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Abstract

Background: Beauvericin is a cyclic hexadepsipeptide derived from Bombyx batryticatus. It is known as Jiangcan in traditional Chinese
medicine and has diverse pharmacological properties, including antitumor, antiviral, insecticidal, and antibacterial effects. However, its
specific mechanisms against multiple myeloma (MM) are not fully understood. The aim of this study was to elucidate the mechanism
of beauvericin in MM. Methods: This study utilized the mouse Sp2/0 cell line, the human U266 cell line, and a subcutaneous tumor
allograft model in C57BL/6J mice. Flow cytometry was employed to evaluate apoptosis, and the Cell Counting Kit-8 (CCK-8) assay
was used to measure cellular viability. Network pharmacology was employed for target prediction, followed by molecular docking
analyses to confirm drug-target interactions. The protein expression levels of Ubiquitin-Specific Protease 9X (USP9X) and Bcl-2 were
assessed by Western blotting following USP9X knockdown. Additionally, co-immunoprecipitation assays were performed to evaluate
whether beauvericin modulates the Bcl-2/USP9X interaction and affects Bcl-2 ubiquitination. The antitumor effects of beauvericin
were further evaluated through in vivo experiments. Results: Network pharmacology analysis identified 82 MM-related target genes
for beauvericin. These included key targets such as Caspase-3, Bcl-2, Matrix metallopeptidase 9 (MMP9), and Caspase-8, which may
contribute to the anti-MM effects of beauvericin. Molecular docking revealed strong affinity and stability between beauvericin and Bcl-2.
In vitro experiments confirmed that beauvericin inhibits MM cell proliferation, promotes apoptosis, and enhances Bcl-2 ubiquitination
and degradation by disrupting the interaction between the deubiquitinating enzyme USP9X and Bcl-2. In vivo studies demonstrated
that beauvericin treatment suppressed the growth of subcutaneous MM tumors C57BL/6J mice. Conclusion: Beauvericin may exert its
anti-MM effects by disrupting the USP9X-Bcl-2 interaction, thereby promoting Bcl-2 ubiquitination and degradation, and inducing cell
apoptosis in MM cells.
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1. Introduction Beauvericin is a fungal metabolite derived from the

Multiple myeloma (MM) is a hematologic malig- traditional Chinese medicine Jiangcan (Bombyx batrytica-
nancy characterized by uncontrolled growth of monoclonal ~ 45)- It was historically utilized to enhance liver function
plasma cells and excessive secretion of monoclonal im- 1N clinical settings [4,5]. Beauvericin was shown to be
munoglobulins, leading to clinical complications such as effective against hepatocellular carcinoma by modifying
anemia, renal impairment, bone destruction, and multi- the tumor microenvironment. This was accompanied by

organ dysfunction. MM accounts for approximately 10%  diverse biological activities including antiviral, antibacte-
of hematologic malignancies, predominantly affecting in- rial,. apd anti—inﬂammatory effect.s [6,7]. Beauvericin also
dividuals aged >40 years. Globally, about 100,000 deaths exhibits cytotoxic properties against numerous tumor cell
are attributed to MM each year, with incidence rates ranging lme.s .[899»] Q]' Wit en etal. [11] d.errllonstrated that beau-
between 4.5 and 6 per 100,000 individuals [1,2,3]. The cur- vericin specifically triggers apoptosis in hepatocellular car-

rent primary therapeutic regimens utilize a combination of ~ ¢inoma cells. Nonetheless, the underlying molecular mech-

proteasome inhibitors and anti-CD38 monoclonal antibod- ~ anisms of beauvericin against MM have yet to be eluci-

ies. However, achieving a complete cure for MM remains dated, and molecular-level investigations remain scarce.
challenging, and there is a pressing need to identify more

effective therapeutic stratogics. Network pharmacology is widely employed to sys-

tematically identify potential biological targets and predict
the molecular mechanisms of drugs, whether individually
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or in combination. It highlights the multi-target, multi-
pathway, and multi-component characteristics, thereby elu-
cidating comprehensive pharmacological actions [12,13].
Previous studies employing network pharmacology have
identified key targets in the treatment of MM, including Tu-
mor Protein p53 (TP53), Nuclear Factor Kappa B Subunit 1
(P50), RELA Proto-Oncogene, NF-kB Subunit (P65), and
Glycogen Synthase Kinase 3 Beta (GSK3B). These studies
have verified the protein and mRNA expression levels in
MM cell lines [14,15].

Bcl-2 family proteins are core molecules in the regu-
lation of apoptosis. Members of this family form a complex
regulatory network through various interactions, thereby
determining cellular survival [16]. In MM, the abnormal
overexpression of Bel-2 is one of the key mechanisms lead-
ing to tumor cell resistance to apoptotic signals. Clinical re-
search indicates that Bcl-2 expression is markedly elevated
in plasma cells from MM patients, with higher expression
linked to advanced clinical stages, therapeutic resistance,
and poorer prognoses [17,18]. At the cellular level, ele-
vated Bcl-2 expression inhibits apoptosis in MM by binding
pro-apoptotic molecules such as Bcl-2 associated X protein
(BAX) and BCL2 Antagonist/Killer (BAK), thereby block-
ing mitochondrial permeability transition pore formation,
preventing cytochrome c release, and suppressing caspase-
dependent apoptotic pathways [19]. Moreover, previous
investigations have indicated that depletion of USP9X, a
deubiquitination enzyme, reduces Bcl-2 protein abundance,
consequently promoting apoptosis in glioblastoma cells
[20].

