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Abstract
The secreted protein sclerostin is primarily produced by osteocytes and suppresses 
osteoblast differentiation and function by inhibiting the canonical Wnt signaling path-
way. Genetic and pharmacological inhibition of sclerostin has been shown to increase 
bone formation and an anti- sclerostin antibody has been clinically approved for the 
treatment of osteoporosis. Canonical Wnt signaling is also involved in the progression 
of several types of cancers including breast cancer. Here, we studied the effects of 
sclerostin inhibition on the development of bone metastases of breast cancer using 
mouse models. TOPFLASH assay and real- time PCR analysis of AXIN2, a target of 
canonical Wnt signaling, revealed that, among four cell lines tested, MDA- MB- 231 
human breast cancer cells responded highly to the canonical Wnt ligand Wnt3a, 
whereas other cell lines exhibited marginal responses. Consistent with these results, 
treatment with an anti- sclerostin antibody significantly increased the bone metasta-
ses of MDA- MB- 231 but not those of other breast cancer cells. Immunohistochemical 
studies demonstrated that an anti- sclerostin antibody induced intracellular accumula-
tion of β- catenin in bone- colonized MDA- MB- 231 cells. Suspension culture assays 
showed that Wnt3a accelerated the tumorsphere formation of MDA- MB- 231 cells, 
whereas monolayer cell proliferation and migration were not affected. Furthermore, 
the numbers of osteoclasts and their precursor cells in bone metastases of MDA- 
MB- 231 were significantly increased in mice treated with an anti- sclerostin antibody. 
These results collectively suggest that sclerostin blockade activates canonical Wnt 
signaling in ligand- responsive breast cancer cells metastasized to bone, thereby in-
creasing bone metastases, likely to have been mediated at least in part by enhancing 
stem cell- like properties of cancer cells and osteoclastogenesis.
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1  |  INTRODUC TION

Sclerostin, the Sost gene product, is a secreted protein that acts as 
an inhibitor of canonical Wnt signaling by binding to the Wnt co- 
receptors LRP5/6.1,2 Sclerostin is predominantly expressed by os-
teocytes and physiologically regulates bone metabolism, especially 
suppressing bone formation. These findings indicate that the inhi-
bition of sclerostin leads to activating canonical Wnt signaling, re-
sulting in an increase in bone formation. In fact, Sost- deficient mice 
exhibited a marked increase in bone volume caused by enhanced 
bone formation.3 Neutralizing monoclonal antibodies (mAbs) against 
sclerostin have been proven to increase bone mass in both experi-
mental animals and humans.4 Recently, romosozumab, a humanized 
anti- sclerostin antibody, was clinically approved for the treatment of 
postmenopausal osteoporosis.2

Bone is one of the most frequent target organs for breast cancer 
metastasis.5 Accumulating evidence suggests that the initiation and 
progression of bone metastases are largely regulated by the bone 
microenvironment.5 The canonical Wnt pathway has been sug-
gested to be involved in various aspects of the progression of sev-
eral types of cancers, including metastasis.6,7 Considering the fact 
that canonical Wnt signaling plays critical roles in bone metabolism,8 
cancer cells colonized in bone are most likely to be under the influ-
ence of a similar environment. These findings led us to hypothesize 
that sclerostin blockade promotes bone metastases by enhancing 
canonical Wnt signaling in cancer cells. However, to date, the effects 
of sclerostin on bone metastases of breast cancer are still unclear.9,10

Thus, in the present study, we examined the effects of sclerostin 
inhibition on bone metastases of breast cancer using animal models 
with an anti- sclerostin antibody and Sost- deficient mice. The results 
showed that treatment with an anti- sclerostin antibody specifically 
increases bone metastases of breast cancer cells that can respond to 
canonical Wnt ligands.

2  |  MATERIAL S AND METHODS

2.1  |  Antibodies and reagents

The anti- sclerostin antibody romosozumab and recombinant mouse 
Wnt3a were purchased from Amgen and BioLegend, respectively. 
All other reagents used in this study were purchased from Sigma- 
Aldrich or FUJIFILM Wako Pure Chemical Corporation unless oth-
erwise specified.

