratch was made in the center of the confluent cell monolayer, and cells were then treated with 10.0 μM 
SAR405 or dimethyl sulfoxide (DMSO) as a control. Cell invasion was monitored for 48 h and visualized by light microscopy. (B) Wound area re-
maining at 48 h in cells treated with DMSO or 10.0 μM SAR405. Data are the mean ± SD of three independent experiments. **p < 0.01, ***p < 0.001 
compared with DMSO.
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that treatment with SAR405 at 10 μM significantly reduced 
spheroid size in the H28 cell line compared with the DMSO con-
trol. In contrast, although a decreasing trend in spheroid area 
was observed in the H2452 and 211H cell lines, these changes 
did not reach statistical significance (Figure 9).

4   |   Discussion

This study demonstrated that inhibition of VPS34 by SAR405 
significantly suppressed cell viability in pleural mesothelioma 
cell lines. Autophagy, a crucial cellular process, is regulated 
by autophagy-related genes and proteins, including Beclin1 
(BECN1), VPS34, UV radiation resistance-associated gene pro-
tein (UVRAG), vacuole membrane protein 1 (VMP1), and tumor 
protein p53 inducible nuclear protein 2 (TP53INP2). Of these 
autophagy-related genes, VPS34 is the sole class III lipid kinase 
responsible for generating phosphatidylinositol 3-phosphate, 
a lipid essential for the initiation of autophagosomal biogene-
sis [22]. The therapeutic potential of VPS34 inhibitors such as 
SAR405 lies in their ability to control autophagy, which has 
been implicated in cancer progression. Indeed, SAR405 has 
been reported to suppress tumor growth as a single agent in var-
ious cancers, including colorectal cancer [23], melanoma [23], 
head and neck squamous cancer [24], and breast cancer [25].

Autophagy is also known to play a significant role in cell cycle 
regulation. During cell cycle progression, autophagy occurs 
predominantly in the G1 and S phases [26]. In pleural mesothe-
lioma cells, administration of the anti-CD26 monoclonal anti-
body YS110 has been shown to induce G2/M phase arrest [27]. 
Similarly, the combination of infigratinib (a fibroblast growth 
factor receptor inhibitor) and PKI-402 (a phosphatidylinosi-
tol 3-kinase [PI3K]/mammalian target of rapamycin inhibitor) 
inhibited autophagy and caused G2/M phase arrest in cholan-
giocarcinoma cells [28]. In the present study, SAR405-induced 
inhibition of autophagy in pleural mesothelioma cells led to 
cell cycle arrest in the G2/M phase. A previous study showed 
that phosphorylation of VPS34 at Thr159 by CDK1, a kinase con-
trolling the G2/M phase via cyclin A/B, disrupts its interaction 
with BECN1, thereby inhibiting autophagy [29]. These findings, 
together with those of the present study, suggest that VPS34 

plays a pivotal role in coordinating autophagy and cell cycle 
regulation. Further research is required to elucidate the precise 
mechanisms involved.

Cancer cell migration, a key step in metastasis, allows cancer 
cells to invade surrounding tissues and establish contact with 
other tumor cells. This process is associated with a high risk of 
tumor recurrence if not adequately controlled [30]. In the pres-
ent study, SAR405 significantly inhibited scratch wound closure 
by pleural mesothelioma cells, demonstrating its potential to 
suppress tumor cell migration and prevent metastasis. Colony 
formation is another critical step in tumor metastasis. This pro-
cess is challenging for metastatic cells because the microenvi-
ronment of target organs differs significantly from that of the 
primary tumor [31]. Previous studies have reported that phar-
macological inhibition of autophagy suppresses colony forma-
tion. For example, resveratrol, a stilbenoid, was shown to induce 
autophagy-dependent cell death and inhibit colony formation by 
A549 lung cancer cells [32]. Similarly, the lysosomal autophagy 
inhibitor Lys05 inhibited colony formation by clear cell ovarian 
carcinoma cells [33], and quinacrine inhibited colony forma-
tion by pleural mesothelioma cells [34]. Consistent with these 
findings, we showed that SAR405 significantly inhibited colony 
formation by pleural mesothelioma cells, further underscoring 
the therapeutic potential of autophagy inhibition in reducing 
metastatic capability.

