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Abstract: Bone metastasis is a major complication of breast cancer, characterized by osteolytic destruction mediat-
ed by excessive osteoclast activation. Current anti-resorptive therapies primarily target osteoclasts but have limited
impact on the tumor-bone microenvironment vicious cycle that drives bone destruction. This study evaluated the
therapeutic efficacy of a novel pan-B-cell ymphoma 2 inhibitor, Sabutoclax, in a breast cancer-induced model oste-
olysis and explored potential mechanisms associated with its effects. At the cellular level, we assessed the effects
of Sabutoclax on the proliferation, invasion, migration, and apoptosis of cancer cells. We observed that Sabutoclax
treatment was associated with inhibition of RANKL-induced osteoclast differentiation, RANKL-induced acid secre-
tion, F-actin ring formation, osteoclast bone resorption function, reactive oxygen species (ROS) production, mitogen-
activated protein kinase/extracellular signal-regulated kinase signaling, as well as reduced nuclear translocation
and expression of nuclear factor of activated T-cells cytoplasmic 1 (NFATc1). In the animal experiment, an orthotopic
breast cancer osteolysis model in the tibia of nude mice was established. The in vivo efficacy of Sabutoclax was eval-
uated. This study found that Sabutoclax effectively prevents breast cancer-induced osteolysis, which may involve a
dual mechanism, suppressing breast cancer cell functions and targeting osteoclast differentiation and acid secre-
tion. And the present study only shows that Sabutoclax is associated with ROS reduction, mitochondrial perturba-
tion, and suppression of ERK/NFATc1 signaling. Sabutoclax treatment was associated with both decreased protein
expression and reduced nuclear translocation of NFATc1. Future studies could focus on comprehensive evaluation
of its pharmacokinetic properties, systemic toxicity, and therapeutic efficacy in more clinically relevant metastatic
models to establish its potential application in breast cancer-induced osteolytic bone destruction.
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Introduction greater demands for individualized and precise
treatment strategies.

Breast cancer shows serious threat to the wom-

en’s health, often progressing rapidly and fre-
quently accompanied by bone metastasis at
advanced stages [1, 2]. According to statistics,
about 3% to 10% of women already have meta-
stasis, of which over 70% develop bone metas-
tasis [3]. More than 80% of patients with bone
metastasis experience severe bone destruc-
tion [4]. The high incidence, elevated metastat-
ic rate, and poor prognosis associated with
advanced breast cancer collectively impose

Bone metastasis and bone destruction caused
by malignant tumors represent a complex path-
ological process [5]. Due to the imbalance in
the homeostasis between bone formation and
resorption, they often manifest as three distinct
types, involving osteoblastic, osteolytic, and
the mixed. Most bone metastases from breast
cancer, however, are characterized by osteolyt-
ic destruction [6]. Research indicates that br-
east cancer bone metastasis results from a
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vicious cycle in the bone microenvironment
fueled by tumor cells and osteoclasts. This
complex molecular process is regulated by
diverse elements such as genetics, transcrip-
tion factors, signaling pathways, and cytokines
[7]. Notably, the bone marrow-derived mono-
nuclear macrophages (BMMs) differentiation
into osteoclasts under tumor microenviron-
ment stimulation significantly influences osteo-
lytic severity, yet its precise regulatory mecha-
nisms remain elusive [8, 9]. Consequently, elu-
cidating the molecular mechanisms governing
BMM-to-osteoclast differentiation in this con-
text may offer novel perspectives on bone
metastasis and destruction, paving the way for
targeted therapies for affected patients [10].
Receptor activator of nuclear factor-«kB ligand
(RANKL), serving as the member of tumor ne-
crosis factor superfamily, effectively promotes
osteoclast formation and activation when com-
bined with appropriate concentrations of mac-
rophage colony-stimulating factor (M-CSF) [11,
12]. Furthermore, RANKL also enhances bone
resorption by activating relevant signaling path-
ways that stimulate osteoclast activity [13]. Ex-
tensive studies have demonstrated that down-
stream signaling pathways of RANKL, particu-
larly nuclear factor-kB (NF-kB) and mitogen-
activated protein kinase (MAPK), play crucial
roles in osteoclast differentiation and function-
al activation [14]. In breast cancer, aberrant
osteoclast differentiation is initiated through
both RANKL-dependent pathways [15].

Nuclear factor of activated T cells (NFAT) acts
as the transcription factor first identified in acti-
vated T cells [16]. Among the family members,
nuclear factor of activated T-cells cytoplasmic
1 (NFATc1) resides in the cytoplasm in a highly
phosphorylated state under resting conditions
[17, 18]. Upon binding of RANK to its ligand
RANKL, a cascade of signaling events leads to
the NFATc1 nuclear translocation [18]. Once
inside the nucleus, NFATc1 directly binds to pro-
moter regions and regulates the expression of
characteristic osteoclastogenic target genes,
thereby ultimately promoting osteoclast differ-
entiation and function [19]. Studies have shown
that NFATc1 knockout mice exhibit severe ost-
eoporosis, and NFATcl cooperates with FBJ
osteosarcoma oncogene (c-Fos) to regulate the
process of cell differentiation and maturation
[16]. B-cell lymphoma 2 (Bcl-2) contains multi-
ple BH domains [20]. The Bcl-2 gene is highly
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expressed and positively correlates with tu-
morigenesis and progression, whereas down-
regulation or loss of Bcl-2 expression inhibits
breast cancer cell growth [21]. The small-mole-
cule compound Sabutoclax is a novel gossy-
pol derivative with pan-BCL-2 inhibitory activity
[22]. Sabutoclax binds to BCL-2 and exhibits
strong therapeutic efficacy against hematologi-
cal malignancies [23, 24].

