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Boanmycin overcomes bortezomib resistance @
by inducing DNA damage and endoplasmic
reticulum functional impairment in multiple
myeloma
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Yong Lei®” and Fa-Qing Tian"

Abstract

Background Multiple myeloma (MM) is a hematological malignancy characterized by uncontrolled proliferation of
plasma cells and is currently incurable. Despite advancements in therapeutic strategies, resistance to proteasome
inhibitors, particularly bortezomib (BTZ), poses a substantial challenge to disease management. This study aimed to
explore the efficacy of boanmycin, a novel antitumor antibiotic, in overcoming resistance to BTZ in MM.

Methods BTZ-resistant cells were generated over a period of at least 6 months by gradually increasing the
concentration of BTZ. The viability of MM cell lines and patient bone marrow mononuclear cells (BMMCs) was
measured via the CCK8 reagent. The protein levels of cleaved caspase 3, cleaved caspase 7, cleaved PARP, PARP, p-JNK,
INK, and y-H2AX were analyzed through Western blot. Cellular morphology was observed via transmission electron
microscopy. Colony formation ability was evaluated, and cell apoptosis and the cell cycle were detected through flow
cytometry. Xenograft experiments were conducted to evaluate the growth of MM cells in vivo.

Results Our results demonstrated that boanmycin effectively inhibited cell proliferation and colony formation, and
triggered apoptosis in both BTZ-sensitive and BTZ-resistant MM cells. The combination of boanmycin with BTZ had
greater inhibitory effects than either drug alone. Furthermore, boanmycin significantly suppressed MM cell growth in
immunodeficient mouse xenograft models without inducing distinct toxic side effects. Notably, boanmycin markedly
killed patient-derived MM cells ex vivo. Mechanistically, boanmycin not only disrupts the cell cycle and causes DNA
damage but also exerts its antitumor effects by inducing endoplasmic reticulum (ER) functional impairment.
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Conclusions Our findings highlight the potential of boanmycin as a promising novel therapeutic option for treating

MM, particularly in patients with BTZ resistance.
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Background

Multiple myeloma (MM) is an aggressive hematologi-
cal malignancy characterized by the abnormal growth
of plasma cells [1]. The incidence of MM is signifi-
cantly greater among older individuals, with a median
age of approximately 70 years [2]. MM patients experi-
ence distressing symptoms such as anemia, renal injury,
infections, hypercalcemia and bone disease [1]. Despite
advancements in medical treatment that have extended
patient survival, MM remains incurable [3]. Bortezomib,
a selective proteasome inhibitor, has shown remark-
able efficacy in MM treatment when combined with
immunomodulatory drugs such as lenalidomide and
pomalidomide, corticosteroids such as dexamethasone,
and/or a monoclonal antibody such as daratumumab
[4]. However, the effectiveness of BTZ is limited due to
the development of drug resistance [5]. Although other
proteasome inhibitors, such as carfilzomib and ixazomib,
can partially overcome BTZ resistance, BTZ remains a
critical first-line treatment for MM [6]. Therefore, strate-
gies to overcome BTZ resistance are highly valuable.

Boanmycin, a novel antitumor antibiotic, has been used
primarily for treating head and neck squamous cell car-
cinoma [7]. Preclinical experiments have illustrated the
efficacy of boanmycin against various types of cancer,
including hepatocellular carcinoma, colorectal cancer,
and colon cancer [7-9]. A phase I clinical study revealed
that boanmycin induces minimal bone marrow suppres-
sion and exhibits lower pulmonary toxicity than bleo-
mycin and pingyangmycin [9]. A phase II clinical study
involving a cohort of 325 patients with intermediate
and malignant carcinoma demonstrated the therapeutic
potential of boanmycin in treating malignant lymphoma,
head and neck cancer, breast cancer, and esophageal can-
cer while causing limited bone marrow suppression and
functional impairment of the liver or kidney [10]. More-
over, researchers have developed a temperature-sensitive
boanmycin in situ gel that can successfully prolong the
release of boanmycin and enhance its antitumor proper-
ties in the treatment of liver cancer [11]. Ding et al. also
formulated an in situ gel system incorporating anionic
liposomes loaded with boanmycin to augment its cyto-
toxic effects [8].

