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Direct effects of the small molecule PD-L1 inhibitor BMS-202
on A375 melanoma cells: Anti-tumor activity accompanied
by increased mitochondrial function
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Abstract. The aim of the present study was to investigate
the direct effects of BMS-202 on melanoma cells. The small
molecule programmed cell death ligand 1 (PD-L1) inhibitor
BMS-202 was used to treat A375 melanoma cells. The cell
distribution of BMS-202 was examined using low-power
and high-resolution confocal microscopy, focusing on its
localization in mitochondria. The impact of BMS-202 on
mitochondrial gene expression levels, the activity of respi-
ratory chain complexes, and the levels of reactive oxygen
species and apoptosis-related genes, including Bax, Bcl-2,
PARP and caspase-3, were assessed by quantitative PCR and
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western blotting. Additionally, tumor cell viability, prolif-
eration, migration and invasion were evaluated in vitro, with
in vivo experiments conducted through the construction of
tumor-bearing mouse models and Ki-67 immunohistochem-
ical staining to validate tumor proliferation. The function of
mitochondria was inhibited using a pyruvate carrier inhib-
itor to examine how this affected the action of BMS-202.
The results revealed that BMS-202 can inhibit tumor cell
function and promote apoptosis. Furthermore, BMS-202
was shown to enter the mitochondria where it may bind to
PD-L1 and improve mitochondrial function. By inhibiting
mitochondrial function, the antitumor effects of BMS-202
can be enhanced. Overall, the present study provides infor-
mation on the potential antitumor mechanisms of BMS-202
as well as a theoretical basis for its application in melanoma
therapy.

Introduction

Malignant melanoma (MM) is a prevalent and aggressive skin
cancer, the incidence of which has been increasing annually
due to factors such as an increasingly aging population and
environmental changes (1-3). While early-stage melanoma can
be effectively treated with surgical excision, the treatment of
advanced melanoma is challenging due to the high recurrence
rate of 60-75%. In addition, melanoma has a 5-year survival
rate of 30-70% (4-6). These limitations in surgical treatment
have led to the search for more effective therapeutic strategies.
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Precision-targeted therapies, particularly immune checkpoint
inhibitors, have emerged as promising options for improving
outcomes in patients with melanoma (7,8). Current research
primarily focuses on the way these inhibitors prevent T cells from
escaping immune detection, often neglecting their direct effects
on tumor cells (9,10). Recent studies, however, have suggested
that programmed cell death ligand 1 (PD-L1) inhibitors may
exert direct antitumor effects by modulating tumor cell metabo-
lism and mitochondrial function. For example, Yang et al (11)
revealed that BMS-202 can reprogram mitochondrial respiration
in glioblastoma, leading to suppressed malignancy. Furthermore,
Xie et al (12) identified mitochondrial PD-L1 as a key regulator
of mitophagy and chemoresistance. Research on immune check-
point inhibition still faces several challenges, particularly the
frequent issue of resistance, which may arise from tumor-intrinsic
mechanisms such as metabolic adaptation or epigenetic altera-
tions (13-15). For example, Wang et al (7), Du et al (13) and
Tang et al (16) revealed that mitochondrial oxidative phosphoryla-
tion (OXPHOS) upregulation can contribute to programmed cell
death protein 1 (PD-1) inhibitor resistance by enhancing tumor
cell survival, highlighting the need to target both immune and
metabolic pathways. This gap in knowledge highlights the need
for a broader exploration of the function of PD-L1 inhibitors, not
justin terms of T cell interactions, but also regarding their direct
impact on tumor biology. The present study uniquely bridges
this gap by investigating the dual role of BMS-202 in immune
checkpoint blockade and mitochondrial modulation. Addressing
this issue is key for enhancing the efficacy of immunotherapy in
melanoma treatment.

PD-LI inhibitors are an important type of immunosuppres-
sant (7,16). BMS-202 is a small molecule PD-L1 inhibitor that
directly binds to PD-L1, effectively blocking the PD-1/PD-L1
pathway. This pathway has a key role in tumor immune evasion
and the effectiveness of BMS-202 has been demonstrated in
various studies (11,17).

The present study suggested that BMS-202 not only func-
tions as an immune checkpoint inhibitor, but may also have a
direct impact on melanoma cells. More specifically, BMS-202
appears to promote cell death while enhancing mitochondrial
function in A375 melanoma cells. Given the established asso-
ciation between mitochondrial health and tumor activity (18),
it was hypothesized that BMS-202 could exert direct antitumor
effects by modulating mitochondrial function in these cells.

The aim of the present study was to explore the direct
effects of BMS-202 on melanoma cells and the underlying
mechanisms involved. By investigating these interactions, it
was anticipated to provide valuable insights into the broader
actions of PD-L1 inhibitors and to identify potential new
strategies for improving melanoma treatment. A deeper
understanding of the direct effects of PD-L1 inhibitors will
enrich the understanding of immunotherapy. The present
study investigated the effects of BMS-202 on melanoma cells,
highlighting the importance of further research to translate
these insights into improved clinical outcomes for patients
with melanoma.

