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Abstract

Background/Aim: Metastatic osteolytic bone tumors represent a clinical challenge as their pathogenesis and
progression involve complex interactions within the bone microenvironment. Sclerostin, a key inhibitor of the Wnt
signaling pathway, is critical to bone metabolism; however, its involvement in metastatic bone tumors remains
insufficiently characterized. This study investigated sclerostin’s role in metastatic osteolytic tumors, specifically its
relationship with other bone remodeling molecules, including DKK1, BMP6, and the proliferation marker Ki67.
Patients and Methods: Tumor specimens were collected from nine patients who underwent surgery for metastatic
bone tumors in the femur or tibia. Sclerostin, DKK1, BMP6, and Ki67 expression was assessed using
immunohistochemical staining. Positivity rates were determined for each protein. Correlations between their
expression levels were examined using Pearson’s correlation coefficient.

Results: All tumor samples demonstrated a certain degree of positivity for sclerostin, DKK1, BMP6, and Ki67. The mean
proportion of sclerostin-positive cells was 7.3%. Sclerostin and DKK1 exhibited a moderately negative correlation
(r=-0.45), suggesting their distinct roles in the tumor microenvironment. Sclerostin and BMP6A exhibited a weak
positive correlation (r=0.25), while sclerostin and Ki67 showed no significant correlation. The cohort’s one-year
survival rate was 72.9%.

Conclusion: Sclerostin contributes to the bone formation processes within the osteolytic metastatic tumor microenvironment,
possibly through interactions with BMP6 and modulation of Wnt signaling, thus highlighting its potential as a novel
therapeutic target for the treatment of metastatic bone tumors. Further studies with larger, more homogeneous patient
cohorts are warranted to validate these findings and elucidate the precise molecular mechanisms involved.
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Introduction the maturation and sustained survival of osteoblasts,

thereby playing a central role in bone formation and
The Wingless protein (Wnt) signaling pathway is crucial maintenance (1). The canonical Wnt signaling pathway
for guiding the differentiation of mesenchymal stem in bone tissue is predominantly regulated by osteocytes,
cells into osteogenic lineages and is also essential for ~ which serve as the principal source of two key inhibitory
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proteins: sclerostin (SOST) and Dickkopf-related protein
1 (DKK1) (2, 3). By secreting SOST and DKK1, osteocytes
exert tight control over Wnt activity, thereby modulating
bone formation and remodeling processes in response
to physiological and pathological stimuli (2, 3). DKK,
especially DKK1-4, are known to be major repressors
of Wnt signaling (4). DKK proteins bind directly to the
extracellular domain of low-density lipoprotein receptor-
related protein (LRP) 5/6, physically interfering with the
binding of Wnt protein to the receptor and thus strongly
suppressing canonical Wnt signaling (5). Furthermore,
when the membrane protein Kremen binds to the DKK and
LRP5/6 complex, this complex is taken up into the cells by
endocytosis, leading to reduced cell surface LRP5/6 and
further suppression of Wnt signaling (6). In summary,
DKK suppresses Wnt signaling by binding to the Wnt
signaling co-receptor LRP5/6, which is involved in the
regulation of development and tissue homeostasis, as well
asin disease (e.g.,, abnormal bone metabolism and cancer)
(7). Interestingly, DKK1 and DKK2 have opposing roles in
tumor angiogenesis as well as in vascular normalization
and functional maintenance, suggesting their potential as
new molecular targets in cancer therapy (8). In addition,
DKK3 may have an additional oncogenic function other
than tumor suppression (9). Furthermore, DKK4 is
involved in tumor growth, invasion, metastasis, and
chemotherapy resistance, as well as osteoblastogenesis
and secondary hair and meibomian gland formation (10).

SOST has emerged as a novel target for anabolic bone-
building therapies to treat certain bone diseases (11, 12).
In osteoporosis, for example, anti-SOST antibodies exhibit
a dual effect by activating Wnt signaling to promote bone
formation while concurrently inhibiting its resorption (13).
Interestingly, suppression of sclerostin has been reported
to be a therapeutic target for postmenopausal osteoporosis
(14). Blood levels of SOST are often elevated in patients with
chronic kidney disease, contributing to the development of
low-turnover bone lesions wherein both bone formation
and resorption are suppressed (13). Itis also believed to be
effective in the treatment of conditions such as osteogenesis
imperfecta and hypophosphatasia (15).