The endoplasmic reticulum (ER) is a crucial organelle
responsible for protein synthesis, folding, and modifica-
tion [12, 13]. Additionally, the ER is the main intracellu-
lar reservoir for Ca®* and is crucial for maintaining Ca®*
homeostasis through interactions with other organelles
and the plasma membrane [14]. Perturbations in cellular

homeostasis caused by internal or external factors can
lead to ER stress [15]. Targeting the ER signaling pathway
holds promise for anticancer therapy, as certain reagents
can selectively induce or inhibit ER stress, thereby hin-
dering the proliferation and survival of cancer cells [16].
Multiple myeloma cells are particularly susceptible to
proteotoxicity due to the overproduction of paraproteins
[17], making the ER signaling pathway a potential target
for MM treatment.

Currently, there is limited research on the use of
boanmycin and other bleomycin derivatives for treating
hematologic malignancies. Previous investigations have
illustrated the capacity of bleomycin to induce mito-
chondrial DNA damage in AML cells, leading to cellular
apoptosis [18]. The efficacy of boanmycin in BTZ-resis-
tant MM cells remains unexplored. Boanmycin exerts
its effects by inhibiting protein synthesis, suggesting its
potential utility in MM treatment [19]. Here, we demon-
strated that boanmycin inhibits the proliferation and col-
ony formation of both BTZ-sensitive and BTZ-resistant
MM cells. Additionally, we elucidated the mechanism
by which boanmycin triggers DNA damage and impairs
ER function to induce cell death. Our findings suggest
the promising pharmacological utility of boanmycin in
the management of MM, particularly in cases of BTZ
resistance.

Materials and methods

Cells and reagents

Multiple myeloma cell lines, RPMI 8226, U266B1 and
MM.1 S, were obtained from the American Type Culture
Collection (ATCC) and cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS). Bone
marrow mononuclear cells (BMMCs) were collected
from MM patients. The Fluo-4 AM probe and the Cell-
Trace™ CFSE kit were purchased from Thermo Fisher
Scientific (MA, USA). The cell cycle analysis kits and ER-
Tracker dye were purchased from Beyotime Company
(Shanghai, China). The CCK8 reagent, Annexin V/PI
apoptosis analysis reagent kit, and highly sensitive ECL
solution were purchased from Vazyme Company (Nan-
jing, China). The methylcellulose stock solution was pur-
chased from R&D Systems (MN, USA). Boanmycin was a
gift from Jilin AoDong Pharmaceutical Group Company
(Jilin, China) and was dissolved in PBS at a concentration
of 100 mg/mL as a stock solution. The apoptosis antibody
sampler kit was purchased from Cell Signaling Technol-
ogy (MA, USA).
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Cell viability assay

For the MM cell lines, 10,000 cells per well were seeded
in a 96-well plate, while patient-derived primary cells
were seeded at a density of 20,000 cells per well. The cells
were subjected to treatment with various concentrations
of boanmycin for 48 h or with the indicated concentra-
tions of boanmycin for different time intervals. Sub-
sequently, 10 uL of CCK8 reagent was added, and the
plate was subjected to a 4-hour incubation at 37 °C in a
5% CO, incubator. Absorbance readings were obtained
at a wavelength of 450 nm via a Spark microplate reader
(TECAN, Austria).

CFSE staining assay

The cells were incubated with carboxyfluorescein suc-
cinimidyl ester (CEFSE) at a final concentration of 5 pM
for 30 min at 37 °C in an incubator. The cells were sub-
sequently washed twice with RPMI 1640 medium and
then subjected to treatment with various concentrations
of boanmycin for 48 h. Following this treatment, the
cells were collected, washed, and resuspended in RPMI
1640 medium. CFSE fluorescence was assessed via flow
cytometry and analyzed using Flow]Jo software (Cyto-
FLEX, Beckman Coulter, CA, USA).

Wright-Giemsa staining

The collected cells were washed and resuspended in
phosphate buffered saline (PBS). A total of 100 uL of
cell suspension containing 100,000 cells was carefully
spun onto glass slides. The cells were then fixed with
70% ethanol for 10 min. Following fixation, the cells were
stained with a modified Giemsa staining solution and
subsequently observed under an inverted microscope
(BDS400, CNOPTEC, Chongging, China) for imaging.

