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Therapeutic targeting of STING-IL6/STAT3 axis to inhibit
osteoclastic niche formation and breast cancer bone metastasis
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Despite numerous studies on tumor bone metastasis, little emphasis has been placed on the role of the formation of the
osteoclastic premetastatic niche (OPN), and related genetic intervention targets are relatively scarce. Our data confirm the
promoting effect of OPN formation on bone metastasis and demonstrate the existence of a vicious cycle between osteoclast
differentiation and breast tumor cell proliferation through in vitro cell experiments. Moreover, we show that regulating Stimulator
of Interferon Genes (STING) can break this cycle. However, both in vivo and in vitro experiments further indicate that STING
intervention in OPN formation and breast tumor bone metastasis depends on IL6/STAT3, with a significant discount in the presence
of IL-6 activation. In summary, these data not only highlight the important role of OPN but also emphasize STING-IL6/STAT3 as a

crucial intervention target.

HIGHLIGHTS

® OPN formation drives breast cancer bone metastasis by linking osteoclast activity and tumor proliferation.
® STING modulation disrupts this process but is dependent on IL-6/STAT3 signaling.

® |L-6 activation significantly diminishes STING's therapeutic potential.

°

The STING-IL6/STAT3 axis emerges as a critical target for breast cancer bone metastasis interventions.
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INTRODUCTION

The bone is the third most common site for metastasis across a
broad spectrum of solid tumors [1-4]. The diagnosis of bone
metastasis often relies on the emergence of severe symptoms,
including pain and pathological fractures. These symptoms arise
due to a vicious cycle involving metastatic cells, bone-resorbing
cells, and osteoclasts [5, 6]. However, once tumor cells metastasize
to the bone, both treatment and prognosis become significantly
challenging. Therefore, identifying the factors that predispose
patients to bone metastasis at an early stage, potentially before
tumor dissemination, could hold substantial clinical utility for
prevention strategies.

Bone metastasis is a common and devastating complication of
various solid tumors, including breast [7-9], prostate [10], lung [11],
and multiple myeloma [12], often leading to severe skeletal-related
events and poor prognosis. Although these tumors share a
predilection for the bone microenvironment, their metastatic
processes display both overlapping and distinct biological features.
For instance, breast cancer and lung cancer cells preferentially
colonize bone by engaging specific signaling pathways such as

CXCL5/CXCR2, JAK1/STAT3, and EZH2-integrin 31-FAK axes, which
promote tumor proliferation and osteolytic or osteoclastic lesions,
respectively [8, 11, 13]. Despite this heterogeneity, osteoclasts and
their precursors emerge as pivotal components in establishing a
conducive premetastatic niche across different tumor types, under-
scoring the importance of osteoclast-driven bone remodeling and
immune modulation in metastasis progression [14, 15].

The formation of a premetastatic niche for osteoclastic bone
metastasis serves as an early warning sign, suggesting that the
process of tumor bone metastasis begins prior to the secretion of
osteoclast-stimulating factors by pre-osteoclasts following tumor
cell colonization within the bones [16]. Therefore, targeting
osteoclasts for diagnosis and treatment may need to occur at
the early stages of tumor detection. While key cells of the
premetastatic niche for bone metastasis have been identified [14],
further research is required to elucidate the crucial systemic gene
regulatory mechanisms and their upstream and downstream
regulatory relationships.

STING, or Stimulator of Interferon Genes, is a pivotal signaling
molecule in the immune system, sensing DNA damage and viral
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infections within cells to initiate immune responses to counteract
these threats [17, 18]. STING is primarily localized in the
endoplasmic reticulum within cells and becomes activated upon
cellular exposure to DNA viruses or DNA damage. Upon activation,
STING promotes the production of interferons and other
inflammatory factors, thereby triggering the activation of immune
cells and inflammatory responses [19]. Once activated by its cyclic
dinucleotide ligand or gain-of-function mutations resulting in
constitutive ER exit, STING translocates from the endoplasmic
reticulum to the Golgi apparatus, where it undergoes phosphor-
ylation by TBK1 [18, 20]. Previous studies have also demonstrated
a significant regulatory role of STING in skeletal immune diseases
[21-23]. In cancer research, STING agonizts have shown potential
in inhibiting cancer-related bone pain [24].

Despite increasing recognition of the importance of the
premetastatic niche in facilitating bone metastasis, the concept
of an osteoclastic premetastatic niche (OPN) remains under-
explored. Moreover, while STING is well known for its role in
initiating innate immune responses and modulating skeletal
inflammation, its potential function in regulating OPN formation
remains unclear. The extent to which STING-driven immune
modulation influences osteoclast differentiation, niche priming,
and downstream metastatic behavior has not been elucidated.
Addressing this knowledge gap could provide new insights into
early intervention strategies for bone metastasis, targeting both
immune and skeletal components before irreversible metastatic
colonization occurs.

Based on these findings, we speculate that the systemic
regulatory effects of STING on the immune system and its stabilizing
effects on bone metabolism balance could be applicable to
regulating premetastatic niche formation involving osteoclasts. A
series of explorations and studies have been conducted around
breast cancer and breast cancer bone metastasis models. Breast
cancer serves as an ideal model to investigate bone metastasis due
to its high incidence of skeletal dissemination and well-established
cell line models that recapitulate many aspects of human disease.
The availability of advanced imaging, genetic manipulation tools,
and clinically relevant cell lines makes breast cancer particularly
suitable for dissecting the molecular and cellular mechanisms
governing premetastatic niche formation, osteoclast-tumor interac-
tions, and metastatic colonization. Therefore, focusing on breast
cancer allows for a comprehensive exploration of the bone
metastatic process, with findings potentially translatable to other
malignancies with bone involvement.

RESULTS

Formation of OPN facilitates bone metastasis in breast cancer
In the initial part of the study, we aimed to determine if tumors
could create a pre-osteoclast metastasis microenvironment
conducive to tumor cell dissemination into the bone, known as
an OPN, before distant bone metastasis occurs. To achieve this
goal, we collected conditioned media (CM) from MDA-MB-231 and
4T1 cells, two cell lines that are highly metastatic and invasive and
are often used to study distant metastasis of breast cancer. Based
on previous research, we intraperitoneally injected this CM
collected from cultured cells into mice to simulate the influence
of tumor cells on the bone microenvironment prior to metastases
[14].