DKK1 is known as a potent antagonist of the Wnt/j3-
catenin signaling pathway (16-18). However, DKK1 plays
an oncogenic role in many cancer types and is involved
in multiple myeloma, bone lesions, tumors, and heart,
head, and forelimb development (17, 19). Notably, recent
studies have suggested that SOST may be involved in the
pathogenesis of multiple myeloma, potentially serving as
a biomarker for the malignancy (20).

Metastatic bone tumors vary in their sites of primary
origin and progression and are often refractory to
multiple treatment approaches (21). No treatments have
yet been developed that can fully stop the progression of
these malignancies. A recent study using mice showed
that SOST may inhibit prostate cancer metastasis (22).
Furthermore, it has been reported that Wnt signaling
via DKK1 may be involved in bone metastasis of breast
cancer (23). However, the involvement of SOST and DKK1
in malignancies that undergo osteolytic bone metastasis is
unknown. In the present study, we used immunostaining
techniques to elucidate the role of SOST in osteolytic
metastatic bone tumors.

Patients and Methods

Patients and data collection. Nine patients with metastatic
bone tumors who were being treated at our hospital were
included in this study. Their clinical data were collected and
retrospectively analyzed. All patients underwent surgical
treatment for bone metastases in the proximal or trunk
femur at our hospital between January 2016 and December
2022. Age, primary site, metastatic site, surgical procedure,
postoperative outcome, and follow-up period (months)
were extracted from the patients’ electronic medical
records. The follow-up period was defined as the period
(in months) from the date of surgery until the date of the
patient’s final visit to our center or death.

Inclusion and exclusion criteria. The primary inclusion
criterion was the ability to follow up each patient to obtain
their medical treatment history. Patients who could not be
followed up for this purpose were excluded.
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Figure 1. Representative immunostaining images. (A) Sclerostin (SOST)
immunostaining image showing tumor cells that tested positive for the
protein. (B) Dickkopf-1 (DKK1) immunostaining image showing tumor
cells that tested positive for the protein. Scale bar=100 um.

The included patients comprised five males and
four females. Their mean age was 65.5 (range=47-80)
years. The primary cancer sites were gastric (two
patients), unknown (two patients), breast (two patients),
esophageal (two patients), and uterine (one patient). Six
tumors were located in the proximal femur, two in the
femoral diaphysis, and one in the tibia. The mean follow-
up period was 11 months (range=1-24).

Pathological analyses. Pathological specimens obtained
from biopsies performed on the patients were subjected to
immunohistological staining using a goat polyclonal anti-
SOST (1:100, ab194940; Abcam, Cambridge, MA, USA),
rabbit polyclonal anti-DKK1 (21112-1-AP; Proteintech,
Tokyo, Japan; 1:200 dilution in saline), rabbit polyclonal
anti-BMP6 [1:100, PA5-75427; Thermo Fisher Scientific
(Invitrogen), Waltham, MA, USA], and rabbit polyclonal
anti-Ki67 (1:200, NB500-170SS; Funakoshi, Tokyo, Japan)
antibodies diluted in saline.

The positive cellularity levels of the immunostaining
procedures for the SOST, DKK1, BMP6, and Ki67
antibodies were calculated according to a previously
described protocol, and the correlations between the
respective positivity rates were also examined (19). This
study was conducted in accordance with the Declaration
of Helsinki and approved by the ethics committee of our
institution (approval no.: R03-247). Written informed
consent has been obtained from the patients to publish
this article.

Figure 2. Representative imnmunostaining images. (A) Bone morphogenetic
protein 6 (BMP6) immunostaining image showing tumor cells that tested
positive for the protein. (B) Ki67 immunostaining image showing tumor
cells that tested positive for the protein. Scale bar=100 um.

Statistical analyses. One-way analysis of variance was
used to compare differences between groups. The
positivity rate of each molecule was plotted to generate
a corresponding correlation diagrams. The correlation
coefficient (r) was calculated by fitting a regression
line to assess the correlation between the molecules.
Pearson’s correlation coefficient was used to assess
the relationships between clinical parameters and the
positivity rates for each molecule. Correlation strength
was classified as follows: very strong (|r|=0.7-1.0), strong
(Jr]=0.5-0.7), moderate (|r|=0.4-0.5), weak (|r|=0.2-0.4),
and no correlation (|r| <0.2). The Kaplan-Meier method
was used to calculate the 1-year survival rate after
diagnosis. All statistical analyses were performed using
Stat Mate 5.05 (ATMS, Tokyo, Japan) (24).