Colony formation assay

A total of 200 cells were cultured in each well of a 24-well
plate, with medium comprising 0.9% methylcellulose
combined with varying concentrations of boanmycin
(0, 0.4, and 0.8 pg/mL). Following an incubation period
of approximately two weeks, the resulting colonies were
enumerated and imaged via an inverted microscope

(BDS400, CNOPTEC, Chongqing, China).

Apoptosis analysis

The harvested cells were subjected to different concen-
trations of boanmycin (0, 20, 40, and 60 pg/mL) for 48 h.
Following this, the cells were collected by centrifugation
at 1800 rpm for 5 min and washed twice with PBS. The
cells were subsequently incubated with annexin V/prop-
idium iodide (PI) dye for 10 min at room temperature.
Apoptosis analysis was then performed according to the
manufacturer’s instructions for the annexin V/PI apopto-
sis analysis kit.
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Cell cycle analysis

Briefly, the cells were treated with various concentrations
of boanmycin for 48 h. After treatment, the cells were
collected and washed with precooled PBS twice. The cells
were subsequently resuspended in precooled 70% ethanol
and fixed at 4 °C overnight. Then, the cells were washed
twice with PBS and stained according to the instructions
provided with the cell cycle analysis kit. Cell cycle analy-
sis was performed via flow cytometry, and the data were
analyzed with FlowJo software.

Cellular Ca?* level determination

The cells were exposed to a designated concentration of
boanmycin (0, 20, 40, and 60 pg/mL) for 48 h. Subse-
quently, the cells were collected, rinsed twice with PBS
(without Ca*" and Mg®*), and exposed to 2 uM Fluo-4
AM for 30 min at 37 °C in the dark. The intracellular cal-
cium levels were assessed via flow cytometry (CytoFLEX,
Beckman Coulter, CA, USA).

ER-tracker staining assay

The ER-Tracker working solution was prepared by dilut-
ing the stock solution with RPMI 1640 medium at a ratio
of 1:1000. Following the treatment of the cells with speci-
fied concentrations of boanmycin for 48 h, the cells were
collected, rinsed twice with RPMI 1640 medium, and
exposed to 100 pL of ER-Tracker working solution for
30 min at 37 °C in the dark. The cells were subsequently
washed twice and analyzed via flow cytometry (Cyto-
FLEX, Beckman Coulter, CA, USA).

Quantitative real-time PCR

Briefly, the collected cells were washed with PBS and
lysed with TRIzol reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA). Total RNA was isolated and reverse
transcribed to cDNA via the HiScript II 1st Strand cDNA
Synthesis Kit (Vazyme, Nanjing, China). The mRNA
expression levels were quantified using the QuantStudio
Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA), with normalization to the GAPDH gene.

Western blot analysis

The cells were collected and incubated in RIPA buffer
at 4°C for 20 min. The resulting cell lysates were centri-
fuged, and the supernatants were combined with protein
loading buffer and incubated at 100°C for 5 min. Sub-
sequently, the protein samples were separated by SDS-
PAGE and then transferred to nitrocellulose membranes.
The membranes were then blocked with 5% BSA buffer
for 1 h and subjected to overnight incubation at 4°C with
antibodies against cleaved caspase 3 (#9964), cleaved cas-
pase 7 (#8438), cleaved PARP (#5625), and PARP (#9542).
Then, the membranes were incubated with a peroxidase-
conjugated goat anti-rabbit secondary antibody (#7074)
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for 1 h. Antibody binding was detected through an
enhanced chemiluminescence solution and Chemidoc
imaging system (Bio-Rad, Milan, Italy).

Transmission electron microscopy (TEM)

The cells were first collected and fixed overnight at 4°C
via TEM fixation buffer. Subsequently, the fixed cells were
centrifuged, resuspended, and washed three times with
phosphate buffer. Next, the cells were embedded in a 1%
agarose solution. The agarose blocks were then fixed with
1% OsO4 for 2 h at room temperature. Dehydration was
carried out using various concentrations of alcohol and
acetone. The blocks were further infiltrated and embed-
ded with resin before being transferred to an oven set at
65C for a minimum of 48 h to undergo polymerization.
The resin blocks were cut into thin sections of 60—80 nm
using an ultramicrotome, and the tissues were carefully
placed onto 150-mesh cuprum grids with formvar film.
After being stained with a 2% uranium acetate-saturated
alcohol solution and 2.6% lead citrate, the samples were
observed via a Hitachi transmission electron microscope
(Tokyo, Japan).