Currently, there is a lack of research on how
Sabutoclax affects breast cancer-associated
bone destruction and osteolysis. The small-
molecule compound Sabutoclax represents a
promising targeted therapeutic candidate for
inhibiting breast cancer-induced osteolysis.
Our experiments demonstrate that Sabutoclax
inhibits osteoclast differentiation, RANKL-in-
duced osteoclast differentiation, RANKL-in-
duced acid secretion, formation of the F-actin
ring, osteoclast bone resorption function, ROS
production, and the mechanism is associated
with NFATc1. Furthermore, we are investigating
the effects of Sabutoclax of breast cancer-
induced tibial osteolysis. This study aims to elu-
cidate the impact of Sabutoclax on breast can-
cer-driven osteolysis, with the goal of providing
a novel therapeutic strategy for treatment.

Materials and methods
Drug

Sabutoclax (Sab, purity 299%) was purchased
from APEXBIO Technology LLC, USA. A 10 mM
stock solution of Sabutoclax for osteoclast cul-
ture intervention was prepared by dissolving
Sabutoclax standard 5 mg in 713.5 pL of di-
methyl sulfoxide. RANKL was purchased from
R&D Systems, Inc. (USA).

Isolation and culture of mouse BMMs

Euthanize the mouse by rapid cervical disloca-
tion, soak them in 75% alcohol for 5 minutes for
disinfection, then remove the soft tissues such
as hair and muscle from the bones of the mice’s
attached lower limbs, and completely extract
the bone tissues of the mice’s bilateral lower
limbs. The bone surfaces were rinsed to remove
hair and blood clots, followed by the addition of
10 mL of complete a-minimum essential medi-
um (Thermo Fisher, USA). Residual muscle tis-
sues were further removed from the bones. The
bone marrow contents were then flushed out,
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and the bones were repeatedly rinsed until the
marrow cavities appeared white. The flushed
cells were dissociated by pipetting and filtered
through a strainer to remove bone fragments
and debris. Cell pellet was resuspended and
supplemented with an adequate amount of
complete oa-MEM medium. The medium was
replaced once on the day 2.

Cell viability and proliferation assay

Viable cells were measured at indicated time
points by cell counting kit-8 (CCK-8) assay
(Merck, USA) after the designated period of
drug stimulation. Cells were incubated with the
specified chemicals of 10 uyL CCK8 kit in the
dark for 2 hours. The 96-well plate was protect-
ed from light and placed in a microplate
reader.

Quantitative reverse transcription PCR

To prepare the reverse transcription system, a
pre-chilled 1.5 mL Eppendorf tube was placed
on ice. 20 pL reaction mixture containing total
RNA and RNase-free water was added to the
tube. The mixture was gently vortexed, centri-
fuged at 3000 rpm, and then incubated at
37°C. And the reaction was terminated to inac-
tivate the enzyme. Quantitative reverse tran-
scription PCR was performed using a fluores-
cent dye-based kit (Thermo Fisher Scientific,
USA) to quantify mRNA expression levels.

Western blotting (WB)

Cells were lysed with 150 uL of lysis buffer
(Merck, USA), followed by vortexing to fully dis-
rupt the osteoclast proteins. Protein electro-
phoresis was performed using a vertical elec-
trophoresis system with a 10% separating gel
to resolve specific proteins of interest.

A separating gel was prepared and loaded with
protein samples alongside a molecular weight
marker to identify protein positions. At a con-
stant voltage of 100 V for 90-100 minutes and
terminated once the bromophenol blue in the
loading buffer migrated to the bottom. Following
electrophoresis, proteins were transferred to
the nitrocellulose (NC) membrane. After trans-
fer, the membrane was placed in a dark box
and blocked.NC membrane was incubated with
10 mL of primary antibody solution, includ-
ing rabbit anti-mouse IgG such as antibodies
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against NFATc1, cathepsin K (CTSK), extracellu-
lar signal-regulated kinase (ERK), c-Jun N-ter-
minal kinase (JNK), p38 mitogen-activated pro-
tein kinase (p38), ¢c-Fos, and B-actin and so on,
respectively. The primary antibodies were dilut-
ed in blocking buffer as follows: anti-NFATc1
(1:400), anti-CTSK (1:1000), anti-ERK (1:1000),
anti-JNK (1:1000), anti-p38 (1:1000), anti-c-
Fos (1:500), and anti-B-actin (1:5000). All pri-
mary antibodies were purchased from Abcam
(USA). Primary antibody incubation was carried
out on a shaker at 4°C. Each NC membrane
was incubated with secondary antibody goat
anti-rabbit IgG solution (1:5000; Abcam, USA),
followed by three washes with TBST.

Tumor invasion assay

Upper chamber of the transwell insert was uni-
formly coated with 100 L of Matrigel and incu-
bated to allow gel formation. Breast cancer
cells were then seeded onto the Matrigel-
coated upper chamber, while complete medium
containing serum was added to the lower cham-
ber. The plate was placed stained with 0.2%
crystal violet (R&D Systems, Inc., USA). Number
of invaded tumor cells and the percentage of
area covered were quantified.

Wound healing assay

After 48 hours of incubation at room tempera-
ture, when the cells reached confluence, a str-
aight scratch was created in each well using a
100 pL pipette tip. The dislodged cells were
washed away with PBS (Phosphate-buffered
saline). After this period, wound closure was
observed using a Leica inverted microscope.
The scratch area at each concentration was
quantified with ImageJ software.

Flow cytometric analysis

The effect of Sabutoclax on apoptosis in breast
cancer cells was investigated. After drug treat-
ment, cell pellets were collected. Following cell
counting, the pellets were collected again by
centrifugation. For the negative control group,
50 uL of cell suspension was used. For the
sample groups, cell suspension was mixed with
Annexin V-FITC and propidium iodide (Merck,
USA). The mixtures were gently vortexed. Apo-
ptosis was analyzed by flow cytometry within
15 minutes.
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Tartrate-resistant acid phosphatase staining
and hematoxylin and eosin staining

2,4-Dimethylphenol was dissolved and diluted
in 250 mL of ethylene glycol monoethyl ether,
followed by the addition of fast garnet GBC salt.
A separate solution was prepared by dissolving
sodium acetate, sodium tartrate, and acetic
acid in ddH,0. The two solutions were thorou-
ghly mixed to prepare the tartrate-resistant ac-
id phosphatase (TRAP) staining solution (Mer-
ck, USA). The cells were fixed with 0.25% form-
aldehyde solution. The samples were then incu-
bated in a 37°C incubator for approximately 30
minutes and examined under a microscope
every 10 minutes until the osteoclasts app-
eared pink.