Furthermore, we administered these injections continuously for
three weeks to ensure the maximal impact of premetastatic tumor
cells on the bone microenvironment (Fig. TA). Our results showed
that compared with the vehicle group, after three consecutive
weeks of CM injection, common tumor bone metastasis sites, such
as the distal femur, proximal tibia, and spine, exhibited a
significant enhancement in osteoclast differentiation, as indicated
by an increase in the range and degree of tartrate-resistant acid
phosphatase (TRAP) staining positivity (Fig. 1B-G). However, no
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significant differences were found in pro-osteoclast differentiation
in the skull, consistent with the predilection sites for breast cancer
metastasis (Fig. 1H, I). This finding indicates that tumors exert a
positive influence on the formation of the OPN in situ before
metastasis.

Netrin-1, upregulated in cancers as a pro-tumoral mechanism, is
re-expressed in both cancer cells and the tumor microenviron-
ment in many human neoplasms [25-27]. Targeting Netrin-1 can
effectively curb the epithelial-to-mesenchymal transition of
tumors and improve their response to chemotherapy [27].
Moreover, osteoclast-derived Netrin-1 also plays an important
role in the induction of nerve growth and mediating pain [28].
Therefore, based on the above studies, we aimed to clarify
whether Netrin-1 derived from osteoclasts attracts primary tumors
to bone metastasis during the formation of an OPN. Cathepsin K
(CTSK) is a protease mainly found in the skeletal system. It is
expressed in mature bone cells, such as osteoclasts, facilitating
bone remodeling and metabolism. CTSK degrades bone matrix
proteins, such as collagen and osteotin, thereby promoting bone
resorption. Therefore, it is often used to determine osteoclast
expression levels. We observed that high CTSK expression
corresponded to enhanced Netrin-1 expression in osteoclasts
after the OPN formation (Fig. 1J-Q).

Next, we confirmed the substantial impact of this osteoclast
premetastatic microenvironment on bone metastasis. Consistent
with the above, we first formed an OPN through intraperitoneal
injection of conditioned medium (CM) and then achieved blood-
source seeding of tumors through intracardiac injection or tail
vein injection of 4T1 cells (Fig. 2A). We assessed tumor-induced
osteolytic bone destruction using radiography (Fig. 2B). Compared
with the control group, in which tumor cells were injected before
premetastatic niche formation, the established OPN significantly
enhanced tumor metastasis to the bone. This was manifested
radiographically as more pronounced bone destruction and a
higher incidence of bone erosion at a consistent euthanasia time
point (Fig. 2B, C).

For a more detailed analysis of the significant impact of bone
metastasis on the bone microstructure, we conducted micro-CT
analysis and three-dimensional reconstruction of the proximal
tibia, the primary site of metastatic bone tumor burden (Fig. 2D).
We extensively explored cortical and trabecular aspects from
multiple perspectives to gain insights into their effects on bone
architecture. The results indicated that compared to the control
group, the formation of the premetastatic niche prior to
metastasis enhanced cortical destruction, medullary loss, and
alterations in the ratio of trabecular bone volume to total volume
(BV/TV) and connectivity density (Fig. 2D, E). Additionally, the
spine, another common site of bone metastasis, showed increased
burden due to the premetastatic microenvironment (Fig. 2F).
Subsequently, immunofluorescence (IF) experiments revealed
that, along with significant bone destruction, the sites of bone
metastasis exhibited a more pronounced release of Netrin-1
originating from osteoclasts (Fig. 2G-L). Lastly, the presence of Ki-
67-positive cells also suggested a robust promotive effect of the
OPN on enhanced cellular proliferation and vitality (Fig. 2M-R).
Therefore, before a tumor has substantial metastasis, an environ-
ment that attracts tumor metastasis is formed in the bone, such as
a lighthouse lighting up a cruise ship on the sea. In summary,
these findings demonstrate that before tumor cell metastasis, the
formation of an OPN provides potent chemotactic ability for
tumor migration to the bone and subsequently enhances the
osteolytic capacity of metastasized tumors.

STING activation suppresses the formation of OPNs

The STING pathway triggers innate immune responses to cytosolic
dsDNA in cancer cells [29]. Previous studies have suggested its role in
tumor bone destruction and the improvement of cancer pain [24].
However, its potential impact on the early stages of tumor bone
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bars, 1000 um and 100 um. n =6 per group. Data are presented as mean =+ SD. Significance levels are indicated on top of each comparison.
Comparisons between the two groups were performed using an unpaired two-sided Student’s t-test.

metastasis through its suppressive effect on the formation of a
premetastatic niche remains unexplored. Given the significant
potential of STING in both tumor and bone metastasis, we aimed
to address this gap. By intraperitoneally injecting CM for three weeks,
we found that the expression levels of STING were significantly
downregulated in the intraosseous microenvironment of the femur,
tibia, and spine compared to the control group (Fig. 3A, B). This
observation suggests the potential of STING to regulate OPN
formation. To further investigate the role of STING in OPN formation
induced by tumor cells, we overactivated STING in MDA-MB-231 and
4T1 cells via lentiviral infection. Subsequently, we collected CM from
cells overexpressing STING and cells infected with an empty vector
lentivirus. The results of TRAP staining indicated that CM derived from
cells overexpressing STING was less effective in promoting the
formation of an OPN than CM from cells infected with the control
vector (Fig. 3C-H). It is noteworthy that while CM derived from STING-
expressing cells in the skull could rescue the enhancement of TRAP

Cell Death Discovery (2025)11:483

staining, CM derived from cells transfected with empty vector viruses
was also unable to promote osteoclast differentiation effectively
compared to the vehicle (Supplementary Fig. 1A). Fluorescent double
staining results also suggested that overexpression of STING within
tumor cells effectively rescued the formation of the premetastatic
microenvironment and the high expression of metastatic factors in
tumor cell-derived CM (Fig. 31-Q). Similarly, this protective effect,
evident in the femur, tibia, and spine, was not observed in the skull
(Supplementary Fig. 1B). Based on these results, we speculate that the
effective activation and overexpression of STING in tumor cells can
inhibit the formation of a pre-metastatic microenvironment in distant
bones before metastasis.