2.2  |  Cell cultures

The mouse breast cancer cell line 4T1 was a generous gift from Dr. 
Fred R. Miller (Michigan Cancer Foundation).11 E0771/Bone, a highly 
bone metastatic clone of the mouse breast cancer cell line E0771, 
was established from parental E0771 cells (CH3 Biosystems) by se-
rial in vivo selection as described previously.12 Human breast cancer 

cell lines MDA- MB- 231 and MCF- 7 and the rat osteosarcoma cell 
line UMR- 106 were purchased from the ATCC. Cells were cultured in 
DMEM (FUJIFILM Wako Pure Chemical Corporation) supplemented 
with 10% FBS (Mediatech) and 100 μg/mL kanamycin sulfate (Meiji 
Seika Pharma) and were maintained in a humidified atmosphere of 
5% CO2 in air at 37°C.

2.3  |  T- cell factor luciferase reporter assay

T- cell factor reporter plasmid TOPFLASH (Upstate Biotechnology) 
and Renilla luciferase control reporter plasmid (pRL- TK, Promega) 
were co- transfected into tumor cells plated in 24- well plates using 
TransIT- LT1 transfection reagent (TaKaRa Bio) in accordance with 
the manufacturer's instructions. Wnt3a (50 ng/mL) was added 24 h 
later and the cells were cultured for an additional 24 h. Luciferase ac-
tivity was measured using a Dual- Luciferase Reporter Assay System 
(Promega). All data were normalized to Renilla luciferase controls. 
Data are expressed as the fold changes compared with the controls. 
Each assay was conducted in quadruplicate.

2.4  |  Cell proliferation in monolayer cultures

Cell proliferation in monolayer cultures was determined using a 
WST- 8 assay as described previously.12,13 The cells were cultured in 
the presence or absence of Wnt3a (50 ng/mL) for 48 and 72 h. Data 
are expressed as fold changes in absorbance relative to the control 
at 48 h. Each assay was conducted in quadruplicate.

2.5  |  Wound healing assay

The wound healing assay was performed as described previously.13 
Data are expressed as the percentage of the filled wound area, which 
was calculated as follows: filled wound area (%) = (original wound 
area − remaining wound area)/original wound area × 100. Each assay 
was performed in triplicate.

2.6  |  Tumorsphere formation

Tumorsphere formation was assessed as previously described.12,13 
After cultivation for 6 days, the number of tumorspheres with a di-
ameter of >200 μm was counted using light microscopy. Data are 
expressed as the number of tumorspheres/well. Each assay was per-
formed in triplicate.

2.7  |  RT- PCR

RT- PCR was performed as described previously.12 Primer se-
quences and product sizes are listed in Tables S1 and S2. The sizes 
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of the fragments were confirmed by reference to a 100- bp DNA 
ladder.

2.8  |  Real- time RT- PCR

Real- time RT- PCR was performed as described previously.12,13 
Primer sequences were as follows: mouse Axin2, ATGTC CTG TCT 
GCC AGC GTTC/CAAGC ACT AGC CAG TGG GTCAA; mouse β- actin, 
CTAAG GCC AAC CGT GAAAAG/ACCAG AGG CAT ACA GGGACA; 
human AXIN2, GATAT CCA GTG ATG CGCTGA/ACTGC CCA CAC GAT 
AAGGAG; human DKK1, CAGGC GTG CAA ATC TGTCT/AATGA TTT 
TGA TCA GAA GAC ACACATA; human β- actin, CCAAC CGC GAG AAG 
ATGA/CCAGA GGC GTA CAG GGATAG, rat Sost, GGAAC TAG AGA 
ACA ACC AGACCA/GCTGT ACT CGG ACA CGT CTTT, rat β- actin, 
CCCGC GAG TAC AAC CTTCT/CGTCA TCC ATG GCG AACT. Melting 
curve analysis was performed to determine the melting tempera-
tures of the amplified products and exclude undesired primer di-
mers. Quantification was normalized using β- actin as a reference 
gene. Expression levels of the specific genes are indicated as fold 
changes compared with the controls.