The aim of this research was to investigate the anti-
MM efficacy of beauvericin and elucidate the underlying
molecular mechanisms through comprehensive methodolo-
gies that integrate network pharmacology and molecular
docking, as well as in vitro and in vivo experimental valida-
tion. The findings of this study could potentially establish a
solid experimental basis for the development of beauvericin
as a novel therapeutic agent in the treatment of MM.

2. Methods and Materials
2.1 Identification of Beauvericin-Related Targets in MM

To identify beauvericin-related target genes involved
in MM, the PubChem database (https://pubchem.ncbi.nlm
.nih.gov/), Comparative Toxicogenomics Database (CTD,
https://ctdbase.org/), and TargetNet (http:/targetnet.scbd
d.com/) were searched using the keyword “beauvericin”.
Genes associated with MM were retrieved from the
GeneCards (https://www.genecards.org/) database, OMIM
(http://www.omim.org/) database, and DisGeNET (https:
//disgenet.com/) databases by entering the keyword “mul-
tiple myeloma”.

2.2 Identification of Common Targets Between
Beauvericin and MM

To investigate interactions between beauvericin and
targets associated with MM, target genes identified for
beauvericin and MM were analyzed using Venny 2.1.0
(Centro Nacional de Biotecnologia, Madrid, Comunidad
de Madrid, Spain) (https://bioinfogp.cnb.csic.es/tools/venn
y/index.html). A Venn diagram was then constructed to vi-
sualize overlapping targets.

2.3 Construction of PPI Network

In order to limit the STRING (https://string-db.org/)
platform to Homo sapiens, the common targets shared by
beauvericin and MM were imported. All other variables
were kept at their default values, and a minimum interac-
tion confidence score of 0.4 was imposed. Unrelated nodes
were deleted. After that, Cytoscape v3.10.0 (Cytoscape
Consortium, Seattle, WA, USA) was used to build and dis-
play the resulting protein-protein interaction (PPI) network.
Node size and color intensity mirrored the magnitude of the
relevant Degree scores, whereas hub genes were screened
based on Degree values. The NetworkAnalyzer tool within
Cytoscape was used to calculate network topological at-
tributes. After refinement, a regulatory network illustrating
“component-target interactions” was constructed.

2.4 Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) Enrichment Analysis

Functional annotation analyses were conducted with
the DAVID (https://davidbioinformatics.nih.gov/) bioin-
formatics database, which encompassed Gene Ontology
(GO) enrichment and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis, among others. Bar
plots were used to depict the top 10 enriched phrases that
met the threshold of p < 0.05. Biological processes (BP)
that were considerably enriched were chosen for GO analy-
sis according to p-values. Bubble plots were used to display
the top 20 pathways after screening for KEGG pathways
that were considerably enriched (p < 0.05).

2.5 Verification of Molecular Docking

Molecular docking to evaluate target interactions was
performed with AutoDock 4 (Scripps Research Institute, La
Jolla, CA, USA) and AutoDock Vina (Scripps Research In-
stitute, La Jolla, CA, USA) software, along with the Py-
MOL (Schrédinger, Inc., New York, NY, USA) Python
sub-program for detailed analysis. Chem3D (PerkinElmer,
Inc., Waltham, MA, USA) facilitated the processing of
chemical structures. Two-dimensional chemical struc-
tures were obtained from the PubChem database, and
three-dimensional (3D) protein structures were sourced
from the Protein Data Bank (PDB) (https://www.rcsb.org
/). Chem3D software converted active ingredient struc-
tures to their minimum energy 3D forms. Subsequently,
AutoDock 4 was used for dehydration and hydrogenation
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preprocessing. Batch molecular docking was conducted us-
ing AutoDock Vina and Open Babel, adhering to semi-rigid
docking principles. Binding energies below —7.0 kcal/mol
served as selection criteria, and the top 20 docking results
underwent in-depth analysis with PyMOL. This produced
visualizations that highlight molecular binding sites and
bond lengths.

2.6 Cell Culture

Human U266 cells (QuiCell-U240) and mouse
Sp2/0 cells (QuiCell-S243) were purchased from QuiCell
Biotechnology Co., Ltd. (Shanghai, China). STR profiling
was used to confirm the origin of cells, and no mycoplasma
contamination was detected. The cells were grown in a
humidified incubator with 5% CO, at 37 °C in RPMI-
1640 (Gibco, cat#C11875500BT, Waltham, MA, USA) me-
dia supplemented with 10% fetal bovine serum (Gibco,
cat#2168090RP, Waltham, MA, USA) and 1% penicillin-
streptomycin solution (cat#2585644, Waltham, MA, USA).
The final concentration of dimethyl sulfoxide (DMSO) in
the culture medium was adjusted to <0.1% after prepar-
ing a stock solution of 10 mM of beauvericin (MCE, cat#
HY-N6739, Monmouth Junction, NJ, USA) in DMSO (Be-
yotime, cat# ST038, Shanghai, China).

