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Abstract 

Rationale: Bone is the most frequent site for breast cancer metastasis, which accounts for the leading 
cause of death in advanced breast cancer patients. Serious skeletal-related events (SREs) caused by bone 
metastasis have a decisive impact on the life expectancy of breast cancer patients, making breast cancer 
almost incurable. Metastatic breast cancer cell induced pathological osteoclastogenesis is a key driver of 
bone metastasis and osteolytic bone lesions. We previously reported that gold clusters can prevent 
inflammation induced osteoclastogenesis and osteolysis in vivo. In this study, we investigated the effects of 
a BSA-coated gold cluster on metastatic breast cancer-induced osteoclastogenesis in vitro and 
tumor-induced osteolysis in vivo, and elucidated its possible mechanism. 
Methods: Breast cancer cell line MDA-MB-231 was used to evaluate the regulatory effects of gold 
clusters on breast cancer metastasis and tumor induced osteoclastogenesis in vitro. Cell counting kit-8, 
transwell, wound-healing and colony formation assays were performed to evaluate the effect of gold 
clusters on proliferation and metastasis of MDA-MB-231 cells. Tartrate-resistant acid phosphatase 
(TRAP) staining and filamentous-actin rings analysis were used to detect the regulatory effects of gold 
clusters on MDA-MB-231 cell-conditioned medium (MDA-MB-231 CM) triggered and receptor activator 
of nuclear factor-κB ligand (RANKL)-induced osteoclastogenesis in mouse bone marrow-derived 
mononuclear cells (BMMs). A mouse model of breast cancer bone metastasis was used to evaluate the in 
vivo activity of the gold cluster on the tumor induced osteolysis. 
Results: The gold clusters suppressed the migration, invasion and colony formation of MDA-MB-231 
cells in a dose-dependent manner in vitro. The gold clusters strongly inhibited both MDA-MB-231 CM 
triggered and RANKL-induced osteoclast formation from BMMs in vitro. Cell studies indicated that the 
gold clusters suppressed the expression of osteolysis-related factors in MDA-MB-231 cells and inhibited 
the subsequent activation of NF-κB pathway in BMMs. Treatment with the clusters at a dose of 10 mg 
Au/kg.bw significantly reduces the breast cancer cell induced osteolysis in vivo.  
Conclusion: Therefore, the gold clusters may offer new therapeutic agents for preventing breast cancer 
bone metastasis and secondary osteolysis to improve patient outcomes. 
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Introduction 
Breast cancer is the most prevalent malignant 

tumor and the leading cause of cancer deaths among 
females [1]. Although local control of the primary site 
of breast cancer has recently been improved through 
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early diagnosis and appropriate treatment, metastases 
led to 80% of cancer-associated death [2]. Recent 
advances in cancer treatment have increased patients’ 
life expectancy, but conversely increased the risk of 
bone metastasis [3]. Bone is the most frequent site of 
metastasis in breast cancer patients, and bone 
metastasis occur in up to 75% of patients with 
advanced breast cancer [4,5]. Bone metastases 
secondary to breast cancer can induce severe 
skeletal-related events (SREs), which will shorten 
patients’ life expectancy to only several years, 
including pathological fractures, spinal cord 
compression, humoral hypercalcemia of malignancy 
(HHM), and pain [6]. There is still lacking of ideal 
solution in preventing breast cancer bone 
metastasizing. The current method is surgically 
removing the metastatic lesion in bone and combined 
with chemotherapy [7]. However, it is usually 
accompanied by a high risk of perioperative 
complications, and the outcomes are not fully 
satisfactory [8].  

The development of breast cancer bone 
metastases is a complex process involving crosstalk 
between bone-seeking cancer cells and bone cells, 
leading to deregulation of normal bone remodeling 
processes [9-12]. Therefore, it is very important to 
reduce the metastasis of cancer cells and prevent bone 
deterioration synchronously in the course of 
treatment [13]. Chemotherapy is the main approach to 
inhibit the metastasis of cancer cells, but it lacks 
anti-osteolytic activity [14]. Anti-osteoclast 
bisphosphates that widely used in treating cancer 
bone metastasis, significantly reduced SRE risk, but 
did not improve survival in breast cancer patients 
with bone metastases (BCBM) [15]. Furthermore, not 
all breast cancer patients respond to bisphosphonates, 
and severe toxicities preclude the use of 
bisphosphonates, such as renal impairment and 
osteonecrosis of the jaw [16]. Therefore, to suppress 
the breast cancer bone metastasis and the tumor cell 
induced osteolysis, current treatments mainly use 
combination therapy [13]. It could be beneficial to 
develop a reagent that simultaneously suppresses 
tumor induced osteoclastogenesis and cancer cell 
invasion to treat breast cancer bone metastasis.  

In recent years, gold nanomaterials have 
attracted wide attention in various biomedical 
applications due to their biocompatibility, easy 
synthesis, characterization and surface modification, 
as well as their unique physicochemical properties 
[17-19]. In the theranostics of breast cancer metastasis, 
previous research of gold nanomaterials only focused 
on drug delivery, imaging or adjuvant therapy 
[20-22]. However, the intrinsic therapeutic activity of 
gold nanomaterials on breast cancer bone metastasis 

remains unclear to date. Gold clusters prepared by 
biomolecules are novel gold nanomaterials with 
ultrasmall size, good biocompatibility and intrinsic 
biomedical activity, thus exhibited great potentials in 
biomedical applications [18,19]. We have found that 
peptide-coated gold clusters possessed 
osteoclastogenesis inhibitory activity and prevented 
inflammation induced bone destruction effectively in 
vivo [23,24]. Moreover, such gold clusters revealed 
potential anti-tumor activities in certain cancer cells, 
such as cervix carcinoma (Hela), chronic lymphocytic 
leukemia (MEC-1), non-small cell lung carcinoma 
(A549), nasopharyngeal cancer (CNE1), and 
malignant glioblastoma (U87-MG) [25-29]. 
Considering the key role of osteoclast and tumor cell 
activities in bone metastasis of breast cancer, we 
speculate the gold clusters may provide an exciting 
strategy to treat breast cancer bone metastasis. 

Albumin is the most abundant serum protein 
that widely used in applications of nano- 
pharmaceutics for its excellent biocompatibility 
[30-32]. Albumin-bound paclitaxel (Abraxane) has 
been the first nanotechnology-based drug on the 
market, indicating that protein can facilitate the 
clinical transformation of nanomedicine [30]. In this 
study, we use the bovine serum albumin (BSA) to 
synthesize a gold cluster, which has been proved to be 
biocompatible [33-36]. Our results indicated the gold 
cluster effectively inhibited the migration, invasion 
and colony formation of human breast cancer cells 
MDA-MB-231 and tumor-induced osteoclastogenesis 
in vitro. The gold cluster also suppressed the RANKL- 
induced differentiation of osteoclasts from murine 
bone marrow mononuclear cells (BMMs) in vitro. In a 
mouse model of breast cancer bone metastasis, 
treating with the gold cluster markedly ameliorate the 
tumor-induced osteolysis in vivo. These data proved 
the gold clusters can effectively suppress metastatic 
breast cancer-induced osteoclastogenesis and 
osteolysis in vivo, and with activity in preventing the 
migration, invasion and colony formation of breast 
cancer cells. Based on these results, gold cluster may 
provide a promising therapeutic strategy for treating 
breast cancer bone metastasis.  

