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Cepharanthine inhibits lysosomes and induces
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Abstract. Triple-negative breast cancer (TNBC) is an aggres-
sive malignancy with limited treatment options and a poor
prognosis. The present study investigated the anti-TNBC
effects and underlying mechanisms of cepharanthine (CEP),
an isoquinoline alkaloid derived from Stephania cephalantha.
The findings showed that CEP inhibited colony formation
and induced apoptosis in TNBC cells. Mechanistic investiga-
tions revealed that CEP upregulated the pro-apoptotic protein
phorbol-12-myristate-13-acetate-induced protein 1 (NOXA),
downregulated the anti-apoptotic protein Bcl-2 and reduced the
mitochondrial membrane potential (AWm). Using quantitative
proteomics and limited proteolysis-coupled mass spectrom-
etry, the present study demonstrated that CEP bound directly
to the lysosomal enzymes cathepsin B and cathepsin D, thereby
impairing their maturation and suppressing lysosomal degra-
dation. This inhibition triggered the nuclear accumulation of
transcription factor EB (TFEB), a factor that regulates the
expression of Bcl-2 family members. These findings indicated
that CEP induced apoptosis by inhibiting lysosomal function
and activating TFEB, leading to the upregulation of NOXA
and downregulation of Bcl-2. In conclusion, the present study
demonstrated the pro-apoptotic effect of CEP in TNBC cells
and identified lysosomal enzymes as the direct target for its
mechanism of action. These findings provided a foundation
for further investigation of the pharmacological mechanisms
of CEP.
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Introduction

Triple-negative breastcancer (TNBC)is defined as abreast cancer
subtype that lacks expression of estrogen receptor, progesterone
receptor and human epidermal growth factor receptor 2 (1).
Compared with other subtypes, TNBC typically exhibits higher
Ki-67 antigen expression, a greater mitotic index, more frequent
breast cancer susceptibility gene 1 mutations and a more aggres-
sive clinical course (2). In the United States, the mean annual
incidence is ~13.7 per 100,000 women. Higher frequencies are
observed among African American and Hispanic women, as
well as in women with younger age, higher premenopausal body
mass index, earlier age at menarche, higher parity and a history
of oral contraceptive use (2-4). Notably, TNBC is associated
with the lowest 5-year locoregional recurrence-free survival
(79.6%) and local recurrence-free survival (84.6%) among all
breast cancer subtypes (5). The lack of expression of targetable
receptors in TNBC markedly restricts therapeutic options, with
current management primarily involving surgical resection,
radiotherapy and chemotherapeutic agents such as paclitaxel
and doxorubicin (6). This constraint in treatment options under-
scores the need to explore new targets and develop innovative
therapies for TNBC.

Cepharanthine (CEP), a bisbenzylisoquinoline alkaloid
derived from Stephania cephalantha, has a wide range
of pharmacological activities, including anti-severe acute
respiratory syndrome coronavirus 2, immunomodulatory,
anti-atherosclerotic and antitumor properties (7). CEP also has
notable antiproliferative and pro-apoptotic activities in cancer
cell lines, such as those derived from hepatocellular carcinoma
and colorectal cancer (8). These effects may be mediated
by the influence of CEP on important signaling pathways,
such as the PI3K/Akt, MAPK and NF-»B pathways, and its
modulation of Bcl-2 family protein expression (8). Despite
these well-documented antitumor effects, the direct molecular
targets of CEP remain poorly defined. The aims of the present
study were to evaluate the efficacy of CEP against TNBC
in vitro and elucidate its mechanisms of action, with a specific
focus on identifying the direct molecular targets.