The left hind limb of the mouse was dissected
and separated, then fixed by immersion in
formaldehyde. It was subsequently placed in a
decalcification machine for immersion until
complete decalcification was achieved. After
decalcification of the nude mouse tibia was
completed, the tissue samples underwent wax
infiltration, embedding, and sectioning. Sec-
tions were then subjected to H&E staining and
TRAP staining, among other immunohistoche-
mical stains. Finally, imaging and analysis were
performed using the BIOQUANTOSTEO fully aut-
omated image analysis instrument in the la-
boratory.

Construction of nude mouse model of breast
cancer-induced osteolysis

Twenty-four female nude mice on the C57BL/6
background, aged 6-8 weeks and specific pa-
thogen-free grade, were randomly selected.
The mice were housed under standard condi-
tions in an SPF-level animal facility with regular
feeding and routine disinfection. All animals
survived to the experimental endpoint, with no
cases of exclusion. The design and execution of
the experiment were approved by the Animal
Experiment Committee of Guangxi Medical Uni-
versity, and the experimental procedures com-
plied with the requirements of animal ethics
regulations. They were then randomly divided
into four groups involving a blank control group,
a tumor-positive control group, low-dose and
high-dose Sabutoclax treatment group.

The mice were fasted and anesthetized with
isoflurane using a small-animal anesthesia ma-
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chine. The surgical area on the mouse was dis-
infected with 75% alcohol. A 50 pL suspension
containing 1x10” MDA-MB-231 cells/mL was
drawn up. Using an insulin needle, a minimally
invasive puncture was made into the left tibial
plateau of the nude mouse, and the cell sus-
pension was injected into the medullary cavity
of the tibial plateau. All procedures were per-
formed under strict aseptic conditions. After
recovery from anesthesia, returned the mice to
their labeled cages and resumed normal feed-
ing. The length, width, and perimeter of the tib-
ial tumor were measured weekly to calculate
tumor volume. Sabutoclax was administered
every other day. At the end of the experimental
period, all mice were humanely euthanized by
CO, inhalation followed by cervical dislocation.

Micro computed tomography (CT) scanning
inspection

Due to the shared nature of the large-scale
instrument, limited machine time availability,
and the lengthy scanning duration per sample,
it was not feasible to complete micro-computed
tomography scanning for all 24 specimens
within the allocated time slots. Therefore, three
mice per group were randomly selected for
micro-CT analysis, a sample size consistent wi-
th conventional practices in comparable bone
microarchitecture studies. No animals were
excluded from this experiment. All 24 mice sur-
vived to the experimental endpoint, with no
cases of unexpected death, infection, or exces-
sive tumor burden requiring exclusion. The
remaining mice not subjected to micro-CT anal-
ysis were all used for histological analysis,
immunohistochemical staining, and molecular
biological assays. All data from these analyses
have been incorporated into the corresponding
sections of the manuscript, with no sample loss
due to technical failure. The left tibia of each
mouse was harvested and fixed in formalde-
hyde. Fixed left tibiae of nude mice were then
scanned and analyzed using a Micro-CT scan-
ner. Following 3D CT reconstruction of the left
tibiae, the extent of tumor-induced bone des-
truction was analyzed. Quantitative statistical
analysis was performed on parameter for each
group after drug treatment. Bone samples were
scanned using a micro-CT system. For each
tibia, a standardized region of interest (ROI)
was defined as a 1.0 mm?3 volume located 0.5
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mm below the growth plate, extending distally
for 2.0 mm. This ROl was consistently applied
across all samples to ensure comparability. All
micro-CT analyses were performed by an inves-
tigator blinded to the experimental groups to
minimize bias. The following three-dimensional
structural parameters were quantified: bone
volume fraction (BV/TV), trabecular number
(Th.N), trabecular thickness (Tb.Th), and trabec-
ular separation (Th.Sp).

Immunofluorescence assay

Permeabilized with 0.1% Triton X-100, the
NFATc1 antibody (Abcam, USA) was diluted and
incubated with the cell. The primary antibody
solution was collected, and cells were gently
washed. Nuclei were stained with DAPI for 5
minutes.

Detection of filamentous actin (F-actin) forma-
tion in osteoclasts and ROS

The following day, after cell adhesion, cells in
the drug-treated groups were incubated with
different concentrations of Sabutoclax (APEx-
BIO Technology LLC, USA). All groups were then
cultured continuously for 5 days. On day 6,
when mature osteoclasts with large morpholo-
gy were observed in the RANKL group, the cul-
ture medium was completely removed from all
wells. The osteoclasts were fixed by incubation
with 4% paraformaldehyde in the plates at
room temperature for 30 minutes. After one
gentle wash with PBS, the cells were permeabi-
lized with 0.1% Triton X-100, followed by block-
ing. A diluted rhodamine-phalloidin staining
solution in 0.2% BSA was added to the plates to
stain the F-actin cytoskeleton of osteoclasts,
and the plates were incubated for 1 hour. Nuclei
were counterstained with DAPI (1:10,000 dilu-
tion in PBS). The reactive oxygen species were
detected using the Dichlorofluorescein (DCFH)
probe.