The vicious cycle: STING regulation of breast cancer bone
metastasis

To further understand the regulatory role of STING in tumor bone
metastasis and destruction, we isolated and cultured primary

SPRINGER NATURE
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mouse osteoclasts and conducted a series of verification dependent manner (Fig. 4B). This inhibitory effect commenced at
experiments (Fig. 4A). In this part of the experiment, in addition 10 um and peaked at 30-50 um (Fig. 4C, D). The mitogen-activated
to lentivirus, we introduced an additional STING agonist, DMXAA protein kinase (MAPK) signaling pathway is a key regulatory
[24, 30, 31]. The results showed that DMXAA inhibited the pathway for osteoclast differentiation, and its importance is
differentiation and proliferation of osteoclasts in a concentration- undeniable [32]. Our results showed that DMXAA inhibited the

SPRINGER NATURE Cell Death Discovery (2025)11:483



C. Zhao et al.

Fig. 2 Formation of osteoclastic pre-metastatic niche promotes bone metastasis. A Experimental design for the injection of tumor cells
after the formation of a pre-metastatic microenvironment. B Representative radiographs of long bones bearing tumors from mice treated with
vehicle or CM. The yellow arrows indicate sites of bone destruction. C Ratio of bone fractures on day 21 after injection of cancer cells between
the vehicle and CM treatment groups. n = 6 per group. D Micro-CT images showing trabecular and cortical bone destruction in the proximal
tibia. E Morphometric quantification of cortical bone micro-CT images with analysis of bone volume fraction (BV/TV) from mice treated with
vehicle or CM. n=6 per group. F Micro-CT images showing bone destruction on the surface of the vertebral bodies. The yellow arrows
indicate sites of bone destruction. G-L Representative images of immunofluorescence staining of CTSK (red) and Netrin-1 (green) in the femur,
tibia, and spine (right, from top to bottom) and quantitative analysis (left). Scale bars, 1000 um. n =6 per group. M-R Representative
immunofluorescent images (M, O, Q) and quantification (N, P, R) of proliferative tumor cells in the femur, tibia, and spine (n =6 mice), as
determined by the presence of Ki-67". Scale bars, 1000 um. Data are presented as mean + SD. Significance levels are indicated on top of each
comparison. Comparisons between the two groups were performed using an unpaired two-sided Student’s t-test.

activation of the MAPK signaling pathway in a time-dependent
manner, further confirming that at the osteoclast level, STING
activation could almost certainly inhibit the differentiation of
macrophages into osteoclasts (Fig. 4E).

Shifting our focus to tumor cells, we continued our research
with MDA-MB-231 and 4T1, two classic breast cancer cell lines.
We first determined that increasing DMXAA concentration
inhibited the viability of tumor cells, just as it inhibited
osteoclast differentiation (Fig. 4F, G). It exerted a similar effect
on osteoclast activity (Supplementary Fig. 2A). Subsequently, for
a more precise investigation of the regulatory role of STING in
the vicious cycle between osteoclasts and breast cancer cells, we
overexpressed STING intracellularly using genetic tools and
conducted protein-level validation (Fig. 4H). IF experiments with
a green fluorescent protein (GFP) demonstrated successful
intracellular viral infection (Supplementary Fig. 2B). Moreover,
the inherently powerful self-renewal and proliferation potential
of tumor cells was effectively suppressed under the premise of
overexpression (Fig. 4l).

To simulate the vicious cycle between breast cancer bone
metastasis and the formation of a premetastatic niche by
osteoclasts, we co-cultured breast cancer cells with osteoclasts
and subjected the upper layer of the tumor cells to various stimuli
to observe their effects on osteoclast differentiation and
proliferation (Fig. 4J). Through the co-cultivation of human breast
cancer cells with pre-osteoclasts, we observed that while
osteoclast differentiation induced by RANKL was robust, pre-
osteoclasts co-cultivated with breast cancer cells exhibited an
accelerated rate of differentiation into osteoclasts. Interestingly,
this enhanced osteoclast differentiation capability was effectively
rescued by stimulating the upper layer of tumor cells with the
STING agonist DMXAA (Fig. 4K). Consistent with osteoclast
differentiation, the proliferation of pre-osteoclasts was sup-
pressed by DMXAA (Fig. 4L). When the upper layer of breast
cancer cells was replaced with murine-derived cells, the
differentiation and proliferation of osteoclasts and the rescue
effect of DMXAA on this process were consistent with those
observed in human-derived cells (Fig. 4M, N). Following infection
with lentivirus rather than pharmacological treatment, which
allowed for more precise genetic regulation, the conclusions were
further corroborated by the increased reliability (Fig. 40-R).

Finally, we changed the positions of tumor cells and osteoclasts
in the co-culture system and treated the upper osteoclasts to
observe their effects on tumor cells (Fig. 4S). 5-ethynyl-2’-
deoxyuridine (EdU) labeling of the lower-layer tumor cells
revealed that the differentiation of the upper-layer osteoclasts
significantly enhanced the proliferative activity of the lower-layer
tumor cells. However, this amplifying effect on tumor cell viability
was abolished when the upper layer of pre-osteoclasts was
infected with lentiviral vectors overexpressing STING (Fig. 4T, U).
Collectively, through the above experiments at the cellular level,
STING has been proven to effectively intervene in the cycle
between osteoclast differentiation, tumor proliferation, and
metastasis.

Cell Death Discovery (2025)11:483

Regulation of the vicious cycle of breast cancer bone
metastasis by STING depends on IL-6/STAT3

IL-6 is an inflammatory cytokine associated with chromosomal
instability (CIN). CIN leads to the release of micronuclei into the
cytoplasm, activating inflammatory signaling mediated by c¢GAS
and STING [33]. IL-6 binds to its receptor complex, IL-6R/gp130,
activating downstream Janus kinases (JAKs), which in turn
phosphorylate and activate signal transducers and activators of
transcription 3 (STAT3). Ultimately, the interaction between these
components drives tumor metastasis [9].