Materials and methods

Cell culture. All cell lines were maintained at 37°C in 5% CO,
atmosphere and tested routinely for mycoplasma contamination.
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The TNBC cell lines MDA-MB-231 (cat. no. CL-0150;
Procell Life Science & Technology Co., Ltd.) and Hs578T
(cat. no. CL-0114; Procell Life Science & Technology
Co., Ltd.) were cultured in high-glucose DMEM medium
(cat. no. C11965500BT; Gibco; Thermo Fisher Scientific, Inc.),
supplemented with 10% fetal bovine serum (cat. no. 164210;
Procell Life Science & Technology Co., Ltd.) and 1% peni-
cillin/streptomycin (cat. no. 15140122; Gibco; Thermo Fisher
Scientific, Inc.). The Hs578T cultures were also supplemented
with 10 yg/ml insulin (cat. no. P3376; Beyotime Institute of
Biotechnology). The human normal breast epithelial cell line
MCFI0A (cat.no. CL-0525; Procell Life Science & Technology
Co., Ltd.) was cultured in commercially pre-configured
DMEM/F12 medium (cat. no. CM-0525; Procell Life Science &
Technology Co., Ltd.) which was supplemented with 5% donor
equine serum, 20 ng/ml epidermal growth factor, 0.5 ug/ml
hydrocortisone, 10 pg/ml insulin, 1% non-essential amino acid
solution and 1% penicillin/streptomycin. Only low-passage
cells (<15 passages) were used in all the experiments.

Cytotoxicity assay. The cytotoxicity of CEP (purity, 99.06%;
cat. no. A0653; Chengdu Must Bio-Technology Co., Ltd.) was
evaluated via the Cell Counting Kit-8 (CCK-8) assay. Briefly,
MDA-MB-231, Hs578T and MCF10A cells were seeded in
96-well plates at a density of 4,000 cells per well and treated
with various concentrations (1, 2, 4, 6, 8, 10, 15, 20, 25 and
30 uM) of CEP for 24,48 or 72 h at 37°C. A 10 ul aliquot
of CCK-8 reagent (cat. no. C0005; TargetMol Chemicals Inc.)
was then added to each well and the plates were incubated for
1 h at 37°C. The absorbance at 450 nm was measured using
a Multiskan FC microplate reader (Thermo Fisher Scientific,
Inc.). Dose-response curves and ICs, values were generated
using GraphPad Prism (version 9.0.0; Dotmatics).

Clonogenicity assay. MDA-MB-231 and Hs578T cells were
seeded in 6-well plates at 400 cells per well and incubated for
48 hat 37°C. The medium was then replaced with fresh medium
containing CEP (2,4, 8, 15 and 30 uM for MDA-MB-231; 1, 2,
4,8 and 15 uM for Hs578T), followed by 12 days of incubation
at 37°C, with the medium being refreshed every 3 days. At the
end of treatment, colonies were fixed with 4% paraformalde-
hyde (cat. no. PO098; Beyotime Institute of Biotechnology) for
5 min, stained with 1% crystal violet for 30 min room tempera-
ture (RT), then air dried at RT. Images of the colonies were
recorded using a ChemiDoc MP imaging system (Bio-Rad
Laboratories, Inc.) and the number of colonies was counted
manually. For counting purposes, a colony was defined as a
cell aggregate having an area >0.05 mm?.

TUNEL assay. MDA-MB-231 and Hs578T cells were seeded
in 24-well plates at a density of 1x10* cells per well and treated
with 10 uM CEP for 24 h at 37°C. Following two PBS washes,
cells were fixed with 4% paraformaldehyde (cat. no. PO09S;
Beyotime Institute of Biotechnology) for 15 min at RT, perme-
abilized with 0.1% Triton X-100 (cat. no. PO097; Beyotime
Institute of Biotechnology) for 10 min at RT and subsequently
analyzed using a One-step TUNEL Apoptosis Assay Kit
(cat.no.C1088; Beyotime Institute of Biotechnology) according
to the manufacturer's instructions. The cell nuclei were stained
with 50 1 of DAPI medium (10 xg/ml) (cat.no. PO131; Beyotime

Institute of Biotechnology) for 10 min at RT, mounted with
50 pl of anti-fade mounting medium (cat. no. P0126; Beyotime
Biotechnology), and then imaged using a fluorescence
microscope (IX73; Olympus Corporation), with DAPI excita-
tion/emission set at 358/461 nm and FITC excitation/emission
at 495/519 nm. Images from three randomly selected fields of
view per well were captured for the subsequent analysis of the
percentage of TUNEL-positive cells.

