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Abstract

Rationale: Breast cancer preferentially develops osteolytic bone metastasis, which makes patients suffer from
pain, fractures and spinal cord compression. Accumulating evidences have shown that exosomes play an
irreplaceable role in pre-metastatic niche formation as a communication messenger. However, the function of
exosomes secreted by breast cancer cells remains incompletely understood in bone metastasis of breast
cancer.

Methods: Mouse xenograft models and intravenous injection of exosomes were applied for analyzing the role
of breast cancer cell-derived exosomes in vivo. Effects of exosomes secreted by the mildly metastatic MDA231
and its subline SCP28 with highly metastatic ability on osteoclasts formation were confirmed by TRAP staining,
ELISA, microcomputed tomography, histomorphometric analyses, and pit formation assay. The candidate
exosomal miRNAs for promoting osteoclastogenesis were globally screened by RNA-seq. qRT-PCR, western
blot, confocal microscopy, and RNA interfering were performed to validate the function of exosomal miRNA.

Results: Implantation of SCP28 tumor cells in situ leads to increased osteoclast activity and reduced bone
density, which contributes to the formation of pre-metastatic niche for tumor cells. We found SCP28
cells-secreted exosomes are critical factors in promoting osteoclast differentiation and activation, which
consequently accelerates bone lesion to reconstruct microenvironment for bone metastasis. Mechanistically,
exosomal miR-21 derived from SCP28 cells facilitates osteoclastogenesis through regulating PDCD4 protein
levels. Moreover, miR-21 level in serum exosomes of breast cancer patients with bone metastasis is significantly
higher than that in other subpopulations.

Conclusion: Our results indicate that breast cancer cell-derived exosomes play an important role in
promoting breast cancer bone metastasis, which is associated with the formation of pre-metastatic niche via
transferring miR-21 to osteoclasts. The data from patient samples further reflect the significance of miR-21 as
a potential target for clinical diagnosis and treatment of breast cancer bone metastasis.
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Introduction

Breast cancer is the second leading cause of
cancer-related mortality among women, and bone
metastasis is frequently observed in breast cancer
patients during the disease progression [1]. Osteolytic

bone metastasis occurs in 80% of advanced breast
cancer patients, accompanied by a variety of
debilitating skeletal complications such as nerve
compression, pathological fractures and hyper-
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calcemia [2, 3]. Traditional treatments for breast
cancer patients including radiotherapy, chemo-
therapy, and adjuvant chemotherapy, even the recent
approval of several bone-specific agents only alleviate
skeletal-related complications, but mortality rates
keep a high level due to acquisition of treatment
resistance [4]. Bone metastasis of breast cancer
remains the most common threat to breast cancer
patients, therefore further studies are needed to
delineate the detailed mechanism for bone metastasis
of breast cancer and discover new potential
biomarkers for clinical diagnosis and treatment.

Over the past decades, accumulating evidence
has demonstrated that breast cancer cells with bone
metastatic tropism show specific intrinsic molecular
characteristics [5, 6]. Meanwhile, primary tumor
stroma and specific stromal components in distant
organs also dictate bone metastasis of breast cancer,
such as interactions between tumor and vasculature
that contribute to metastatic preference for bone tissue
[7, 8]. Bone is a dynamic tissue as one of the most
common sites for cancer metastasis, and undergoes
life-span rebuilding regulated by the bone-resorbing
osteoclasts and bone-forming osteoblasts [9]. In
addition to the unique physiochemical properties of
the bone environment, the cellular architecture of the
bone marrow niche, including osteoclast, osteoblast,
and hematopoietic stem cell niches which play
fundamental roles in bone development, remodeling,
and repair, provides advantages for metastatic
colonization of breast cancer [10, 11]. Recent studies
reveal that breast cancer cells secrete a large panel of
molecules, such as vascular cell adhesion molecule 1,
intercellular adhesion molecule 1, lysyl oxidase, and
IL-6, which directly or indirectly stimulate osteoclast
activity [12]. These extracellular communications
facilitate bone degradation and shape the pre-
metastatic niche to promote breast cancer progression,
suggesting forming a feedback loop of bone
metastasis [13, 14].