In addition to the effects on viability and metastasis, SAR405 was 
found to induce apoptosis in H2452 pleural mesothelioma cells. 
The relationship between autophagy and apoptosis is complex 
and context dependent (i.e., autophagy can either promote or in-
hibit apoptosis depending on cell type and stress conditions) [35]. 
In pleural mesothelioma cells, quinacrine has been reported to 
inhibit autophagy and induce apoptosis [34]. Other studies have 
shown that combinations of cisplatin with the selective Janus 
tyrosine kinases 2/signal transducer and activator of transcrip-
tion 3 inhibitor JSI-124 [36], sulforaphane [37], or the selective 
CDK4/6 inhibitor abemaciclib [38] can induce both autophagy 
and apoptosis. Conversely, the combination of simvastatin (a 
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor) with 
pemetrexed was found to induce autophagy and inhibit apoptosis 
[39]. Regarding SAR405, it has been reported that its combination 

FIGURE 5    |    Effects of SAR405 on the cell cycle in H28, H2452, and 211H mesothelioma cells. SAR405 induced G2/M cycle arrest in pleural meso-
thelioma cells: The proportion of cells in the G2/M phase was higher after culture with 2.5–10.0 μM SAR405 for 48 h than after culture with dimethyl 
sulfoxide (DMSO) as the control.
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with the selective cyclo-oxygenase 2 inhibitor celecoxib [40], or the 
type I PI3K knockdown agent EZN4150 [25], inhibits autophagy 
and induces apoptosis. Consistent with these findings, we ob-
served induction of apoptosis by SAR405 in H2452 cells. However, 
apoptosis was not induced in H28 or 211H cells. Evaluation of 
differences in genetic backgrounds and anti-apoptotic pathways 
may partially explain the cell-line specific apoptotic responses to 
autophagy inhibition. Although TP53 mutations are generally rare 
in pleural mesothelioma, homozygous deletion of the CDKN2A 
locus which encodes p16INK4a and p14ARF, occurs in more than 
70% of cases. p14ARF stabilizes p53 by promoting the degradation 
of MDM2; therefore, deletion of this site results in attenuation of 

p53 function [41]. Although, H28 and 211H cells harbor wild-type 
p53, H2452 cells contain a truncated form of p53, which may lead 
to a greater loss of function compared with the other two cell lines 
[42]. These genetic differences may underlie the observed variation 
in apoptotic response to SAR405. Moreover, previous studies have 
reported that H2452 cells treated with RITA, a small-molecule 
reactivator of p53, exhibit stronger apoptosis induction than pleu-
ral mesothelioma cell lines expressing wild-type p53 [43]. Given 
that autophagy is known, in certain context, to promote tumor-
igenesis in part through suppression of p53 activity  [44], the in-
teraction between autophagy inhibition and p53 status in pleural 
mesothelioma warrants further investigation. Gene expression 