Results

All analyzed tumors exhibited some degree of positivity
for each of the four proteins evaluated in the present study
(Figure 1A and B, Figure 2A and B). Clinical characteristics
and the positivity rate of each immunostained protein
are summarized in Table I. The positive cell rates via
immunostaining for SOST, DKK1, BMP6, and Ki67 were
7.3% (range=5.2-13.4%), 27.4% (0-58.5%), 27.6% (16-
40.5%), and 31.3% (0.7-76.8%), respectively.

A moderately negative correlation was observed
between SOST and DKK1 positivity (Figure 3A; r=-0.45).
SOST and BMP6 positivity demonstrated a weak positive
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Table L. Clinical characteristics and immunohistochemical profiles of patients surgically treated for metastatic bone tumors.

Age (years) Primary Site of bone Nature of bone Surgery Outcome SOST DKK1 BMP-6 Ki67

tumor type metastasis metastases (%) (%) (%) (%)
69 cup Proximal femur Lytic IM nail AWD 17 52 358 23.1 0.75
57 Gastric Proximal femur Lytic IM nail AWD 3 123 259 282 481
71 Uterus Proximal femur Lytic IM nail AWD 22 134 184 37.3 0.7
70 Breast Proximal femur Combined Bilateral IM nail AWD 6 7.8  20.8 40.5 768
80 Gastric Proximal femur Lytic BHA DOD 5 1.1 408 314 1
65 Esophageal Femoral shaft Lytic IM nail DOD 1 7.3 585 208 47
47 Breast Proximal femur Lytic IM nail DOD 24 5.4 3 319 261
75 Esophageal Tibia Lytic IM nail DOD 6 2.7 443 16 45.8
56 CUP Femoral shaft Lytic IM nail DOD 15 10.8 0 19.5 36.1

CUP: Cancer of unknown primary; DKK1: dickkopf-1; BMP6: bone morphogenetic protein 6; IM nail: intermedullary nail; AWD: alive with disease;
BHA: bilateral head arthroplasty; DOD: died from disease; SOST: sclerostin.

correlation (Figure 3B; r=0.25). Additionally, DDK1
and BMP6 positivity showed a moderately negative
correlation (Figure 3C; r=-0.34). No relationship was
observed between SOST and Ki67 positivity (Figure 3D;
r=-0.14). DKK1 and Ki67 positivity exhibited a weak
positive correlation (Figure 3E; r=0.24). The survival rate
at one year after diagnosis was 72.9% (Figure 4).

Discussion

Serum SOST levels are often elevated in patients with
osteolytic malignancies and thus may serve as predictive
biomarkers for the potential efficacy of SOST-directed
antibody treatments (25). However, the role of SOST
in osteolytic metastatic bone tumors is currently not
fully understood. Therefore, the present study used
immunostaining to investigate the roles of SOST, DKK1,
and BMP6 in metastatic bone tumors.

Both SOST and DKK1 inhibit bone formation by
suppressing Wnt signaling (26). Specifically, SOST is
expressed mainly in osteocytes and inhibits signaling by
binding to Wnt co-receptors, such as LRP5/6 (27). DKK1
similarly binds to LRP5/6 as a target receptor but inhibits
Wntssignaling via a Kremen-mediated, clathrin-dependent
endocytic pathway (28). DKK1 also inhibits the formation
of the Wnt-Frizzled complex, whereas SOST interferes
with the nuclear translocation of $-catenin following its
cytoplasmic accumulation (29).

Recent studies have reported increased SOST secretion
by breast cancer cells and highlighted its potential as a
therapeutic target for cancer-induced bone diseases (20,
30).

SOST is overexpressed in breast cancer cells and
promotes tumor cell migration and invasion. This
accelerates bone metastasis and osteolysis (31). However,
serum SOST levels have not been shown to serve as
reliable biomarkers for visceral or bone metastases
originating from renal cancer (32). It has also been noted
that SOST may promote bone invasion in some tumors,
such as oral squamous cell carcinoma (33). These studies
indicate that SOST is not only a diagnostic marker for bone
tumors but also an important therapeutic target.

In the present study, the SOST- and DKK1-positive
cell rates were 7.3% and 27.4%, respectively, with a
moderately negative correlation observed between the
two (r=-0.45). These findings suggest that SOST and
DKK1 may play distinct roles in remodeling the bone
microenvironment.