Exosomes are extracellular membrane vesicles
with a diameter ranging from 30 to 200 nm, which
mediate intercellular communication via transferring
a wealth of nucleic acids and protein among cells
under physiological and pathological conditions
[15-17]. Recently, accumulating studies demonstrate
that tumor-derived exosomes contribute to generating
suitable microenvironments for engraftment and
colonization of incoming metastatic tumor cells
[18-20]. Prostate cancer-secreted exosomal hsa-miR-
940 and pyruvate kinase M2 induce pre-metastatic
osteoblastic lesions by promoting osteogenic
differentiation of host mesenchymal cells [21, 22].
Breast cancer-derived exosomes can destroy vascular
endothelial barriers in distant organs to increase the

incidence of brain and lung metastasis [23, 24].
However, whether breast cancer-secreted exosomes
influence the osteolytic bone metastasis through
formation of pre-metastatic microenvironment
remains largely unclear. Identification of these
mechanisms may reveal new avenues for developing
novel therapeutic targets for breast cancer.

Recent evidence suggests that breast cancer-
derived miRNAs play key roles in tumor
development and progression via exosomes transfer,
including regulating the outgrowth and metastasis of
breast tumor [25, 26] and microenvironment of
metastatic sites [27, 28]. miR-21, a highly conserved
oncomicroRNA, is expressed in serum of many types
of cancer patients, including hepatocellular
carcinoma, lung cancer, and breast cancer, which is
significantly higher than that in healthy controls
[29-31]. Several studies demonstrate that miR-21
involves in tumor progression and osteoclasts
differentiation [32, 33]. For example, miR-21 promotes
NFATc1 up-regulation during osteoclast
differentiation by directly binding programmed cell
death 4 (PDCD4), which has a suppressive function
on c-Fos transactivation [34]. However, whether the
breast cancer-derived exosomal miR-21 corresponds
to osteoclast-driven pre-metastatic niche for bone

metastasis of breast tumor is waiting to be
determined.
In this study, we found breast cancer

cell-secreted exosomes contributed to the generation
of pre-metastatic niche by promoting osteoclast
differentiation and enhancing bone metastasis.
Mechanically, breast cancer-derived exosomal miR-21
decreased the expression of PDCD4. Importantly, the
expression level of miR-21 was detected at higher
level in serum exosomes of breast cancer patients with
bone-metastasis than that in patients without bone-
metastasis. Our findings uncover a previously
unknown mechanism on bone-metastasis of breast
cancer, providing new insights on clinical diagnosis
and treatment.

Materials and Methods

Animal experiments

All mice were bred and housed in specific
pathogen-free ~ conditions  under  controlled
temperature (22 1 °C) and exposed to a constant 12 h
light-dark cycle in the animal facilities at China
Astronaut Research and Training Center. 6 to
8-week-old BALB/c nude female mice (Charles river,
China) were used for the overall experiments in this
study. Animal experiments were conducted in
accordance with the guidelines and with the approval
of the Committees of Animal Ethics and Experimental
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Safety of China Astronaut Research and Training
Center.

For the generation of models with orthotopic
primary tumor, female BALB/c nude mice at 6 to
8-week-old were anaesthetized and a small incision
was made to expose the mammary gland. 10°
luciferase-labeled SCP28 cells suspended in 10 ul PBS
were injected directly into the fat pad. For bone
metastasis assay, 2 x 10> SCP28 or MDA-MB-231 cells
suspended in 100 pL PBS were injected into the caudal
artery of anesthetized mice by 29 G syringe needle.
For bisphosphonate assay, 0.6 mg/kg zoledronic acid
was injected intraperitoneally twice a week.

Tumor burden was monitored by measuring
photon flux of bioluminescent imaging (BLI) signals
using IVIS Spectrum CT (PerkinElmer) after
intraperitoneal injection of 150 mg/kg D-Luciferin
(PerkinElmer, USA). Data were normalized to the
signal on day 0. Bone damages were measured by
X-ray radiography with a Faxitron instrument
(Faxitron X-ray, USA) and quantified by Image]J
software 1.52 (NIH, Bethesda, MD, USA). At the
checkpoint, bone samples were used for bone
histology analysis and bone density quantification by
Micro-computed tomography (Micro-CT) imaging.