2.9  |  Animal experiments

BALB/c (female, 6- week- old), C57BL/6 (female, 8- week- old), and 
athymic nude (female, 6- week- old) mice were purchased from Japan 
SLC. Sost- Green reporter mice were generated, in which the 184- bp 
Sost coding sequence in exon 1 was replaced with ZsGreen coding 
sequence.14 Homozygous SostGreen/Green mice on a C57BL/6 back-
ground were used as Sost- deficient mice. 4T1 and MDA- MB- 231 cells 
were inoculated into BALB/c and athymic nude mice, respectively. 
E0771/Bone cells were inoculated into wild- type (WT) C57BL/6 or 
Sost- deficient mice. All animal experiments were approved by the 
Animal Management Committee of Matsumoto Dental University. 
The number of mice used in each experiment is described in the fig-
ure legends.

2.9.1  |  Effects of anti- sclerostin antibody on bone 
volume in nontumor- bearing mice

Mice received subcutaneous injections of anti- sclerostin antibody 
(25 mg/kg) twice a week for 4 weeks.15

2.9.2  |  Effects of anti- sclerostin antibody on 
mammary tumor formation

Mice received an intramammary injection of tumor cells (1 million 
cells/0.1 mL PBS/mouse).12,13 The administration of anti- sclerostin 
antibody (25 mg/kg, s.c., twice a week) was started 1 week before 

tumor inoculation, and mice were sacrificed 4 weeks after cell inocu-
lation. Tumor volume was estimated using the following equation: 
Tumor volume (mm3) = (length) × (width)2 × 0.5.

2.9.3  |  Effects of anti- sclerostin antibody on 
bone metastases

Tumor cells (0.2 million cells/0.1 mL PBS/mouse) were inoculated 
through the caudal artery as described previously.16 Treatment 
with the anti- sclerostin antibody (25 mg/kg, s.c., twice a week) was 
started 1 week before tumor inoculation. Mice inoculated with 4T1 
and E0771/Bone were sacrificed 2 weeks after the cell inoculation. 
Mice inoculated with MDA- MB- 231 were sacrificed at 3 weeks.

2.9.4  |  Bone metastases and mammary tumor 
formation in Sost- deficient mice

For the bone metastases experiment, Sost- deficient mice were 
inoculated with E0771/Bone cells (0.2 million cells/0.1 mL PBS/
mouse) through the caudal artery and were sacrificed at 2 weeks. 
For the mammary tumor formation experiment, Sost- deficient mice 
received an intramammary injection of E0771/Bone cells (1 million 
cells/0.1 mL PBS/mouse) and were sacrificed at 4 weeks.

2.10  |  Histological and histomorphometric analysis

Paraffin sections were prepared using conventional methods and 
were stained with H&E.

2.10.1  |  Enzyme histochemistry

Tartrate- resistant acid phosphatase, a marker enzyme for osteo-
clasts, was detected as described previously.12 The slides were coun-
terstained with hematoxylin. Data were expressed as the number 
of TRAP- positive osteoclasts/mm bone surface or the number of 
TRAP- positive cells/mm2 tumor area.

2.10.2  |  Immunohistochemistry

Dewaxed paraffin sections were quenched with 0.3% hydrogen 
peroxide in methanol and blocked with 3% bovine serum albumin 
in PBS. For anti- sclerostin immunohistochemistry, antigen re-
trieval was performed using proteinase K (20 μg/mL) for 15 min at 
room temperature.17 The sections were incubated with goat anti- 
sclerostin antibody (AF1589, R&D Systems) or rabbit anti- β- catenin 
antibody (sc- 7199, Santa Cruz Biotechnology) overnight at 4°C, and 
then treated with a Histofine Simple Stain Kit (Nichirei Biosciences) 
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for 60 min at room temperature. Chromogen was developed using 
DAB Liquid System (Dako). The slides were counterstained with 
hematoxylin.

2.10.3  |  Histomorphometry

Histomorphometric analysis of tumor burden in bone was con-
ducted as described previously.12,13 Data are expressed as the tumor 
area (mm2).

2.11  |  Micro- computed tomography (μCT) analysis

The undecalcified femurs were subjected to μCT analysis using 
microfocus X- ray computed tomography (ScanXmate- A080; 
Comscantecno). The reconstruction of three- dimensional digital im-
ages and the calculation of trabecular bone volume/tissue volume 
(BV/TV) were conducted using TRI/3DBON software (Ratoc System 
Engineering).

2.12  |  ELISA

Bone marrow fluid was collected from femurs and tibiae with 1 mL 
PBS.14 Concentrations of sclerostin in plasma and bone marrow fluid 
were determined using ELISA kits (R&D systems) in accordance with 
the manufacturer's instructions.