Methods 
Preparation and characterization of BSA-Au 
clusters 

The BSA-coated gold clusters were prepared as 
we previously reported [33,34]. In brief, 2 mL of 
freshly prepared HAuCl4 aqueous solutions (4.375 
mM) was added into equal volume of BSA solution 
(10 mg/mL) under vigorous stirring, then 0.5 mL of 
0.5 M NaOH was added, and the final mixture was 
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incubated at dark for 12 h. The product was purified 
by using 3000G ultrafiltration (Millpore, MWCO: 30 
K) to remove free BSA and other ions. The BSA-Au 
clusters solution was then filtered by a 0.22 μm 

filtration membrane to eliminate impurities and 
bacteria. The content of Au in the obtained BSA-Au 
clusters was evaluated by inductively coupled plasma 
mass spectrometry (ICP-MS, PerkinElmer). The 
obtained BSA-Au clusters were then characterized by 
transmission electron microscope (TEM, JEOL.). And 
the fluorescence emission and excitation were 
detected with fluorescence spectrometers (Thermo 
Fisher Scientific). Nano Measurer 1.2 software was 
used to analyze the size distribution. The 
hydrodynamic size of obtained BSA-Au clusters was 
characterized by dynamic lighting scattering (DLS) 
(ZEN3700, Malvern, UK). The formula of the clusters 
was detected by matrix assisted laser 
desorption/ionization time of flight mass 
spectrometry (MALDI-TOF-MS) system (ABI) in 
positive ion mode with α-cyano-4-hydroxycinnamic 
acid as matrix. To test the stability of BSA-Au clusters 
in water, saline, DMEM complete medium or α-MEM 
complete medium respectively, the fluorescence 
intensity of the clusters was tested by fluorescence 
spectrophotometer (Thermo Fisher Scientific) over 48 
h at room temperature. 

Cell culture 
Mouse BMMs cells were harvested from the 

femur and tibia of 3-4week female C57-6J mice 
(Beijing Huafukang Bioscience CO. INC), cultured in 
α-minimum Eagle’s medium (α-MEM, Gibco) with 
10% of fetal bovine serum (FBS, Gibco), 1% of 
penicillin-streptomycin solution (Gibco) and 10 ng/ 
μL of mouse macrophage colony-stimulating factor 
(MCSF, R&D). Human breast cancer cell line MDA- 
MB-231were purchased from the Cancer Institute and 
Hospital, Chinese Academy of Medical Science, 
cultured in Dulbecco's modified Eagle medium 
(DMEM, Gibco) with 10% of FBS (Gibco) and 1% of 
penicillin-streptomycin solution (Gibco). All cells 
were incubated at 37°C, 5% CO2 environment and the 
media were refreshed every 48 h. 

Cellular proliferation 
BSA-Au clusters were added to the media at the 

Au concentration of 10 μM, 20 μM, 50 μM and 100 μM 
respectively in 96-well plates cultured with 1×104 cells 
each well. The cell proliferation was assessed by using 
a cell counting kit (CCK-8, Beyotime Biotechnology 
Inc). The plates were then incubated for 6 h, 12 h, 24 h 
and 48 h. At each predetermined time point, the 
media was replaced with fresh medium containing 
CCK-8 and incubated for another 2 h. The absorbance 

was measured at 450 nm with microplate reader 
(Molecular Devices). 

Mouse BMMs osteoclastic differentiation and 
tartrate-resistant acid phosphatase (TRAP) 
staining 

Mouse BMMs were extracted by the following 
procedures: the femurs and tibias were separated 
after cervical dislocation of the mice. Cut out both 
ends of the long bone to open up the bone marrow 
cavity. The bone marrows were washed out from one 
of the ends by injecting α-MEM medium from the 
other. The bone marrows were then centrifuged at 
1200 rpm for 3 min and resuspended in 5 mL of 
α-MEM medium. 2 mL of red blood cell lysis buffer 
(Solarbio) were added to the solution and left alone 
for 3 min. The solution was centrifuged again at 1200 
rpm for 3 min and resuspended in α-MEM medium 
with 10% FBS. Cells left in the supernatant were 
collected after 24 h of incubation in 37 ºC, 5% CO2 

environment. The cells were centrifuged at 1200 rpm 
for 3 min and resuspended in α-MEM medium with 
10% FBS and 20 ng/mL of M-CSF. After another 48 h 
of incubation in 37 ºC, 5% CO2 environment, the cells 
still in the supernatant were abandoned and the 
adherent cells were recognized as BMMs. The BMMs 
cells were cultured in 16-well plate with 1x105 cells 
each well. We induced osteoclastogenesis by two 
separate ways, direct method and indirect method. 
The direct method was to add 50 ng/μL of mouse 
receptor activator of nuclear factor-κ B Ligand 
(RANKL, R&D) into the media, along with BSA-Au 
clusters that containing 10 μM, 50 μM and 100 μM of 
Au. The cells for differentiation induction were then 
incubated for 7 days. The indirect method was to 
pretreat MDA-MB-231 cells with BSA-Au clusters 
containing 10 μM, 50 μM and 100 μM of Au for 24 h 
before change the media into normal DMEM to 
eliminate the direct influences of BSA-Au clusters. 
After another 24 h, the supernatant fluids were 
collected and mixed with normal α-MEM at a 1:1 ratio 
for incubating with mouse BMMs for 48 h. The 
procedure was repeated four times for a total of 8 
days osteoclastogenesis induction. The TRAP stain 
was conducted with a Leukocyte Acid Phosphatase 
kit (Sigma-Aldrich). The TRAP-positive cells were 
photographed and counted with an optical 
microscope (Olympus). 

Filamentous actin (F-actin) staining 
Filamentous actin (F-actin) staining was 

conducted for the mouse BMMs that were treated 
with the direct method. The cells were washed twice 
with phosphate buffer saline (PBS, Gibco), then fixed 
in 3.7% paraformaldehyde (Aladdin) for 20 min and 
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placed with 0.1% Triton X-100 (Molecular Devices) for 
15 min at room temperature. The actin rings were 
stained with rhodamine-conjugated phalloidin 
(Cytoskeleton) and the cell nuclei were stained with 
Hoechst 33342 (Thermo Fisher Scientific) for 15 min. 
Actin ring formation in each sample was 
photographed and counted under a confocal laser 
scanning microscopy (Nikon Ti-E imaging system). 

Bone resorption assay 
The pit formation assay was performed in 

Corning Osteo Assay Surface that mimic native bone 
in vitro. BMMs were seeded in 24-well plates coated 
with calcium phosphate substrate at a density of 2 × 
104 cells/well. After 24 h incubation, the medium was 
refreshed with medium containing different dose of 
BSA-Au clusters (10, 50 or 100 μM). The medium was 
then refreshed every two days. After about 7 days’ 
incubation, cells were removed with 10% sodium 
hypochlorite and the plates were rinsed for three 
times with water. The bone resorption pits were 
observed and photographed by light microscope. The 
percentage of resorbed bone surface area was 
quantified by Image-Pro Plus 6.0 software. 

Colony formation assay 
MDA-MB-231 cells were seeded in 12-well plates 

with 5×103 cells per well, and incubated with 0, 10, 50, 
or 100 μM (dose of Au) of BSA-Au clusters for 14 
days. Then, the cells were fixed for 0.5 h with 4% 
paraformaldehyde, stained with crystal violet 
(Solarbio) for 0.5 h at room temperature (25°C), 
washed two times with PBS buffer, and the numbers 
of colonies were photographed and counted under 
optical microscope (Olympus). 

RNA extraction and real-time PCR 
Mouse BMMs treated with the direct method 

were collected for total RNA extraction with TRIzol 
reagent (Invitrogen). 500 ng total RNA of each group 
was reverse-transcribed with PrimeScriptTM RT 
Master Mix (Takara). The complementary DNA 
obtained was then subjected to real-time PCR with 
SYBR Premix Ex Taq (Takara). Primers used were 
listed in Table S1. A 2-ΔΔCt method was performed for 
data analysis with normalization to the endogenous 
control β-actin.  