X-Ray imaging and osteolytic lesion
quantification

The osteolytic status of the hind limbs was
observed by X-ray photography. Anesthetized mice
were placed in prone position and exposed to X-ray
radiography at 45 kV for 2 s using a MX-20 Faxitron
instrument. The osteolytic area in the hind limbs was
quantified using the Image] software 1.52 (NIH,
Bethesda, MD, USA).

Bone histomorphometric analysis

The tibia of mice was fixed with 4% para-
formaldehyde for 48 h followed by decalcification in
10% EDTA for 3-4 weeks, and 6 pm sections were
prepared on a rotation microtome. Paraffin-
embedded sections were deparaffinized in xylene and
rehydrated. The samples were next performed
hematoxylin-eosin (H&E) and tartrate resistant acid
phosphatase (TRAP) staining (Sigma, USA) according
to the standard protocol. For H&E staining, the bone
sections from 4 mice per group were obtained, and 6
fields of view from total 4 slides per mouse were
randomly selected for photography.

For immunohistochemical staining, paraffin-
embedded sections were deparaffinized in xylene and
rehydrated. Antigen retrieval was performed with
protease K at 37 °C for 15 min. The activity of
endogenous peroxidase was blocked with 3% HxO»
solution. The samples were stained overnight at 4 °C

with GFP-tag mouse monoclonal antibody (1:100,
AB0005, Abways) or rabbit polyclonal antibody
against osteocalcin (OCN) (1:400, 23418-1-AP,
Proteintech). After three times washing with PBS,
biotinylated secondary antibodies were then added
and incubated for 1 h at room temperature.
Negative-control experiments were carried out by
omitting the primary antibodies. DAB (ZSGB-bio,
China) was used as chromogen, and hematoxylin was
used to counterstain. The sections were examined
using a microscope (ECLIPSE Ci-S, Nikon, Japan).
Statistical analyses were performed with the
Osteomeasure Analysis System, including the
following parameters: osteoclast surface/bone surface
(Oc.S/BS), osteoclast number/bone perimeter (N.Oc/
B.Pm), osteoblast surface/bone surface (Ob.S/BS) and
osteoblast number/bone perimeter (N.Ob/B.Pm).

Micro-CT analysis

High-resolution  micro-CT  analysis  was
performed on the distal femurs using a model of 140
Scanco (SCANCO Medical, Bruttisellen, Switzerland).
In the femurs, the trabecular bone proximal to the
distal growth plate was selected for analysis within a
conforming volume of interest (cortical bone
excluded) commencing at a distance of 840 pm from
the growth plate and extending a further longitudinal
distance of 1680 pm in the proximal direction. Cortical
measurements were performed in the diaphyseal
region of the femur starting at a distance of 3.57 mm
from the growth plate and extending a further
longitudinal distance of 210 pm in the proximal
direction. All trabecular bone from each selected slice
was segmented for three-dimensional reconstruction
to calculate the following parameters: trabecular bone
mineral density (BMD), trabecular bone volume
(BV/TV), trabecular thickness (Tb.Th), structure
model index (SMI), trabecular number (Tb.N),
trabecular separation (Tb.Sp) and cortical thickness
(C.Th).

ELISA

ELISA was conducted with collected murine and
human serum using ELISA kits according to the
manufacturers’ instructions. Serological levels of
cross-linked C-telopeptide of type I collagen (CTX-1)
and I type collagen amino end before collagen peptide
(PINP) were detected using ELISA Kits (KE1744,
Immunoway, USA; AE90833Mu, AMEKO, China),
respectively. Human serum samples were collected
from 21 breast cancer patients without relapse, 9
patients with other sites of relapse and 21 breast
cancer patients with bone metastasis in the Chinese
PLA General Hospital. All procedures were approved
by the Committees of Clinical Ethics in the Institute of
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the General Hospital of Chinese People’s Liberation
Army. Patient consent was obtained before the start of
the study. The exosomal miR-21 in human serum was
measured with exoRNeasy Serum/Plasma Midi Kit
(1088400, QIAGEN).