Bioinformatic analysis

Total RNA was extracted using the TRIzol reagent.
The RNA samples were reverse transcribed and then
sequenced via the Illumina HiSeq2500 platform. Dif-
ferentially expressed genes (DEGs) were identified by
DESeq2 software. All DEGs were subjected to analysis
using the Gene Ontology (GO) database (http://www.gen
eontology.org/) and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway database (https://www.geno
me.jp/kegg/). Furthermore, gene set enrichment analysis
(GSEA) was performed via GSEA software to determine
significant differences in a set of genes within specific
GO terms, KEGG terms, or disease ontology (DO) terms
between the two groups. Enrichment scores and p-values
were calculated via the default parameters.

Animal study

Six-week-old female BALB/c-nu and NOD-SCID mice
were procured from Beijing Vital River Laboratory Ani-
mal Technology Company. Each BALB/c-nu mouse
received a subcutaneous injection of 4x10° RPMI 8226
or RPMI 8226-Res cells into the flank. Similarly, each
NOD-SCID mouse was injected subcutaneously with
1x10° MM.1 S cells into the flank. Approximately one
week later, once the tumors became palpable, the mice
were administered either PBS (Vehicle, n=5) or 10 mg/
kg boanmycin (BAM, n=5) intraperitoneally every three
days. Once the tumors reached a predetermined size,
the mice were euthanized, and the tumors were excised,
weighed, and fixed in 4% paraformaldehyde for subse-
quent immunohistochemical analysis. Tumor volumes
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were determined using calipers and calculated accord-
ing to the formula: AXB?/2, where A denotes the longest
diameter and B represents the diameter perpendicular to
A. Furthermore, the body weight, feeding behavior, and
motor activity of each animal were monitored as indica-
tors of general health. All animal care and experimental
procedures were approved by the Institutional Animal
Care and Use Committee of The Chinese University of
Hong Kong (Shenzhen) (No. CUHKSZ-AE2021011), fol-
lowing the WMA statement on animal use in biomedical
research.

Immunohistochemistry

Tumors from the mice were fixed in 4% paraformalde-
hyde. Sections with a thickness of 4 um were prepared,
deparaffinized, and subsequently rehydrated using xylene
and a series of graded ethanol solutions. After washing
with PBS and antigen retrieval, the sections were blocked
with 10% normal rabbit serum at room temperature for
1 h. Then, the sections were incubated overnight at 4 C
with a rabbit anti-Ki-67 antibody. The slides were incu-
bated with a peroxidase-conjugated secondary antibody
for 1 h at room temperature, followed by treatment with
diaminobenzidine and observation via microscopy. For
hematoxylin-eosin (HE) staining, the slides were sepa-
rately stained with hematoxylin and eosin, and observed
after they were sealed with neutral gum.

Statistical analysis

All the data were analyzed with GraphPad Prism 6 soft-
ware. The results are expressed as the mean+SD of three
independent experiments. P values were determined by
ANOVA for multiple comparisons or unpaired ¢- tests
for two-group comparisons. A p- value less than 0.05 was
considered significant and is indicated by asterisks (*).

Results

Boanmycin inhibits proliferation and induces apoptosis in
multiple myeloma cells

Boanmycin, an anti-tumor antibiotic, has not been
clinically utilized in the treatment of multiple myeloma
(MM). To assess the inhibitory effects of boanmycin on
MM, RPMI 8226, U266B1, and MM.1 S cells were treated
with varying concentrations and durations of boanmycin,
and the cell viability was subsequently measured using
the CCKS8 reagent. These findings indicated that boan-
mycin effectively impeded the growth of MM cells in a
dose- and time-dependent manner (Fig. 1A). The IC,
values of boanmycin in RPMI 8226, U266B1, and MM.1 S
cells were 17.49, 29.05, and 13.89 pg/mL, respectively
(Supplementary Fig. 1A). Additionally, Wright-Giemsa
staining was performed on RPMI 8226 and U266B1 cells.
As shown in Fig. 1B, treatment with boanmycin resulted
in an increase in cell and nuclear size, an increase in
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Fig. 1 Boanmycin inhibits cell proliferation and induces cell apoptosis in multiple myeloma cells. (A) RPMI 8226, U266B1, and MM.1 S cells were exposed
to varying concentrations and durations of boanmycin, after which the relative cell viability was assessed using the CCK8 reagent. (B) Cell morphology
was evaluated through Wright-Giemsa staining with and without boanmycin treatment. (C) RPMI 8226 and U266B1 cells were treated with 0, 0.4 and
0.8 ug/mL of boanmycin for approximately 15 days, after which the colonies were photographed, and (D) the number of colonies was counted. (E) Apop-
tosis analysis was performed via flow cytometry using Annexin V/PI staining, and (F) the proportion of total apoptotic cells was determined. (G) Western
blot analysis of PARP, cleaved PARP, cleaved caspase 3, and cleaved caspase 7 in MM cells treated with boanmycin for 48 h. a-Tubulin served as a control.