2.7 Lentiviral Construction of USP9X Knockdown Cells

Lentivirus-stable USP9X knockdown (shUSP9X) cell
lines for U266 and Sp2/0 were established using specially
designed short hairpin RNAs (shRNAs).Target sequences
for U266 cells were: shUSP9X-h1: 5'-CCGGTGATGAGA
AGTATGAACTGAACTCGAGTTCAGTTCATACTTC
TCATCATTTTTG-3'; shUSP9X-h2: 5'-CCGGCCAGTA
TGTTGATGATATCAACTCGAGTTGATATCATCAA
CATACTGGTTTTTG-3'; Target sequences for Sp2/0 cells
were: shUSP9X-m1: 5-CCGGGGTTCAAGATCCTGAT
GATGACTCGAGTCATCATCAGGATCTTGAACCTT
TTTG-3'; shUSP9X-m2: 5'-AATTCAAAAAGGTTCTG
ATCAGGATCTTGAACCTCGAGTCATCATCAGGAT
CTTGAA-3".

Lentiviral vectors containing these shRNAs were
transfected into HEK-293T cells (STCC10301P) purchased
from Servicebio Biotechnology Co., Ltd. (Wuhan, China).
Viral particles were then used to infect U266 and Sp2/0
cells. Puromycin was employed to select stable knockdown
cells.

2.8 Cell Viability Assay

The CCK-8 assay was used to measure cell prolifer-
ation. Briefly, U266 and Sp2/0 cells (1 x 10* cells per
well) were plated into 96-well plates. Beauvericin was
added to a final concentration of 0, 2.5, 5, 10, and 20 uM,
and the cells were cultured for 12, 24, or 48 h at 37 °C
with 5% CO,. Subsequently, 10 uL of CCK-8 reagent
(Beyotime, cat#C0037) was added to each well and in-
cubated in darkness for another 2 h. A microplate spec-
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trophotometer (Molecular Devices, San Jose, CA, USA)
was then used to measure absorbance values at 450 nm.
The percentage of viable cells was determined using the
following formula: viability (%) = [(OD_beauvericin —
OD blank)/(OD_control — OD_blank)] x 100%.

The control group consisted of RPMI-1640 medium,
serum, antibiotics, cells, and 0.1% DMSO; the blank group
was cell-free and contained PBS with 0.1% DMSO. The
beauvericin group also comprised cells and beauvericin.

2.9 Flow Cytometry Analysis of Apoptosis

In order to detect apoptosis, U266 and Sp2/0 cells
were seeded onto six-well plates (5 x 10° cells per well)
and incubated with beauvericin at concentrations of 0, 2.5,
5, and 7.5 uM for 24 h. They were subsequently incu-
bated at 37 °C for 10 min in the dark and then labeled with
an Annexin V-FITC/PI apoptosis detection kit (Beyotime,
cat#C1062S, Shanghai, China). The rate of apoptosis was
measured using flow cytometry, a technique developed by
Beckman Coulter in the USA. The gating strategy was as
follows: (i) Cells were first gated on a forward scatter (FSC-
A) versus side scatter (SSC-A) plot to exclude debris and
cell aggregates. (ii) Single cells were gated using FSC-H
versus FSC-A to exclude doublets. (iii) The fluorescence
intensities of FITC (Annexin V) and PI were compensated
using single-stained positive controls (Annexin V-FITC
single stain and PI single stain) and an unstained negative
control. (iv) Quadrant gates were set based on the untreated
control group (0 uM beauvericin), with the lower left quad-
rant defining the viable cell population. (v) Early apoptotic
cells were defined as Annexin V-FITC-positive/PI-negative
(Q3), late apoptotic/secondary necrotic cells as Annexin V-
FITC-positive/PI-positive (Q2), and primary necrotic cells
as Annexin V-FITC-negative/Pl-positive (Q1). The per-
centage of total apoptotic cells was calculated as Q2 + Q3.

2.10 Western Blotting and Co-IP

For the analysis of protein expression, U266 and Sp2/0
cells (5 x 10° per well) were incubated with beauvericin at
concentrations of 0, 2.5, 5, 7.5 uM for 24 h. Total protein
was extracted on ice using RIPA lysis buffer (cat#BC3710,
Solarbio Science & Technology, Beijing, China), and the
concentration measured using a BCA protein assay kit
(cat#PC0020, Solarbio Science & Technology, Beijing,
China). Equal amounts of proteins were separated through
5%—15% SDS-PAGE and transferred onto PVDF mem-
branes (cat#E801-01, Vazyme Biotech Co., Ltd, Nanjing,
Jiangsu, China). Membranes were blocked with Rapid
Blocking Solution (Servicebio, G2052-500ML) for 1 h at
room temperature and incubated overnight at 4 °C with pri-
mary antibodies against Bcl-2 (cat#F0125, Selleck Chem-
icals, Houston, TX, USA), USP9X (cat#F1387, Selleck
Chemicals, Houston, TX, USA), and GAPDH (cat#F0003,
Selleck Chemicals, Houston, TX, USA) at a dilution ratio
of 1:1000. After washing, the membranes were incubated
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with secondary antibodies, including anti-rabbit [gG H&L
(cat#ab175781, Cambridge, UK) and goat anti-mouse IgG
H&L (cat#ab175775, Cambridge, UK), diluted 1:10,000
for 1 h. Protein bands were visualized using an ECL chemi-
luminescence kit (cat#BL532B, Biosharp Biotechnology,
Hefei, Anhui, China) and detected with the Tanon 5200
imaging system.