Flow cytometry analysis. MDA-MB-231 and Hs578T cells
were seeded in 6-well plates at 1x10° cells per well and exposed
to CEP (5, 10 and 20 uM for MDA-MB-231; 2,4 and 8 uM for
Hs578T) for 48 h at 37°C. Following treatment, the cells and
supernatant were collected, centrifuged at 1,000 x g for 5 min
at RT and the supernatant was subsequently discarded. The
cell pellet was washed with PBS and resuspended in 195 pl of
annexin V-FITC binding buffer (cat. no. C1062L; Beyotime
Institute of Biotechnology). A total of 5 ul annexin V-FITC
was subsequently added to cells with gentle mixing, followed
by 10 ul propidium iodide, also administered with gentle
mixing. The samples were incubated at RT in the dark for
15 min and apoptosis was subsequently assessed using a flow
cytometer (EPICS® XL™; Beckman Coulter, Inc.). The results
were analyzed using FlowJo software (version 10.8.1; FlowJo
LLC; BD Biosciences).

Mitochondrial membrane potential (A¥Wm) assay.
MDA-MB-231 and Hs578T cells were seeded in 35 mm
glass-bottom dishes at a density of 2x10° cells per dish and
treated with CEP (10 uM for MDA-MB-231, and 4 uM for
Hs578T) for24 h at 37°C. Following two PBS washes, cells were
incubated with 5 yg/ml 5,5',6,6"-tetrachloro-1,1',3,3'-tetraethyl-
benzimidazolylcarbocyanine iodide (JC-1) (cat. no. T15609;
TargetMol Chemicals Inc.) for 20 min at 37°C. The fluorescence
of the cells was visualized using a fluorescence microscope,
with JC-1 monomer excitation/emission set at 510/527 nm and
JC-1 aggregate excitation/emission set at 585/590 nm. The
shift from red (aggregates) to green (monomers) fluorescence
indicated mitochondrial depolarization.

Western blot analysis. MDA-MB-231 and Hs578T cells were
cultured in 10-cm dishes and treated with different concentra-
tions of CEP (5, 10 and 20 uM for MDA-MB-231; 2,4 and 8 uM
for Hs578T) for 24 h at 37°C. The cells were lysed in RIPA
buffer (cat. no. PO013B; Beyotime Institute of Biotechnology) at
0°C for 20 min before centrifugation at 16,000 x g for 10 min
at 4°C. Supernatant protein concentrations were subsequently
determined via BCA assay. Equal amounts of protein (20 ug per
lane) were denatured for 7 min at 100°C and then separated by
12% SDS-PAGE gels at 80 V for 40 min and 120 V for 60 min.
Proteins were subsequently transferred to 0.45-ym PVDF
membranes using a Trans-Blot Turbo semi-dry system (1.3 A;
25 V; 10-20 min; Bio-Rad Laboratories, Inc.). The membranes
were subsequently treated with QuickBlock™ western blocking
buffer (cat. no. P0220; Beyotime Biotechnology) for 30 min at
RT and incubated overnight at 4°C with the following primary
antibodies (all in a 1:1,000 dilution): Acid ceramidase (ASAHI;
cat. no. 11274-1-AP; Proteintech Group, Inc.), sphingomyelin
phosphodiesterase (SMPDI; cat. no. 14609-1-AP; Proteintech
Group,Inc.),cathepsin B (CTSB;cat.no. 112216-1-AP; Proteintech
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Group, Inc.),cathepsin D (CTSD; cat. no. 21327-1-AP; Proteintech
Group, Inc.), phorbol-12-myristate-13-acetate-induced protein 1
(NOXA; cat. no. 14766; Cell Signaling Technology, Inc.),
Bax (cat. no. 2772T; Cell Signaling Technology, Inc.), Bcl-2
(cat. no. 15071T; Cell Signaling Technology, Inc.) and cleaved
caspase-3 (cat. no. 9661T; Cell Signaling Technology, Inc.).
After washing in TBST containing 0.1% Tween-20 (v/v), the
membranes were incubated with HRP-conjugated secondary
antibodies (1:5,000 dilution; cat. no. SAO0001-2; Proteintech
Group, Inc.) for 1 h at RT, followed by detection using the Tanon™
ECL chemiluminescent substrate (cat. no. 180-501; Shanghai
Tanon Life Science Co., Ltd.). The membranes were then placed
in stripping buffer (cat. no. SW3022; Beijing Solarbio Science &
Technology Co., Ltd.) for 3 min and re-probed with anti--actin
antibody (cat. no. 66009-1-Ig; Proteintech Group, Inc.) as the
loading control. Semi-quantitative analysis of the band/intensity
was performed using ImagelJ software (version 1.53t; National
Institutes of Health).