Protein extraction and western blotting 
analysis 

The molecular mechanism of breast cancer bone 
metastasis is complex, involving the interaction 
between breast cancer cells and the bone 
microenvironment [37]. Several vital osteomimetic 
factors produced by breast cancer cells within the 

bone microenvironment are responsible for bone 
metastasis and tumor-induced osteoclastogenesis, 
mainly including Osteoactvin, Cadherin-11, matrix 
metalloproteinase factor (MMP-9), C-X-C motif 
chemokine receptor type 4 (CXCR4), parathyroid 
hormone related protein (PTHrP), transforming 
growth factor-β (TGF-β) and runt-related 
transcription factor 2 (Runx2) [11,38]. PTHrP can 
upregulated CXCR4 expression to drive migration 
and promote the secretion of RANKL to activate bone 
osteolysis [39,40]. NF-κB signaling pathway is 
essential for metastatic breast cancer induced 
osteoclastogenesis in BMMs [41]. In unstimulated 
cells, NF-κB is sequestered in the cytoplasm through 
interaction with inhibitory proteins IκB. Activated 
signals cause phosphorylation and subsequent 
degradation of IκB proteins, and the released NF-κB 
enters the nucleus to induce expression of specific 
target genes [42]. Therefore, these proteins were 
detected in MDA-MB-231 cells and mouse BMMs by 
western blotting respectively. Total protein was 
extracted through RIPA Lysis Buffer (Beyotime). The 
protein samples were loaded equally in 10% sodium 
dodecyl sulfate gel prepared beforehand and been 
transferred to a PVDF membrane. The membrane was 
incubated with the targeted primary antibodies for 2 h 
at room temperature after being blocked with 5% 
BSA. Afterwards, it was incubated with horseradish 
peroxidase labeled secondary antibody (R&D) and 
scanned through LI-COR Infrared Imaged Odyssey. 

Transwell assay 
Transwell assays were performed by using the 

Boyden chambers and Matrigel Matrix (Corning, 
356234) following the instruction. Mouse BMMs or 
MDA-MB-231 cells were collected and re-suspended 
in blank medium after 12 h serum-free starvation. A 
total of 5×104 cells were planted in the top chambers 
while the bottom chambers were filled with condition 
media and 2% of fetal bovine serum. Migrates cells 
were fixed with 3.7% paraformaldehyde (Aladdin) 
and stained with 0.1% crystal violet (Beyotime). Cells 
were then observed through an optical microscope 
(Olympus) and counted by Image-Pro Plus 6.0. 

Wound-healing assay 
Wound-healing assays were performed by 

culturing 5×105 MDA-MB-231 cells in each wells of 
6-well plates. After incubating overnight, straight 
lines with a width of 0.5 cm were drawn at the bottom 
of the wells by pipette tips to erase the cells grew 
within. The cells were then incubated for another 12 h 
in DMEM with BSA-Au clusters containing 10 μM, 50 
μM and 100 μM of Au before fixed with 3.7% 
paraformaldehyde (Aladdin) and stained with 0.1% 
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crystal violet (Beyotime). Cells migrated into the 
erased area were observed through an optical 
microscope (Olympus) and counted by Image-Pro 
Plus 6.0. 

Allograft tumor model and treatment analysis 
All animal care and experiments were approved 

by the Institutional Animal Care and Ethic Committee 
at the Chinese Academy of Sciences (Approved No. 
SYXK (Jing) 2018-0035). A total of 18 female BALB/c 
nude mice (2-3week, 15-17g) were purchased from 
Beijing Huafukang Bioscience CO. INC. The breast 
cancer bone metastasis model was established by 
direct injection of MDA-MB-231 cells (2×105 cells in 20 
μL PBS) into the right tibia of mice. The mice loaded 
with a tumor were then randomly divided into three 
groups (n = 6): saline group, 5 mg/kg BSA-Au 
clusters group, and 10 mg/kg BSA-Au clusters group. 
On the third day after injection of MDA-MB-231 cells, 
the mice were intraperitoneally administered of drugs 
every day for 20 days before been sacrificed. Body 
weights were measured every three days throughout 
the experiment. The right tibias were severed and first 
scanned by 3D micro computed tomography (micro 
CT, Quantum GX, PerkinElmer, USA) at a voltage of 
90 kV and an electric current of 88 µA and analyzed 
with AccuCT software (PerkinElmer, USA), then 
sliced up after been decalcified for pathologic analysis 
in histological sections. The tumor tissues were sliced 
up as well and the apoptosis of the cells in the tumor 
tissue was detected by TUNEL staining. All sections 
went through HE staining and immunohistochemical 
staining by indicated antibodies (Biovison). The 
expression of each protein in the histologic sections 
was quantized by Color Detection module of 
Immunohistochemistry (IHC) Image Analysis 
Toolbox in Image J software, according to the 
manufacturer’s instructions [43]. The histological 
sections were also performed TRAP staining by using 
the Leukocyte Acid Phosphatase kit (Sigma-Aldrich) 
and analyzed by Image-Pro Plus 6.0 software. 

Statistical analysis 
All results in this series were recorded as mean ± 

standard deviation (SD). Significant differences 
between groups were determined by unpaired 
Student’s t test with a p < 0.05 considered statistically 
significant. All analyses were carried out using the 
software SPSS for windows, version 23.0.0 (IBM corp). 

Results 
Characterization of BSA-Au clusters 

The purified BSA-Au clusters solution was a 
stable clear liquid substance at room temperature 
with the color of deep brown under daylight, and 

emitted an intense red fluorescence under 365 nm 
ultra violet light (Figure 1A). Fluorescence intensity 
detection shows the BSA-Au clusters has a 
fluorescence emission peak at the wavelength of 640 
nm and an excitation peak at 480 nm (Figure 1B). 
MALDI-TOF mass spectrometry showed the 
molecular weight of as-prepared BSA-Au cluster to be 
~71 kDa (Figure 1C), increased ~5 kDa from that of 
BSA (~66 kDa), which could be attributed to the 25 
gold atoms in the Au cluster. The Au25 cluster was 
also indicated by the photoemission peak at 640 nm, 
based on the spherical Jellium model and previous 
reported [33,44]. The hydrodynamic size of the 
prepared BSA-Au cluster was about 2.20 nm (Figure 
1D, black line), slightly larger than that of BSA protein 
(~1.93 nm, red line). TEM image showed the core size 
of synthesized gold clusters is about 1.63 ± 0.31 nm 
(Figure 1E), which was consistent with that 
previously reported [34,35]. There is no obvious 
change in fluorescence properties of BSA-Au cluster 
in various buffer solutions we used in this study over 
48 h, including DMEM complete medium (Figure 1F), 
ultrapure water, saline and αMEM complete medium 
(Figure S1). 

BSA-Au clusters attenuate migration, invasion 
and colony formation of MDA-MB-231 cells in 
vitro 

The capability of migration and invasion of 
tumor cells is crucial in the process of breast cancer 
bone metastases. So, we first explored if BSA-Au 
clusters would inhibit the MDA-MB-231cells’ 
migration and invasion. The results of wound-healing 
assay and transwell assay showed that BSA-Au 
clusters significantly inhibited both migration and 
invasion of MDA-MB-231 cells in vitro at Au 
concentration of 50 μM or higher (Figure 2A-B). In 
addition to migration and invasion, the process of 
colonization is also crucial for the metastasis of breast 
cancer cells. We performed a colony formation 
experiment to determine the potential effects of the 
BSA-Au clusters on the colonization ability of 
MDA-MB-231 cells in vitro. Data revealed that treating 
with 50 μM or higher dose of BSA-Au clusters 
effectively inhibited the colony forming ability of 
MDA-MB-231 cells (Figure 2C). Next, the cytotoxicity 
of BSA-Au clusters to MDA-MB-231 cells was 
determined. CCK-8 assay indicated the viabilities of 
MDA-MB-231 cells were not obviously influenced by 
BSA-Au clusters within 48 h, at its Au concentration 
from 10 to 100 μM (Figure 2D), although the 
internalized Au did increase with the rise of BSA-Au 
clusters concentration detected by ICP-MS (Figure 
S2). 
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Several proteins overexpressed in bone-seeking 
breast cancer cells were associated with increased 
migration and invasiveness in bone metastasis, 
including Osteoactvin, Cadherin-11, MMP-9 and 
CXCR4. Hence, we evaluated the regulation of 
BSA-Au clusters on the expression of these proteins in 
MDA-MB-231 cells, which may explain the changes in 
tumor migration and invasive abilities. Results 
indicated that, after 48 h incubated with BSA-Au 
clusters, protein expressions of MMP-9, CXCR4 and 
Osteoactvin in MDA-MB-231 cells are significantly 
suppressed (Figure 2E).  