Therefore, we understand that research targeting the OPN
involving STING must consider the IL-6/STAT3 pathway. As
expected, CM derived from tumor cells effectively upregulated
intraosseous IL-6 factors and their downstream activated phos-
phorylated STAT3 levels upon intraperitoneal injection. Notably,
this upregulation of activated proteins was absent in the CM
derived from STING-expressing cells (Supplementary Fig. 3A-D),
suggesting the involvement of the IL-6/STAT3 pathway in
regulating OPN formation. Subsequently, to further validate the
expression of the STING-IL-6-STAT3 axis in both primary breast
cancer tissues and those following bone metastasis, we collected
tissue sections from clinical patients who underwent surgical
treatment. Consistent with the observations in mouse tissues,
metastatic tumor tissues exhibited weakened STING activation
along with strong upregulation of downstream IL-6 and STAT3
signaling (Supplementary Fig. 4A, D). This was accompanied by
enhanced tumor cell viability (Supplementary Fig. 4B, D) and
robust co-expression of bone-specific markers CTSK and Netrin-1
(Supplementary Fig. 4C, D).

To verify this hypothesis more intuitively, we conducted a
series of cell-level verifications. Consistent with the methods
outlined in Fig. 4, tumor cells were initially positioned in the
upper layer of the co-culture system to determine whether the
differentiation ability of the lower-layer osteoclasts regulated by
STING could be modulated by IL-6 (Fig. 5E). In this experimental
group, both the human-derived tumor cell line MDA-MB-231
and murine-derived 4T1 cells infected with viruses expressing
STING inhibited the differentiation of the lower-layer osteoclasts
significantly compared to the control group. However, this
intervention on osteoclast differentiation was ineffective when
IL-6 was simultaneously replenished (Fig. 5A-D). As a classical
inhibitor of JAK, ruxolitinib not only represses IL6/STAT3 activity
and in vivo invasion but also inhibits the release of senescence-
associated secretory phenotype (SASP) molecules [9, 34]. There-
fore, if it can intervene in the vicious cycle of breast cancer cells
and promote osteoclast differentiation, it will further enhance IL-
6/STAT3 involvement in this critical process (Fig. 5F). The results
were equally promising, as the addition of ruxolitinib directly
inhibited the activation of tumor cells and promoted osteoclast
differentiation and proliferation, directly illustrating the signifi-
cance of IL-6/STAT3 in this process (Fig. 5G-J). When the
positions of tumor cells and osteoclasts were reversed, EdU
staining indicated suppression of proliferation of the lower layer
of tumor cells by inhibiting IL-6/STAT3 (Fig. 5K, L). Additionally,
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results from crystal violet staining further suggested that CM
derived from osteoclasts no longer exhibited a positive
promoting effect on tumor cell proliferation when intracellular
IL-6/STAT3 activation was concurrently suppressed (Fig. 5M). In
summary, these results confirm the involvement of IL-6/STAT3 in

SPRINGER NATURE

the vicious cycle regulated by STING. IL-6 supplementation
abolished the inhibitory effect of STING on osteoclast differ-
entiation. Moreover, interventions targeting IL-6 and STAT3 can
effectively ameliorate the reciprocal promotion of tumor cell
proliferation and osteoclast differentiation.

Cell Death Discovery (2025)11:483
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Hijacking of STING expression in tumor cells by IL-6/STAT3
inhibits OPN formation and bone destruction

In vivo experiments were conducted to investigate the role of IL-6/
STAT3 in the vicious cycle of bone metastasis and osteoclast
differentiation regulated by STING. Before implanting tumor cells
into mice, we artificially created a premetastatic niche for
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osteoclast tumor metastasis by continuously injecting CM.
Subsequently, we intracardially or intravenously injected mice
with either the empty vector or an STING-overexpressing virus. A
subset of the STING-overexpressing virus group was randomly
selected for intraperitoneal injection of IL-6. Through in vivo live
animal imaging experiments, we found that effective expression
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Fig. 4 The vicious cycle: STING regulation of breast cancer bone metastasis. A Experimental design for isolation of murine monocytes and
culture of osteoclasts. B-D Treatment with DMXAA inhibits RANKL-induced migration and osteoclast differentiation. Bone marrow-derived
macrophages (BMDMs) from mice were used to generate osteoclasts by stimulation with 30 ng-mL™" M-CSF and 100 ng-mL~" RANKL.
Representative images of cells from the migration assay (crystal violet staining) (bottom) and osteoclast differentiation assay (TRAP staining)
(top), and the corresponding quantitative analysis (C, D). Scale bars, 0.1 cm. n =6 experiments. E Western blot showing p-ERK, p-JNK, and
p-p38 in BMDM treated with RANKL (100 ng/mL) or RANKL (100 ng/ mL) together with DMXAA at different time points. F, G Cell viability of
MDA-MB-231 and 4T1 after treatment with different concentrations of DMXAA. n = 3 experiments. H Western blot showing STING expression
in MDA-MB-231 and 4T1 treated with lentivirus expressing STING. | Representative images of cells post-infection with STING-expressing virus
from the migration assay (stained with crystal violet). J Model of co-culture of breast cancer cells with preosteoclasts. Murine BMDM
preosteoclasts were seeded into the lower chamber plates. Breast cancer cells were seeded into the cell culture inserts in the upper chamber
plates and treated with DMXAA or lentivirus expressing STING. K-R Representative images of cells from the migration assay (crystal violet
staining) (right) and osteoclast differentiation assay (TRAP staining) (left), along with corresponding quantitative analysis. The upper layer of
tumor cells was either activated for STING via DMXAA treatment or pre-infected with lentivirus expressing STING. Scale bars, 0.1cm. n=6
experiments. S Model of co-culture of breast cancer cells with preosteoclasts, differing from (J) by exchanging the positions of the upper and
lower cell layers. T EdU labeling analysis of the influence of osteoclast differentiation on the proliferation of lower-layer tumor cells,
accompanied by corresponding quantitative analysis (U). Scale bars, 25 pm. n =3 per group. Data are presented as mean + SD. Significance
levels are indicated on top of each comparison. P values were calculated using a one-way or two-way ANOVA with a multiple

comparisons test.

of STING rescued tumor growth and distant metastasis promoted
by OPN formation. However, this rescue effect was significantly
compromised when co-injected with IL-6 (Supplementary Fig. 5).
X-ray imaging data further supported this conclusion. Compared
to the intact bone observed in the STING-activated group, the
group pre-injected with CM exhibited significant bone metastasis
and destruction in common tumor-burden areas.