Measurement of mitochondrial membrane
potential

The mitochondrial membrane potential was
assessed using the fluorescent probe Mito-
Tracker Red CMXRos (Thermo Fisher Scientific,
USA). Briefly, cells were seeded in confocal
dishes and treated with indicated concentra-
tions of Sabtouclax (0, 0.2, 0.4 uM) in the pres-
ence of RANKL for the designated time. After
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treatment, cells were incubated with 200 nM
MitoTracker Red CMXRos in pre-warmed cul-
ture medium at 37°C for 30 min in the dark.
Following incubation, cells were gently washed
twice with pre-warmed PBS to remove excess
probe. Fluorescence images were immediately
acquired using a confocal laser scanning micro-
scope (Zeiss LSM 880) with excitation at 579
nm and emission collected at 599 nm. All imag-
ing parameters involving laser power and gain,
pinhole were kept constant across all experi-
mental groups to ensure comparability.

Bone acid secretion assay by osteoclasts

BMMs were seeded into confocal-compatible
culture dishes. The following day, after stable
cell adhesion, the drug-treated groups were in-
cubated with different concentrations of Sabu-
toclax. Following three rounds of drug adminis-
tration, mature osteoclasts appeared in the po-
sitive control wells. The cells were then washed
three times with PBS. An acidic fluorescent dye,
acridine orange, was added, and the dishes
were returned to the 37°C incubator for an
additional 30 minutes of incubation. After thr-
ee subsequent washes with PBS, images were
captured under a fluorescence microscope and
subjected to statistical analysis.

Statistical analysis

Statistical analysis was conducted using SPSS
19.0 (IBM, California, USA), and graphs were
generated ultilizing GraphPad Prism 8.0 (Cali-
fornia, USA). Normality tests were conducted.
Data analyzed by one-way ANOVA are expressed
as mean * standard deviation. Statistical anal-
ysis was performed using one-way ANOVA with
Tukey’s post hoc test. The P<0.05 was consid-
ered statistically significant.

Results

Inhibition by Sabutoclax of RANKL-induced
osteoclast differentiation and RANKL-induced
acid secretion

To determine whether Sabutoclax exerts toxic
effects on osteoclast precursor cells, we ass-
essed its cytotoxicity against BMMs using the
CCK-8 assay after 48 hours of drug interven-
tion with various concentrations (O, 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 uM).
The results (Figure 1A) show the molecular str-
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ucture of Sabutoclax. Treatment with Sabu-
toclax for 48 hours at concentrations <0.5 uM
showed no cytotoxicity toward BMMs (Figure
1B). The IC,, of Sabutoclax was calculated to
be 0.89 uM (Figure 1C). This experiment evalu-
ated the impact of different concentrations of
Sabutoclax on the viability of BMMs during cul-
ture. The CCK-8 assay results indicated no sig-
nificant statistical difference in absorbance
between the Sabutoclax groups and the control
group (P>0.05), demonstrating that Sabutoclax
at 0.1-0.5 uM exerts no toxic effect on BMMs.

We investigated how Sabutoclax affects osteo-
clast differentiation. Osteoclast differentiation
was induced by treating BMMs with RANKL, fol-
lowed by intervention with Sabutoclax at con-
centrations of 0.1, 0.2, 0.3, and 0.4 uM. The
results (Figure 1D) show that Sabutoclax at a
concentration of 0.2 uM significantly inhibited
osteoclast differentiation, and this effect was
concentration-dependent.

Additionally, statistical analysis of osteoclast
numbers in each group revealed that Sabutoclax
at 0.1 yM (P<0.05), 0.2 uM (P<0.01), 0.3 uM
(P<0.001), and 0.4 uM (P<0.001) significantly
inhibited osteoclast fusion and formation com-
pared to the positive control group (Figure 1E).
Therefore, we conclude that Sabutoclax can
inhibit osteoclast differentiation and formation.
Compared to the positive control, treatment
with 0.2 uM Sabutoclax reduced the number of
osteoclasts by more than 50%, and the cell
morphology appeared notably smaller. At a con-
centration of 0.3 yM, the reduction in cell num-
ber exceeded 80%, and the cell volume was
also significantly suppressed. At a concentra-
tion of 0.4 pM, the formation of mature osteo-
clasts was almost completely inhibited.

To further understand the effect of Sabutoclax
on the secretory function of osteoclasts, we
experimentally validated the impact of Sabu-
toclax on bone resorption function. Using fluo-
rescence-based assays to study acid secretion
in osteoclasts, we found that Sabutoclax inhib-
its the acid-secreting capacity of osteoclasts
(Figure 1F). A statistically significant difference
was observed between the Sabutoclax-treated
group and the RANKL-induced positive control
group (Figure 1G).

Inhibition by Sabutoclax of formation of the
F-actin ring in osteoclasts and ROS production

The study investigated the effect of different
concentrations of Sabutoclax on the formation
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of F-actin rings in osteoclasts. As shown in
Figure 2A, after the addition of Sabutoclax,
the formation of F-actin rings significantly
decreased, and this effect was concentra-
tion-dependent. Additionally, through statisti-
cal analysis, Sabutoclax at 0.2 uyM and
0.4 uM (P<0.001) could significantly inhibit
the F-actin rings in osteoclasts, and the
difference was statistically significant (Figure
2B, 2C). Sabutoclax can also inhibit the
production of ROS and mitochondrial mem-
brane potential in osteoclasts at concentra-
tions of 0.2 yuM and 0.4 uM (Figure 2D, 2E).

Inhibition by Sabutoclax of osteoclast bone
resorption function induced by RANKL

After the intervention with Sabutoclax, the
area of the bone slice’s absorption pit surface
became smaller and shallower, and the osteo-
clast’s bone absorption activity was inhibited
(Figure 3A). Sabutoclax at concentrations of
0.2 uM and 0.4 uM (P<0.001) was able to
significantly reduce the area of bone resorp-
tion pits in osteoclasts, and the difference
was statistically significant (Figure 3B).
Statistical analysis showed that the number
of TRAP staining in osteoclasts was reduced.
Sabutoclax was able to inhibit the bone re-
sorption function of mature osteoclasts (Figure
3C, 3D).