Proteomics analysis. MDA-MB-231 cells at 80% confluence in
10 cm dishes were treated with 10 xuM CEP or 0.1% DMSO for
24 h at 37°C and then harvested by scraping on ice. Cells were
subject to lysis in urea buffer (8 M urea; 1% PMSF) using pulsed
ultrasonication (200 W; 3 sec on, 10 sec off; 40 cycles) and centri-
fuged at 12,000 x g at 4°C for 10 min. The protein content of
the supernatants was quantified using the BCA assay. Following
precipitation with 20% trichloroacetic acid at 4°C for 2 h, the
protein isolates were washed three times with ice-cold acetone
and then digested overnight with trypsin (cat. no. V5280; Promega
Corporation) at a 1:50 enzyme-to-protein ratio at 37°C, followed
by resuspension in 200 mM tetraethylammonium bromide solu-
tion. The isolated peptides were reduced with 5 mM dithiothreitol
at 56°C for 30 min and then alkylated with 11 mM iodoacetamide
at RT for 15 min. The samples were then dissolved in mobile
phase A in 0.1% formic acid and 2% acetonitrile in water, before
samples were separated by nano-ultra-high performance liquid
chromatography (UHPLC) (Bruker Corporation) using a linear
gradient of solvent B (0.1% formic acid in acetonitrile/water). The
gradient was as follows: 6-24% solvent B (0-14 min), 24-35%
solvent B (14-16 min), 35-80% solvent B (16-18 min) and 80%
solvent B (18-20 min) at 500 nl/min.

The separated peptides were analyzed using a timsTOF
Pro 2 mass spectrometer (Bruker Corporation) in data-inde-
pendent acquisition (DIA) parallel accumulation serial
fragmentation (PASEF) mode. Full MS scans (m/z, 300-1500)
were acquired, followed by 20 PASEF MS/MS scans per cycle
for a total of 32 cycles (isolation window, 7 m/z; scan range,
m/z 400-850). The data were processed using the DIA-NN
search engine (version 1.8) (9) and the Homo sapiens UniProt
database (taxon identifier, 9606; release, 2023_12; downloaded
from https://www.uniprot.org/proteomes/UP000005640 in
December 2023) concatenated with a reverse decoy database.
Trypsin was set as the cleavage enzyme with one missed
cleavage allowed. Fixed modifications included N-terminal
methionine excision and cysteine carbamidomethylation.
The false discovery rate (FDR) was controlled at <1%, with a
quantitative analysis subsequently conducted using the robust
label-free quantification algorithm of DIA-NN. Differentially
expressed proteins (DEPs) were identified by a fold change
(FC) <0.667 or >1.5 and P<0.05. Functional annotation of
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the DEPs was performed using Gene Ontology (GO) enrich-
ment and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses via the DAVID Bioinformatics
Resources (https:/david.ncifcrf.gov/) and the KEGG database
(https://www.genome.jp/kegg/), respectively.

Immunofluorescence analysis. MDA-MB-231 and Hs578T cells
were seeded in 35-mm glass-bottom dishes at a density of 2x10°
cells per dish and treated with CEP (10 uM for MDA-MB-231,
and 4 uM for Hs578T) for 24 h at 37°C. The cells were fixed
with 4% paraformaldehyde (cat. no. PO098; Beyotime Institute of
Biotechnology) for 15 min at RT, permeabilized with 0.1% Triton
X-100 (cat. no. PO097; Beyotime Institute of Biotechnology) for
10 min at RT, and after blocking with serum-free QuickBlock™
blocking buffer (cat. no. P0260; Beyotime Biotechnology) for
30 min at RT, incubated with transcription factor EB (TFEB)
primary antibody (1:200; cat. no. 13372-1-AP; Proteintech
Group, Inc.) overnight at 4°C. The cells were then stained with
CoraLite594-conjugated secondary antibody (1:200 dilution;
cat. no. SA00013-4; Proteintech Group, Inc.) for 1 h at RT and
DAPI (10 pg/ml) for 10 min at RT. Images were recorded via
confocal microscopy (STELLARIS 5; Leica Microsystems, Inc.)
with the following settings: CoraLite594 excitation/emission,
588/604 nm; and DAPI excitation/emission, 358/461 nm. For
each experimental condition, the nuclear-to-cytoplasmic ratio of
TFEB and TFE3 was determined in 5 randomly selected cells
using ImageJ software. The DAPI channel defined the nuclear
region, and a 2-ym expansion from this boundary defined the
cytoplasmic region for intensity measurement.