(mean+SD, *p<0.05, **p<0.01 and ***p <0.001)
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the number of cytoplasmic vacuoles, and the presence
of abnormal folds in the cell membrane. Furthermore,
boanmycin significantly inhibited colony formation abil-
ity of MM cells, as evidenced by a substantial reduction
in both the number and size of colonies. Notably, when
the concentration of boanmycin exceeded 0.8 pg/mL,
there was a pronounced impairment in colony formation
in RPMI 8226 cells, and no colonies were observed in
U266B1 cells (Fig. 1C and D). We also demonstrated that
boanmycin induced G2/M phase cell cycle arrest in MM
cells (Supplementary Fig. 1B). The exposure of the MM
cells to boanmycin significantly increased the proportion
of apoptotic cells (Fig. 1E and F). Additionally, the results
of the immunoblot assay revealed a visible increase in
the levels of cleaved PARP, cleaved caspase 3 and cleaved
caspase 7 after boanmycin treatment for 48 h (Fig. 1G).
Boanmycin also elicited DNA damage, as indicated by
elevated y-H2AX protein levels (Supplementary Fig. 2D).
These findings demonstrated that boanmycin effectively
inhibits the proliferation and induces the apoptosis of
MM cells.

Boanmycin enhances the inhibitory effect of BTZ on
multiple myeloma cells

BTZ is a first-line drug for the treatment of MM [4]. To
investigate the inhibitory effect of combining boanmycin
and BTZ, we incubated MM cells with different concen-
trations of BTZ (0, 2, 4, 6, 8 and 10 nM) and boanmy-
cin (20 pg/mL for U266B1 cells, 10 pg/mL for MM.1 S
cells) for 48 h, and cell viability was evaluated using the
CCKS8 reagent. Our results demonstrated that boanmy-
cin significantly enhanced the inhibitory effect of BTZ
on U266B1 and MM.1 S cells (Fig. 2A). Compared with
each drug alone, the combination of boanmycin and BTZ
resulted in further increases in the levels of apoptotic
proteins (Fig. 2B). Flow cytometry experiments revealed
that the combination of the two drugs induced apopto-
sis to a greater extent (Fig. 2C). Overall, the combination
of boanmycin and BTZ exhibited enhanced inhibitory
effects and led to increased levels of apoptosis.

The inhibition of BTZ-resistant multiple myeloma cells by
boanmycin

Resistance to BTZ remains a challenge in the treatment
of MM. To investigate whether boanmycin can over-
come BTZ resistance, we established the BTZ-resistant
cell strains RPMI 8226-Res and U266B1-Res by gradu-
ally increasing the concentration of BTZ in the culture
medium for at least 6 months. The successful construc-
tion of the resistant cell strains was confirmed by cell
viability assays (Fig. 3A). Next, we treated MM cells,
including BTZ-resistant cell strains, with various con-
centrations of boanmycin. The results of the CFSE
assays revealed that boanmycin significantly inhibited
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the proliferation of BTZ-resistant MM cells (Fig. 3B).
Moreover, boanmycin inhibited the colony formation of
BTZ-resistant MM cells (Fig. 3C and D). The western
blot assay was subsequently performed to evaluate the
apoptosis signaling induced by boanmycin. The levels of
proteins associated with the canonical apoptosis pathway
increased upon boanmycin treatment (Fig. 3E). Further-
more, flow cytometry assays demonstrated that boanmy-
cin significantly induced the death of BTZ-resistant MM
cells (Fig. 3F). Therefore, boanmycin had favorable inhib-
itory effects on BTZ-resistant MM cells.