For co-immunoprecipitation (Co-IP) assays, 1 x 10°
cells were lysed in IP buffer and incubated with antibody-
conjugated agarose beads. The precipitated complexes
were subsequently subjected to Western blot analysis, with
IgG serving as the negative control. Relative protein band
intensities were quantified using the Tanon 5200 imaging
platform.

2.11 Mouse Sp2/0 Model of MM

All animal procedures adhered strictly to ARRIVE
guidelines, the UK Animals (Scientific Procedures) Act
1986, the associated guidance, and the National Research
Council’s animal care guidelines. Ethics approval was
granted by the Experimental Animal Ethics Committee
of Shanghai Municipal Hospital of Traditional Chinese
Medicine, affiliated with Shanghai University of Tradi-
tional Chinese Medicine (Approval No.: DW2020014,
originally approved in 2020 and extended for this study).
Male C57BL/6J mice (8—10 weeks old, 20 £+ 2 g) sourced
from Beijing Spefo Biotechnology Co., Ltd. were housed
under specific pathogen-free conditions at 19-23 °C, 50 +
20% humidity, with a 12-h light-dark cycle.

The subcutaneous tumor model involved the injection
of a 200 uL suspension containing 5 x 10® Sp2/0 cells into
the right axillary region of mice. Each of the four experi-
mental groups, consisting of six animals each, was treated
with a different dosage of beauvericin as follows: control
group (PBS), 3 mg/kg, 6 mg/kg, 9 mg/kg. On days 0, 7,
and 14, mice received intraperitoneal injections of either
beauvericin or PBS. Animal body weights were recorded
weekly. On day 21, mice were deeply anesthetized by in-
traperitoneal injection of sodium pentobarbital (50 mg/mL
solution, 0.1 mL per 10 g body weight). Depth of anesthe-
sia was confirmed by loss of corneal reflex and absence of
response to toe pinch. Euthanasia was then completed by
cervical dislocation. Death was confirmed by cessation of
breathing, absence of heartbeat, and lack of corneal reflex.
Histopathological analysis and TUNEL staining involved
the removal, weighing, and photographing of tumor sam-
ples followed by fixation in 4% paraformaldehyde. Blood
samples were also taken in order to assess serum biochemi-
cal parameters such as ALT, AST, BUN, and Cr. Major or-
gans, including the kidneys, lungs, liver, spleen, and heart,
were extracted for H&E staining.

2.12 Statistical Analysis

SPSS version 26.0 (IBM Corp., Armonk, NY, USA)
was used for statistical analyses, while GraphPad Prism

10.0 (GraphPad Software, San Diego, CA, USA) was ap-
plied for graphical visualization. All experimental data
were expressed as the mean + standard deviation (SD). Sta-
tistical analyses were performed using one-way analysis of
variance (ANOVA), followed by Student’s ¢-test for pair-
wise comparisons. Differences with a p-value of <0.05
were considered statistically significant.

3. Results

3.1 Identification of Potential Target Genes _for MM and
Beauvericin

A total of 5005 MM target genes were retrieved from
the GeneCards database, OMIM database, and DisGeNET
databases. Moreover, 169 potential target genes of beau-
vericin were identified by searching the PubChem, CTD,
and TargetNet databases. Using p < 0.05 as the reference
value, we identified 82 common target genes that intersect
with the obtained MM target genes. They are plotted in a
Venn diagram (Fig. 1A) and are considered to present po-
tential therapeutic targets.

3.2 Construction of PPI Network and Functional Analysis
of Key Genes

The PPI network was obtained by searching the
STRING database for the 82 common target genes (Fig.
1B). This network illustrates the complex interactions
among targets, where nodes represent targets and edges de-
note interactions between different proteins. The PPI net-
work comprised 79 nodes and 357 edges. The top 20 targets
ranked by degree are listed in Table 1.

Table 1. The top 20 targets ranked by degree.

No. Target Degree
1 ACTB 43
2 CASP3 40
3 BCL2 34
4 MMP9 27
5 CASP8 21
6 MDM2 20
7 CXCL8 19
8 AR 19
9 CASP9 18
10 HNF4 16
11 BCL2A1 16
12 BIRC3 15
13 HDAC2 15
14 CEBPB 14

15 PTPRC 14
16 BIRC2 14
17 ABCBI 13
18 CYP3A4 13
19 HDAC4 13
20 DNMT1 13
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Fig. 1. Identification of potential targets for beauvericin and MM, along with the protein-protein interactions (PPI) network.