Lysosomal membrane integrity assay. MDA-MB-231 and
Hs578T cells were seeded in 35-mm glass-bottom dishes at a
density of 2x10° cells per dish. The lysosomes were pre-loaded
with 100 yg/ml Alexa Fluor™ 488-dextran (cat. no. D22910;
Thermo Fisher Scientific, Inc.) for 6 h at 37°C, followed by a
2-h incubation in fresh DMEM medium at 37°C. After treat-
ment for 24 h with CEP (10 xM for MDA-MB-231, and 4 uM
for Hs578T), the retention of dextran within the lysosomes
was assessed by confocal microscopy (STELLARIS 5; Leica
Microsystems, Inc.; Alexa Fluor 488 excitation/emission,
495/519 nm). This provided a marker of membrane integrity.

Lysosomal pH assay. MDA-MB-231 and Hs578T cells were
seeded in 35-mm glass-bottom dishes at a density of 2x10°
cells per dish and exposed to CEP (10 uM for MDA-MB-231,
and 4 uM for Hs578T) for 24 h at 37°C. Lysosomal pH was
measured by incubating the cells with 2 xuM LysoSensor™
Green DND-189 (cat. no. 40767ES50; Shanghai Yeasen
Biotechnology Co.,Ltd.) for 5 min at 37°C, followed by washing
with PBS and immediate image capture of fluorescence via
confocal microscopy (STELLARIS 5; Leica Microsystems,
Inc.); LysoSensor Green DND-189 excitation/emission,
443/505 nm).

Limited proteolysis-coupled mass spectrometry (LiP-MS)
assay. This assay was conducted using MDA-MB-231 cells.
MDA-MB-231 cells were treated with 10 uM CEP or 0.1%
DMSO for 1 h at 37°C, harvested by ice-cold scraping, lysed
in sodium deoxycholate buffer (5% sodium deoxycholate;
1 mM KH,PO,; 3 mM Na,HPO,; 155 mM NaCl; pH 7.5)
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Figure 1. CEP exerts cytotoxicity in TNBC cells. (A) Chemical structure of CEP. (B) CEP inhibited TNBC cell viability. The effect of CEP treatment on TNBC
cell viability after 24,48 and 72 h. (C) CEP inhibited clonogenicity of MDA-MB-231 and Hs578T cells. n=3; "P<0.05,""P<0.01 and ““P<0.001 vs. control. CEP,

cepharanthine; TNBC, triple-negative breast cancer.

and centrifuged at 16,000 x g for 10 min at 4°C. The cleared
lysates were quantified via BCA assay and processed as
followed in parallel: i) The LiP group was subject to proteinase
K (cat. no. P4850; Sigma-Aldrich; Merck KGaA) digestion
(1:100) at 25°C for 1 h, followed by heat inactivation at 100°C
for 5 min; and ii) the trypsin (TrP) only control group. All

samples (both LiP and TrP groups) were denatured with
1% sodium deoxycholate at 95°C for 10 min, reduced with
10 mM tris(2-carboxyethyl)phosphine for 10 min at RT, and
following pH adjustment to a pH of 9, digested sequentially
with C-terminal lysin (1:100; cat. no. VA1170; Promega
Corporation) at 37°C for 4 h and trypsin (1:100) at 37°C
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Figure 2. CEP induces apoptosis in triple-negative breast cancer cells. Flow cytometric quantification of apoptosis induced by CEP in (A) MDA-MB-231 and
(B) Hs578T cells (n=3; 48 h). “P<0.01 and ““P<0.001 vs. control. CEP, cepharanthine; ns, not significant.

overnight. The isolated peptides were then acidified to pH<3
with formic acid, centrifuged at 16,000 x g for 10 min at 4°C,
desalted using Monospin C18 columns (cat. no. 5010-21700;
GL Sciences Inc.) and subsequently vacuum-dried.