Additionally, in the IL-6 group, continuous injection of IL-6
weakened the protective effect of STING (Fig. 6A, B). Micro-CT
scanning and three-dimensional reconstruction provided more
intuitive perspectives. Premetastatic niche formation significantly
reduces the thickness of the bone cortex, leading to bone
destruction and further disruption of the bone marrow content.
Overexpression of STING inhibited the formation of a premeta-
static niche, suppressing premature bone metastasis and destruc-
tion. However, this protective effect was not observed in the
presence of IL-6 (Fig. 6C). Consistent changes were observed in
the bone volume fraction (BV/TV), representing bone mass (Fig.
6D). Shifting our focus to another common site of bone
metastasis, the spine, we observed that the trend of tumor
metastasis and destruction on the surface of the spine was
consistent with that of the long bones (Fig. 6E). Double staining
for CTSK and Netrin-1 further demonstrated that the enhanced
effect of OPN formation rescued by STING on bone destruction
was reversed under conditions of IL-6 overexpression at bone
metastatic sites in both models (Fig. 7A, B). Moreover, although we
did not directly label tumor cells within the bone, cells exhibiting
robust proliferative activity, as indicated by Ki-67 staining, showed
strong expression in the group promoted by the OPN. This strong
expression suppressed by STING was partially restored by IL-6 (Fig.
7C, D). In summary, through both in vivo and in vitro experiments,
we have demonstrated that the disruption of the vicious cycle
between OPN formation, regulated by STING, and tumor bone
metastasis relies on its inhibition of IL-6/STAT3. This finding
emphasizes the importance of addressing this issue in clinical
translation.

DISCUSSION

Metastasis of tumor cells to the bone presents a clinically
significant challenge. In recent years, there has been a surge in
fundamental scientific research addressing this issue. While most
researchers in the field of tumor-bone metastasis recognize the
pivotal role of osteoclasts in this process, limited attention has
been paid to the premetastatic niche that osteoclasts form before
substantial tumor-driven bone metastasis occurs. This premeta-
static microenvironment, orchestrated by osteoclasts, plays a
crucial guiding and facilitative role in tumor metastasis, a
dimension largely overlooked by existing research efforts. In this
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study, we observed that the formation of an OPN significantly
promotes the metastasis and dissemination of non-osseous-origin
tumors to the bone.

Moreover, we found that the effective expression of STING
mitigated this pro-metastatic effect. Furthermore, the vicious cycle
formed by the attractive effect of the premetastatic microenvir-
onment, resulting from excessive osteoclast differentiation on
tumor cell proliferation and metastasis, along with the tumor cell-
promoting effect of osteoclast differentiation, requires IL-6 and
STAT3. Highly activated IL-6/STAT3 abolishes the protective effects
of STING on bone metastasis. These results reveal the crucial
interplay between STING-regulated IL-6/STAT3 in the formation of
the OPN and tumor bone metastasis, providing compelling
evidence and clinical intervention targets.

Most theories regarding osteoclasts in tumor bone metastasis
consider them merely as a passive “terminal station,” focusing on
their role in bone destruction following substantial tumor
metastasis, often overlooking their potential attraction towards
primary bone tumors [15, 24, 35-37]. This study posits that before
tumor metastasis, osteoclast differentiation within the bone
microenvironment becomes active, indicating the direction of
tumor migration. Its role resembles more that of a “lighthouse on
the open sea.” Previous studies inspire this study. As early as 2022,
studies emphasized the importance of the pre-metastatic niche
created by osteoclasts in bone metastasis and identified RSPO2/
RANKL-LGR4 signaling as a promising target for inhibiting bone
metastasis [14]. Yunfei He et al's research highlighted that
osteoclasts are not merely “bone digesters”; they provide physical
space for tumor growth and release protumor factors from
degraded bone matrix, facilitating tumor colonization in bone,
which is equally deserving of attention [11]. Additionally, the
influence of inflammatory cytokines and chemokines from within
the bone on the entire body also plays a crucial guiding role in
tumor metastasis to the bone [8, 10, 11, 38]. In addition to the
factors mentioned above, we believe that the formation of the
pre-metastatic niche requires attention to factors more closely
related to osteoclasts, such as CTSK and Netrin-1, as highlighted in
this study. Wang et al. recently pointed out that the factor LTB
promotes the colonization and growth of breast cancer cells in
various models [39]. Further mechanistic studies found that
tumor-derived LT[ activates osteoblasts through the NF-
kB2 signaling pathway, leading to the secretion of CCL2/5, which
in turn facilitates the adhesion of tumor cells to osteoblasts and
accelerates osteoclastogenesis, thereby driving the progression of
bone metastasis [39].

Cathepsin K (CTSK) is a novel cysteine protease previously
reported to be predominantly expressed in osteoclasts [40].
Immunolocalization studies on breast tumor bone metastases
revealed the expression of this protease in invasive breast cancer