(A) Venn diagram of targets identified for beauvericin and MM. (B) Construction of a PPI network incorporating all proteins (or genes).

Nodes represent targets, and connections denote interactions between different target proteins.

Table 2. Molecular docking scores.

Target Docking score (kcal/mol) Amino acid residues
Caspase-3 -6.5 SER-381, ARG-341, THR-177, PHE-381
Bcl-2 -8.7 GLU-95, LEU-96, ARG-105, TYR-67
MMP9 -7.3 ARG-143, GLU-427
Caspase-8 -6.8 GLN-32, LEU-27, ARG-102, GLU-147

3.3 GO Analysis and KEGG Pathway Enrichment Analysis

The DAVID database was utilized to perform enrich-
ment analysis, identifying relevant BP, Cellular Compo-
nents (CC), and Molecular Functions (MF). This analysis
yielded 352 GO terms, comprising 224 in Biological Pro-
cess, 45 in Cellular Component, and 83 in Molecular Func-
tion categories (Fig. 2A). Furthermore, KEGG pathway
analysis revealed 75 enriched signaling pathways. The top
20 pathways, ranked by their respective p-values, are illus-
trated through a bubble chart for clear visualization in Fig.
2B. The results suggest that beauvericin may significantly
influence apoptosis in MM. By integrating this information
with the PPI network data (Fig. 1B), we postulate that beau-
vericin may act on MM by targeting apoptosis.

3.4 Molecular Docking Between Beauvericin and the
Targets Related to Apoptosis

Molecular docking simulations were conducted in or-
der to validate the interaction of beauvericin with identified
critical targets (Fig. 3). Results indicated that beauvericin
demonstrated higher binding affinity for Bcl-2 compared
with other assessed targets (Caspase-3, MMP9, Caspase-8).
Docking scores and interacting amino acid residues are de-
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tailed in Table 2. In subsequent experiments, we therefore
focused on Bcl-2 for further investigation.

3.5 Beauvericin Inhibits MM Cell Proliferation and
Induces Apoptosis in a Dose- and Time-Dependent
Manner

Cell viability assays using the CCK-8 method revealed
that beauvericin markedly suppressed proliferation in U266
and Sp2/0 cells in both dose- and time-dependent patterns
(Fig. 4A).1Cs( values for U266 cells were calculated at 8.11
+0.10 uM (12 h), 7.90 £ 0.17 uM (24 h), and 3.27 £ 0.19
puM (48 h). The IC50 values for Sp2/0 cells were calculated
as 8.24 £ 0.10 uM (12 h), 7.84 + 0.10 uM (24 h), and 5.23
+ 0.13 uM (48 h) for Sp2/0 cells. To confirm if apoptosis
contributed to reduced viability, cells were exposed to beau-
vericin (0, 2.5, 5, and 7.5 uM) for 24 h, stained using An-
nexin V-FITC/PL, and analyzed by flow cytometry. Com-
pared to untreated controls, the apoptotic rate increased
progressively with escalating concentrations of beauvericin
(Fig. 4B). Since the molecular docking analysis indicated
the highest affinity was between beauvericin and Bcel-2, fur-
ther investigations focused on the role of Bcl-2. Western
blot analysis confirmed that beauvericin significantly re-
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Fig. 3. Beauvericin binds to the apoptosis-related target. (A) Caspase-3. (B) Bcl-2. (C) MMP9. (D) Caspase-8.

duced Bcl-2 protein expression in a dose-dependent manner
in both cell lines (Fig. 4C).

3.6 Beauvericin Promotes Bcl-2 Degradation by
Disrupting the USP9X-Bcl-2 Interaction

Previous studies have reported that the deubiquiti-
nating enzyme USP9X can specifically remove ubiquitin

chains from the anti-apoptotic protein Bcl-2, thereby in-
hibiting its ubiquitin-mediated degradation and maintaining
its stability [21,22]. We first treated both cell types with
MG132 (10 uM) for 4 h, followed by treatment with beau-
vericin (10 puM) for 24 h. Co-immunoprecipitation (Co-
IP) experiments revealed that beauvericin modulates the en-
dogenous interaction between USP9X and Bcl-2 in multi-
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Fig. 4. Beauvericin induces apoptosis in MM cells. (A) Dose- and time-dependent impact of beauvericin on MM cell viability. ****p <
0.0001 compared to untreated controls (0 uM beauvericin). (B) Quantification of apoptosis via flow cytometry. The percentage of apop-
totic cells was calculated as the sum of early apoptotic cells (Annexin V-positive/PI-negative, Q3 quadrant) and late apoptotic/necrotic
cells (Annexin V-positive/Pl-positive, Q2 quadrant). The bar graph presents the total apoptotic cell percentage (Q2+Q3) for each treat-
ment condition. ****p <0.0001, compared with control group (beauvericin = 0 uM). ns, not significant. (C) U266 and Sp2/0 cells were
treated with beauvericin (0-7.5 uM) for 24 h, and the level of Bcl-2 expression was then assessed by Western blot analysis. *p < 0.05;