Bioinformatics analysis of boanmycin-induced signaling
pathway changes in multiple myeloma cells

To evaluate the impact of boanmycin on signaling path-
ways in MM cells, we conducted RNA sequencing anal-
ysis on the boanmycin-treated and control groups. Our
study revealed that boanmycin treatment led to the
upregulation of 873 genes and the downregulation of
103 genes, as determined by a log2 fold change greater
than 1 (Fig. 4A and B). Additionally, we performed Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses, which revealed
enrichment of pathways associated with cell apoptosis,
DNA damage, and cell cycle signaling (Fig. 4C and D
and Supplementary Fig. 2A, B). Furthermore, boanmy-
cin downregulated the c-MYC pathway and upregulated
the P53 pathway (Supplementary Fig. 2C, E). We also
observed enrichment of pathways related to ER function
and calcium signaling (Fig. 4C and D). Gene set enrich-
ment analysis (GSEA) revealed the downregulation of
pathways involved in the cell cycle and DNA replication
(Fig. 4E). GSEA lollipop plots demonstrated the upregu-
lation of pathways associated with calcium ion binding,
the ER lumen, and the MAPK cascade (Fig. 4F). These
findings suggest that boanmycin not only inhibits the cell
cycle and induces cell apoptosis but also leads to altera-
tions in ER function in MM cells.

Boanmycin induces endoplasmic reticulum functional
impairment in multiple myeloma cells

GSEA revealed the upregulation of pathways related
to ER function and the calcium signaling pathway in
the boanmycin-treated groups (Fig. 5A). Furthermore,
the combination of boanmycin and BTZ increased the
expression of the CHOP gene, a key regulator of ER
stress (Fig. 5B). To visualize the impact of boanmycin on
organelle morphology, we employed the transmission
electron microscopy assay, which revealed an irregular
arrangement and elongation of the ER in the boanmycin-
treated cells (Fig. 5C). Additionally, RPMI 8226-Res and
U266B1-Res cells were treated with various concentra-
tions of boanmycin (0, 20, 40, 60 pg/mL) for 48 h and
stained with ER-Tracker dye. The results demonstrated
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Fig. 3 The inhibitory effect of boanmycin on BTZ-resistant multiple myeloma cells. (A) The cell viability assay was conducted to evaluate the sensitivity of
RPMI 8226-Res and U266B1-Res cells, as well as the corresponding parental cell lines to BTZ. (B) The inhibitory effects of boanmycin on BTZ-resistant MM
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that boanmycin enhanced probe signaling and the rela-
tive mean fluorescence intensity (Fig. 5D and E). By using
the Fluo-4 AM probe to label calcium ions, we observed
a substantial increase in cytoplasmic calcium levels fol-
lowing boanmycin treatment (Fig. 5F and G). Consider-
ing that calcium is primarily stored in the ER [20], we
concluded that boanmycin induced functional impair-
ment of the ER in MM cells.

Boanmycin inhibits the growth of multiple myeloma cells
in mouse xenograft models and patient samples

To investigate the effects of boanmycin in vivo, xenograft
models were established by injecting 4x10° RPMI 8226
or RPMI 8226-Res cells into the flanks of each BALB/c-
nu mouse. Similarly, 1x10° MM.1 S cells were injected

into the flanks of each NOD-SCID mouse. Compared
with the vehicle-treated groups, the groups treated with
boanmycin presented significantly reduced tumor sizes,
suggesting the inhibitory impact of boanmycin on tumor
growth (Fig. 6A; Supplementary Fig. 3A). Furthermore,
both the tumor volume and weight were notably lower in
the boanmycin-treated groups than in the vehicle-treated
groups (Fig. 6B and C; Supplementary Fig. 3B, C). Impor-
tantly, no significant fluctuations in body weight were
observed in either the boanmycin-treated groups or the
vehicle-treated groups, indicating a low toxicity profile of
boanmycin (Fig. 6E; Supplementary Fig. 3D).