Cell Death Discovery (2025)11:483
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Fig. 5 Regulation of the vicious cycle of breast cancer bone metastasis by STING depends on IL-6/STAT3. A-D Representative images of
cells from the migration assay (stained with crystal violet) (bottom) and osteoclast differentiation assay (stained with TRAP) (top),
accompanied by corresponding quantitative analysis. The upper layer of tumor cells was either activated for STING via DMXAA treatment or
pre-infected with lentivirus expressing STING. IL-6 was added to the lower layer of osteoclasts in the third column. Scale bars, 0.1cm. n=6
experiments. E Model of co-culture of breast cancer cells with preosteoclasts. Murine BMDM preosteoclasts were seeded into the lower
chamber plates. Breast cancer cells were seeded into the cell culture inserts in the upper chamber plates and treated with DMXAA or lentivirus
expressing STING. Additionally, IL-6 was added to the bottom chamber plates according to experimental requirements. F Model of co-culture
of breast cancer cells with preosteoclasts, differing from (E) by incorporating ruxolitinib into the upper chamber inserts according to
experimental design. G-J Representative images of cells from the migration assay (stained with crystal violet) (bottom) and osteoclast
differentiation assay (stained with TRAP) (top), accompanied by corresponding quantitative analysis. The upper layer of tumor cells was
supplemented with IL-6/STAT3 inhibitor ruxolitinib as required by the experiment. Scale bars, 0.1 cm. n =6 experiments. K, L EdU labeling
analysis of the impact of osteoclast differentiation on the proliferation of tumor cells, accompanied by corresponding quantitative analysis (L).
Osteoclasts were cultured in CM with or without the addition of ruxolitinib. Scale bars, 25 ym. n =3 per group. M Representative images of
cancer cells from the migration assay, stained with crystal violet. Data are presented as mean + SD. Significance levels are indicated on top of
each comparison. Comparisons between the two groups in (G-J) were performed using an unpaired two-sided Student’s t-test. P values in
(A-D) and L were calculated using a one-way ANOVA with a multiple comparisons test.

cells, albeit at a lower intensity than in osteoclasts, suggesting a
potential role of CTSK in the invasiveness of breast cancer cells

and dissemination may already be established before tumor
metastasis occurs. Tumors inherently possess the potential for

[35, 41, 42]. CTSK promotes bone resorption, creating a favorable
bone microenvironment for tumor growth [42], which could be a
significant factor in osteoclasts promoting tumor metastasis. In this
study, we found that the formation of a premetastatic niche
significantly promotes CTSK expression in the bone microenviron-
ment. This suggests that a conducive environment for tumor growth

Cell Death Discovery (2025)11:483

vascular metastasis, and Netrin-1 has been shown to influence
angiogenesis through various pathways [43-46]. As a pro-tumorigenic
mechanism, Netrin-1 is upregulated in most human endometrial
carcinomas (ECs) [38, 47]. Research has also demonstrated the efficacy
of blocking Netrin-1 using an anti-Netrin-1 antibody (NP137) to
reduce tumor progression in an EC mouse model [27].
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Fig. 6 The regulatory role of STING in tumor-induced bone destruction via OPN formation relies on the inhibition of IL-6.
A Representative radiographs of long bones hosting tumors from mice treated with vehicle or CM, where CM was derived from tumor cells
infected with lentivirus expressing STING as needed. The yellow arrows indicate sites of bone destruction. B Ratio of bone fractures on day 21
after injection of cancer cells. n =6 per group. C Micro-CT images showing trabecular and cortical bone destruction in the proximal tibia.
D Morphometric quantification of cortical bone micro-CT images with analysis of BV/TV from different groups. n =6 per group. E Micro-CT
images showing bone destruction on the surface of the vertebral bodies. The yellow arrows indicate sites of bone destruction. Data are
presented as mean * SD. Significance levels are indicated on top of each comparison. P values were calculated using a two-way ANOVA with a
multiple comparisons test.
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Fig. 7 Hijacking of STING expression in tumor cells by IL-6/STAT3 inhibits OPN formation and bone destruction. A, B Representative
images of IF staining of CTSK (red) and Netrin-1 (green) in the femur, tibia, and spine (top) and quantitative analysis (bottom). Scale bars,
1000 um. n = 6 per group. C, D Representative immunofluorescent images (C) and quantification (D) of proliferative tumor cells in the femur,
tibia, and spine (n =6 mice), as determined by the presence of Ki-67". Scale bars, 1000 um. Data are presented as mean * SD. Significance
levels are indicated on top of each comparison. P values were calculated using a two-way ANOVA with a multiple comparisons test.

Additionally, Netrin-1 can be secreted by osteoclasts [28]. This
study found that both the premetastatic niche formed before
substantial tumor dissemination and the intraosseous micro-
environment established after metastasis displayed prominent

Cell Death Discovery (2025)11:483

fluorescence staining for CTSK and Netrin-1. Therefore, we
speculate that targeting these two proteins alone may counter-
act the beneficial effects of the pre-metastatic niche on tumor
bone metastasis.
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In recent years, manipulation of the cGAS-STING pathway has
garnered significant interest in tumor immunology. STING
agonizts alone or in combination with ICB therapy are currently
under clinical investigation for their potential as a new class of
anticancer treatment [48]. Systemic delivery of STING agonizts
induces IFN -independent cytopathic effects in tumor cells [49, 50].
Recent studies have confirmed the inhibitory effects of STING
agonizts on tumor-induced bone destruction and cancer-related
skeletal pain [24, 51]. While direct tumor cell-mediated bone
destruction within the bone has been reported, the ability of
STING to intervene in tumor-to-bone colonization by modulating
the relevant microenvironment formed by osteoclasts before the
tumor metastasizes to the bone remains unclear. Indeed, STING-
dependent cell death responses may also suppress tumor
clearance. Tumor transplantation studies have demonstrated that
cancer cells can effectively utilize cGAS-STING signaling to kill
T cells, likely through cGAMP secretion [52, 53].

Similarly, endothelial cells tend to undergo apoptosis after
exposure to cGAS-STING triggering factors [54]. Various cell type-
specific immunomodulatory responses have been documented,
which could inhibit the tumor-suppressive effects of STING
activation [55]. Therefore, the overall effect of STING on tumor
progression vs regression is highly dependent on the context, and
investigating the microenvironment preceding osteoclast migration
holds significant research value. Our findings suggest that both the
specific STING-targeting agonist DMXAA and STING-expressing
lentivirus infection can effectively inhibit the formation of a
premetastatic niche and suppress tumor-induced bone destruction
in this niche, highlighting the protective role of STING in OPN
formation and promotion of tumor metastasis in this context.

Overexpression of IL-6 in the tumor microenvironment is closely
associated with tumor development, infiltration, and metastasis,
thus making it a potential therapeutic target for tumor progression
[33, 56]. IL-6 binds to its receptor complex IL6R/gp130, activating
downstream JAKs that subsequently phosphorylate tyrosine 705 of
STAT3 [57]. The expression levels of pSTAT3 have been confirmed
to be closely associated with breast cancer prognosis, particularly in
patients with IL6-positive tumors [58-60]. Therefore, assessing both
pSTAT3 and IL6 positivity is crucial for understanding the clinical
impact of activating this pathway in patients.