BSA-Au clusters inhibit tumor-induced 
mobilization and differentiation of osteoclast 
in vitro 

Secondary osteolysis caused by breast cancer 
bone metastases is a vital step in the pathological 
progresses of the disease [37]. This because tumor 
cells in metastatic bone site is able to secret cytokines 
that recruit bone marrow monocytes (BMMs) locally 
and induce osteoclastogenesis to form overloaded 
osteoclasts [45]. To evaluate whether BSA-Au clusters 
could slow or block the pathological progress, we 
performed another transwell assay to assess the 
effects of BSA-Au clusters on MDA-MB-231 cells- 
induced recruiting of BMMs. Medium supernatant 
from MDA-MB-231 cells (MDA-MB-231 cell- 
conditioned medium) pretreated with or without 
BSA-Au clusters for 48 h was added to the bottom 
chambers to induce migration of BMMs. In order to 
eliminate the influence of the residual BSA-Au 
clusters in the supernatant on BMMs, after 48 h 
incubation with or without BSA-Au clusters, the 
culture medium of MDA-MB-231 cell was replaced by 
drug-free medium, and after 24 h incubation, the 

supernatant was transferred to the bottom chambers. 
Results indicated that the migrated mouse BMMs 
strongly decreased when the MDA-MB-231 cells 
pretreated with BSA-Au clusters, in a dose-dependent 
manner (Figure 3A). 

Then, the effect of BSA-Au clusters on MDA- 
MB-231 cell-conditioned medium induced 
differentiation of osteoclast was evaluated by TRAP 
staining, after the BMMs were stimulated with the 
conditioned medium. Results indicated that the 
number of TRAP positives (TRAP+) cells was 
significantly decreased when MDA-MB-231 cells were 
pre-treated with BSA-Au clusters, in a dose- 
dependent manner (Figure 3B).  

We then investigated how the BSA-Au clusters 
suppress MDA-MB-231 cell-induced 
osteoclastogenesis. We evaluated the regulation of 
BSA-Au clusters on expression of several vital 
osteomimetic factors produced by breast cancer cells 
in MDA-MB-231 cells. After 48 h incubated with 
BSA-Au clusters, expressions of PTHrP and Runx2, 
but not TGF-β, were significantly suppressed, in 
MDA-MB-231 cells (Figure 3C). 

Once stimulated, the NF-κB signaling pathway 
in osteoclast precursor cells will be activated by 
MDA-MB-231 cell-conditioned medium, which 
regulates the differentiation of osteoclasts [46]. We 
thus detected the influence of BSA-Au clusters on the 
activation of NF-κB signaling pathway in MDA-MB 
-231 cell-conditioned medium treated mouse BMMs 
by western blotting. The results indicated the MDA- 
MB-231 cell-conditioned medium induced 
phosphorylation of IKK, IκBα and p65, as well as the 
nuclear transposition of p65 were all suppressed by 
BSA-Au clusters treatment (Figure 3D). 

 

 
Figure 1. Characterization of the synthesized BSA-Au clusters. (A) The photographs of the BSA-Au clusters solution under visible light and UV light. (B) The 
fluorescence excitation and emission spectra of BSA-Au clusters (480 nm and 640 nm). (C) MALDI-TOF mass spectra of BSA (black) and BSA-Au clusters (red). (D) DLS spectra 
of the as-prepared BSA-Au clusters (black line) and BSA (red line). (E) The TEM image and core size distribution of the synthesized BSA-Au clusters. (F) Fluorescence emission 
of BSA-Au clusters at different time points in DMEM complete medium. 
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Figure 2. Effect of BSA-Au clusters on the proliferation and metastasis process of MDA-MB-231 cells. (A) Transwell assay of MDA-MB-231 cells and the 
quantitative analysis of Invasive cells, Data were from three independent experiments and one representative result is shown here (scale bar: 200 µm). The data are presented 
as mean ± standard deviation of triplicate experiments, **P < 0.01, ***P < 0.001 compared to the control group. (B) Wound healing assay of MDA-MB-231 cells and the 
quantitative analysis of migrated cells, Data were from three independent experiments and one representative result is shown here (scale bar: 300 µm). The data are presented 
as mean ± standard deviation of triplicate experiments, **P < 0.01, ***P < 0.001 compared to the control group. (C) Colony formation assay of MDA-MB-231 cells and the 
quantitative analysis of colony counts, Data were from three independent experiments and one representative result is shown here (up panel: Magnified 1.0 times; down panel: 
Magnified 40 times). The data are presented as mean ± standard deviation of triplicate experiments, ***P < 0.001 compared to the control group. (D) CCK-8 assay for cell viability 
of MDA-MB-231. The data is presented as mean ± standard deviation of triplicate experiments. (E) Western blotting detection of Osteoactivin, CDH11, CXCR4 and MMP-9 in 
MDA-MB-231 cells with or without treatment of BSA-Au clusters. β-actin was used as the loading control. Data were from three independent experiments and one 
representative result is shown here. 

 

BSA-Au clusters inhibit RANKL-induced 
osteoclastic differentiation of mouse BMMs 

RANKL, a member of the tumor necrosis factor 
(TNF) family, plays a central role in the development 
of osteoclasts and breast cancer bone metastasis [3]. It 

is abundantly clear that metastatic breast cancer cells 
secreted inflammatory cytokines and PTHrP to 
upregulates RANKL expression in bone marrow 
stromal cells and osteoblasts, leading to increased 
osteoclastogenesis and enhanced pathological 
osteolysis [3,11]. We further explored whether 
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BSA-Au clusters could suppress the RANKL induced 
osteoclastogenesis in mouse BMMs.  

The potential cytotoxicity of BSA-Au clusters to 
mouse BMMs was first determined by CCK-8 assay. 
Data indicated the BSA-Au clusters had no obvious 
effect on cell viability of BMMs under RANKL 
stimulation (Figure 4A). Then, TRAP staining, F-actin 
staining and bone resorption assay in vitro was 
performed respectively. The results showed that the 
RANKL-induced osteoclastic differentiation of mouse 
BMMs was significantly inhibited by treating with 
BSA-Au clusters in a dose-dependent manner (Figure 
4B-D). Both numbers of TRAP positive cells and 
F-actin positive cells decreased significantly after 
BSA-Au clusters treatments (Figure 4B-C).  

Once activated, osteoclast differentiation is 
regulated by several genes, including TRAP, nuclear 
factor of activated T-cells cytoplasmic 1 (NFATc1), 

osteoclast associated receptor (OSCAR) and c-Fos. 
Thus, effects of BSA-Au clusters on RANKL-induced 
expression of these genes were detected by 
quantitative RT-PCR. Data revealed that the 
expressions of these osteoclast marker genes were 
increased by RANKL stimulation, but significantly 
attenuated by BSA-Au clusters treatments (Figure 4E).  