Materials and methods

Materials. DMEM and 0.25% trypsin/EDTA solution used for
cell passing were purchased from Thermo Fisher Scientific,

Inc. BMS-202 (cat. no. HY-19745; MedChemExpress) is a
non-peptide inhibitor of the PD-1/PD-L1 complex that binds
to PD-L1, effectively blocking the interaction between human
PD-1 and PD-L1. GW604714X (GW, cat. no. HY-138559;
MedChemExpress) is a highly specific inhibitor of the
mitochondrial pyruvate carrier, which markedly suppresses
mitochondrial respiration. For western blotting, various
primary antibodies were used including B-tubulin (1:5,000;
cat. no. FD0064, Hangzhou Fude Biotechnology Co., Ltd.),
mitochondrial cytochrome ¢ oxidase subunit 1 (MT-COI;
1:1,000; cat. no. ab14705), Bax (1:100; cat. no. ab32503) and
Bcl-2 (1:1,000; cat. no. ab182858) (all from Abcam), as well
as horseradish peroxidase-conjugated anti-rabbit (1:1,000,
cat. no. ab6721) and anti-mouse (1:1,000, cat. no. ab6728)
secondary antibodies (both from Abcam). GAPDH (1:10,000;
cat. no. 10494-1-AP), Mitochondrially encoded NADH
dehydrogenase 4 (MT-ND4; 1:1,000; cat. no. 26736-1-AP)
and MT-ND5 (1:1,000; cat. no. 66613-1-Ig) antibodies were
obtained from Proteintech Group, Inc. The antibodies against
caspase-3 (1:1,000; cat. no. 9662), poly(ADP-ribose) poly-
merase (PARP; 1:1,000; cat. no. 9542) and cleaved-caspase-3
(1:1,000; cat. no. 9664T) were obtained from Cell Signaling
Technology. PD-L1 (1:5,000, cat. no. ET1701-41, https://huabio.
cn/products/PD-L1-antibody-ET1701-41) Inc., whereas anti-
bodies used for the immunofluorescence assay, including those
against caspase-3 (1:50; cat. no. 66470-2-Ig) and caspase-8
(1:50; cat. no. A19549) were purchased from Proteintech
Group, Inc and ABclonal Biotech Co., Ltd., respectively.
Additionally, BMS-202 fluorescently labeled with Cy-3
excitation wavelength, 561 nm) from Guangzhou Weihua
Biotechnology Co., Ltd. The mitochondrial dye PKMITO
DEEP RED was obtained from Nanjing Puhai Jingshan
Biotechnology Co., Ltd., while Hoechst 33342 and DAPI were
sourced from Beyotime Institute of Biotechnology.

Cell culture. Melanoma A375 cells were acquired from
Wuhan Sean Biotechnology Co., Ltd. (cat. no. CL-0014, 1) and
have already undergone short tandem repeat profiling. The
cells were cultured in DMEM containing 10% fetal bovine
serum (cat. no. FSP500; Shanghai ExCell Biology, Inc.), and
1% penicillin and streptomycin, and were maintained in a cell
culture incubator at 37°C and 5% CO,. Cells in the logarithmic
growth phase were selected for experimentation.

Cell treatment. Cells were treated with 5 yM BMS-202 and
10 uM GW after adherence, and incubated in a cell culture
incubator for 24 h before subsequent experiments. In the
IC,, assay, cell viability was measured using concentration
gradients of 0.3125, 0.625, 1.25, 2.5, 5, 10, 20, and 40 uM
for BMS-202, and 0.3125, 0.625, 1.25, 2.5, 5, 10, 20, 40, and
80 uM for GW, with an incubation time of 24 h. In the CCK-8
assay, cells were treated with 5 M BMS-202 and 10 uM
GW604714X, and cell viability was measured every 24 h for
a total duration of 120 h.

Cell viability assay. The viability of A375 cells was deter-
mined using the Cell Counting Kit-8 (CCK-8) (cat. no. C0038;
Beyotime Institute of Biotechnology) assay. Cells were
seeded in a 96-well plate at a density of ~5x10° cells/cm?
and then incubated at 37°C for 24 h. With the exception of
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the blank group, 10 ul CCK-8 solution was then added to
each well, and the cells were further incubated for 1-2 h. The
optical density (OD) values were measured at 450 nm using
a microplate reader. This process was used to determine
the cell viability under different concentration treatments
and to select the optimal experimental concentration for
each group.

Western blotting. Total proteins were extracted using
lysis buffer [RIPA(cat. no. PO013B; Beyotime Institute of
Biotechnology):PMSF (cat. no. P1045; Beyotime Institute
of Biotechnology), 100:1] and protein concentration was
determined using a BCA quantification kit, the proteins were
denatured at 100°C for 8 min. Briefly, (20 pg protein) of the
extracts were loaded onto SDS-polyacrylamide gels (10.0 and
12.5%), separated by electrophoresis and then transferred to
PVDF membranes The membranes were blocked with 5%
skimmed milk at room temperature for 60 min., and were
subsequently incubated with primary antibodies overnight
at 4°C. Next, the membranes were incubated with secondary
antibodies at room temperature for 60 min and detected
using the Signaler ECL bioluminescence kit (cat. no. P10100;
Suzhou Xinsaimei Biotechnology Co., Ltd.). Protein bands
were visualized using bioluminescence imaging systems
(Syngene). Grayscale values for semi-quantitative analysis
were determined using Imagel] (version 1.54; National
Institutes of Health).