FIGURE 6    |    Effects of SAR405 on apoptosis of H2452 pleural mesothelioma cells. (A) Mesothelioma H2452 cells were treated with 10.0 μM 
SAR405 for 48 h, stained with Hoechst 33342 to assess nuclear morphology, and visualized under a fluorescence microscope. Arrows indicate apop-
totic cells. Scale bars = 200 μm. (B) Mesothelioma cells were treated with 2.5–10.0 μM SAR405 or dimethyl sulfoxide (DMSO) for 24 h and subjected 
to western blotting analysis to determine the expression of poly ADP-ribose polymerase (PARP), cleaved (c-) PARP, caspase-3, c-caspase-3, and c-
caspase-9. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (C) The induction of apoptosis by SAR405 was evaluated using flow cytometry. 
Apoptotic cells were stained with annexin-V/fluorescein isothiocyanate (FITC) and propidium iodide (PI). Data are presented as the mean ± SD of 
three independent experiments. *p < 0.05 compared with DMSO.
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data for BECN1 and apoptosis related protein (Bcl-2, Bcl-xL, Mcl-1, 
Bak, and Bax) data in mesothelioma cell lines were obtained from 
the DepMap portal (https://​depmap.​org/​portal/​) using RNA-seq 
datasets. Corresponding gene expression levels (BECN1, BCL2, 
BCL2L1, MCL1, BAK1, and BAX) were compared among H2452, 
H28, and 211H cells. Notably, the expression level of BCL2, which 
encodes an anti-apoptotic protein, was relatively lower in H2452 
cells than in H28 and 211H cells (log2-transformed transcripts per 
million [TPM + 1]: 1.21, 2.16, and 2.37 in H2452, H28, and 211H, 
respectively). BECN11, an essential autophagy-related protein, is 
negatively regulated through its interaction with Bcl-2 or Bcl-xL 
[45]. Therefore, H2452 may be more sensitive to disruptions in 
autophagic regulation, while their anti-apoptotic capacity may be 
relatively limited. BRCA1-associated protein 1 (BAP-1) is mutated 
in more than 60% of malignant pleural mesotheliomas. H2452 and 
H28 cells harbor BAP1 loss, whereas 211H retain BAP1 expres-
sion [46]. Recently, in BAP1-mutant cancer cells, BAP1 loss has 
been shown to transcriptionally upregulate the proto-oncogene 
SRC, leading to SRC-mediated phosphorylation and inactivation 
of BECN1 [47]. In that study, treatment with SRC inhibitors and 
autophagy-induced agents suppressed tumor growth in uveal 

melanoma and clear-cell renal cell carcinoma models. The authors 
also noted that autophagy inhibitors have been tested in combi-
nation with other therapies in multiple clinical trials; however, 
these resulted in significant adverse events and toxicities. Based 
on these findings, they proposed therapeutic strategies combin-
ing SRC inhibition with autophagy induction, including com-
pounds that disrupt the binding of Bcl-2 to BECN1, for patients 
with BAP-1-mutant cancers. Our previous report demonstrated 
that VER-155008, an HSP70 inhibitor, suppressed cell growth in 
pleural mesothelioma cell lines, including H2452, H28, and 211H, 
as examined in the present study, accompanied by reduced phos-
phorylated AKT expression and enhanced macroautophagy [16]. 
In that study, it was not possible to determine whether autophagy 
functioned in cytotoxic or cytoprotective manner. Together with 
the present findings using the VPS34 inhibitor SAR405, these re-
sults suggest that mesothelioma cells may be vulnerable to both 
excessive induction and excessive suppression of autophagy, likely 
due to limited autophagic adaptability. Importantly, although both 
H2452 and H28 cells lack BAP1 expression, only H2452 cells un-
derwent apoptosis upon VPS34 inhibition. Our data suggest that 
additional factors, such as differences in autophagic adaptability, 

FIGURE 7    |    Effects of cisplatin on autophagy in pleural mesothelioma cells. (A) Fluorescence microscopy findings for transfected mesothelioma 
cells cultured for 24 h with 0.5–5.0 μM cisplatin or control (normal saline). Scale bars = 200 μm. (B) Signal intensities of green fluorescent protein 
(GFP) and red fluorescent protein (RFP) were measured by flow cytometry after 24 h culture of H28, H2452, and 211H cells with 0.5–5.0 μM cisplatin 
or control (normal saline), and the GFP/RFP ratio was determined. Data are the mean ± SD of three independent experiments. **p < 0.01, ***p < 0.001 
compared with control.

https://depmap.org/portal/
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or Bcl-2 family-mediated apoptotic regulation, may influence cell 
fate following disruption of autophagy in BAP1-deficint cancer 
cells. Collectively, the selective induction of apoptosis observed in 
H2452, but not in H28 or 211H cells, may be partially attributed 

to genetic differences in p53 status and lower expression of BCL2, 
an anti-apoptotic protein that also regulates the essential auto-
phagy protein BECN1. Despite sharing BAP1 loss, H28 cells did 
not undergo apoptosis, suggesting that dependency on autophagic 

FIGURE 8    |     Legend on next page.
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imbalance among BAP-1 mutant cancers varies according to can-
cer type and specific genetic background. These mechanisms are 
intriguing and intricate, and warrant further investigation.