NF-κB signaling pathway is the main early 
signal during RANKL-mediated osteoclastogenesis 
[47]. Thus, RANKL-induced activation of intracellular 
NF-κB signaling pathway was examined, with or 
without treating with BSA-Au clusters. The results 
indicated that the RANKL-induced phosphorylation 
of IKK, IκBα and p65, as well as the nuclear 
transposition of p65 in mouse BMMs were all 
downregulated in the presence of BSA-Au clusters 
(Figure 4F). 

 
 

 
Figure 3. Effect of BSA-Au clusters on MDA-MB-231 cells induced mobilization and differentiation of osteoclast in vitro. (A) Tranwell assay of mouse BMMs 
induced by MDA-MB-231 supernatant and the quantitative analysis of migrated cells, Data were from three independent experiments and one representative result is shown here 
(scale bar: 200 µm). The data are presented as mean ± standard deviation of triplicate experiments, **P < 0.01, ***P < 0.001 compared to the control group. (B) TRAP stains of 
mouse BMMs derived osteoclasts induced by MDA-MB-231 supernatant and the quantitative analyses of TRAP+ cells, Data were from three independent experiments and one 
representative result is shown here (scale bar: 200 µm). The data are presented as mean ± standard deviation of triplicate experiments, ***P < 0.001 compared to the control 
group. (C) Western blotting detection of TGF-β RUNX-2 and PTHrP in MDA-MB-231 cells with or without treatment of BSA-Au clusters. β-actin was used as the loading 
control. Data were from three independent experiments and one representative result is shown here. (D) Western blotting detection of NF-κB pathway in MDA-MB-231 
conditioned medium (231-CM) stimulated BMMs. Left panel: cytosol protein; right panel: nucleoprotein. β-actin and Lamin-B was used as the loading control. Data were from 
three independent experiments and one representative result is shown here. 
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Figure 4. Effect of BSA-Au clusters on RANKL-induced osteoclastogenesis of mouse BMMs in vitro. (A) CCK-8 assay for cell viability of mouse BMMs. The data is 
presented as mean ± standard deviation of triplicate experiments. (B) TRAP stains of mouse BMMs derived osteoclasts induced by RANKL and the quantitative analyses of TRAP+ 
cells, Data were from three independent experiments and one representative result is shown here (scale bar: 200 µm). The data are presented as mean ± standard deviation of 
triplicate experiments, ***P < 0.001 compared to the control group. (C) F-actin staining of mouse BMMs derived osteoclasts induced by RANKL and the quantitative analyses of 
cells with actin ring, Data were from three independent experiments and one representative result is shown here (scale bar: 200 µm). The data are presented as mean ± standard 
deviation of triplicate experiments, *P < 0.05, ***P < 0.001 compared to the control group. (D) Representative images of bone resorption pits and the quantitative analysis of the 
ratio of resorption pits in unit area were presented. The data is presented as mean ± SD of triplicate experiments, *** P < 0.001. (E) The osteoclastogenesis marker genes TRAP, 
NFAT1, c-Fos and OSCAR were assessed by qRT-PCR, The data is presented as mean ± standard deviation of triplicate experiments, *P < 0.05, **P < 0.01, ***P < 0.001 
compared to the control group. (F) RANKL-induced activation of NF-κB pathway in BMMs with or without treatment of BSA-Au clusters were assessed by western blotting. Up 
panel: cytosol protein; down panel: nucleoprotein. β-actin and Lamin-B was used as the loading control. Data were from three independent experiments and one representative 
result is shown here. 
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Figure 5. Effects of BSA-Au clusters on metastatic breast cancer-induced osteolysis in vivo. (A) Time axis of the in vivo treatment schedule. The breast cancer bone 
metastasis model in mouse was established by intramedullary injection of MDA-MB231 cells into the right hindlimb of nude mice. (B) Change of body weight in each group was 
measured every 3 days. The data is presented as mean ± Standard deviation. (C) Representative photographs of microCT observation in each group of mice treated with saline 
or BSA-Au clusters, n = 5 per group. The typical site of severe bone erosion is marked by red dotted cycle. (D) Bone histomorphometrics of proximal tibias in each group was 
quantitatively analyzed, the data are presented as mean ± Standard deviation, n = 5 per group, *P < 0.05, **P < 0.01. (E) Representative histopathological images of the tibia 
bone-tumor interface in each group treated with saline or BSA-Au clusters, n = 5 per group. T: tumor. B: bone. 

 

BSA-Au clusters prevent metastatic breast 
cancer induced osteolysis in vivo  

In view of the dual inhibitory activities of BSA- 
Au clusters on tumor metastasis and osteoclast 

differentiation in vitro, we next evaluated the in vivo 
activity of BSA-Au clusters in a mouse model of breast 
cancer bone metastasis (Figure 5A). The bone 
metastasis model established by injecting breast 
cancer cells into the bone marrow cavity of the tibia is 
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well applied to study the interactions between cancer 
cells and the bone microenvironment [14]. Visible 
tumor lesions that can be observed were grown 
around the right tibia of mice at approximately 1 week 
after the injection. And the mice were then showing 
symptoms such as lameness and lassitude at varied 
degrees. We detected no significant changes in body 
weight in mice injected with BSA-Au clusters and the 
control group during the whole experiment (Figure 
5B). As showed by the micro-CT observation, the 
tumor induced obvious bone erosion on the surfaces 
and inside of the tumor-loaded tibias in mice of the 
untreated group (Figure 5C). Treating with 10 mg/kg 
BSA-Au clusters significantly relieved the osteolysis 
on the surfaces and inside of the tibias, although the 
dose of 5 mg/kg showed slighter improvement 
(Figure 5C). Bone histomorphometrics of each group 
was analyzed, including bone mineral density (BMD), 
bone volume/tissue volume ratio (BV/TV), 
trabecular number (Tb.N.), trabecular thickness 
(Tb.Th.) and trabecular separation (Tb.Sp). Data 
suggested that the bone metrics in the groups treated 
with BSA-Au clusters were significantly higher than 
in the groups treated with saline, and 10 mg/kg 
BSA-Au clusters showed better therapeutic effect 
(Figure 5D). We then performed a HE staining in 
histological sections to observe the tumor-bone 
interface and found that the tumor-induced osteolysis 
in BSA-Au clusters treated groups were less 
aggressive than that in the saline treated group 
(Figure 5E). However, treating with BSA-Au clusters 
did not obviously influence the growth or apoptosis 
of tumor cells in vivo, which was consistent with the in 
vitro cytotoxicity evaluation in cultured MDA-MB-231 
cells (Figure S3). 

To elucidate the possible mechanism of action in 
vivo, according to the analysis in cultured cells, 
immunohistochemistry staining of PTHrP and CXCR4 
in tumor cells and p-p65 in bone cells as well as TRAP 
staining were performed in the histological sections of 
tumor-loaded tibiae. The results indicated that the 
tumor-induced osteoclastogenesis and activation of 
p65 in bone tissues as well as the expression of PTHrP 
and CXCR4 in tumor cells were all suppressed after 
BSA-Au clusters treatment, which was consistent with 
the results detected in vitro (Figure 6A-D). 

Discussion 
Cancer bone metastasis is the overwhelming 

cause of death in breast cancer patients [1]. Serious 
skeletal-related events (SREs) caused by bone 
metastasis of breast cancer have a decisive impact on 
patients' morbidity and mortality [6]. The occurrence 
of breast cancer bone metastasis is a complex process, 
involving the crosstalk between the disseminated 

cancer cells and bone cells [9,10]. Therefore, in the 
process of treatment, it is very important to explore 
new chemical agents to reduce the metastasis of 
cancer cells and prevent the deterioration of bone.  