**p <0.01, compared with control group (beauvericin = 0 uM).

ple myeloma cells, as shown in Fig. 5A. Next, we knocked
down USP9X in both MM cell lines, the shUSP9X-h2
(U266) and shUSP9X-m1 (Sp2/0) constructs exhibited the
best knockdown efficiency (Fig. 5B) and were selected for
subsequent experiments. To study the deubiquitination ef-
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fect of USP9X on Bcl-2 in MM cells, we subsequently per-
formed Co-IP experiments. Compared to the control group,
Bcl-2 ubiquitination levels were found to be significantly
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higher after USP9X was knocked down (Fig. 5C).


https://www.imrpress.com

Input IgG IP:USP9X
Beauvericin - + - + - +
MG132 + + + + + +
BCL-2 | s s — —

USP9X —— — C—

(U266)

o

B
USPYX[@mms == ]-270KDa

GAPDH S s s |37KDa

° 2
b By

Relative expression of shUSP9X
°
°

13D~

IX6dSNUs-
Xe6dSNus-
C,

IP:BCL.-2
shUSP9X . +

an

104:d1

GAPDH [ g |-7KDs

(U266)

nduy

shuspox - + -+
Beauvericin - - + +

MG132 + + + +
il'

Bel-2[S= == == == ].26KDa
USPOX [F == =] 270KDa

Bel-2 (B0 0 58 B ] -26k0n
IGAPDH [ e @ @ |-37KDa

(U266)

an

1041

jndug

GAPDH [#%% s S8 ]-37KDa

Input IgG IP:USPY9X
Beauvericin - + - + - +
MG132 +  + + + + +
BCL-2| e e — |
USP9X |- —— -— —l

(SP2/0)

USP9X [== — = |170kDa

0.5

Relative expression of shUSP9X

o & 2
= c <
w w
"g :g 0.0
¥ oox
Ll ~
IP:BCL-2
shUSP9X . +
= c
v =) .
-]
a
ol
o
_ | uspox [mm = ]270kpa
=
GAPDH | ame w |-37KDa
(Sp2/0)
shuspox - + -+
Beauvericin - - + +
mMG132 + + + +
- =
: ) "l
-]
a
=
L

Bol-2 [ e e ] 2K

USPIX |wwe =  [270KDa

BCl-2 [ s s s | 26KD2

GAPDH [ s e 70

(SP2/0)

nduy

Fig. 5. Beauvericin interferes with USP9X-mediated ubiquitination and promotes Bcl-2 ubiquitination-mediated degradation.
(A) Beauvericin affects the endogenous interaction between USP9X and Bcl-2 in MM cells. (B) Knockdown efficiency of USP9X
in MM cells, **p < 0.01, ***p < 0.001; ****p < 0.0001, compared with the control group. (C) USP9X knockdown enhances Bcl-2
ubiquitination. (D) Beauvericin promotes Bcl-2 ubiquitination-mediated degradation by inhibiting USP9X-Bcl-2 binding activity.

Finally, to investigate whether beauvericin pro-
motes Bcl-2 ubiquitination-mediated degradation, U266
and Sp2/0 cells were pretreated with MG132 (10 uM) for
4 h and subsequently treated with beauvericin (10 uM) for
24 h. Beauvericin treatment significantly increased Bcl-2
ubiquitination levels compared to the control group (Fig.

5D). Furthermore, when USP9X was knocked down, beau-
vericin treatment further enhanced this ubiquitination pro-
cess. Collectively, these results indicate that beauvericin
promotes Bcl-2 ubiquitination and degradation in MM cells
by disrupting the USP9X-Bcl-2 interaction in MM cells, ul-
timately inducing MM cell apoptosis.
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3.7 Beauvericin Suppresses Tumor Growth In Vivo

We next established a Sp2/0 cell allograft tumor model
in C57BL/6J mice to evaluate the antitumor efficacy of
beauvericin. After successful modeling, Sp2/0 mice re-
ceived intraperitoneal injections of different doses of beau-
vericin on days 0, 7, and 14, and we euthanized on day
21. Compared with the control group, beauvericin at doses
of 3, 6, and 9 mg/kg significantly inhibited tumor growth
(Fig. 6A), which manifested primarily manifested as re-
duced tumor volume. No significant differences in body
weight were observed between groups during drug admin-
istration (Fig. 6B). Statistical analysis indicated that beau-
vericin significantly suppressed tumor growth in the Sp2/0
tumor-bearing mouse model (Fig. 6C). TUNEL staining re-
vealed that beauvericin significantly promoted tumor cell
apoptosis (Fig. 6D,E). Finally, serum biochemistry and
histopathological examination of major organs confirmed
the absence of treatment-related toxicity in beauvericin-
treated mice. (Supplementary Fig. 1 and Supplemen-
tary Table 1). Collectively, these results demonstrate that
beauvericin promotes apoptosis in Sp2/0 cells while sig-
nificantly inhibiting tumor growth in Sp2/0 tumor-bearing
mice.