2.13  |  Statistical analysis

Data are expressed as the mean ± SEM. Significance was analyzed 
using Student's t- test or Welch's t- test (Mini StatMate; ATMS). One- 
way ANOVA followed by Tukey's test was used when more than 
two groups were compared. p- values < 0.05 were considered to be 
significant.

3  |  RESULTS

3.1  |  Responsiveness of breast cancer cells to 
canonical Wnt stimulation

We first examined the responsiveness of breast cancer cells to a ca-
nonical Wnt ligand Wnt3a using a TOPFLASH assay and real- time 
PCR analysis of AXIN2, a target gene of canonical Wnt signaling.18 
Wnt3a markedly increased TOPFLASH activity and AXIN2 mRNA 
expression in MDA- MB- 231 cells but only marginally affected those 
in other cells (Figure 1). The mRNA expression of Wnt ligands, recep-
tors, and inhibitors in the breast cancer cells was determined using 
conventional RT- PCR analysis (Figure 2).

3.2  |  Effects of sclerostin inhibition 
on the development of mammary tumors and 
bone metastases

In vivo experiments were conducted using 4T1, E0771/Bone, and 
MDA- MB- 231 cells because the tumorigenicity and bone metastatic 
potential are not high enough in MCF- 7 cells.19,20

To determine the effects of sclerostin inhibition on the de-
velopment of mammary tumors and bone metastases in vivo, we 
first used a pharmacological approach. Treatment with an anti- 
sclerostin antibody showed no significant effect on the growth 
of all tumors studied in the mammary fat pads (Figure 3A– C). The 
development of bone metastases of 4T1 and E0771/Bone was also 
not affected by the antibody (Figure 4A,B). In contrast, bone me-
tastases formation of MDA- MB- 231 was significantly accelerated 
in mice receiving anti- sclerostin antibody (Figure 4C). We then 
conducted similar experiments by inoculating E0771/Bone cells 
of C57BL/6 origin into syngeneic Sost- deficient mice. Consistent 
with the results obtained using the anti- sclerostin antibody, the 
development of both mammary tumors and bone metastases of 
E0771/Bone was not different between WT and Sost- deficient 
mice (Figures 3D and 4D).

F I G U R E  1  Responsiveness of breast 
cancer cells to Wnt3a determined using a 
TOPFLASH assay (A) and real- time PCR 
analysis of AXIN2 (B). Data are expressed 
as fold changes compared with the Wnt3a 
(−) control in each cell line. ***p < 0.001, 
**p < 0.01, *p < 0.05 compared with each 
control.
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To confirm whether sclerostin inhibition activated canonical Wnt 
signaling in bone- colonized cancer cells, the expression of β- catenin 
was examined by immunohistochemistry. In the canonical Wnt path-
way, Wnt ligands cause the cytoplasmic accumulation of β- catenin, 
which translocates to the nucleus to induce the expression of target 
genes.8 Although no evident nuclear localization was seen, cytoplas-
mic accumulation of β- catenin was found in MDA- MB- 231 cells in 
mice treated with the anti- sclerostin antibody but not in 4T1 and 
E0771/Bone cells (Figure 4E).

3.3  |  Effects of Wnt3a on cell proliferation, wound 
healing, and tumorsphere formation in vitro

To explain the mechanisms by which canonical Wnt signals enhanced 
the development of bone metastases of MDA- MB- 231 cells, the ef-
fects of Wnt3a on cell proliferation, migration, and tumorsphere 
formation were evaluated in vitro. Wnt3a exhibited no effects on 
monolayer cell proliferation and migration of MDA- MB- 231 cells de-
termined using a WST- 8 assay and wound healing assay (Figure S1); 

F I G U R E  2  RT- PCR analysis of mRNA 
expression of Wnt ligands (A), receptors 
(B), and inhibitors (C) in breast cancer 
cells (30 cycles for all analyses except for 
25 cycles for GAPDH).
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however, tumorsphere formation was significantly increased by 
Wnt3a (Figure 5A).

We also found that the anti- sclerostin antibody treatment in-
creased the number of TRAP- positive osteoclasts and their precur-
sor cells on bone surfaces and in tumor nests in bone metastases 
of MDA- MB- 231 (Figure 5B). Real- time PCR analysis showed that 
Wnt3a increased the expression of DKK1, a target of canonical Wnt 
signaling,18 in MDA- MB- 231 cells (Figure 5C).