Biomolecule-protected gold cluster is a novel 
gold nanomaterial with ultrasmall size (smaller than 2 
nm) and well-defined molecular structure, making 
them possess various unique physicochemical and 
biomedical properties that are not seen in the 
corresponding bigger nanomaterials or bulk materials 
[18]. In previous studies, we found that peptide- 
coated gold clusters possessed anti-osteoclastogenesis 
activity and prevented inflammation induced bone 
destruction effectively in vivo and revealed potential 
anti-tumor activities in certain cancer cells [23-29]. 
Considering the key role of tumor-induced 
osteoclastogenesis in bone metastasis of breast cancer, 
we speculate the gold clusters may provide an 
exciting strategy to treat breast cancer bone 
metastasis. Albumin is widely used in applications of 
nano-pharmaceutics for its excellent biocompatibility 
and albumin-bound paclitaxel (Abraxane) has been 
approved to enter the clinical application [30,32]. 
Therefore, a bovine serum albumin (BSA) coated gold 
cluster (BSA-Au clusters) was prepared in this study 
to evaluate its therapeutic activity in metastatic breast 
cancer induced osteoclastogenesis and osteolysis. We 
proved that the BSA-Au clusters could strongly 
inhibit migration, invasion and colonization of breast 
cancer cells as well as tumor-induced 
osteoclastogenesis in vitro by suppressing the 
expression of these osteomimicry factors. 

Breast cancer cells express key osteogenic 
factors, which can deregulate the recruitment, 
differentiation and function of osteoclasts, and 
promote the homing, invasion, colonization, survival 
and proliferation of breast cancer cells within bone 
[37,38]. The factors include Osteoactivin, MMP-9, 
CXCR4, Runx2 and PTHrP. Osteoactivin is associated 
with increased mobility, invasiveness and osteolytic 
bone metastasis formation in vivo [48]. The expression 
of MMP-9 is related to the colonization of tumor cells 
in bone site and the occurrence of osteolytic lesions 
[49]. CXCR4 mediates cancer cells metastasis to bone 
and plays a causal role in the formation of osteolytic 
lesions [50]. Runx2 and PTHrP are usually highly 
expressive in metastatic breast cancer cells and act as 
promoters in tumor-induced osteoclastogenesis 
[40,51]. Signaling protein PTHrP secreted by breast 
cancer cells promotes the secretion of RANKL to 
activate osteoclastic osteolysis [37]. In most metastatic 
bone tumor lesions, the differentiation of osteoclast 
from BMMs are mainly mediated by activation of 
NF-κB pathway, which initiated by factors secreted in 
bone microenvironment by cancer cells and 
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osteoblasts [41]. In this study, we found that the 
as-prepared BSA-Au cluster could effectively inhibit 
the NF-κB pathway activated by RANKL or 
supernatant of cultured MDA-MB-231 cells in BMMs, 
which may responsible for the inhibition function on 
osteoclastogenesis. On the other hand, NF-κB 
pathway is also essential for metastasis progression in 
breast cancer cells [52,53]. The suppression effects of 
gold cluster on metastasis of breast cancer cells in vitro 
maybe also due to the inhibition of intracellular 
NF-κB pathway, at least in part. The cellular viability 
of BMMs was not affected by BSA-Au clusters at these 
doses tested, indicated it is an agent that can target 
and block osteoclastogenesis without paying the cost 
of BMMs’ cellular apoptosis. In previous studies, we 
have demonstrated another two peptide-coated gold 
clusters (GSH-Au cluster and Sv-Au cluster) also 
suppress the activation of NF-κB pathway in 
macrophage or BMMs [23, 24]. These results 
suggested the biomedical activity of gold clusters 
mainly depends on their intrinsic biochemical 
properties, rather than the biomolecules and size. 

An ideal model for breast cancer bone metastasis 
should reproduce all the stages of tumorigenesis and 
bone metastasis. To date, no mice model can 
accurately recapitulates breast cancer bone metastasis 
that happened in clinic [14]. The xenograft models by 
injecting human cancer cells into immune-deficient 
mice are the present paradigms for modeling bone 
metastasis in mouse. These xenograft models can be 
categorized to orthotopic, intraosseous, intracardiac, 
intravenous, or subcutaneous, based on the injection 

site [14]. Mammary orthotopic injection model is most 
anatomically similar to the process happened in clinic. 
However, bone metastases are rarely occurred in 
these orthotopic mouse models may due to the 
different between the microenvironments of human 
and the mouse [14]. Intracardiac, intravenous, or 
subcutaneous injections can mimic spontaneous bone 
metastasis better than intraosseous injections. 
However, metastases most commonly form in the 
lungs in these models, because of the tumor cells are 
direct injected into the blood stream and lung 
metastasis can be achieved without the steps of 
invasion and intravasation [54]. Compared with the 
above models, intraosseous injections are easier to 
induce tumor growth in the bone [13]. This model is 
well established to study the interactions between 
breast cancer cells and the bone microenvironment. In 
this study, we focused on the potential intervention 
effects of gold cluster on the interactions between 
breast cells and osteoclast within the bone 
microenvironment, based on the results of in vitro 
co-culture assays. Therefore, intraosseous injection 
model was chose in this study. In this model, mice 
treated with BSA-Au clusters had experienced less 
aggressive bone erosion and did not reveal obvious 
loss of body weight during the whole treatment 
course. Cancer secreted PTHrP and CXCR4 and the 
activation of NF-κB as well as tumor-induced 
osteoclastogenesis within bone tissue were 
suppressed in the pathological samples after BSA-Au 
clusters treatments.  

 

 
Figure 6. Effects of BSA-Au clusters on the tumor-induced osteoclastogenesis and expression of marker proteins in vivo. Immunohistochemical staining of the 
bone-tumor interface within the tibia in saline and 10 mg/kg BSA-Au clusters treated group. (A) Representative histological view of MDA-MB-231 cell induced osteoclastogenesis 
within tibia and the quantitative analyses of relative positive area. TRAP-positive (stained purple) multinucleated osteoclasts are lining along the bone surface. Osteoclast 
surface/bone surface (Oc.S/BS) were quantitative analyzed and the data is presented as mean ± standard deviation, ***P < 0.001 compared to the saline group, n=3. (B) 
Immunohistochemical staining of phosphorylated-p65 (p-p65) and the quantitative analyses of relative positive area, one representative photo is shown here, n = 3. The data is 
presented as mean ± standard deviation, **P < 0.01 compared to the saline group. (C) Immunohistochemical staining of CXCR4 and the quantitative analyses of relative positive 
area, one representative photo is shown here, n = 3. The data is presented as mean ± standard deviation, **P < 0.01 compared to the saline group. (D) Immunohistochemical 
staining of PTHrP and the quantitative analyses of relative positive area, one representative photo is shown here, n = 3. The data is presented as mean ± standard deviation, **P 
< 0.01 compared to the saline group. 
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This study revealed that the BSA-Au cluster can 
inhibit both breast cancer cell metastasis and tumor- 
induced osteoclast differentiation and osteolysis, 
which are not available in recent therapeutic drugs, 
such as bisphosphonates have well-defined 
antiresorptive activity, but have little effect on tumor 
cells. There are several merits of the BSA-Au cluster 
can facilitate its clinical application in the future. First, 
the gold cluster is prepared by a facile one-pot 
“green” synthetic route with a common commercially 
available protein, making it suitable for large-scale 
stable preparation and considerable environmental/ 
cost advantage [33,55]. Second, the BSA coating layer 
can facilitate post-synthesis surface modifications 
with functional ligands to improve its targeting or 
therapeutic efficiency. Third, the BSA-Au cluster has 
high stability in both solution and solid state. 
Previous study has demonstrated the BSA-Au cluster 
could be stored in solid form for at least 2 months and 
re-dispersed when needed [33]. This high stability 
would greatly facilitate its use in clinical applications. 
Last but important, good biocompatibility of the 
protein-protected Au clusters can promote their 
clinical transformation [18,35]. Considering the 
potential application in clinic, the BSA can be replaced 
by the human serum albumin (HSA), which is highly 
homologous with BSA and has been successfully used 
in clinical medicine (Abraxane) [30]. However, 
BSA-Au clusters did not reveal growth inhibiting 
activity on breast cancer cells, either in vitro or in vivo. 
In the future research, the cytotoxicity to metastatic 
breast cancer cells of gold clusters may be improved 
by optimizing the ligands and synthesis conditions. 