Reverse transcription-quantitative PCR (RT-qPCR). Total
RNA was extracted from cells using the RNA easy kit
(cat.no.R701-01; Vazyme Biotech Co.,Ltd., ),according to the
manufacturer's instructions. This was followed by RT utilizing
the HiScript III RT SuperMix for qPCR (cat. no. R323-01;
Vazyme Biotech Co., Ltd.). RT-qPCR was performed using
the qPCR kit (cat. no. Q711-02; Vazyme Biotech Co., Ltd.).
The thermocycling conditions were as follows: initial
denaturation at 95°C for 30 sec; 40 cycles of 95°C for 5 sec
(denaturation) and 60°C for 30 sec (annealing/extension);
melt curve analysis from 65 to 95°C. Primers were designed
based on the gene sequences listed in the NCBI GenBank
(hncbi.nlm.nih.gov/), using Primer premier (version 5.0;
Premier Biosoft International). The selected primers (5'—3")
encompassed those for MT-CO1 (19), forward CTTTTC
ACCGTAGGTGGCCT and reverse AGTGGAAGTGGG
CTACAACG; MT-CO3 (20), forward, ATGACCCACCAA
TCACATGC and reverse, ATCACATGGCTAGGCCGGA;
MT-ND4 (21), forward 5'-3' GCCCAAGAACTATCAAAC
TCCTGA and reverse 5'-3' CGGCAAGTACTATTGACC
CAGC; MT-ND5 (22), forward 5'-3' GGCTACAAGATATCC
GCTGCT and reverse 5'-3' AAAGCCGCATAAGAACCA
AA; Bax, forward 5'-3' AGAGGATGATTGCCGCCGT and
reverse, CAACCACCCTGGTCTTGGATC; Bcl-2, forward
GGTGGGGTCATGTGTGTGG and reverse CGGTTCAGG
TACTCAGTCATCC; p-actin, forward CTTCGCGGGCGA
CGAT and reverse CCACATAGGAATCCTTCTGACC. The
qPCR assays were conducted on a CFX2 system (Bio-Rad
Laboratories, Inc.). f-actin served as the internal control for
normalization, and the relative gene expression levels were
quantified using the 222 method (23), ensuring precise and
reliable data analysis.
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Detection of mitochondrial respiratory chain complex I and
1V, and superoxide dismutase (SOD). Cells were scraped and
homogenized using PBS, followed by centrifugation (4°C,
10,000 x g, 10 min) to collect the supernatant. The protein
concentration was determined using a BCA protein assay Kkit.
According to the manufacturer's protocol, mitochondrial respi-
ratory chain complex I and IV, and Mn-SOD levels in cells
were assessed using the MEIMIAN Human Mitochondrial
Respiratory Chain Complex I and IV ELISA kits (cat. nos.
MM-60819H2 and MM-61261H2; Jiangsu ELISA Industry
Co., Ltd.), and the Beyotime CuZn/Mn-SOD Activity Assay
Kit (cat. no. S0103; Beyotime Institute of Biotechnology).
OD values were measured at 450 nm using a full-wavelength
microplate reader (Multiskan SkyHigh; Thermo Fisher
Scientific, Inc.)

Malondialdehyde (MDA) detection. A total of 1x10° cells
were seeded in each well of 12-well plate and then proceeded
with drug treatment. Adherent cells in 6-well plates were
scraped and homogenized following the addition of an appro-
priate amount of Cell lysis buffer (cat. no. SO131S; Beyotime
Institute of Biotechnology), the mixture was centrifuged (4°C,
10,000 x g, 10 min) to obtain the supernatant. The protein
concentration was measured using a BCA protein assay kit.
To assess the content of MDA, an MDA detection kit was
used (cat. no. SO131S; Beyotime Institute of Biotechnology)
following the manufacturer's instructions. OD values were
measured at 532 nm using a full-wavelength microplate reader
(Multiskan SkyHigh; Thermo Fisher Scientific, Inc.).

ATP detection. A total of 1x10° cells were seeded in each well
of 6-well plate, then proceed with drug treatment. According
to the manufacturer's instructions (cat. no. S0026; Beyotime
Institute of Biotechnology), cells were lysed using an ATP
detection lysis buffer and ATP content in the cells was extracted.
The relative luminescence unit values were measured using a
full-wavelength fluorescence microplate reader with a lumino-
metric measurement module (Varioskan Flash; Thermo Fisher
Scientific, Inc.).