Inhibition of mature osteoclastic acid secretory
and bone resorption function by Sabutoclax

In the present study, Sabutoclax was adminis-
tered throughout the osteoclast differentiation
period. The experimental design clearly demon-
strates the inhibitory effect of Sabutoclax on
RANKL-induced osteoclast differentiation. Af-
ter the formation of mature osteoclasts, we
added Sabutoclax and then conducted func-
tional tests. We found that the mature osteo-
clast acid secretion and bone resorption func-
tions were inhibited by Sabutoclax (Figure 4A,
4B).

Inhibition of MAPK/ERK signaling in osteo-
clasts, the nuclear translocation, and expres-
sion of NFATc1 by Sabutoclax treatment

As shown in Figure 5A and 5B, phosphorylation
of ERK peaked at the 10-minute time point. In
the presence of Sabutoclax, Sabutoclax can
inhibit ERK protein phosphorylation. Figure 5C,
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Figure 1. Sabutoclax inhibitsRANKL-induced osteoclast differentiation and RANKL-induced acid secretion. A. Diagram of the chemical structure of Sabutoclax. B.
Statistical analysis of the absorbance of Sabutoclax on a BMMs microplate reader at 450 nm. C. Cell viability results with Sabutoclax in BMMs IC50 value line
0.89 uM (N=3). D. TRAP staining plots for the drug concentration dependent inhibition of osteoclast fusion and generation by Sabutoclax. N=3, scale bar = 1000
um. E. Statistical analysis graphical representation of Sabutoclax drug concentrations per group corresponding to the number of cells in culture wells that stained
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fied by statistical analysis. "P<0.05, ""P<0.01, ""*P<0.001. RANKL, receptor activator of nuclear factor-kB ligand; BMMs, bone marrow-derived macrophages; TRAP,
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5D show that after intervention with 0.4 uM
Sabutoclax, quantitative analysis of the gray-
scale values for p-JNK/JNK and p-P38/P38
revealed no statistically significant differen-
ces.

The differentiation and maturation of osteo-
clasts depend on the sustained expression and
activation of proteins such as c-Fos, CTSK, and
NFATc1. We examined the effect of Sabutoclax
on the expression of these proteins by Western
blotting. The results (Figure 5E) showed that,
following treatment with Sabutoclax, the exp-
ression levels on days 1, 3, and 5 were all re-
duced compared to the RANKL-only control
group. As quantified by ImageJ software (Figure
5F-H), the RANKL-induced increases in the
grayscale ratios of c-Fos and NFATcl to their
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loading controls on days 3 and 5, respectively,
were significantly attenuated by Sabutoclax
treatment. Furthermore, Sabutoclax interven-
tion also led to a statistically significant sup-
pression in the expression levels of NFATc1 and
CTSK on both day 3 and day 5.

NFATc1 drives the expression of osteoclast-
specific genes, thereby promoting cell fusion
and bone resorption. Immunofluorescence
analysis revealed that Sabutoclax inhibited
the nuclear translocation of NFATc1 in BMMs
(Figure 5l). In Sabutoclax-treated cells, the
NFATcl signal (green) was largely excluded
from DAPI-stained nuclei, whereas RANKL stim-
ulation led to clear nuclear co-localization.
Consistently, a dual-luciferase reporter assay
confirmed that Sabutoclax suppressed NFATc1
transcriptional activity (Figure 5J).
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These observations suggest a potential corre-
lation between Sabutoclax treatment and se-
lective inhibition of the ERK pathway, whether
this reflects a direct causal relationship reg-
uires further investigation.

Inhibition of proliferation, migration, and inva-
sion in breast cancer by Sabutoclax

The effect of Sabutoclax on breast cancer cell
migration was confirmed by a scratch assay.
We found that Sabutoclax inhibited the wound
healing of MDA-MB-231 cells. In the assay,
cells were treated with 0.2, 0.4, 0.8, and 1.6
UM Sabutoclax, and wound closure was com-
pared at O and 24 hours. The wound healing
percentage decreased from 31.30% + 1.78% in
the untreated group to 24.86% + 2.71%,
20.08% + 1.53%, 21.75% + 2.63%, and 18.87%
+ 3.98%, respectively. These results indicate
that Sabutoclax inhibits the horizontal migra-
tion (Figure 6A).

Furthermore, we used a transwell assay to eval-
uate the inhibitory effect of Sabutoclax on the
invasion. In this assay, cells were treated with
Sabutoclax for 24 h, after which the lower
chamber membrane was fixed, stained, photo-
graphed under a microscope, and statistically
analyzed to count the invaded cell number. We
observed a reduction in the number of invading
cells after 24 h of Sabutoclax treatment com-
pared to the control group, and the differences
compared to the O uM (no drug) group were sta-
tistically significant (Figure 6B-D).

Induction of apoptosis and gene expression in
breast cancer cells by Sabutoclax

Apoptosis in MDA-MB-231 cells treated with
Sabutoclax was assessed by flow cytometry.
The proportion of apoptotic cells was signifi-
cantly increased in the Sabutoclax-treated
groups, with a more pronounced increase in
early apoptosis. The early apoptotic rate rose
from 0.73% in the blank control to 2.09%,
2.41%, 2.94%, and 4.9% after treatment with
0,0.2,0.4,0.8,and 1.6 uM Sabutoclax, respec-
tively. The total apoptotic cell ratio also
increased, from 1.74% in the blank control to
2.4%, 2.78%, 3.28%, and 4.9% after treatment
with 0.2, 0.4, 0.8, and 1.6 uM Sabutoclax,
respectively. These results confirm that Sab-
utoclax promotes apoptosis in MDA-MB-231
cells (Figure 7A-C).
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PCR results indicated that treatment with dif-
ferent concentrations of Sabutoclax for 48
hours increased the expression of BAX but
downregulated the expression of BCL-2 (Figure
7D, 7TE). These observations demonstrate that
Sabutoclax treatment correlates with an elevat-
ed apoptotic rate in MDA-MB-231 cells, concur-
rent with upregulated BAX expression and
downregulated BCL-2 expression, implicating
the potential engagement of the mitochondrial
apoptotic pathway.