Conclusion 
In summary, a BSA-coated gold cluster was 

synthesized to evaluate its therapeutic activity in 
metastatic breast cancer induced osteoclastogenesis in 
vitro and osteolysis in vivo. The BSA-Au clusters were 
able to inhibit breast cancer cell-induced and RANKL- 
induced osteoclast differentiation as well as the 
migration and invasion of breast cancer cells in vitro. 
Moreover, this gold cluster could relieve cancer 
induced osteolytic bone resorption in a mouse model 
of breast cancer bone metastasis by improving the 
bone microenvironment. Based on these results, gold 
clusters may provide a promising therapeutic strategy 
for treating bone metastasis of breast cancer. 

Acknowledgements  
This work was supported by the National 

Natural Science Foundation of China (21425522, 
21727817, 11621505 and 31700874), Beijing Science and 
Technology Commission Special Project for Frontier 
Technology in Life Sciences (Z171100000417008) and 

Beijing municipal high level innovative team building 
program (IDHT20180504). 

Author Contributions 
X.G., X.C. and Q.Y. designed the study. Z.Z., 

Y.Y., Q.Y., C.L., X.Z., J.Y., K.H., C.Z. and Z.D. 
conducted the experiments. Z.Z., Y.Y., Q.Y. and X.Z. 
analyzed the data. Z.Z., Q.Y. and X.G. wrote the 
manuscript. All authors discussed the results and 
critically revised the manuscript. 

Supplementary Material  
Supplementary figures and table. 
http://www.thno.org/v10p4042s1.pdf  

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer 

statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide 
for 36 cancers in 185 countries. Ca-Cancer J Clin. 2018; 68: 394-424. 

2. Graham N, Qian BZ. Mesenchymal stromal cells: emerging roles in bone 
metastasis. Int J Mol Sci. 2018; 19: 1121-1154. 

3. Nakai Y, Okamoto K, Terashima A, Ehata S, Nishida J, Imamura T, et al. 
Efficacy of an orally active small-molecule inhibitor of RANKL in bone 
metastasis. Bone Res. 2019; 7: 66-75. 

4. Kuchuk I, Hutton B, Moretto P, Ng T, Addison CL, Clemons M. Incidence, 
consequences and treatment of bone metastases in breast cancer 
patients-Experience from a single cancer centre. J Bone Oncol. 2013; 2: 137-144. 

5. Fang J, Xu Q. Differences of osteoblastic bone metastases and osteolytic bone 
metastases in clinical features and molecular characteristics. Clin Transl Oncol. 
2015; 17: 173-179. 

6. Cleeland C, von Moos R, Walker MS, Wang Y, Gao J, Chavez-MacGregor M, et 
al. Burden of symptoms associated with development of metastatic bone 
disease in patients with breast cancer. Support Care Cancer. 2016; 24: 
3557-3565. 

7. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al. Cancer 
incidence and mortality worldwide: sources, methods and major patterns in 
GLOBOCAN 2012. Int J Cancer. 2015; 136: E359-E386. 

8. Wegener B, Schlemmer M, Stemmler J, Jansson V, Durr HR, Pietschmann MF. 
Analysis of orthopedic surgery of bone metastases in breast cancer patients. 
BMC Musculoskelet Disord. 2012; 13: 232-236. 

9. Mundy GR. Metastasis to bone: causes, consequences and therapeutic 
opportunities. Nat Rev Cancer. 2002; 2: 584-593. 

10. Clezardin P, Teti A. Bone metastasis: pathogenesis and therapeutic 
implications. Clin Exp Metastasis. 2007; 24: 599-608. 

11. Chen YC, Sosnoski DM, Mastro AM. Breast cancer metastasis to the bone: 
mechanisms of bone loss. Breast Cancer Res. 2010; 12: 215-225. 

12. Jiang PL, Gao WJ, Ma TS, Wang RR, Piao YJ, Dong XL, et al. CD137 promotes 
bone metastasis of breast cancer by enhancing the migration and osteoclast 
differentiation of monocytes/macrophages. Theranostics. 2019; 9: 2950-2966. 

13. Sun W, Ge K, Jin Y, Han Y, Zhang H, Zhou G, et al. Bone-targeted 
nanoplatform combining zoledronate and photothermal therapy to treat 
breast cancer bone metastasis. Acs Nano. 2019; 13: 7556-7567. 

14. Valkenburg KC, Steensma MR, Williams BO, Zhong Z. Skeletal metastasis: 
treatments, mouse models, and the Wnt signaling. Chin J Cancer. 2013; 32: 
380-396. 

15. O'Carrigan B, Wong MH, Willson ML, Stockler MR, Pavlakis N, Goodwin A. 
Bisphosphonates and other bone agents for breast cancer. Cochrane Database 
Syst Rev. 2017; 10: CD003474. 

16. Marx RE, Sawatari Y, Fortin M, Broumand V. Bisphosphonate-induced 
exposed bone (osteonecrosis/osteopetrosis) of the jaws: risk factors, 
recognition, prevention, and treatment. J Oral Maxillofac Surg. 2005; 63: 
1567-1575. 

17. Arvizo RR, Saha S, Wang E, Robertson JD, Bhattacharya R, Mukherjee P. 
Inhibition of tumor growth and metastasis by a self-therapeutic nanoparticle. 
Proc Natl Acad Sci USA. 2013; 110: 6700-6705. 

18. Luo Z, Zheng K, Xie J. Engineering ultrasmall water-soluble gold and silver 
nanoclusters for biomedical applications. Chem Commun. 2014; 50: 5143-5155. 

19. Yuan Q, Wang Y, Zhao L, Liu R, Gao F, Gao L, et al. Peptide protected gold 
clusters: chemical synthesis and biomedical applications. Nanoscale. 2016; 8: 
12095-12104. 



Theranostics 2020, Vol. 10, Issue 9 
 

 
http://www.thno.org 

4055 

20. Liu R, Xiao W, Hu C, Xie R, Gao HL. Theranostic size-reducible and no donor 
conjugated gold nanocluster fabricated hyaluronic acid nanoparticle with 
optimal size for combinational treatment of breast cancer and lung metastasis. 
J Control Release. 2018; 278: 127-139. 

21. Sun HP, Su JH, Meng QS, Yin Q, Chen LL, Gu WW, et al. Cancer cell 
membrane-coated gold nanocages with hyperthermia-triggered drug release 
and homotypic target inhibit growth and metastasis of breast cancer. Adv 
Funct Mater. 2017; 27: 1604300. 

22. Zhang WQ, Meng J, Ji YL, Li XJ, Kong H, Wu XC, et al. Inhibiting metastasis of 
breast cancer cells in vitro using gold nanorod-siRNA delivery system. 
Nanoscale. 2011; 3: 3923-3932. 

23. Yuan Q, Gao F, Yao Y, Cai P, Zhang X, Yuan J, et al. Gold clusters prevent 
inflammation-induced bone erosion through inhibiting the activation of 
NF-kappaB pathway. Theranostics. 2019; 9: 1825-1836. 