Mitochondrial reactive oxygen species (mtROS) detection.
MitoSOX Red (cat. no. M36005; Thermo Fisher Scientific,
Inc.), a superoxide indicator, is a novel fluorescent probe that
specifically targets and stains live cell mitochondria. Upon
oxidation by mitochondrial superoxide, it generates bright
red fluorescence. This assay was carried out following the
manufacturer's instruction. Briefly, 1x10° cells were seeded in
each well of 12-well plate, the supernatant of the cell culture
treated with drug was discarded after 24 h. A total of 1 ml of
Hoechst 33342 live cell staining solution (5 pg/ml, 1:1,000)
diluted in serum-free medium was added to each well and
incubated at 37°C in the dark for 15 min. Subsequently, the
cells were washed three times with warm PBS and then treated
with 2.5 uM MitoSOX Red diluted in serum-free medium, and
incubated at 37°C in the dark for 10 min; finally, the cells were
washed three times with warm PBS. The fluorescence inten-
sity of mtROS was observed and captured using an inverted
fluorescence microscope (DMi8; Leica Biosystems) with an
excitation wavelength of 396 nm and an emission wavelength
of 610 nm.


https://www.spandidos-publications.com/10.3892/mmr.2025.13607

4 ZHANG et al: ANTITUMOR MECHANISM OF BMS-202 IN MELANOMA

Mitochondrial membrane potential (AWm) detection. JC-1
is an ideal fluorescent probe used for detecting A¥m (24).
When the A®m is high, JC-1 aggregates in the mitochondrial
matrix to form J-aggregates, producing red fluorescence;
however, when the AWm is low, JC-1 remains in a mono-
meric state and emits green fluorescence. According to the
manufacturer's instructions (cat. no. C2003S; Beyotime
Institute of Biotechnology), 1x10* cells were seeded in a
12-well plate and treated with drugs. For the positive control
group, carbonyl cyanide m-chlorophenyl hydrazone (10 mM,
cat. no. C2003S-3; Beyotime Institute of Biotechnology)
was added to the cell culture medium at a 1:1,000 dilution
to achieve a final concentration of 10 yM. Cells were incu-
bated in the dark at 37°C for 20 min to abolish the membrane
potential. Next, cells were incubated with prepared JC-1
working solution at 37°C in the dark for 20 min. Cells were
washed twice with JC-1 buffer solution and 500 ul serum-free
culture medium was added, DAPI staining solution was then
added at room temperature for 5 min. An inverted fluores-
cence microscope was used (DMi8; Leica Biosystems) to
observe and capture images of JC-1 monomers under an
excitation wavelength of 490 nm and an emission wavelength
of 530 nm. Subsequently, images of JC-1 aggregates were
captured under an excitation wavelength of 525 nm and an
emission wavelength of 590 nm.

Structured illumination microscopy (SIM). A total of
10,000 cells were treated with BMS-202 (5 uM) labeled with
Cy-3 for 24 h. After washing three times with warm PBS,
PKMITO DEEP RED (250 pM) was diluted to a 1:2,500
ratio with preheated medium at 37°C and incubated with the
cells in the dark for 10 min. After washing three times with
warm PBS, mitochondria were observed and captured using
super-resolution SIM.

Scratch assay. Cells (5x10* cells) were seeded in each well of
a 6-well plate and allowed to adhere until the cell coverage
reached =80%. A sterile 200-u1 pipette tip was then used to
scratch a straight line in each well. Subsequently, the medium
was removed and the cells were washed three times with PBS.
For the control group, 2 ml complete DMEM was added,
whereas for the experimental group, BMS-202 and GW were
added separately and cultured for an additional 24 h during
the assay. The plate was then placed under an inverted fluo-
rescence microscope for image capture, and the area of the
scratch was measured using ImageJ (versionl 441, image;j.
net/ij/features.html).

Tumor invasion assay. Cell invasion assay was performed
using a 24-well Transwell chamber (8 um, cat, 3422, Corning)
coated with Matrigel (cat, 356234, Corning) at 37°C for 2 h. A
total of 1x10° cells were dispersed in 200 pl serum-free culture
medium and were seeded in the upper chamber. The lower
chamber contained 800 1 DMEM supplemented with 10%
FBS. For the experimental groups, 5 uM BMS-202 and 10 uM
GW were added separately to the upper chambers, while the
lower chambers remained unchanged. The cells were incubated
at 37°C for 24 h and the upper chamber was washed with PBS.
Next, the Transwell insert was fixed in 4% paraformaldehyde
at room temperature for 15 min, followed by another wash

with PBS. The insert was then stained with hematoxylin solu-
tion at room temperature for 15 min. Finally, the insert was
rinsed with PBS, placed under a light microscope for imaging
and ImageJ was used to calculate the number of A375 cells
invading through the insert.

Colony formation assay. A total of 200 cells were evenly
seeded into each well of a 12-well culture plate. After cells
adhered, they were treated with complete medium containing
different drugs for 24 h. Following this, the medium was
replaced with a drug-free complete medium. The medium was
replaced every 3 days and cells were cultured for a total of
15 days. The colonies were fixed with 4% paraformaldehyde
at room temperature for 15 min and stained with 1% crystal
violet, both at room temperature for 15 min. The colonies
(consisted of >50 cells) were quantified using ImageJ software
(version 1.441).