Ithas been suggested that SOST indirectly suppresses
BMP signaling in general, including that of BMP6 (16).
Specifically, it has been reported that SOST inhibits
the Wnt pathway, thereby weakening BMP6-mediated
effects on osteoblast differentiation and bone formation
(34). In the present study, we observed a weak positive
correlation between SOST and BMP6 positivity (r=0.25).
A moderately negative correlation (r=-0.34) was also
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Figure 3. Correlation between the positive rates of each molecule. (A) Moderate negative correlation is observed between sclerostin (SOST) and
dickkopf-1 (DKK1) positivity rates (r=-0.45). (B) Weak positive correlation is observed between SOST and bone morphogenetic protein 6 (BMP6)
positivity rates (r=0.25). (C) Moderately negative correlation is observed between DKK1 and BMP6 positivity rates (r=-0.34). (D) No correlation is
observed between SOST and Ki67 positivity rates (r=-0.14). (E) Weak positive correlation is observed between DKK1 and Ki67 positivity rates (r=0.24).

observed between DKK1 and BMP6. These findings
suggest that SOST may stimulate the production of
BMP6 in the local microenvironments of metastatic
bone tumors, potentially promoting bone formation.
Conversely, DKK1 may suppress BMP6 production and
promote bone resorption.

Ki67 is a marker of cell proliferation, and previous
reports suggest that tumor cells expressing high levels
of both Ki67 and SOST may exhibit greater proliferative

potential (35). However, in the present study, no
correlation was found between SOST and Ki67 expression
(r=-0.14). In contrast, a weak positive correlation
was found between DKK1 and Ki67 (r=0.24). These
findings suggest that DKK1 may be involved in tumor
growth within the bone microenvironment of osteolytic
metastatic bone tumors.

Typically, treatment for this condition is individually
tailored, as these patients are in the terminal disease
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Figure 4. Postoperative survival rates are shown using the Kaplan-Meier
method. The one-year survival rate after surgery is 72.9%.

stage (36, 37). In terms of overall patient survival,
1-year survival rates reported in the literature range
from 42 to 75% (38, 39). Melanoma bone metastases
are associated with a very poor 1-year survival rate of
approximately 10%, with bone metastases significantly
worsening overall prognosis (40). In contrast, prostate
and breast cancers may allow relatively long-term
survival even after bone metastasis, with 1-year survival
rates varying substantially depending on the primary
tumor type, treatment options, and overall disease
status (41, 42). Recently, there was growing anticipation
for early interventions utilizing immunotherapy, tumor
microenvironment-targeted therapies, and novel
technologies leveraging artificial intelligence (42).

We believe that the results of this study are in line
with the findings of previous reports and can be applied
to metastatic bone tumors in general.

Study limitations. First, the sample size was small, with
only nine patients included, which limits the statistical
power and generalizability of the findings. Second, the
cohort was heterogeneous with regard to the primary
tumor origin, as patients with metastatic bone tumors
from various primary sites were analyzed together,
potentially introducing confounding factors related to
tumor biology. Third, the retrospective nature of the
study may have introduced selection bias and limited the
control over data collection and patient follow-up. Fourth,
the immunohistochemical evaluation was performed
using a semi-quantitative method, which may be subject

to observer variability and may not fully capture subtle
differences in protein expression levels. Fifth, the study did
not investigate the relationships between the molecular
findings (such as sclerostin, DKK1, and BMP6 expression)
and detailed clinical parameters or patient outcomes,
which restricts the ability to draw conclusions regarding
the clinical significance of these biomarkers. Additionally,
the relatively short and variable follow-up periods among
patients may have impacted the assessment of long-term
outcomes. Finally, as the study was conducted at a single
institution, the results may not be broadly applicable to
other populations or clinical settings.

To address the limitations of the present study,
future research should focus on conducting prospective,
multicenter studies with larger and more homogeneous
patient cohorts to enhance the statistical power and
generalizability of the findings. Standardizing the
primary tumor types included in the analysis will
help minimize heterogeneity and clarify the specific
roles of sclerostin, DKK1, and BMP6 in different tumor
backgrounds. Implementing fully quantitative and
automated immunohistochemical evaluation methods
can reduce observer bias and improve the accuracy and
reproducibility of protein expression measurements.
Furthermore, integrating detailed clinical data and
longitudinal follow-up will enable the investigation of
correlations between molecular findings and patient
outcomes, such as response to therapy and survival.
Expanding the analysis to include additional molecular
markers and functional assays may also provide deeper
insights into the underlying mechanisms of bone
remodeling in metastatic bone tumors. Ultimately,
such comprehensive approaches will facilitate the
identification of novel therapeutic targets and the
development of more effective, personalized treatment
strategies for patients with osteolytic bone metastases.

Conclusion

Our findings suggest that SOST may play a role in bone
formation within the bone microenvironments of
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osteolytic metastatic bone tumors. The development of
therapeutic strategies targeting this molecule may be
crucial for the future treatment of metastatic bone tumors.
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