4. Discussion

Numerous studies have indicated that beauvericin pos-
sesses potent antitumor effects against a variety of malig-
nancies, including hepatocellular carcinoma [4], osteosar-
coma [23], and breast cancer [24]. In hematological re-
search, beauvericin was shown to induce apoptosis in HL-
60 leukemia cells, highlighting its therapeutic potential for
the management of leukemia [25]. Building upon previ-
ous evidence regarding the antitumor properties of beau-
vericin, the present study utilized network pharmacology
coupled with molecular docking methods to explore its ef-
ficacy against MM. Our findings confirmed the significant
inhibitory effects of beauvericin on MM cell proliferation,
induction of apoptosis, and suppression of tumor growth
in animal models, without observable toxicity in treated
mice. We also further elucidated the underlying its anti-
MM mechanisms of beauvericin.

Network pharmacology offers insights into drug-
disease interactions through systems biology and network
equilibrium concepts. Notably, the current research rep-
resents the first application of a network pharmacology
framework to evaluate the therapeutic role of beauvericin
in MM, adding substantial evidence in support of its poten-
tial involvement in MM treatment.

Analysis of the PPI network highlighted the complex
interactions among beauvericin-associated anti-MM targets
rather than isolated molecular effects. This study identi-
fied critical targets through which beauvericin may exert
therapeutic efficacy, including Caspase-3, Bcl-2, MMP9,
and Caspase-8. Caspase-3 is an essential effector enzyme
within apoptosis pathways and mediates the cleavage of key
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substrates, culminating in DNA fragmentation, cytoskele-
tal disintegration, and cell apoptosis in MM [26]. Bcl-2 is
a pivotal anti-apoptotic regulator within the mitochondrial
apoptotic cascade. Its expression is frequently elevated in
MM cells, contributing to resistance against chemothera-
peutic and targeted treatments [27]. MMP9 serves as a
prominent biomarker associated with MM-induced bone
disease. It facilitates bone matrix degradation and tumor
progression, and is detectable in approximately 65% of
bone marrow biopsies from MM patients [28]. Caspase-8
functions as an important initiator of apoptosis via TNF-
related apoptosis-inducing ligand (TRAIL) signaling path-
ways in MM [29].

To delve deeper into the mechanisms underlying the
action of beauvericin against MM, we conducted GO func-
tional annotation and KEGG pathway enrichment analy-
ses. This revealed significant associations of critical tar-
get genes with BP, CC, and MF. KEGG analysis high-
lighted several pivotal pathways linked to MM pathogen-
esis, including apoptosis regulation, platinum-based drug
resistance, TNF signaling, and general cancer pathways.
Dysregulation of apoptosis pathways has been established
as a fundamental mechanism underlying MM pathogenesis
and therapeutic resistance. Additionally, the TNF signal-
ing pathway is critically involved in inflammation, immune
regulation, and cancer development and progression [30].

In vivo studies into the antitumor efficacy of beau-
vericin demonstrated dose-dependent suppression of sub-
cutaneous Sp2/0 tumor growth. Additionally, serum bio-
chemical analyses and histopathological examinations of
major organs in treated mice revealed no evident treatment-
associated toxicity (Supplementary Fig. 1 and Supple-
mentary Table 1). Beyond tumor inhibition, we explored
the apoptotic mechanisms induced by beauvericin in MM
cell proliferation. Dose-dependent apoptosis induction by
beauvericin in MM cells was also confirmed by flow cy-
tometry analyses. Results of Western blot analysis further
verified that beauvericin reduces the expression of anti-
apoptotic Bcl-2 protein in a dose-dependent manner.

A critical question arising from our findings is how
beauvericin achieves selective disruption of the USP9X-
Bcl-2 PPI without globally perturbing USP9X expression or
catalytic activity. Based on the convergence of our existing
experimental data, we propose a multi-layered mechanis-
tic framework that integrates structural, biochemical, and
functional perspectives.

Our molecular docking analysis revealed that beau-
vericin binds to Bcl-2 with high affinity (docking score:
—8.7 kcal/mol), engaging residues within and adjacent to
the BH3-binding groove (GLU-95, LEU-96, ARG-105,
TYR-67). The USP9X-Bcl-2 interaction has been reported
to involve the C-terminal tail of Bcl-2 and adjacent hy-
drophobic residues that partially overlap with this region.
We hypothesize that beauvericin acts as an interfacial in-
hibitor by occupying a Bcl-2 surface that sterically or al-
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Fig. 6. Beauvericin suppresses tumor growth in vivo. (A) Photographs of tumors obtained from tumor-bearing mice following beau-

vericin treatment. (B) Weekly measurement of mouse body weight. (C) Tumor weight in different treatment groups. n = 6 mice per
group. ***p < 0.001; ****p < 0.0001 compared with control group. (D,E) Detection of apoptotic cells (red arrows in D) by TUNEL
assay (*p <0.05, **p < 0.01) (magnification: 200%, scale bar =200um). n = 6 mice per group.