Immunofluorescence analysis. For cell preparation,
10,000 cells were seeded at an confocal dishes. After the
cells adhered, they were treated for 24 h. For fixation, cells
were washed twice with PBS, fixed with 4% paraformal-
dehyde at room temperature for 15 min and then washed
with PBS twice. For permeabilization, cells were treated
with 0.1% Triton X-100 at room temperature for 10 min and
then washed twice with PBS. For blocking, non-specific
binding was blocked by incubating the cells with 5% BSA
(cat. no. ST023; Beyotime Institute of Biotechnology) at room
temperature for 1 h. The primary antibodies were diluted
according to the manufacturer's instructions and added to
the corresponding samples at 4°C overnight, after which, the
cells were washed three times with PBS. An Alexa Fluor®
561-conjugated secondary antibody (1:500, cat. no. A31572;
Thermo Fisher Scientific, Inc.) was then used to incubate
the cells at room temperature for 2 h, before being washed
three times with PBS. DAPI staining solution was then added
at room temperature for 5 min and the cells were washed
three times with PBS. Finally, a fluorescence microscope
(Leica Biosystems) was used for imaging followed by
processing using Image].

Flow cytometry. According to the manufacturer's instruc-
tions of the Annexin V-FITC Apoptosis Detection Kit
(cat. no. C1062M; Beyotime Institute of Biotechnology),
1x10° cells were seeded into 6-well plates and treated with
drugs according to the experimental groups. After treatment,
the cells were collected and stained with binding buffer
containing PI and Annexin V-FITC for 15 min as per the
protocol. Subsequently, the stained cells were analyzed by flow
cytometry using BD FACSuite (version1.0.6, BD Biosciences,).
BD FACS Aria III cell sorter (BD Biosciences).

Animals. A total of 20 4-week-old female BALB/c mice
(average body weight, 15+0.5 g) were included in the present
study. The BALB/c nude mice utilized in the present study
were obtained from the Guangdong Provincial Medical
Laboratory Animal Center and were subsequently housed
in the Experimental Animal Center of Guangzhou Medical
University (Guangzhou, China). The mice were maintained
in 22-28°C, humidity of 40-60%, and a 12-h light/dark cycle,
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with free access to water and food. Female mice of specific
pathogen-free grade were employed in all experimental
procedures. The animal protocol was reviewed and approved
by the Institutional Animal Care and Use Committee of The
First Affiliated Hospital of Guangzhou Medical University
(approval no. 20250034). All experimental procedures were
conducted in strict accordance with the 3R principles (25)
to ensure the humane treatment of animals.

In vivo treatments. Mice were randomly divided into the
following four groups (n=5/group): Ctrl, BMS-202 20 mg/kg,
GW 10 mg/kg, and BMS-202 20 mg/kg + GW 10 mg/kg. The
mice initially received a subcutaneous injection of 100 ul
culture medium containing 5x10% A375 cells into the
dorsal region. When the tumor size reached 50-100 mm?3
(length x width?/2), therapeutic treatments were initiated
according to the experimental groups via intraperitoneal
injection: BMS-202 (20 mg/kg), GW (10 mg/kg) or an
equivalent volume of saline for the control group. Treatments
were administered every 3 days. Mouse body weight was
monitored using a microbalance every 3 days, and tumor
size was measured with calipers every 3 days. The maximum
tumor volume was set as 1,500 mm?3. On the third day after
the third drug injection, mice were anesthetized with 5%
isoflurane and were euthanized by cervical dislocation.
Death was confirmed by observing the cessation of breathing
and heartbeat.

H&E staining and immunohistochemistry. Following eutha-
nasia, tumor tissue was harvested from the dorsal region of
tumor-bearing mice. Tumor samples were fixed overnight in
4% paraformaldehyde at 4°C and subsequently embedded in
paraffin. Sections (5 ym) were prepared and dewaxed, followed
by antigen retrieval using citrate buffer at 98°C for 5 min and
permeabilized with 0.1% Triton X-100. Endogenous enzymatic
activity was quenched with 3% H,0, at room temperature
for 20 min. Blocking was performed with 10% goat serum
(cat. no. PN0038; Pinuofei Biological) at 37°C for 30 min.
Sections were then incubated with primary antibodies specific
to modified Ki67 (1:500, cat. no. ABBO0008; Shanghai Huilan
Biotechnology Co., Ltd.) at 4°C overnight. Subsequently,
sections were incubated with biotinylated secondary antibody
(1:500, Peroxidase-Labeled, cat, 5220-0336, SeraCare Life
Sciences) at room temperature for 1 h, followed by incuba-
tion with the DAB complex (cat, DAB-4033, Fuzhou Maixin
Biotechnology Co.,Ltd.) at room temperature for 5 min. Target
protein expression was visualized using DAB substrate. H&E
was performed at room temperature for 5 min. Image acquisi-
tion was performed using a light microscope(PANNOR AMIC
SCAN; 3DHISTECH).