3.4  |  Effects of tumor burden on the expression of 
sclerostin in mice

We finally studied the local and systemic effects of tumor burden on 
sclerostin expression in mice. The concentration of mouse sclerostin 
in plasma measured using ELISA was not changed in mice bearing 
mammary tumors and bone metastases (Figure 6A). Conversely, 
mammary tumor burden significantly reduced the sclerostin con-
centration in bone marrow fluid, but bone metastases exerted no 
effects (Figure 6A).

To examine if these changes were caused by tumor cells, UMR- 
106 rat osteosarcoma cells, which constitutively express Sost,14 
were cultured with tumor conditioned medium. Real- time PCR anal-
ysis showed that the conditioned medium markedly downregulated 
Sost mRNA expression (Figure 6B). The effects were equivalent to 
or more potent than the positive control PTHrP.21 Conventional RT- 
PCR analysis showed that all tested cancer cells expressed PTHrP 
mRNA (Figure 6C). Immunohistochemical analysis demonstrated 
that the expression of sclerostin in osteocytes in cortical bone was 
markedly decreased in areas adjacent to cancer cells colonized in 
bone compared with those adjacent to neighboring normal bone 
marrow (Figure 6D).

4  |  DISCUSSION

The main action of sclerostin is thought to be the inhibition of ca-
nonical Wnt signaling.1 If this is true, the principal mechanism of ac-
tion of anti- sclerostin treatment is the reactivation of the canonical 
Wnt pathway. To date, several papers have reported the effects of 
genetic or pharmacologic blockade of sclerostin on bone metastases 
of breast cancer and multiple myeloma in mice.9,10,22,23 Considering 
that bone formation was increased by sclerostin inhibition, canoni-
cal Wnt signaling was activated in the bone microenvironment in 
these models. However, whether the signal was transduced into 
tumor cells remained undetermined. Therefore, we examined the 
responsiveness of breast cancer cells to the canonical Wnt ligand 
Wnt3a and found it greatly variable among the cell lines (Figure 1). 
MDA- MD- 231 cells were highly responsive to Wnt3a stimulation 
but the others were not. Furthermore, the anti- sclerostin antibody 
induced intracellular accumulation of β- catenin in MDA- MB- 231 
cells (Figure 4E), suggesting that antibody treatment activated the 
canonical Wnt signaling in MDA- MB- 231 cells metastasized to bone. 
These results agreed with the finding that the treatment with anti- 
sclerostin antibody increased only the bone metastases of MDA- 
MB- 231 (Figure 4A– C). Of note, a previous similar study done by 
Hesse et al. reported that an anti- sclerostin antibody decreased the 
bone metastatic tumor burden of MDA- MB- 231.10 The reasons for 
this discrepancy are unclear, although the experimental protocols 
are somewhat different between the two studies. One definite dif-
ference is the antibodies used: we used a humanized mAb romo-
sozumab, whereas Hesse et al. used a fully human mAb setrusumab 
(BPS804).24 Another important difference is the treatment sched-
ules. We started the treatment 1 week before tumor cell inoculation, 
whereas Hesse et al. started treatment 2 weeks after inoculation. Our 
protocol might work efficiently to facilitate the initial development 

F I G U R E  3  Effects of sclerostin 
inhibition on tumor growth in the 
orthotopic mammary fat pads. (A– C) 
Effects of the anti- sclerostin antibody (Ab) 
on the growth of 4T1 (A, n = 5), E0771/
Bone (B, n = 6), and MDA- MB- 231 (C, 
n = 8) tumors in the mammary fat pads. 
(D) Tumor growth of E0771/Bone in the 
mammary fat pads in Sost- deficient mice 
(n = 8). Data are expressed as tumor 
volume (mm3). *p < 0.05.



2466  |    HIRAGA et al.

of bone metastases of MDA- MB- 231 by preparing a canonical Wnt 
ligand- rich premetastatic bone microenvironment. In contrast with 
bone metastases, the anti- sclerostin antibody given using a similar 
protocol did not affect the progression of mammary tumors, which is 
likely to have been due to low systemic levels of sclerostin compared 
with bone marrow (Figure 6A). Our data implicated that the use of 

an anti- sclerostin antibody in osteoporotic patients with a history of 
breast cancer should be considered with caution.