While our study primarily focuses on breast cancer bone
metastasis, the mechanisms elucidated here—particularly the
formation of an OPN regulated by the STING-IL-6/STAT3 axis—
may have broader relevance to other tumor types that
metastasize to bone, such as prostate cancer, lung cancer, and
multiple myeloma. These cancers share common features in their
interactions with the bone microenvironment, including osteo-
clast activation and niche formation, suggesting potential applic-
ability of our findings beyond breast cancer. Clinically, targeting
the STING pathway and key niche components like CTSK and
Netrin-1 offers promising avenues for novel therapeutic interven-
tions aimed at preventing or mitigating bone metastases. Future
research should investigate the role of this premetastatic niche
and STING signaling in other tumor contexts, explore combina-
tional therapies that incorporate STING agonizts with existing
treatments, and delineate the temporal dynamics of niche
formation and tumor colonization. Additionally, key questions
remain regarding the cell type-specific effects of STING activation
and the balance between its tumor-suppressive and tumor-
promoting functions in different microenvironments. Addressing
these issues will be critical for translating our findings into
effective clinical strategies to improve outcomes for patients
suffering from bone metastatic disease.

CONCLUSION
In summary, our study demonstrated that sole inhibition of IL-6/
STAT3 effectively disrupted the vicious cycle of bone metastasis.
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Moreover, STING's regulation of premetastatic niche formation is
dependent on IL-6 and STAT3. Given the various factors involved
in tumorigenesis that can upregulate IL-6 levels [61, 62], identify-
ing this mechanism is paramount.

MATERIALS AND METHODS

Mice

Female BALB/C mice (6-8-weeks-old) were obtained from Gempharmatech
and had ad libitum access to drinking water. Mice were maintained in a
pathogen-free environment. Primary osteoclasts were isolated from 6- to
8-week-old BALB/C mice. All experiments involving mice were performed
in accordance with the guidelines of the Institutional Research Ethics
Committee of the Shanghai Ninth People’s Hospital (SH9H-2024-A995-1).

Human cancer samples

Written informed consent was obtained from all participants prior to their
inclusion in the study. The research was conducted in accordance with the
ethical standards of the Institutional Research Ethics Committee of the
Shanghai Ninth People’s Hospital. Primary breast cancer tissues and bone
metastatic lesions were obtained from female patients diagnosed with
breast cancer who underwent surgical resection at, following informed
consent and approval by the Institutional Ethics Committee. Inclusion
criteria included histologically confirmed primary breast carcinoma or
bone metastatic lesions, availability of sufficient tissue for analysis, and no
prior neoadjuvant chemotherapy. Tissue specimens were collected
intraoperatively by experienced pathologists and immediately fixed in
10% neutral-buffered formalin for 24-48 h, followed by paraffin embed-
ding. Serial sections were prepared for immunohistochemical and IF
analyses. All specimens were anonymized prior to analysis to ensure
patient confidentiality.

Cell culture

MDA-MB-231 (human breast cancer) and 4T1 (mouse breast cancer) cells
were acquired from Pricella and cultured in DMEM (Gibco) supplemented
with 10% fetal bovine serum (FBS).

For bone marrow-derived macrophages (BMDMs), 6-8-week-old mice
were used. After euthanasia and dissection of the hind limbs, femurs and
tibias were harvested. The bone epiphyses at both ends were removed,
and the bone marrow was flushed out using a 1 mL insulin syringe. The
harvested cells were cultured either in a 10 cm dish or transferred to a T75
flask. The culture medium comprised a complete medium containing
30 ng/mL M-CSF, 10% FBS, and penicillin-streptomycin. After two days, the
cells were observed under a microscope, and the medium was changed to
a fresh medium (a-MEM was chosen as the culture medium). After an
additional two days, numerous mononuclear macrophages derived from
the bone marrow were visible under the microscope, indicating successful
extraction of BMDMs. For further induction of their differentiation into
osteoclasts, BMDMs were trypsin-digested, plated, and after cell adhesion,
cultured for 5-6 consecutive days in a-MEM complete medium containing
30 ng/mL M-CSF and 100 ng/mL RANKL. The observation of a significant
number of ginkgo leaf-like fused cells indicated the initiation of osteoclast
fusion.

Generation of STING-expressing cells

MDA-MB-231, 4T1, and pre-osteoclasts were seeded in a 6-well plate at a
density of 2 x 10° cells per well and cultured overnight. Lentiviral particles
carrying either the empty vector or the STING gene were obtained from
OBiO Technology (Shanghai, China). The lentiviral vectors were added to
the cells along with polybrene (8 pg/mL) to enhance transduction
efficiency. After 24 h of transduction, the medium was replaced with a
fresh growth medium. Transduced cells were selected using appropriate
antibiotics or fluorescent markers, and overexpression of the target gene
was confirmed by IF and western blot analyses.

CM collection

The CM was collected and referenced following established protocols
[14, 63, 64]. A total of 1x 10° 4T1 and 2 x 10° MDA-MB-231 cells, infected
with either an empty viral vector or STING-expressing virus, were plated in
a 10 cm dish and cultured until they reached 85% confluence. For DMXAA
treatment, cells were stimulated with 10 yM DMXAA (HY-10964, MCE).
Subsequently, the cells were washed twice with phosphate-buffered saline
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(PBS) and cultured for 48h in serum-free DMEM. The CM was then
collected, filtered through a 0.22 um filter to remove cell debris, and
concentrated using a Millipore protein concentrator. The medium was
centrifuged at 3500xg until a triple concentration was achieved. The
concentrated CM was aliquoted to prevent repeated freezing and thawing
and stored at —80 °C for use within 3 months.

For the premetastatic niche mouse model, 300 uL of CM or control
medium (serum-free DMEM) was intraperitoneally injected daily into 6-
week-old BALB/C mice for 3 weeks or as indicated to induce premetastatic
niche formation.