Statistical analysis. Each experiment was repeated at least
3 times. The experimental results were analyzed using
GraphPad Prism (version 9.0; Dotmatics). The significance
of differences between two groups was determined using
an unpaired Student's t-test. For comparisons between
>2 groups, one-way ANOVA was performed, followed by
Tukey's test. All data are presented as the mean + standard
deviation. P<0.05 was considered to indicate a statistically
significant difference.
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Results

BMS-202 inhibits tumor cell function and promotes apoptosis.
BMS-202 (Fig. 1A) is a small molecule PD-L1 inhibitor that
exerts its effects by directly binding to PD-L1 and blocking
the interaction between human PD-1 and PD-L1. In the present
study, western blotting revealed that BMS-202 reduced the
expression levels of PD-L1 in A375 cells (Fig. 1C). Subsequently,
a cell viability assay was carried out to determine the ICs, of
BMS-202; for subsequent experiments, a concentration of 5 yM
and a treatment time of 24 h. BMS-202 inhibited cell viability
(Fig. 1B). Analysis of tumor cell functions, including migration
and invasion revealed that BMS-202 significantly reduced both
(Fig. 1D and E). Furthermore, RT-qPCR analysis revealed an
increase in the mRNA expression levels of the pro-apoptotic
factor Bax and a decrease in the mRINA expression levels of the
anti-apoptotic factor Bcl-2 (Fig. 1F), suggesting that BMS-202
promotes apoptosis. This finding was further confirmed by
western blotting, which showed similar results at the protein
level (Fig. 1G). These data collectively indicated that BMS-202
may inhibit tumor cell functions and promote apoptosis.

BMS-202 enhances mitochondrial function. MT-COl,
MT-CO3 and MT-ND4 are mitochondrial genes that encode
key proteins of the mitochondrial respiratory chain, which
participate in the functions of the cytochrome c oxidase
complex and the NADH dehydrogenase (ND) complex during
cellular respiration (26). They are essential for maintaining
mitochondrial energy metabolism and ATP production.
The present study revealed that BMS-202 increased the
expression levels of the mitochondrial genes MT-CO1 and
MT-ND4, whereas no significant change was observed in
MT-CO3 expression levels (Fig. 2A). Further analysis of the
mitochondrial respiratory chain complex expression revealed
an upregulation of complexes I and IV (Fig. 2B), along with
a significant increase in ATP levels (Fig. 2C). These results
suggested that BMS-202 may enhance mitochondrial func-
tion by promoting the expression of key respiratory chain
complexes and boosting ATP production.

BMS-202 enters the mitochondria and binds to PD-LI. To
identify the effects of BMS-202 on tumor cells, the impact of
BMS-202 on mitochondrial function was investigated by label-
ling the compound with Cy-3. First, A375 cells were incubated
with 5 uM BMS-202-Cy-3 for 24 h. Using low magnification
(magnification, x10), it was observed that BMS-202 entered the
cells (Fig. 3A). To further investigate the intracellular dynamics,
live-cell imaging was carried out using SIM at high magnifica-
tion (x100), which revealed that BMS-202 was localized to the
mitochondria (Fig. 3B). To confirm the binding of BMS-202
to mitochondrial PD-L1, samples were fixed and immuno-
fluorescence was carried out. Analysis revealed that BMS-202
specifically bound to PD-L1 within the mitochondria (Fig. 3C).
Furthermore, Mitochondrial proteins were extracted and PD-L1
expression was assessed by western blotting but failed to detect
PD-L1 in mitochondrial isolates, likely due to its low abundance
below detection limits (data not shown). Notably, the relation-
ship between increased apoptosis and tumor activity inhibition
caused by BMS-202, and its concurrent enhancement of mito-
chondrial function remains unclear.
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GW inhibits BMS-202-induced enhancement of mitochondrial
Sfunction. To further investigate the surprising impact of BMS-202
on mitochondrial function, the pyruvate carrier inhibitor GW was
used to block these effects on mitochondria. First, cell viability
was assessed using the CCK-8 assay and the IC;, of GW was
determined (Fig. 4A), based on the result of IC,, 10 M was
selected as the experimental concentration. Analysis revealed
that GW effectively inhibited the BMS-202-induced increase
in MT-CO1, MT-ND4 and MT-NDS5 (another core part of ND
complex I), mRNA levels (Fig. 4B); this finding was confirmed
by western blotting (Fig. 4C). Additionally, ELISA demonstrated
that GW successfully reduced the levels of mitochondrial respira-
tory chain complex I and IV (Fig. 4D), and ATP (Fig. 4E). The
results indicated that GW effectively attenuated the increase in
mitochondrial respiratory chain function induced by BMS-202.
To comprehensively evaluate the changes in mitochondrial func-
tion, the A®m was further assessed, revealing that BMS-202
increased the A¥m in A375 cells, whereas GW inhibited this
increase (Fig. 4F). In conclusion, GW effectively suppressed the
mitochondrial function enhancement induced by BMS-202.

GW inhibits the reduction of mitochondrial oxidative stress
induced by BMS-202. Given the close relationship between
mitochondria and oxidative stress, the effects of BMS-202
on oxidative stress were investigated further. Compared with
the control group, BMS-202 effectively reduced intracel-
lular MDA levels (Fig. 5B) and increased Mn-SOD activity
in mitochondria (Fig. 5SA). while GW exhibited the opposite
effects. Notably, BMS-202 reduced the elevated Mt-ROS

levels induced by GW (Fig. 5C), indicating its role in stabi-
lizing intracellular ROS levels. These findings suggested that
BMS-202 may alleviate oxidative stress.