Histological examination through hematoxylin and
eosin (HE) staining revealed a marked increase in both
cellular and nuclear sizes, along with a greater proportion
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of multinucleated cells in tumors subjected to boanmy-
cin treatment. Cell proliferation, as measured by Ki-67
expression, was lower in the boanmycin-treated groups
than in the vehicle-treated groups (Fig. 6D; Supplemen-
tary Fig. 3E). Additionally, HE staining revealed no dis-
cernible alterations in the tissue or cellular structure of
the liver, lungs, and spleens between the boanmycin-
treated groups and the vehicle-treated groups, indicating
that boanmycin has minimal side effects on these organs
(Supplementary Fig. 3F-H). Furthermore, we obtained
six clinical samples from MM patients, including three
individuals (patients 1, 2, and 3) who experienced relapse
and exhibited resistance to bortezomib. Then, cell viabil-
ity assays were performed on patient-derived bone mar-
row mononuclear cells (BMMCs). The results showed
a favorable inhibitory effect of boanmycin on BMMCs
(Fig. 6F and Supplementary Fig. 3I). Overall, boanmy-
cin effectively suppressed MM cells in mouse xenograft
models, irrespective of their sensitivity or resistance
to bortezomib. In addition, boanmycin also inhibited
BMMCs derived from relapsed patients.

Discussion

Multiple myeloma is a heterogeneous hematologi-
cal malignancy characterized by a dismal prognosis [1].
Resistance to proteasome inhibitors presents tremendous
challenges in patient management. The mechanisms of
drug resistance mainly include mutations in proteasome
subunits, upregulation of prosurvival signaling and mul-
tidrug efflux transporters, and alterations in the bone
marrow microenvironment [21]. Currently, MM remains
incurable, and patients eventually succumb to the disease
and its complications [22]. Therefore, developing addi-
tional therapeutic options, including novel compounds,
is essential for improving the outcomes and quality of life
of MM patients.

Boanmycin has demonstrated significant inhibi-
tory effects on various malignancies [10]. However,
its effectiveness in treating MM has not been previ-
ously reported. The administration of bleomycin to MM
patients with malignant pericardial effusion implies the
potential utility of other bleomycin derivatives in MM
therapy [23]. Boanmycin, owing to its lower lung toxic-
ity and bone marrow inhibition than bleomycin does,
has potential for application in the treatment of MM
[9, 10]. Our study revealed that boanmycin effectively
inhibited the proliferation and colony formation of both
BTZ-sensitive and BTZ-resistant MM cells (Figs. 1 and
3). The efficacy of combining bleomycin with adriamy-
cin, vinblastine, and dacarbazine in improving survival
rates among Hodgkin lymphoma patients has been sub-
stantiated [24]. However, few studies have explored the
potential benefits of combining bleomycin derivatives
with BTZ for the treatment of multiple myeloma. Our
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findings first demonstrated that boanmycin enhanced the
inhibitory effect of BTZ on MM cells (Fig. 2A). MM cells
treated with the combination of boanmycin and BTZ
exhibited greater apoptosis than MM cells treated with
either drug alone (Fig. 2B and C). Boanmycin treatment
also increased cleaved caspase 3, cleaved caspase 7, and
cleaved PARP protein levels (Figs. 1G and 3E), suggesting
the activation of a canonical apoptosis signaling pathway.
Bleomycin and its derivatives are believed to induce
single- and double-strand DNA breaks and lead to
genomic instability [29]. Our study demonstrated that
boanmycin induces an increase in y-H2AX protein levels
and a decrease in pathways related to DNA replication,
mitotic spindle organization, and cell cycle regulation,
suggesting the induction of DNA damage (Fig. 4E and
Supplementary Fig. 2D, E). Additionally, both boanmy-
cin and bleomycin have been shown to induce cell senes-
cence in certain cell lines, indicating a potential common
cytotoxic mechanism [25, 26]. However, boanmycin
exhibits lower levels of lung toxicity and bone marrow
suppression than bleomycin, potentially due to its differ-
ent amino-terminal residues [27, 28]. Furthermore, boan-
mycin has more positively charged tails than bleomycin,
potentially improving its cellular uptake [29]. Bleomy-
cin interacts with proteins and impedes autophagy [30],
which suggests that boanmycin may also have additional
effects on pathways in addition to DNA targeting.
Researchers are exploring other potential ways to over-
come the therapeutic resistance of MM patients. For
example, the BCL-2 inhibitor venetoclax, in combina-
tion with dexamethasone, is being assessed for patients
with relapsed/refractory multiple myeloma [31]. Target-
ing the NF-«B signaling pathway in MM has manifested
significant antitumor effects [32]. The excessive produc-
tion of monoclonal proteins leads to MM cells relying on
the unfolded protein response (UPR) for survival, which
increases their vulnerability to proteotoxicity [33]. There-
fore, disrupting ER functions could promote the activity
of proteasome inhibitors or resensitize drug-resistant
patients [34]. Our findings indicate that boanmycin
treatment resulted in the upregulation of pathways asso-
ciated with ER function and the calcium signaling path-
way (Fig. 5A). Transmission electron microscopy (TEM)
revealed an irregular arrangement and elongation of the
ER in cells treated with boanmycin (Fig. 5C). Addition-
ally, ER-Tracker staining revealed a significant increase in
probe signaling following boanmycin treatment (Fig. 5D
and E). The ER serves as the primary intracellular store
for Ca®" and plays a crucial role in maintaining Ca**
homeostasis [14]. Our data indicated that boanmycin
treatment significantly increased the cytoplasmic Ca?*
level (Fig. 5F and G). These results suggest that the func-
tional impairment of the ER is induced by boanmycin.
We demonstrated that the combination of boanmycin
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and BTZ led to an increase in the expression of the ER
stress-related gene CHOP (Fig. 5B). However, boanmy-
cin alone resulted in only a slight increase in CHOP gene
expression, indicating the need for further evidence to
determine whether boanmycin can induce ER stress. The
P53 signaling pathway is known to play a crucial role in
ER function [35, 36]. Our results revealed that boanmy-
cin could enhance P53 signaling (Supplementary Fig. 2E).
Additionally, boanmycin also activated the JNK signaling
pathway (Supplementary Fig. 2D), which is a downstream
target of ER stress [37, 38]. Thus, our findings indicate
that boanmycin induces endoplasmic reticulum func-
tional impairment, resulting in JNK activation and sub-
sequent initiation of mitochondria-mediated apoptosis in
multiple myeloma cells (Fig. 6G).