To understand the reason for the variation in responsiveness to 
the canonical Wnt ligand Wnt3a among the cell lines, the expression 
of Wnt ligands, receptors, and inhibitors was examined (Figure 2). 
Even though the expression patterns and levels were different, all 

F I G U R E  4  Effects of sclerostin inhibition on the development of bone metastases. (A– C) Effects of the anti- sclerostin antibody (Ab) on 
bone metastases of 4T1 (A, n = 9), E0771/Bone (B, n = 8), and MDA- MB- 231 (C, n = 6). (D) Bone metastases of E0771/Bone in Sost- deficient 
mice (n = 10). Representative histologic views of bone metastases are shown on the left (H&E staining; T, tumor; BM, bone marrow; scale 
bars = 500 μm). Data are expressed as tumor area (mm2). **p < 0.01. (E) Immunohistochemical study of β- catenin in bone metastases of 
MDA- MB- 231, 4T1, and E0771/Bone treated without or with anti- sclerostin antibody (scale bars = 100 μm).
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cell lines expressed several kinds of Wnt receptors. It is currently 
unknown which molecules determine the responsiveness to Wnt3a. 
Any other downstream signaling molecules of the canonical Wnt 

pathway may also play a key role. Since none of the tumor cells ex-
pressed SOST mRNA (Figure 2C), it is unlikely that sclerostin acted 
in an autocrine manner in these tumor cells. Further studies are 

F I G U R E  5  (A) Effects of Wnt3a on tumorsphere formation of MDA- MB- 231 cells in suspension culture. Representative microscopic 
images are shown at the top (scale bar = 500 μm). Data are expressed as the number of tumorspheres/well. (B) Effects of the anti- sclerostin 
antibody (Ab) on the number of TRAP- positive osteoclasts at the tumor- bone interface and TRAP- positive osteoclast precursor cells 
in tumor nests in bone metastases of MDA- MB- 231. Representative histologic views are shown at the top (TRAP staining; T, tumor; 
scale bar = 200 μm). Data are expressed as the number of TRAP- positive osteoclasts/mm bone surface (Ocls/mm BS) or the number of 
TRAP- positive cells/mm2 tumor area (TPCs/ mm2 tumor area). (C) Effects of Wnt3a on mRNA expression of DKK1 in MDA- MB- 231 cells 
determined by real- time RT- PCR analysis. Data are expressed as fold changes compared with the control. *p < 0.05.

F I G U R E  6  Effects of tumor burden 
on the sclerostin production and 
expression in mice. (A) The concentration 
of sclerostin in plasma and bone marrow 
fluid in mice bearing mammary tumors 
and bone metastases as determined using 
ELISA (n = 4). ***p < 0.001, **p < 0.01 
compared with each control. (B) Relative 
mRNA expression of Sost in UMR- 106 
cells treated with conditioned medium 
from breast cancer cells or PTHrP (1 μg/
mL) determined by real- time RT- PCR. Data 
are expressed as fold changes compared 
with the control. ***p < 0.001 compared 
with the control. (C) RT- PCR analysis of 
mRNA expression of PTHrP in breast 
cancer cells (30 cycles for PTHrP, 25 cycles 
for GAPDH). (D) Immunohistochemical 
analysis of the sclerostin expression 
in bone metastases of breast cancer. 
The dotted lines indicate the border 
between metastatic tumor nests (T) and 
adjacent normal bone marrow (BM) (scale 
bars = 200 μm).
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needed to predict the responsiveness of breast cancer cells to ca-
nonical Wnt ligands.

Consistent with previous reports,25 Wnt3a significantly en-
hanced the tumorsphere formation of MDA- MB- 231 cells in sus-
pension culture (Figure 5A). Tumorsphere- forming ability is widely 
accepted as a property of cancer stem- like cells.26 Our previous 
studies suggested that cancer stem- like cells have higher bone met-
astatic potential.13,27 Thus, sclerostin blockade probably increased 
bone metastases of MDA- MB- 231, at least in part, by enhancing 
cancer stem- like properties through the activation of canonical Wnt 
signaling.