Treatment of osteolytic bone lesions with
Sabutoclax

We further investigated the therapeutic effect
of Sabutoclax on breast cancer-induced ost-
eolytic lesions. Compared to the PBS-treated
control group, treatment with Sabutoclax sig-
nificantly reduced tumor size and volume
(Figure 8A-C). In vivo imaging revealed high-
intensity luminescence signals in the lower
limbs of tumor-bearing mice in the positive con-
trol group, whereas the signal intensity in the
Sabutoclax-treated groups was attenuated
(Figure 8D).

Sabutoclax inhibiting tumor growth of tumor
burden within the bone microenvironment in
vivo

Micro-CT imaging revealed that mice in the
tumor-positive control group exhibited severe
osteolytic bone loss. Treatment with Sabuto-
clax provided protection against bone destruc-
tion in the model (Figure 9A). Micro-CT analysis
showed in Figure 9B-E. These results indicate
that Sabutoclax treatment can protect against
and mitigate tumor burden within the bone
microenvironment-induced osteolysis and bone
damage.

Extensive trabecular bone loss in the tumor-
bearing tibiae of the positive control group.
Sabutoclax-treated group exhibited a signifi-
cant reduction in TRAP-positive osteoclasts on
the bone surface (Figure 9F). Therefore, these
results indicate that Sabutoclax can alleviate
breast cancer metastasis-induced osteolytic
lesions by inhibiting osteoclastogenesis and
bone resorption. In conclusion, Sabutoclax pro-
tects against breast cancer-induced tibial bone
loss in vivo.

Am J Cancer Res 2026;16(4):1269-1288



Sabutoclax reduces tumor-associated osteolysis and tumor burden

Oh

24h
<)
=
l .Ig

C 40+ D
— — 100
5% 5%
= 2 304 = @ 80—
S © . S ©
D) o D=
—= — —
£ .5 20 .Eg 60
S £ c 2
®w 3 n & 40—
@ S
e = 104 §|—
< 32 << 3} 20
o- o-

C 0.2 04 o038
Sab (uM)

1.6

[0}

0.2 04 08 1.6

Sab (MM)
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area of scratch area after O h and 24 h of Sabutoclax effect, it can be seen that Sabutoclax inhibited the migra-
tion of MDA-MB-231 cells compared with the control group. B. Sabutoclax reduces the number of cells invaded by
MDA-MB-231 cells showed that Sabutoclax inhibited the invasion of MDA-MB-231 cells. C, D. Statistical analysis of
the wound healing area of cells and the number of invasion, mean * standard deviation. N=3, scale bar = 200 ym,

“P<0.05, "P<0.01, *""P<0.001.

Discussion

Complications arising from bone metastasis in
advanced breast cancer, including osteolysis
and bone destruction, significantly compromise
patient quality of life [25]. Breast cancer inci-
dence reached 2.26 million, surpassing lung
cancer to become the leading cancer globally
[25]. Bone homeostasis relies on a dynamic
balance between the functions of osteoblasts
and osteoclasts [26]. Bone metastasis is the
most common form of terminal breast cancer
dissemination, frequently occurring in the
spine, long bones, and pelvis [27]. Resident
osteoclasts within the bone are activated by
cytokines such as IL-1, IL-6, and TNF-secreted
by bone-metastatic breast cancer cells. In turn,
these activated osteoclasts secrete tumor
growth factors, further fueling a vicious cycle
that stimulates tumor growth, accompanied by
bone structural destruction and osteolysis [28].
Previous research has demonstrated that
Sabutoclax, a pan-Bcl-2 inhibitor, effectively
suppresses the growth of cell lines derived
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from various human cancers, including pros-
tate, ovarian, lung, colorectal cancers, and lym-
phoma [29, 30]. However, the impact of
Sabutoclax on tumor-associated osteolysis and
tumor burden within the bone microenviron-
ment has not yet been documented.

Osteoclasts originate from monocyte/macro-
phage progenitors of human myeloid hemato-
poietic stem cells. Under induction by various
cytokines, monocytic precursor cells undergo a
series of steps including intercellular fusion,
formation, and maturation, ultimately fusing
into multinucleated giant cells known as osteo-
clasts. Currently, numerous studies have dem-
onstrated that Sabutoclax possesses phar-
macological effects such as antioxidant and
anti-tumor activities. However, its role in skele-
tal system diseases, particularly its effect on
osteoclasts, has not been reported. In this
study, we first screened safe concentrations of
Sabutoclax using the CCK-8 cell proliferation
assay for subsequent experiments. Subsequ-
ently, employing an in vitro RANKL-induced