24. Gao F, Yuan Q, Cai P, Gao L, Zhao L, Liu M, et al. Au clusters treat rheumatoid 
arthritis with uniquely reversing cartilage/bone destruction. Adv. Sci. 2019; 6: 
1801671. 

25. Liu R, Wang YL, Yuan Q, An DY, Li JY, Gao XY. The Au clusters induce tumor 
cell apoptosis via specifically targeting thioredoxin reductase 1 (TrxR1) and 
suppressing its activity. Chem Commun. 2014; 50: 10687-10690. 

26. Li Q, Yuan Q, Zhao M, Yao YW, Gao L, Liu R, et al. Au nanoclusters suppress 
chronic lymphocytic leukaemia cells by inhibiting thioredoxin reductase 1 to 
induce intracellular oxidative stress and apoptosis. Sci Bull. 2017; 62: 537-545. 

27. Liu MQ, Gao L, Zhao LN, He J, Yuan Q, Zhang P, et al. Peptide-Au clusters 
induced tumor cells apoptosis via targeting glutathione peroxidase-1: the 
molecular dynamics assisted experimental studies. Sci Rep. 2017; 7: 131-140. 

28. Zhai J, Jia YW, Zhao LN, Yuan C, Gao FP, Zhang XC, et al. Turning on/off the 
anti-tumor effect of the Au cluster via atomically controlling its molecular size. 
Acs Nano. 2018; 12: 4378-4386. 

29. Zhang Y, Zhang XC, Yuan Q, Niu WC, Zhang CY, Li JJ, et al. 
Peptide-templated gold clusters as enzyme-like catalyst boost intracellular 
oxidative pressure and induce tumor-specific cell apoptosis. Nanomaterials. 
2018; 8: 1040. 

30. Desai N, Trieu V, Yao ZW, Louie L, Ci S, Yang A, et al. Increased antitumor 
activity, intratumor paclitaxel concentrations, and endothelial cell transport of 
Cremophor-free, albumin-bound paclitaxel, ABI-007, compared with 
Cremophor-based paclitaxel. Clin Cancer Res. 2006; 12: 1317-1324. 

31. Xie JP, Lee JY, Wang DIC. Synthesis of single-crystalline gold nanoplates in 
aqueous solutions through biomineralization by serum albumin protein. J 
Phys Chem C. 2007; 111: 10226-10232. 

32. Liu L, Hu FL, Wang H, Wu XL, Eltahan AS, Stanford S, et al. Secreted protein 
acidic and rich in cysteine mediated biomimetic delivery of methotrexate by 
albumin-based nanomedicines for rheumatoid arthritis therapy. Acs Nano. 
2019; 13: 5036-5048. 

33. Xie JP, Zheng YG, Ying JY. Protein-directed synthesis of highly fluorescent 
gold nanoclusters. J Am Chem Soc. 2009; 131: 888-889. 

34. Wang YL, Xu C, Zhai J, Gao FP, Liu R, Gao L, et al. Label-free Au cluster used 
for in vivo 2d and 3d computed tomography of murine kidneys. Anal Chem. 
2015; 87: 343-345. 

35. Zhang XD, Chen J, Luo ZT, Wu D, Shen X, Song SS, et al. Enhanced tumor 
accumulation of sub-2 nm gold nanoclusters for cancer radiation therapy. Adv 
Healthc Mater. 2014; 3: 133-141. 

36. Wu X, He XX, Wang KM, Xie C, Zhou B, Qing ZH. Ultrasmall near-infrared 
gold nanoclusters for tumor fluorescence imaging in vivo. Nanoscale. 2010; 2: 
2244-2249. 

37. Brook N, Brook E, Dharmarajan A, Dass CR, Chan A. Breast cancer bone 
metastases: pathogenesis and therapeutic targets. Int J Biochem Cell Biol. 2018; 
96: 63-78. 

38. Clezardin P. Therapeutic targets for bone metastases in breast cancer. Breast 
Cancer Res. 2011; 13: 207. 

39. Guise TA. Parathyroid hormone-related protein and bone metastases. Cancer. 
1997; 80: 1572-1580. 

40. Li J, Karaplis AC, Huang DC, Siegel PM, Kremer R. PTHrP drives breast 
tumor initiation, progression, and metastasis in mice and is a potential therapy 
target. J Clin Invest. 2011; 121: 4655-4669. 

41. Marino S, Bishop RT, Mollat P, Idris AI. Pharmacological inhibition of the 
skeletal IKK beta reduces breast cancer-induced osteolysis. Calcified Tissue 
Int. 2018; 103: 206-216. 

42. Novack DV. Role of NF-kappaB in the skeleton. Cell Res. 2011; 21: 169-182. 
43. Shu J, Dolman GE, Duan J, Qiu GP, Ilyas M. Statistical colour models: an 

automated digital image analysis method for quantification of histological 
biomarkers. Biomed Eng Online. 2016; 15: 46. 

44. Zheng J, Zhang C, Dickson RM. Highly fluorescent, water-soluble, 
size-tunable gold quantum dots. Phys Rev Lett. 2004; 93: 077402. 

45. Zhang H, Zhu W, Biskup E, Yang W, Yang Z, Wang H, et al. Incidence, risk 
factors and prognostic characteristics of bone metastases and skeletal-related 
events (SREs) in breast cancer patients: A systematic review of the real world 
data. J Bone Oncol. 2018; 11: 38-50. 

46. Zhang YY, Zou BH, Tan YH, Su JB, Wang YY, Xu JL, et al. Sinomenine inhibits 
osteolysis in breast cancer by reducing IL-8/CXCR1 and c-Fos/NFATc1 
signaling. Pharmacol Res. 2019; 142: 140-150. 

47. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation. 
Nature. 2003; 423: 337-342. 

48. Rose AA, Pepin F, Russo C, Abou Khalil JE, Hallett M, Siegel PM. Osteoactivin 
promotes breast cancer metastasis to bone. Mol Cancer Res. 2007; 5: 1001-1014. 

49. Nutter F, Holen I, Brown HK, Cross SS, Evans CA, Walker M, et al. Different 
molecular profiles are associated with breast cancer cell homing compared 
with colonisation of bone: evidence using a novel bone-seeking cell line. 
Endocr-Relat Cancer. 2014; 21: 327-341. 

50. Kang Y, Siegel PM, Shu W, Drobnjak M, Kakonen SM, Cordon-Cardo C, et al. 
A multigenic program mediating breast cancer metastasis to bone. Cancer cell. 
2003; 3: 537-549. 

51. Pratap J, Wixted JJ, Gaur T, Zaidi SK, Dobson J, Gokul KD, et al. Runx2 
transcriptional activation of Indian Hedgehog and a downstream bone 
metastatic pathway in breast cancer cells. Cancer Res. 2008; 68: 7795-7802. 

52. Huber MA, Azoitei N, Baumann B, Grünert S, Sommer A, Pehamberger H, et 
al. NF-κB is essential for epithelial-mesenchymal transition and metastasis in a 
model of breast cancer progression. J Clin Invest. 2004; 114: 569-581. 

53. Wu XX, Yue GG, Dong JR, Lam CW, Wong CK, Qiu MH, et al. Actein inhibits 
the proliferation and adhesion of human breast cancer cells and suppresses 
migration in vivo. Front Pharmacol. 2018; 9: 1466. 

54. Liepe K, Geidel H, Haase M, Hakenberg OW, Runge R, Kotzerke J. New 
model for the induction of osteoblastic bone metastases in rat. Anticancer Res. 
2005; 25: 1067-1073. 

55. Chevrier DM, Thanthirige VD, Luo Z, Driscoll S, Cho P, MacDonald MA, et al. 
Structure and formation of highly luminescent protein-stabilized gold clusters. 
Chem Sci. 2018; 9: 2782-2790. 