The histological study showed that the number of TRAP- positive 
osteoclasts and their precursor cells was increased in bone metas-
tases of MDA- MB- 231 in mice treated with anti- sclerostin antibody 
(Figure 5B). Because osteoclastic bone destruction plays critical roles 
in the development and progression of bone metastases,5 the pro-
motion of osteoclastogenesis is another possible mechanism for en-
hanced bone metastasis formation by sclerostin inhibition. Our data 
also showed that Wnt3a increased the mRNA expression of DKK1 in 
MDA- MB- 231 cells (Figure 5C). DKK1 has been shown to decrease 
the expression and production of osteoprotegerin,28,29 a potent in-
hibitor of osteoclast differentiation,30 in osteoblastic cells, which 
may account for the increased number of osteoclastic cells caused 
by treatment with the anti- sclerostin antibody. A report by Johnson 
et al.31 that Wnt3a increased the expression of PTHrP, a potent stim-
ulator of osteolysis, in MDA- MB- 231 cells also supports our results.

Some molecules, such as PTH, PTHrP, and PGE2 are known to 
downregulate sclerostin expression.1 PTHrP was expressed in 4T1, 
E0771/Bone, and MDA- MB- 231 cells (Figure 6C). 4T1 and MDA- 
MB- 231 cells were also shown to produce PGE2.32,33 Consistent with 
these findings, conditioned medium from these cancer cells mark-
edly decreased sclerostin expression in UMR- 106 cells (Figure 6B). 
Furthermore, the sclerostin concentration in bone marrow was 
significantly reduced in mice bearing mammary tumors (Figure 6A). 
These results suggest that the soluble factors, including PTHrP and 
PGE2, derived from the tumors decreased sclerostin production in 
bone (Figure 6A). Immunohistochemical analysis also revealed that 
the osteocytes adjacent to metastatic cancer cells lost sclerostin ex-
pression (Figure 6D). Nevertheless, the sclerostin concentrations in 
plasma and bone marrow in mice with bone metastases remained 
unchanged (Figure 6A). The tumor burden in bone, which was much 
smaller than mammary tumors and mostly localized only in the distal 
part of the femurs and the proximal part of the tibias, might not be 
high enough to significantly change the sclerostin levels in plasma 
and whole bone marrow. Feedback mechanisms also might work to 
maintain the sclerostin levels.

One issue of the current study we are aware of is that the anti- 
sclerostin antibody romosozumab used in this study is a humanized 
mAb. The use of this antibody in mice may develop an anti- human 
antibody response, thereby causing inactivation and elimination of 
the antibody from the blood, resulting in loss of therapeutic effi-
cacy or adverse effects.4 Romosozumab was shown to have the 
ability to neutralize mouse sclerostin as well as human sclerostin 

in vitro.34 Several studies have so far used romosozumab in rodent 
studies and showed that romosozumab increased bone volume.35– 37 
Furthermore, our preliminary study demonstrated that romo-
sozumab markedly increased bone volume in all species of mice 
used in this study (Figure S2). No obvious adverse reactions were 
observed in any mice receiving romosozumab in our study. It is thus 
likely that romosozumab exerts its own biological effects in mice at 
least in relatively short- term experiments.

A limitation of this study is that MDA- MB- 231 cells could not 
be tested in Sost- deficient mice. This was because human- derived 
MDA- MB- 231 cells are not tumorigenic in Sost- deficient mice with 
an immunocompetent C57BL/6 background. Because immunodefi-
cient nude mice were used for experiments with MDA- MB- 231 cells, 
the immunocompromised host microenvironment may also need to 
be taken into consideration when interpreting the effects of scleros-
tin blockade. In this context, several studies have suggested that the 
activation of canonical Wnt signaling is associated with an immuno-
suppressive microenvironment in various types of cancer.38,39

In conclusion, our results collectively suggested that sclerostin 
blockade enhances canonical Wnt signaling in ligand- responsive 
breast cancer cells colonized in bone, thereby increasing bone me-
tastases, probably mediated, at least in part, by promoting stem cell- 
like properties of cancer cells and osteoclastogenesis. Caution may 
be necessary when anti- sclerostin therapy is given to osteoporotic 
patients with a history of breast cancer. A screening method needs 
to be developed to predict the responsiveness of breast cancer cells 
to canonical Wnt ligands.
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