Am J Cancer Res 2026;16(4):1269-1288
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Figure 7. Sabutoclax induces apoptosis and gene expression in MDA-MB-231 breast cancer cells. A. Flow cytometric plots of each concentration group, promoting
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0.4 uM, 0.8 uM, and 1.6 uM Sabutoclax post intervention increased to 2.09%, 2.41%, 2.94%, 4.9% vs. % of the total apoptotic cell ratio, 1.74% of the blank control
t0 0.2 uyM, 0.4 uM, 0.8 uM, and 1.6 uM Sabutoclax and then increased to 2.4%, 2.78%, 3.28%, 4.9%, respectively. D, E. The results showed that different concen-
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osteoclast fusion and formation model, we con-
firmed through CCK-8 assays and TRAP stain-
ing that Sabutoclax, within a safe concentra-
tion range, can inhibit RANKL-induced osteo-
clast fusion and formation. Besides, Sabutoclax
treatment was associated with reduced protein
expression of c-Fos, CTSK, and NFATc1.The
activation of NFATc1 drives its own expression
through an auto-amplification mechanism [31].
Sabutoclax treatment was associated with
both decreased protein expression and redu-
ced nuclear translocation of NFATc1. The tran-
scription factor NFATc1 plays a pivotal role in
the fusion and formation of osteoclasts, and is
essential for their proliferation, fusion, forma-
tion, adhesion, and bone-resorptive functions
[32]. Following the binding of RANK to its ligand
RANKL, a cascade of signaling events leads to
the nuclear translocation of NFATc1 [33]. Once
inside the nucleus, NFATc1 directly binds to pro-
moter regions. Sabutoclax treatment was asso-
ciated with downregulation of key osteoclast-
related genes, which may contribute to reduced
osteoclast proliferation, fusion, and maturation
[34]. The MAPK pathway signaling cascade,
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comprising the sequential activation of MAP-
KKK, MAPKK, and MAPK, regulates osteoclas-
togenesis through phosphorylation-driven con-
trol of gene expression, cell fate, and differen-
tiation. Our current data indicate that Sabu-
toclax treatment is associated with reduced
ERK phosphorylation, decreased NFATc1 exp-
ression/nuclear translocation, and impaired
osteoclast differentiation, but cannot prove a
causal relationship among these events. We
have established a phenotypic link between
pan-BCL-2 inhibition and impaired osteoclasto-
genesis; however, the proposed ERK-NFATc1
signaling axis is based on correlative observa-
tions and remains speculative rather than a
validated causal mechanism. As a pan-BCL-2
inhibitor, Sabutoclax is expected to primarily
target BCL-2 family proteins. In the present
study, we did not examine the expression levels
of BCL-2, BCL-XL, or MCL-1 in osteoclast precur-
sor cells. Therefore, whether Sabutoclax exerts
its effects through its canonical mitochondrial
targets in this context remains to be confirmed.
Furthermore, while our data suggest that Sab-
utoclax treatment is associated with reduced

Am J Cancer Res 2026;16(4):1269-1288
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Figure 9. Sabutoclax inhibits breast cancer bone induced osteolysis and osteolytic trabecular bone loss in mice. A. Micro-CT results showed that tumor-associated
osteolysis could be compared positive with negative control group to induce the occurrence of severe osteolysis, high concentration group, compared with low con-
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positive osteoclasts on the trabecular bone surface could be observed after treatment with a high concentration of Sabutoclax (N=3, scale bar = 100 uym). Statisti-
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ERK phosphorylation and impaired NFATcl
nuclear translocation, these findings remain
correlative. We did not perform functional gain-
or loss-of-function experiments such as BCL-2
knockdown to mimic Sabutoclax effects, or
BCL-2 overexpression to rescue NFATc1 inhibi-
tion which would be necessary to establish a
causal role for BCL-2. Similarly, rescue experi-
ments using ERK activators such as TPA treat-
ment and constitutively active ERK constructs
are required to determine whether ERK inhibi-
tion is mechanistically upstream of NFATc1 sup-
pression. Without such experiments, the pro-
posed ERK-NFATc1 axis represents a pathway
association rather than a closed mechanistic
loop. In summary, our findings indicate that
Sabutoclax treatment correlates with inhibition
of ERK phosphorylation, reduced NFATc1 exp-
ression/nuclear translocation, and impaired
osteoclast differentiation. However, the precise
molecular mechanisms particularly the causal
relationships among BCL-2 inhibition, ERK sig-
naling, and NFATc1 regulation require further
investigation through genetic and pharmaco-
logical rescue experiments.

Sabutoclax inhibits ROS production and im-
pacts mitochondrial membrane potential in
RANKL-stimulated cells. The current study sh-
ould be viewed as a preliminary observation
that establishes a phenotypic link between
pan-BCL2 inhibition and osteoclastogenesis,
rather than a definitive mechanistic dissection.
We acknowledge that the precise molecular
mechanisms, particularly regarding ROS source
specificity and calcium signaling, remain specu-
lative and require further investigation. Based
on the established role of BCL-2 family proteins
in regulating mitochondrial permeability and
endoplasmic reticulum (ER) calcium homeosta-
sis, we speculate on several possible mecha-
nisms by which Sabutoclax may inhibit RANKL-
induced osteoclastogenesis, although these
hypotheses require direct experimental valida-
tion. First, given that RANKL-induced ROS pro-
duction derived from both mitochondrial respi-
ration and NADPH oxidase (Nox1/2) activity
serves as a critical signal for NFATc1 activation
[31]. It is plausible that Sabutoclax disrupts
ROS signaling. Our data show that Sabutoclax
reduces total intracellular ROS levels (as mea-
sured by DCFH staining). However, this assay
does not distinguish between mitochondrial
ROS and Nox-derived ROS. Therefore, whether
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Sabutoclax primarily affects mitochondrial ROS
leakage, inhibits Nox enzyme activity, or both,
remains to be determined. Future studies using
MitoSOX staining (for mitochondrial superox-
ide) and selective Nox inhibitors would clarify
the specific source of ROS affected by Sab-
utoclax. Second, BCL-2 localized to the ER
membrane plays a well-characterized role in
buffering ER calcium release [11]. RANKL stim-
ulation induces sustained low-frequency calci-
um oscillations, which are essential for main-
taining calcineurin-mediated NFATc1l dephos-
phorylation and nuclear retention. Inhibition of
BCL-2 by Sabutoclax could theoretically alter
ER calcium handling, potentially disrupting the-
se oscillations. However, in the present study,
we did not directly assess calcium flux, calci-
neurin activity, or NFATc1 phosphorylation sta-
tus. Consequently, whether Sabutoclax affects
the calcium-calcineurin-NFATc1 axis remains
an open question.In summary, while our data
clearly demonstrate that Sabutoclax inhibits
osteoclast differentiation and reduces total
ROS levels, the precise molecular mechanisms
particularly regarding ROS sources and calcium
signaling require further investigation. Studies
employing live-cell calcium imaging, phospho-
specific antibodies for MAPKs and NFATc1, and
genetic or pharmacological dissection of ROS
sources will be necessary to definitively estab-
lish the mechanisms proposed here.