For the MS analysis, the samples were dissolved in 0.1%
formic acid and loaded onto a pulled-tip analytical column
(cat. no. 00G-4053-B0; Phenomenex Inc.) connected to an
Easy-nLC 1200 UHPLC system (Thermo Fisher Scientific,
Inc.). The mobile phase consisted of solvent A (0.1% formic

acid in water) and solvent B (0.1% formic acid in 80% aceto-
nitrile). The peptides were separated using the following
gradient: 0-1 min, 8% B; 1-8 min, 12% B; 8-63 min, 30%
B; 63-75 min, 40% B; 75-76 min, 95% B; and 76-90 min,
95% B (flow rate, 300 nl/min). The eluted peptides were
then electrosprayed into a Q Exactive HF-X (Thermo
Fisher Scientific, Inc.), allowing for acquisition of full-scan
MS spectra (m/z, 350-1,500) at a resolution of 120,000
(m/z, 200), with the top 40 precursor ions being selected
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Figure 5. Proteomic profiling of MDA-MB-231 cells following CEP treatment. (A) The 20 most significantly downregulated Gene Ontology cellular compo-
nents with CEP treatment. (B) Significantly downregulated Kyoto Encyclopedia of Genes and Genomes pathways with CEP treatment. CEP, cepharanthine.

for higher-energy C-trap dissociation (MS/MS resolution,
15,000; m/z, 200).

The data were processed using Proteome Discoverer
(version 2.4; Thermo Fisher Scientific, Inc.) with the following
parameters: Precursor mass tolerance of +10 ppm, fragment
mass tolerance of +0.02 Da and fixed modification that
included carbamidomethylation of cysteine (+57.0214 Da).
Oxidation of methionine (+15.9949 Da) was set as the dynamic
modification. The analysis allowed for up to two missed cleav-
ages and maintained an FDR threshold of 1%. The abundance
of individual peptides was normalized, imputed, corrected
and analyzed for differential expression using a two-tailed
Student's t-test (P<0.01 and FC >1.5 or <0.667).

Statistical analysis. The data are presented as meanzstandard
deviation from three biological replicates. Statistical analyses
were performed using GraphPad Prism (version 9.0.0;
Dotmatics). For comparisons between two groups, unpaired
two-tailed Student's t-tests were used. For comparisons

of =3 groups, one-way ANOVA was performed, followed by
Dunnett's post hoc test for multiple comparisons. P<0.05 was
considered to indicate a statistically significant difference.

Results

CEP induces apoptosis in TNBC cells. CEP (Fig. 1A) showed
dose- and time-dependent cytotoxicity against both TNBC
cell lines (Fig. 1B), with ICs, values after 48 h treatment of
9.37£0.55 uM for MDA-MB-231 and 6.07+0.31 uM for
Hs578T. The ICy, for the normal human breast epithelial cell
line MCF10A was 13.21+£0.54 M at 48 h. CEP treatment at
higher doses resulted in the clonogenic formation of TNBC
cells being suppressed significantly compared with untreated
cells (Fig. 1C). Flow cytometric analysis also provided
evidence that CEP treatment significantly induced apoptosis
in TNBC cells (Fig. 2), and consistent with this finding, CEP
treatment resulted in a significant increase in TUNEL-positive
cells and caspase-3 activation (Fig. S1).
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Given that the collapse of the AWm is an important
event in the intrinsic apoptotic pathway (10), the present
study subsequently assessed the effect of CEP on AWm
and observed that CEP triggered notable AYm depolariza-
tion, as evidenced by a marked increase in JC-1 monomer
fluorescence and a complementary decrease in aggregate
fluorescence (Fig. 3). Given that the Bcl-2 protein family is a
key regulator of mitochondrial apoptosis through regulation
of AWm (11), the present study examined the expression of
relevant apoptosis-related proteins. Among the Bcl-2 family
proteins examined, CEP treatment significantly upregulated
the pro-apoptotic protein NOXA and downregulated the

anti-apoptotic protein Bcl-2, whereas no significant change
was observed in the expression of Bax (Fig. 4). Taken
together, these results demonstrated that CEP induced
apoptosis in TNBC cells, at least in part, by modulating the
expression of NOXA and Bcl-2, leading to mitochondrial
dysfunction.