GW promotes apoptosis induced by BMS-202. To investigate
the relationship between increased mitochondrial function
and apoptosis, the effect of combined GW and BMS-202 treat-
ment on apoptosis was examined. Bax, caspase-3, caspase-8
and PARP are well-known pro-apoptotic factors, whereas
Bcl-2 is a common anti-apoptotic factor (27). RT-qPCR
revealed that the combination of GW and BMS-202 signifi-
cantly upregulated Bax expression, whereas it downregulated
Bcl-2 expression compared with BMS-202 (Fig. 6A). This
was corroborated by western blotting results (Fig. 6B),
where the expression and activation of caspase-3 and PARP
were specifically assessed to evaluate apoptosis levels. GW
and BMS-202 increased expression of cleaved caspase-3
and cleaved PARP compared to the BMS-202 (Fig. 6B).
Additionally, cell immunofluorescence assays indicated that
the BMS-202+GW group exhibited stronger caspase-3 and
caspase-8 fluorescence intensity compared to the BMS-202
group (Fig. 6C). Furthermore, flow cytometry was carried out
to assess apoptosis and confirmed GW can promote apoptosis
induced by BMS-202 (Fig. 6D). These findings suggested that
the inhibition of BMS-202-induced mitochondrial function
enhancement further promotes apoptosis. The use of GW
alone also promoted apoptosis, suggesting that short-term
inhibition of mitochondrial respiration can enhance apoptotic
processes.
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drial pathway in the tumor cell function changes induced
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.

Figure 3. Localization of BMS-202 in cells. (A) BMS-202 localization within cells observed under low magnification (magnification, x10). (B) Live-cell
imaging using structured illumination microscopy to examine the mitochondrial localization of BMS-202 (magnification, x100). (C) Immunofluorescence
analysis showing the binding of BMS-202 to PD-L1 (magnification, x100). PD-L1, programmed cell death ligand 1.

tumor proliferation, migration and invasion were examined.
Analysis revealed that GW significantly enhanced the inhibi-
tory effects of BMS-202 on tumor cell proliferation (Fig. 7A),
migration (Fig. 7B) and invasion (Fig. 7C). Moreover, GW
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treatment notably reduced colony formation induced by the mitochondrial pathway may amplify the direct antitumor
BMS-202(Fig. 7D). These findings suggested that targeting effects of BMS-202.
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Animal experiments verify that GW can enhance the inhibi-
tion of tumor proliferation induced by BMS-202. To validate
the antitumor effects, xenograft tumors were established in
nude mice and the drugs were administered via intraperito-
neal injection. The detailed experimental workflow is shown
in Fig. 8 A and Tumor-bearing mice is shown in Fig. 8B. Tumor
proliferation was evaluated by measuring tumor size and
volume. The results revealed that GW significantly enhanced
the inhibitory effect of BMS-202 on tumor proliferation
(Fig. 8C and E), while no significant changes were observed
in mouse body weight (Fig. 8D). Ki-67, a nuclear protein
associated with cell cycle progression, serves as a biomarker

indicative of the proportion of cells in active proliferation.
Tumor specimens collected from the subcutaneous tissues
of tumor-bearing mice were sectioned and subjected to both
H&E staining and Ki-67 immunohistochemical analysis.
H&E results revealed that after the combination treatment
with BMS-202 and GM, the cell density in the tumor tissue
was markedly reduced, the cellular atypia was alleviated,
the pathological mitosis decreased and the vascular distri-
bution was improved (Fig. 8F). The Ki-67-positive cell rate
was significantly reduced by BMS-202 treatment compared
to the control group, whereas the Ki-67 positivity ratio was
further decreased by coadministration with GW (Fig. 8G).


https://www.spandidos-publications.com/10.3892/mmr.2025.13607

12 ZHANG et al: ANTITUMOR MECHANISM OF BMS-202 IN MELANOMA

A *kkk *kkk *kkk
- BMS-202
Q - GW
& 400 =
> =¥ BMS-202+GW
E
@
Z 200
[0
(@)
0" T T T T
0 24 48 72 9% 120 —
Time (h)
ns
c 1.5
=) * K%k
B © — ——
Ctrl BMS-202 GW BMS-202+GW ‘g -
| 3
o
205
©
&
0.0
BMS-202 - + - +
GW - - + +
*
L]
*
1'5_. L]
S Kok ok kK
©
2104
3
o
2054
&
[0)
o
0.0+
BMS-202 - + - 4+
GW - - + +
D
Sk ok vk k-
ok
» 50 Sk >k >k k. Sk ok Sk k-
8 40
§ 30
=
§- 20
(—3 10
0
BMS-202 - + - +
GW - - + +
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Collectively, the in vivo experiments corroborated the find-
ings from the in vitro experiments, demonstrating consistent
antitumor effects.

Discussion

MM remains a notable therapeutic challenge, particularly at
advanced stages where resistance to conventional therapies is

common (8). Notably, immune checkpoint inhibitors targeting
the PD-1/PD-L1 axis have revolutionized melanoma treatment
and their mechanisms are traditionally attributed to restoring
T cell-mediated immunity (28). PD-L1 inhibitors may also
directly impair the metabolic pathways of tumor cells (11,14)
yet this remains underexplored.