Cell sorting

The bone marrow cells and bone marrow
stromal cells were collected from the femur and tibia
of the control and exosomes-conditioned mice. After
washed with PBS containing 1% BSA, the cells were
directly stained with goat against mouse Oscar (1:40,
Santa Cruz Biotechnology, USA) and then stained
with donkey anti-goat IgG-PE (1:100, R&D systems,
USA). Oscar positive cells were sorted with a
FACSAria 1I (BD Biosciences, USA). All data were
analyzed using Flow]o software v.10 (BD Biosciences,
USA).

Cell culture

SCP28 and MDA-MB-231 cells were cultured in
full DMEM (supplemented with 10% FBS which was
depleted of exosomes by ultracentrifugation at
120,000 g for 70 min, 1% penicillin, and 1%
streptomycin). The bone marrow monocyte (BMM)
cells were induced into osteoclasts in full a-MEM
contained with 30 ng/mL recombinant human M-CSF
(R&D systems, USA) and 50 ng/mL RANKL (R&D
systems, USA). Cells were routinely maintained in a
humidified incubator at 37 °C with 5% CO; and the
culture medium was replaced for fresh every 2 days.
To collect the exosomes from distinct cultural
conditions, human-specific miR-21 mimics, miR-21
inhibitor, Rab27a and control siRNAs (GenePharma)
were applied for the cultural system of SCP28 cells as
previously described [35]. MiR-21 mimics and
inhibitors were synthesized by Gene Pharma
(Shanghai, China). The sequences were listed as
follow: human miR-21 mimics sequences: 5-UAG
CUU AUC AGA CUG AUG UUG A-3; human
miR-21 inhibitor sequences: 5'-UCA ACA UCA GUC
UGA UAA GCU A-3', control: CAG UAC UUU UGU
GUA CAA; human Rab27a siRNA sequences: 5'-GCC
AAU GGG ACA AAC AUA ATT-3'. To generate
SCP28 cells with low expression of miR-21, the
ShRNA with following sequence GAT CCG TAG CTT
ACC AGG CTG ATG TTA ACT TCC TGT CAG ATC
AAC ATC AGT CTG ATA AGC TAT TTIT TG was
used for miR-21 knockdown using a lentiviral
transfection system as previously described [36].

Co-culture assay

The well inserts with a 0.4-mm poresized filter
(Corning Inc., USA) for six-well plates were used
following the manufacturer’s instruction.
Approximately 4 x 106 BMM cells were seeded into

the bottom of each well and induced into osteoclasts
in full a-MEM supplemented with 30 ng/mL M-CSF
and 50 ng/mL RANKL for continuous 2 days. On the
next day, 4 x 10* SCP28 cells were seeded onto the top
of transwell inserts and cultured separately in full
DMEM overnight. Then, the induced BMM cells
above were co-cultured together with SCP28 cells on
the transwell inserts for another 2 days followed by
TRAP staining (Sigma-Aldrich, USA) according to the
manufacturer’s instruction.

Exosomes isolation and characterization

Exosomes were collected from cell culture
supernatant by differential centrifugations as
described previously [37]. Briefly, SCP28 cells were
cultured in exosomes-free DMEM medium described
as above and the supernatant was collected at 48 to 72
h. Non-adherent cells were removed by centrifugation
at 300 g for 10 min at 4 °C, and then the supernatant
was collected in a new tube and performed secondary
centrifugation at 2,000 g for 10 min at 4 °C. Next, the
supernatant was transferred into a new tube followed
by centrifugation at 10,000 g for 30 min at 4 °C.
Finally, the supernatant was transferred into a new
tube and pelleted exosomes via ultracentrifugation at
120,000 g for 70 min at 4 °C, followed by PBS washing
and centrifuged at 120,000 g for another 70 min. The
exosome pellet was resuspended in PBS at an
appropriate volume. The concentration of exosome
suspension was measured by a BCA protein assay kit
(Beyotime, China). The characterization of exosomes
was confirmed by measuring morphology with a
HT7700 (Hitachi, Japan) transmission electron
microscope (TEM) and particle size with LM10
NanoSight Tracking analysis (Malvern Instruments,
Britain). Exosomes used for RNA and protein
extraction were isolated using Total Exosome
Isolation Kit (Invitrogen, USA).