CEP binds to and inhibits lysosomal enzymes in TNBC cells.
The present study used quantitative proteomics to investigate
the mechanism of action of CEP. In MDA-MB-231 cells, CEP
treatment significantly altered the expression of 634 proteins,
of which 521 were upregulated and 113 were downregulated
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(Table SI). GO and KEGG enrichment analyses indicated a
notable enrichment of lysosomal pathways among the down-
regulated proteins (Fig. 5), suggesting that CEP impaired
lysosomal integrity or function. Consistent with this finding,
confocal microscopy showed that CEP treatment triggered
a significant increase in the nuclear accumulation of TFEB,

the master regulator of lysosomal biogenesis, compared with
the control group (Fig. 6). This result further supported the
interpretation that CEP compromised lysosomal function and
activated the lysosomal stress response.

Weakly basic compounds can accumulate in lyso-
somes via ion trapping, inducing lysosomal membrane
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permeabilization (LMP) through detergent-like
effects (12-15). These compounds can also disrupt lyso-
somal function by either neutralizing lysosomal pH or
destabilizing membrane-associated enzymes, such as
ASAHI, via interactions with anionic lipids (16-20).
Due to the presence of a basic isoquinoline group in its
structure (21,22), the present study hypothesized that CEP
may have induced LMP or disrupted lysosomal function
through similar mechanisms. However, the Alexa Fluor
488-dextran retention assay showed no cytoplasmic
diffusion after CEP treatment, thereby ruling out induc-
tion of LMP in TNBC cells (Fig. 7A). Lysosomal pH was
assessed by fluorescence imaging using LysoSensor
Green DND-189, a pH-sensitive probe with a fluorescence
intensity inversely related to acidity. This assay showed
brighter fluorescence of LysoSensor™ Green DND-189
in TNBCs cells, indicating TNBC cells had a reduced
lysosomal pH compared with normal breast epithelial cells
(Fig. S2), and CEP did not increase the level of lysosomal
pH in TNBC cells (Fig. 7B). In addition, CEP caused no
significant alterations in the expression of the lysosomal
membrane-associated enzymes ASAHI and SMPDI
(Fig. 7C). The present results suggested that CEP did not
promote the degradation of these enzymes in TNBC cells.

To determine whether CEP directly inhibited lysosomal
enzymes, the present study performed LiP-MS analysis on
TNBC cells. LiP-MS identified 1,163 structurally altered
peptides from 663 proteins, including heat shock protein
90a, a known CEP target (Table SII), which confirmed the

cathepsin D.

reliability of the method used in the present study (23). Among
these proteins, two lysosomal hydrolases, CTSB, comprising
2 peptides, and CTSD, comprising 4 peptides, exhibited
significant conformational changes induced by CEP (Fig. 8A).
Western blot analysis further showed that CEP significantly
impeded the maturation of CTSB and CTSD, leading to
reduced levels of their active forms (Fig. 8B). Taken together,
these findings demonstrated that CEP interacted directly with
the lysosomal enzymes CTSB and CTSD and hindered their
functional activation.

Discussion

Our previous study demonstrated that a low dose of CEP
(2 uM) did not induce AWm loss or apoptosis in TNBC
cells (24). However, at this concentration, CEP was found
to enhance the efficacy of epirubicin against TNBC by
blocking autophagic flux, specifically through inhibiting
autophagosome-lysosome fusion (24). This finding prompted
further investigation into the protein targets and pharma-
cological mechanisms of CEP in TNBC cells. The present
study observed that relatively higher concentrations of CEP
could induce AWm loss (10 xM for MDA-MB-231 and 4 uM
for Hs578T cells) and promote apoptosis in TNBC cells
(10-20 uM for MDA-MB-231 and 2-8 uM for Hs578T cells).
This was accompanied by the downregulation of Bcl-2
expression, a result consistent with prior reports in a study
performed by Gao et al (25). However, in contrast to the
study by Gao et al (25), the present study did not observe
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an upregulation of Bax in TNBC cells. This discrepancy
could be attributed to the different time points assessed, as
evidenced by the use of 24 h incubations in the present study
compared with 48 h incubations in the reported literature.
Additionally, the present study showed that CEP upregulated
the expression of NOXA, another pro-apoptotic protein in
the Bcl-2 family.