We confirmed the in vivo efficacy of Sabutoclax
in inhibiting bone destruction and preserving
bone structure. Cellular studies further revealed
that Sabutoclax curbs MDA-MB-231 cell prolif-
eration, migration, and invasion, and induces
apoptosis in vitro. These combined effects
cooperatively inhibit the osteolytic cascade,
forming a positive feedback mechanism that
protects bone mass. The MDA-MB-231 apopto-
sis assay, the total apoptotic rate increased
with escalating doses of Sabutoclax, which was
primarily attributed to a rise in early apoptosis.
At the animal study level, macroscopic analysis
of our breast cancer-induced osteolysis model
revealed a difference in volume of the experi-
mental limbs between the high- and low-dose
Sabutoclax treatment groups compared to the
positive control group. Results from Micro-CT
and immunohistochemical analyses consis-
tently indicated that Sabutoclax inhibits bone
resorption in vivo, thereby reducing breast can-
cer-induced osteolysis and protecting bone tis-
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sue. In the present study, we investigated the
effects of Sabutoclax on breast cancer cell
lines using in vitro assays for proliferation,
migration, invasion, and apoptosis, as well as
an intratibial injection model in vivo. Several
limitations of these experiments should be
acknowledged. First, while our flow cytometry
data (Annexin V/PI staining) demonstrated that
Sabutoclax treatment increases the proportion
of apoptotic MDA-MB-231 cells, we did not
assess canonical apoptosis markers such as
cleaved caspase-3 or cleaved PARP. Therefore,
the precise apoptotic pathway activated by
Sabutoclax in these cells and whether it pro-
ceeds through the expected mitochondrial
pathway remains to be confirmed. Similarly,
although we observed changes in BAX and
BCL-2 mRNA expression, we did not examine
BCL-2 family protein expression levels or verify
target engagement in tumor cells. Future stud-
ies should include Western blot analysis of
cleaved caspase-3, cleaved PARP, and BCL-2
family proteins to establish a more definitive
mechanistic link. Second, we did not perform
cell cycle analysis. As a result, we cannot distin-
guish whether the observed reduction in cell
viability reflects true apoptotic cell death, cell
cycle arrest, or a combination of both. We did
not perform cell cycle analysis; therefore, we
cannot distinguish whether the observed reduc-
tion in cell viability reflects true apoptotic cell
death, cell cycle arrest, or a combination of
both. This distinction is crucial for understand-
ing whether Sabutoclax exerts cytostatic or
cytotoxic effects, and represents an important
direction for future investigation. This distinc-
tion is important for understanding the cyto-
static versus cytotoxic effects of Sabutoclax.
Third, and most importantly, our in vivo model,
intratibial injection of MDA-MB-231 cells, repre-
sents a model of local tumor burden within the
bone microenvironment, not a model of sponta-
neous bone metastasis. While this model all-
ows assessment of tumor growth in the bone
niche, it does not recapitulate the multi-step
process of metastasis (intravasation, circula-
tion, extravasation, and colonization of distant
sites). Therefore, our findings should be inter-
preted as demonstrating that Sabutoclax inhib-
its the growth of breast cancer cells within the
bone microenvironment, rather than it henhibit-
ing the process of bone metastasis per se. To
investigate effects on metastatic dissemina-
tion, future studies should employ more appro-
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priate models, such as tail vein injection related
to the experimental metastasis or orthotopic
mammary fat pad injection with spontaneous
metastasis to bone. In summary, our tumor cell
data provide preliminary evidence that Sabuto-
clax exerts anti-tumor effects on breast cancer
cells in vitro and in the bone microenvironment.
However, the precise mechanisms of action
and the distinction between effects on tumor
cells versus effects on the bone microenviron-
ment (e.g., via osteoclast inhibition) require fur-
ther investigation using more specific molecu-
lar readouts and appropriate metastatic mo-
dels.

Whether Sabutoclax inhibits the progression of
the primary breast tumor or prevents bone
metastasis in vivo requires further experimen-
tal investigation. We have established that
Sabutoclax inhibits osteoclast differentiation
by downregulating key factors such as NFATcZ,
c-Fos, and CTSK, and have confirmed its effects
on the proliferation, migration, and apoptosis
of cancer cells. However, as a pan-Bcl-2 inhibi-
tor, its direct molecular targets and compreh-
ensive impact on the entire signaling network
and osteoclasts remain incompletely elucidat-
ed. Further research is needed in the future
regarding the mechanism. The present study
possesses several inherent limitations. The
investigation is restricted to fundamental in
vitro assays and small-animal models, without
accompanying pharmacokinetic data, compre-
hensive systemic toxicity evaluation, or assess-
ment of its impact on osteoblasts and other
normal cell populations. Given that Sabutoclax
functions as a pan-BCL-2 inhibitor, it carries the
potential for off-target effects and hematologi-
cal toxicity. Consequently, future studies should
prioritize the investigation of its toxicity profile
and safety considerations, which may ultimate-
ly inform therapeutic strategies for tumor bone
metastasis.

Conclusion

In summary, this study demonstrates that
Sabutoclax inhibits osteoclast differentiation,
which is associated with the downregulation
of NFATc1, c-Fos, and CTSK protein expression.
Furthermore, by suppressing the function of
breast cancer cells, Sabutoclax effectively pre-
vents breast cancer-induced osteolysis. There-
fore, this small-molecule compound warrants
further evaluation in toxicity profile and safety

Am J Cancer Res 2026;16(4):1269-1288



Sabutoclax reduces tumor-associated osteolysis and tumor burden

considerations preclinically to assess its thera-
peutic potential.
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