In this study, we examined the impact of boanmycin on
MM cells in vivo utilizing BALB/c-nu and NOD-SCID
mouse xenograft models. Our findings indicated that
a dose of 10 mg/kg boanmycin effectively suppressed
tumor growth without adversely affecting the motor
activity or feeding behavior of the mice (Fig. 6). Although
bleomycin and its derivatives demonstrate potent antitu-
mor effects, their clinical utility is limited by the occur-
rence of side effects such as pulmonary fibrosis and
neuronal impairments [39]. In our study, histological
examination using HE staining did not reveal any nota-
ble alterations in the tissue or cellular architecture of the
livers, lungs, and spleens of the mice treated with boan-
mycin compared with those in the vehicle groups (Sup-
plementary Fig. 3F, G, H). These findings suggest that
the administration of this particular dosage and route of
boanmycin has limited adverse effects on these organs.
Nevertheless, the effects of boanmycin on the nervous
and digestive systems warrant further investigation. Our
findings indicated that the body weights of the mice that
were administered boanmycin were generally lower than
those of the vehicle-treated groups, although this differ-
ence did not reach statistical significance (Fig. 6E; Sup-
plementary Fig. 3D).

The inhibitory effects of boanmycin on patient-derived
mononuclear cells were confirmed in our study. Boan-
mycin had favorable inhibitory effects on patient-derived
BMMCs from a cohort of 6 MM patients, including 3
individuals who experienced relapse and exhibited resis-
tance to BTZ (Fig. 6F and Supplementary Fig. 3I). How-
ever, further validation in a larger sample size of patient
cohorts is imperative. Clinical trials evaluating the effi-
cacy of boanmycin in MM patients have not yet been
conducted. Nevertheless, our findings suggest that boan-
mycin may be a potential alternative treatment option for
MM, particularly in patients who are resistant to BTZ.
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Conclusion

Collectively, our data demonstrate that boanmycin dis-
rupts the cell cycle and induces apoptosis by causing
DNA damage and functional impairment of the ER in
MM cells (Fig. 6G). Notably, boanmycin effectively inhib-
ited the growth of BTZ-resistant MM cells. Additionally,
our results emphasize the substantial inhibition of MM
cell growth by boanmycin in mouse xenograft models
and patient-derived BMMCs. These findings suggest the
promising potential of boanmycin for the treatment of
MM.
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