Quantitative proteomic analysis revealed significant alter-
ations in the expression of lysosomal proteins following CEP
treatment, suggesting the potential inhibition of lysosomal
function by CEP. Despite possessing a basic isoquinoline
group (21), CEP did not increase lysosomal pH or induce
LMP at the concentrations tested in the present study. These
observations may have been attributable to the relatively low
doses of CEP used, as previous studies indicate that low doses
of weakly basic drugs such as chloroquine and clomipramine
either fail to elevate or cause only a transient increase in
lysosomal pH (26,27). Similarly, induction of LMP by these
drugs typically requires higher concentrations, such as 50 yM
chloroquine in the 5637 and T24 cell lines and 100 uM
chloroquine in HCT116 cells (28,29). The present results of
the LiP-MS and western blot analyses provided evidence that
CEP bound to the lysosomal hydrolases CTSB and CTSD
and inhibited their maturation. These findings demonstrated
that CEP suppressed lysosomal degradation through direct
enzyme inhibition.

TFEB, a master transcriptional regulator of lysosomal
genes, is activated in response to lysosomal damage or inhi-
bition (12). Recent studies have shown that TFEB induces
tumor apoptosis by transcriptional upregulation of cyclic
AMP-dependent transcription factor ATF-4 (ATF4) and
DNA damage-inducible transcript 3 protein (CHOP) expres-
sion (30-32). As NOXA and Bcl-2 are transcriptional targets
of ATF4 or CHOP (33-35), the present study proposed that
CEP may have activated the TFEB/ATF4/CHOP axis, thereby
upregulating NOXA and downregulating Bcl-2 expression
in TNBC cells. Furthermore, there is evidence that NOXA
undergoes degradation via the autophagy-lysosomal pathway,
which indicates that autophagy inhibition may prevent
NOXA degradation (36-38). Taken together, the findings of
the present study and existing literature indicated that CEP
induced apoptosis in TNBC cells by regulating NOXA and
Bcl-2 expression through lysosomal inhibition of CTSB and
CTSD.

Although CEP-mediated lysosomal inhibition remains
poorly elucidated, TNBC cells exhibited heightened
susceptibility to CEP treatment compared with normal
epithelial cells of the MCF10A cell line. This differential
sensitivity probably stemmed from the increased depen-
dence of tumor cells on lysosomal function. Studies have
shown that tumor cells have a higher proliferation rate
and metabolic requirements, which may make them more
reliant on lysosome-mediated degradation and recycling
pathways (39,40). Consistent with this dependency, tumor
cells have been shown to have increased lysosomal abun-
dance and higher lysosomal enzyme expression and activity
than normal cells (41-43). As a consequence, lysosomal
inhibition would be expected to have more severe effects
in malignant cells than in normal cells. Furthermore, tumor
cells maintain a lower lysosomal pH than normal cells, a
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property which is beneficial for the maturation and activity
of lysosomal enzymes (44). This acidic environment
enhances proton trapping and subsequent accumulation of
CEP within the lysosomes. Such preferential accumulation
of CEP could have potentially amplified lysosomal inhibi-
tion and cytotoxicity toward TNBC cells. The findings of
the present study showed that the CEP sensitivity gradient of
Hs578T>MDA-MB-231>MCF10A aligned with the gradient
of lysosomal acidification across the three cell lines, which
supported this possibility.

Due to the methodological constraints of LiP-MS, the
present study could not exclude additional CEP-binding
lysosomal proteins or non-protein targets. Future investiga-
tions are therefore needed to identify CEP interactors within
lysosomes. In conclusion, the present study established that
CEP directly inhibited lysosomes and triggered mitochondrial
apoptosis in TNBC cells, thereby providing a foundation for
further investigation of the pharmacological mechanisms of
CEP activity.
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