In the present study, it was shown that the small-molecule
PD-L1 inhibitor BMS-202 exerted direct antitumor effects
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on A375 melanoma cells. BMS-202 penetrates melanoma
cells and localizes to the mitochondria, where it binds to
mitochondrial PD-L1. This interaction enhances mitochon-
drial respiratory complex activity and ATP production, yet
it promotes apoptosis. Apoptosis is principally mediated
through two evolutionarily conserved pathways: The extrinsic
pathway initiated by death receptor activation and the
intrinsic pathway regulated by mitochondrial permeability

transition. Both pathways converge on caspase cascades
that execute programmed cell death (27). While BMS-202
was shown to enhance mitochondrial respiration, it simul-
taneously disrupted tumor cell proliferation and promoted
apoptosis. This apparent paradox may be attributed to the
compartmentalized distribution of PD-L1 within cellular
subdomains (29) potentially having distinct functions. The
pro-apoptotic effects of BMS-202 may be mediated through
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mechanisms distinct from its mitochondrial bioenergetic
modulation. While Xie ef al (12) proposed that mitochondrial
PD-L1 may interfere with pro-survival signaling pathways
or mitophagy, the present study suggested that mitochondrial
PD-L1 may serve as a metabolic checkpoint, balancing energy
production and survival signals. While the precise mecha-
nism linking enhanced mitochondrial function to apoptosis
remains unclear, the present study highlights a dual role for
BMS-202; it disrupts PD-L1-mediated immune evasion while
also directly reprogramming tumor cell metabolism to favor
death over survival.

Xie et al (12) suggested that PD-L1 is present in mito-
chondria; however, there is currently no evidence that PD-L1
inhibitors can penetrate these organelles. Therefore, whether
PD-L1 inhibitors can access mitochondria remains uncertain.
Imaging live-cell mitochondria is vital for understanding their
role, and SIM has been shown to be particularly effective in this
context (30-32). The present study employed ultra-high-resolu-
tion SIM to investigate A375 melanoma cells. It was revealed
that BMS-202 could enter the mitochondria of these cells and
bind to PD-L1; however, it was not possible to identify a method
to prevent BMS-202 from entering mitochondria, making it
challenging to establish a direct connection between its entry
and enhanced mitochondrial function. This finding suggested
that the PD-1/PD-L1 pathway may have implications beyond
immune evasion, potentially influencing mitochondrial func-
tion as well. The present study therefore focused on exploring
the specific effects and mechanisms of this interaction.

Mitochondria carry out a key role in cancer and
immunotherapy, and their significance has been widely
studied (18,33,34). Beyond generating ATP for energy,
mitochondria are involved in tumor metabolism, redox
balance, calcium homeostasis, transcriptional regulation and
programmed cell death (35-37). An increase in OXPHOS
could enhance ATP levels, which supports tumor cell
survival and provides the energy needed for tumor progres-
sion (13,34). Moreover, enhanced mitochondrial function
may suppress glycolysis, reducing the production of other
biomolecules, such as nucleotides, amino acids and lipids (38),
thus hindering the rapid proliferation of tumor cells. These
changes in mitochondrial function could also impact the
effectiveness of PD-1/PD-L1 therapies (13). The present study
revealed that BMS-202 could significantly enhance mito-
chondrial function. Specifically, it increased the expression
of mitochondrial respiratory chain complexes I and IV, and
enhanced ATP production, thereby supplying more energy
for tumor activity. This boost in energy supply may support
tumor activity. Additionally, BMS-202 reduced the high levels
of mitochondrial ROS caused by GW, thereby mitigating
mitochondrial oxidative stress. The imbalance of ROS is a key
factor in cancer progression, and theoretically, lowering ROS
levels can promote cell survival (39-41). This may contribute
to the frequent occurrence of resistance observed in response
to PD-1/PD-L1 therapies.

To investigate the impact of enhanced mitochondrial func-
tion on tumor cells, the pyruvate carrier inhibitor GW was used
to suppress mitochondrial activity. The data revealed that the
combination of BMS-202 and GW significantly inhibited cell
proliferation, reduced the migratory capacity of tumor cells
and further promoted apoptosis. Notably, our present study

demonstrated that GW could reduce the levels of OXPHOS and
promote apoptosis, but it failed to decrease ATP levels in A375
cells. It may be hypothesized that this is due to the Warburg
effect in tumor cells, where the inhibition of mitochondrial
respiration leads to enhanced anaerobic glycolysis (42,43). In
summary, the present study demonstrated that BMS-202 has
a direct antitumor effect at the cellular level, while enhancing
mitochondrial function. By using GW to disrupt the mitochon-
drial regulatory effects of BMS-202, its antitumor impact was
further amplified. This highlights the importance of under-
standing the interaction between mitochondrial activity and
immunotherapy, as it may provide new strategies to improve
treatment outcomes.

The results of the present study have demonstrated that
PD-L1 in the mitochondria can modulate mitochondrial
function and is associated with cell viability. However, the
precise role and underlying mechanisms of PD-L1 within the
mitochondria have not yet been fully elucidated. Systematic
analyses of mitochondrial PD-L1 biology represent a key fron-
tier for future investigation. Targeting these pathways could
potentially overcome resistance to PD-L1 inhibitors, opti-
mizing therapeutic efficacy. In conclusion, the present study
highlighted the direct effects of BMS-202 on A375 cells. This
approach could pave the way for more effective treatments for
melanoma.
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