Histology and IF

Mouse bones were fixed in 4% paraformaldehyde, decalcified,
dehydrated, and embedded in paraffin. TRAP staining was utilized to
assess the extent of osteoclast differentiation in the long bones, spine,
and skull. For IF staining, tissue sections were permeabilized with 0.5%
Triton X-100, blocked with 5% BSA for 1h, and then incubated with
primary antibodies overnight at 4°C. Subsequently, sections were
washed three times and incubated with secondary antibodies (goat
anti-rabbit IgG H&L [Alexa Fluor® 555; Abcam] or goat anti-mouse IgG
H&L [Alexa Fluor® 488; Abcam], diluted 1:200) for 1 h the following day.
Quantitative IF staining was performed in a double-blind manner. The
primary antibodies used in this study were Cathepsin K Polyclonal
antibody (Proteintech, cat. # 11239-1-AP), Rabbit monoclonal to Netrin-
1 (Abcam, cat. # ab126729), and rabbit anti-mouse Ki-67 (Abcam, cat. #
ab15580).

Radiographic analysis

Digital X-ray imaging of the long bones and spine was conducted
according to the manufacturer's guidelines [65], utilizing a 21 Ip/mm
detector in the anteroposterior axis, with up to 5x geometric magnification
(Faxitron VersaVision; Faxitron Bioptics LLC, Tucson, AZ, USA).

Micro-computed tomography (micro-CT)

Mice's bones were dissected to remove soft tissue, then fixed overnight in
70% ethanol and analyzed using high-resolution micro-CT (uCT) (Sky-
scan1275, Bruker micro-CT, Kontich, Belgium). The three-dimensional
model visualization software CTVol was utilized for the analysis of
trabecular bone parameters in the epiphysis, as well as for an overall
reconstruction.

Cell counting kit-8 (CCK-8) cell proliferation assay

For the cell proliferation assay, cells were seeded in 96-well plates at a
density of 1 x 10* cells/well and incubated for 24 h. Subsequently, the cells
were treated with different concentrations of chemical reagents. Cell
proliferation was assessed at the designated endpoint using a CCK-8 assay
(C0037; Beyotime). Absorbance at 450 nm (mean optical density) was
measured using an Infinite M200 Pro multimode microplate reader (Tecan
Group Ltd., Ménnedorf, Switzerland).

ELISA

To assess the expression levels of STING protein in the supernatant of
tumor cell cultures, an ELISA (enzyme-linked immunosorbent assay)
(ab315058, abcam) kit was used according to the manufacturer’s protocol.

Cell co-culture

A dual co-culture assay and staining were performed to investigate
osteoclast activity. Pre-osteoclasts from murine bone marrow macro-
phages (1x 10° cells/well) were directly seeded into 12-well co-culture
plates. Tumor cells (5% 10 cells/well) were seeded into Transwell® cell
culture inserts (Costar) placed within the co-culture plates. The following
day, the tumor cells adhered to the membrane surface of the inserts, and
various stimuli, such as chemical agents or viruses, were added to the top
of the culture. The upper co-culture assays were conducted in DMEM/high-
glucose medium supplemented with 10% FBS, with media changes every
2 days. The lower chambers were maintained using a-MEM complete
medium supplemented with M-CSF (30 ng/mL) and RANKL (100 ng/mL).
On day 4, TRAP staining of osteoclasts was performed, and TRAP-positive
multinucleated cells were identified and quantified as mature osteoclasts.
Interchanging cells between the upper and lower layers followed the
method described above.
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Western blot

Cultured cells were lysed with RIPA lysis buffer supplemented with
phosphatase and protease inhibitors. Total protein was quantified using
the bicinchoninic acid assay (Thermo Fisher Scientific). Equal amounts of
extracted protein (20-30 pug) were separated using 12% or 15% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto
0.22-um PVDF membranes (MilliporeSigma, Burlington, MA, USA). Mem-
branes were blocked with 5% BSA-PBS (Beyotime Biotechnology) at room
temperature (RT=25°C) for 1h, then incubated overnight with primary
antibodies at 4°C. The next day, membranes were washed with Tris-
buffered saline (TBS)-0.1% Tween 20 (TBST) and incubated with an anti-
rabbit 1gG (H + L) secondary antibody (cat. no. 5151; DyLight™ 800 4X PEG
Conjugate; Cell Signaling Technology; 1:10,000) for 1 h at RT in the dark.
After washing with TBST, protein immunoreactivity was detected using an
Odyssey Fluorescence Imaging system (LI-COR Biosciences, Lincoln, NE,
USA). The primary antibodies used in this study were as follows: Rabbit
monoclonal to STING (Cell Signaling Technology, cat. # 13647); MAPK
Family Antibody Sampler Kit (Cell Signaling Technology, cat. # 9926).

EdU labeling

Cells were cultured with 10 uM EdU for 24 h. Following incubation, the cells
were stained using the Click Plus EdAU 647 Imaging Kit (Thermo Fisher,
C10640). This kit facilitates visualization and detection of EdU incorporated
into cellular DNA, providing insights into cell proliferation dynamics and
activity.

Bioluminescent

For bioluminescent imaging, mice were anesthetized and retro-orbitally
injected with 1.5mg bo-luciferin at specified time points. Imaging was
performed in an IVIS 100 chamber within 5min following p-luciferin
injection, with data acquisition conducted using Living Image software
(Xenogen).

Pharmacological compounds

DMXAA (HY-10964, MCE) and Ruxolitinib (HY-50856) were procured from
MCE (MedChemExpress). All pharmacological compounds were prepared
according to the manufacturer's instructions and stored under the
appropriate conditions.

Statistical analysis

Statistical analysis of all data was conducted using GraphPad Prism
software (version 8.0). Results are presented as the mean + SD. Compar-
isons between the two groups were performed using an unpaired two-
sided Student's t-test (P <0.05 was deemed significant). One- or two-way
analysis of variance was used for comparisons between multiple
conditions. Specific n values are provided in the figure legends. In the
graphs, the individual data points are depicted as dots. No statistical
method was used to predetermine the sample size. Instead, sample sizes
were determined based on historical sample sizes capable of detecting
biologically significant differences in certain assays, with p <0.05
considered statistically significant.

DATA AVAILABILITY
The datasets supporting the conclusions of this article are included within the article
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