losterically interferes with USP9X recruitment. This hy-
pothesis is directly supported by our bidirectional Co-IP
data (Fig. 5A). Furthermore, Bcl-2 ubiquitination levels
increase following treatment with beauvericin or USP9X
knockdown (Fig. 5B and Fig. 5C). The absence of pro-
tein level reduction rules out transcriptional or translational
suppression as the mechanism, favoring a direct physical
interference with the PPI interface. The functional con-
sequences of this disruption are evidenced by our ubiqui-
tination cascade. In the absence of beauvericin, USP9X
stabilizes Bcl-2 by removing ubiquitin chains; upon beau-
vericin treatment, the physical separation of USP9X from
Bcl-2 (Fig. 5A) permits unrestricted ubiquitination of Bcl-
2, as confirmed by the increased ubiquitin signal in our Co-
IP assays (Fig. 5D). The MG132 rescue experiment (Fig.
5D) further confirms that the observed Bcl-2 degradation is
proteasome-dependent, consistent with the loss of USP9X-
mediated deubiquitinase protection. This causal chain—
PPI disruption — loss of deubiquitination — ubiquitin ac-
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cumulation — proteasomal degradation—is fully supported
by our existing data without invoking off-target effects on
the proteasome itself. This substrate-directed mechanism is
pharmacologically advantageous, as global USP9X inhibi-
tion would predictably disrupt multiple signaling pathways
and induce broad cytotoxicity. The proposed mechanism
bears mechanistic analogy to venetoclax, which binds the
BH3 groove of Bcl-2 to displace pro-apoptotic BH3-only
proteins. However, beauvericin differs fundamentally in its
downstream consequence: whereas venetoclax neutralizes
Bcl-2’s anti-apoptotic function by releasing BAX/BAK,
beauvericin promotes Bcl-2 degradation by severing its
protective deubiquitinase interaction. This positions beau-
vericin as a prototype for a distinct class of PPI disruptors
that selectively target deubiquitinase-substrate interfaces to
induce targeted protein degradation, rather than merely in-
hibiting protein function.

This study has several limitations. The in vitro ex-
periments were conducted using only two MM cell lines
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human U266 and murine Sp2/0. Although these repre-
sent distinct MM subtypes, their restricted cellular diver-
sity may limit the generalizability of our findings across the
broad molecular heterogeneity of human MM. To confirm
translational relevance future investigations should vali-
date the anti-MM effects of beauvericin in additional hu-
man MM cell lines (e.g., RPMI-8226, MM. 1S, NCI-H929)
and, critically, in primary CD138+ plasma cells isolated
from MM patients to confirm translational relevance. Sec-
ondly, the in vivo efficacy was evaluated exclusively in a
subcutaneous Sp2/0 allograft model in immunocompetent
C57BL/6J mice. While this model demonstrates the anti-
tumor activity of beauvericin in an immunointact setting, it
does not recapitulate the human bone marrow microenvi-
ronment, including osteoclast—osteoblast interactions, hy-
poxic niches, and stromal cell-mediated drug resistance that
are pathognomonic of human MM. This study also utilized
the allogeneic Sp2/0-C57BL/6J tumor model. Although
the high tumor formation rate and sustained tumor growth
indicate that this model is suitable for evaluating the an-
titumor activity of beauvericin, it may not be appropri-
ate for assessing immunotherapeutic interventions, as allo-
geneic immune responses may interfere with treatment ef-
ficacy. It is recommended that future studies be conducted
in genotypically matched models (such as the Sp2/0 model
in BALB/c mice) for validation, particularly when investi-
gating immunomodulatory mechanisms. Future validation
in syngeneic models (e.g., Sp2/0 in BALB/c mice) is rec-
ommended, particularly if immunomodulatory mechanisms
are to be investigated.

In conclusion, the present findings underscore the no-
table potential of beauvericin as an antitumor agent, demon-
strating pronounced efficacy both in cell-based experiments
and in vivo subcutaneous allograftmodels. Nonetheless,
further research remains necessary to clarify its detailed
molecular mechanisms of action. Considering its trans-
lational potential, beauvericin may serve as a promising
adjunct therapy alongside proteasome inhibitors, further
enhancing their collective suppression of the ubiquitin-
proteasome signaling pathway. Rigorous clinical investi-
gations are needed to systematically assess the clinical ef-
fectiveness and safety profiles associated with therapeutic
combinations involving beauvericin.

5. Conclusion

In this comprehensive study, the mechanisms and core
targets through which beauvericin exerts its effects against
MM were clarified using network pharmacology, molec-
ular docking, and in vitro as well as in vivo experimen-
tal validations. We confirmed Bcl-2 as a critical target for
beauvericin, elucidating its antitumor activity via disrup-
tion of the USP9X-Bcl-2 interaction, inhibition of USP9X-
mediated Bcl-2 deubiquitination, and subsequent protea-
somal degradation leading to MM cell apoptosis. These
mechanisms effectively induce apoptosis and suppress tu-
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mor growth in both cellular and animal models. The in-
sights gained from this investigation lay a foundation for
further exploration of the therapeutic mechanisms and clin-
ical potential of beauvericin. This should address current
treatment limitations in MM and significantly contribute to
the translation of laboratory findings into clinical practice.
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