Cisplatin remains a cornerstone therapy for pleural mesothe-
lioma, even with the advent of immune checkpoint inhibi-
tors. Previous studies have reported that cisplatin induces 
autophagy in pleural mesothelioma cell lines, but only in 

combination with other agents [37, 38]. In the present study, 
cisplatin alone weakly induced autophagy, as detected using 
a novel plasmid-based autophagy flux assay (pMRX-IP-GFP-
LC3-RFP-LC3ΔG), which is more sensitive than the conven-
tional assay with western blotting analysis [17]. Given that 
autophagy is known to be induced by serum starvation or 
amino acid starvation, it is difficult to measure autophagy in 
a steady state [48]. To evaluate autophagy status, the dynamic 

FIGURE 8    |    No synergistic effect was seen for the combination of SAR405 and cisplatin. (A) Mesothelioma cells were cultured for 72 h with 
1.0–5.0 μM cisplatin, 2.5–10.0 μM SAR405, or dimethyl sulfoxide (DMSO) as a control. Cell viability was assessed by the reduction of water-soluble 
tetrazolium 8 (WST-8). The results show the proportion of viable cells after 72 h treatment with either cisplatin combined with SAR405 or DMSO. The 
proportion of viable cells was lower after combined treatment with cisplatin and SAR405 than after treatment with DMSO. Data are the mean ± SD of 
three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control. (B) Drug interactions of cisplatin with either SAR405, PIK-
III, or Vps34-IN-1 in mesothelioma cell lines. H28, H2452, and 211H cells were cultured for 72 h with 0.1–100 μM cisplatin and 0.1–100 μM SAR405, 
PIK-III, or Vps34-IN-1. Drug interactions were evaluated using SynergyFinder (version 3.0) using the zero interaction potency (ZIP) model. A ZIP 
synergy score > 10 is considered synergistic; a score between −10 and 10 is considered additive; and a score less than −10 is considered antagonistic.

FIGURE 9    |    Effects of SAR405 in a 3D spheroid model. (A) Spheroid cells were cultured for 72 h with 5.0–10.0 μM SAR405, or dimethyl sulfoxide 
(DMSO) as a control. Spheroids were imaged using a ZOE Fluorescent Cell Imager. Scale bars = 100 μm. (B) Spheroid size was quantified as projected 
area using ImageJ software version 1.54 g. Data are the mean ± SD of three independent experiments. ***p < 0.001 compared with control.
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range of autophagic flux is measured using chloroquine or ba-
filomycin A1. However, the present study revealed that it is 
difficult to detect cisplatin-induced autophagy in pleural me-
sothelioma cell lines based on p62 expression determined by 
western blot analysis, even with measurement of autophagic 
flux using chloroquine. The plasmid-transfected pleural me-
sothelioma cell lines for autophagy induction enabled us to 
detect subtle cisplatin-induced autophagy, which was not seen 
with western blotting.

The combination of SAR405 and cisplatin did not exhibit ad-
ditive or synergistic effects in our experiments. These findings 
may suggest two contradictory conclusions: one is that cisplatin-
induced autophagy may exert a weak cytotoxic effect and the 
other is that the extent of autophagy induced by cisplatin is so 
limited that its inhibition, even in combination with an autoph-
agy inhibitor, fails to produce a synergistic antitumor effect in 
pleural mesothelioma cells. Cisplatin induces cytotoxicity pri-
marily through the formation of several types of DNA adducts 
(including monoadducts, intrastrand crosslinks, and DNA-
protein crosslinks), which activates the DNA damage response 
and apoptosis [49]. Given that autophagy, the DNA damage 
response, and apoptosis are interconnected through numerous 
protein interactions and are mutually regulated at multiple lev-
els, the stage of autophagy inhibition and the specific molecular 
targets involved may produce divergent effects on cell viability. 
In general, cisplatin-induced autophagy has been reported to 
play a cytoprotective role; however, accumulating evidence in-
dicates that cisplatin can also induce cytotoxic or non-protective 
autophagy in certain contexts. For example, in the non-small 
cell lung cancer cell line H460 (p53 wild-type), cisplatin-
induced autophagy has been reported to be non-protective [50]. 
Furthermore, DNA damage response–related pathways, includ-
ing p53, ATM/ATR, and MAPK signaling, have been implicated 
in modulating both the induction of autophagy and cellular 
sensitivity to cisplatin [51]. Similarly, the effects of combining 
SAR405 with cisplatin appear to be context-dependent: while 
enhanced cytotoxicity has been observed in both cisplatin-
sensitive and cisplatin-resistant urothelial carcinoma cell lines 
[52], no such enhancement was reported in malignant rhabdoid 
tumor cells [53]. These observations suggest that autophagy 
under cisplatin treatment may function not as a survival path-
way but rather as a cell death–promoting mechanism under 
specific cellular conditions. Considering these findings, it is pos-
sible that cisplatin-induced autophagy acts in a cytotoxic, rather 
than cytoprotective, manner in mesothelioma cell lines. In any 
case, these findings highlight the need for further research to 
determine how autophagy regulation varies according to cancer 
type and therapeutic context.

In the 3D spheroid model, treatment with SAR405 significantly 
inhibited spheroid expansion in H28 cell line, whereas only a 
non-significant decreasing trend was observed in H2452 and 
211H cell lines. Although the mechanisms underlying these cell 
line–specific differences remain unclear, previous studies have 
reported that inhibition of early-stage autophagy using a single 
agent does not consistently exert antitumor effects in pleural 
mesothelioma cell lines [54]. Given the relatively high IC50 of 
SAR405, identifying combination strategies that enhance its 
antitumor efficacy represents an important direction for future 
research.

SAR405 faces challenges such as its poor hydrophilicity, lim-
ited stability, and low bioavailability, which are commonly en-
countered challenges with small-molecule kinase inhibitors. 
These properties necessitate frequent or high-dose administra-
tion for sustained therapeutic exposure. To address these con-
cerns, some studies have shown that SAR405-loaded chitosan 
nanoparticles enhance cellular uptake and increase cytotoxic-
ity in A549 lung cancer cells [55]. In addition, a low-intensity 
focused ultrasound (LIFU)–responsive phase-change nan-
odroplet platform (SP@Lip-PEG) has been developed to im-
prove intratumoral accumulation and triggered release of 
SAR405 [56]. Applying these delivery strategies to pleural me-
sothelioma could improve its clinical applicability. Moreover, 
immune checkpoint inhibitors have recently become an inte-
gral component of pleural mesothelioma treatment. One of the 
major limitations of anti–PD-1/PD-L1 therapy is insufficient 
infiltration of effector T cells into the tumor microenviron-
ment. Notably, pharmacological inhibition of VPS34 using 
SAR405 in melanoma and colon cancer has been shown to 
enhance infiltration of NK cells, CD8+ T cells, and CD4+ ef-
fector T cells, reduce tumor growth, and prolong survival in 
mouse models [23]. Considering these findings, combining 
VPS34 inhibition with immune checkpoint inhibitors therapy 
may represent a promising multimodal approach for pleural 
mesothelioma.

In conclusion, this study provides evidence that SAR405 has 
the potential to inhibit autophagy, to suppress cell viability 
and metastasis, and to induce apoptosis in pleural mesothe-
lioma cells. Future investigations should focus on combining 
cisplatin with therapeutic agents that target distinct stages of 
autophagy or using genetic approaches to suppress autophagy-
related genes, and on identifying the combination partners, 
including immunotherapeutic agents, that enhance the anti-
tumor efficacy of SAR405. Such studies will deepen our un-
derstanding of the role of autophagy in pleural mesothelioma 
and contribute to the development of more effective therapeu-
tic strategies.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Cisplatin induced autoph-
agy in pleural mesothelioma cells. H28, H2452, and 211H cells were 
treated with 1.0–5.0 μM cisplatin or control (normal saline) for 24 h 
and analyzed by western blotting analysis. Data are the mean ± SD of 
three independent experiments. *p < 0.05, ***p < 0.001 compared with 
control. 
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