Analysis of exosome uptake by RANKL-
primed osteoclast precursors

The fluorescent dye 3,3'-dioctadecy loxacar
bocyanine perchlorate (Dio) (5 pM, Invitrogen, USA)
was added to exosome suspension, which was
incubated for 15 min at 37 °C. The pellet was washed
twice with PBS followed by ultracentrifugation at
120,000 g for 70 min and then resuspended in PBS at
an appropriate volume. RANKL-primed osteoclast
precursors were incubated with the Dio-labeled
exosomes for 4 h at 37 °C. Then, the cells were washed
twice with PBS and fixed in 4% paraformaldehyde for
5 min at room temperature. Next, the cells were
washed twice with PBS and incubated with Hoechst
33342 for 5 min at 37 °C. The labeled cells were
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examined using confocal laser scanning microscopy
(LSM-710, Zeiss, Germany).

In vivo and in vitro exosome treatment

In  vitro  osteoclast  differentiation = was
accomplished as previously described [38]. Briefly,
BMM cells from femurs of 6 to 8 weeks old mice were
cultured in full a-MEM with M-CSF (10 ng/mL, R&D
systems, USA) for 1 d and then were differentiated
into osteoclasts using RANKL (50 ng/mL, R&D
systems, USA) and M-CSF (30 ng/mL) for 5 d. 50
pg/mL exosomes were added to 2 x 10° recipient cells
(TRAP* monocytes) on the fourth day. For in vivo
treatment, 50 pg exosomes were intravenously
injected into 6-week-old female BALB/c nude mice
every other day for 3 weeks. In the control group, PBS
was used.

For the culture of osteoblast progenitor cells,
calvariae from newborn mice were dissected
aseptically and treated with 0.1% collagenase and
0.2% dispase. The cells were maintained in the
minimum essential medium (MEM) alpha containing
10% FBS. For osteoblast differentiation, primary
osteoblasts were cultured in a-MEM containing 10%
FBS and 10 nM dexamethasone (Sigma), 50 pg/mL of
ascorbic acid, and 5 mM pB-glycerophosphate for 6
days. For in vitro treatment, 50 pg/mL of exosomes
were added to 1 x 10* recipient cells on the first day.
Alkaline phosphatase (ALP) staining was carried out
using a Vector Blue Substrate Kit (SK-5300; Vector
Laboratories).

Detect the distribution of exosomes in
multiple organs

Exosome suspensions were incubated with the
fluorescent dye 1,1'-Dioctadecyl-3,3,3',3'-tetramethyl-
indocarbocyanine perchlorate (Dil) (10 pM, Beyotime,
China) for 20 min at room temperature, subsequently
washed twice with PBS via ultracentrifugation at
120,000 g for 70 min. Pelleted exosomes were
resuspended in PBS. Dil-labeled exosomes were
detected using a Maestro in-vivo imaging system
(CRi, USA) in multiple organs, including heart, liver,
spleen, lung, kidney, bone and brain. Exosomes
pre-labeled using Dil (100 pg per mouse) were then
intravenously injected into 6-week-old female
BALB/c nude mice, which were fed with alfalfa-free
diet for 1 week before the experiment. Thereafter, the
mice were killed at 8 h after the injection and
subjected to biophotonic imaging to determine the
distribution of labeled exosomes.

Pit formation assay

The pit formation assay was performed as
previously described [39]. Approximately 3x10° BMM
cells were seeded into each well of a Corning® Osteo

Assay Surface 24-well Plate (3987, Corning Inc., USA)
and cultured overnight in the presence of M-CSF (10
ng/mL). On the next day, 30 ng/mL M-CSF and 50
ng/mL RANKL were amended into culture medium
of BMM cells to induce into osteoclasts for continuous
7 days, which were treated with PBS or exosomes on
the fourth day. The culture medium was discarded on
day 7 and the cell surface was washed with 10%
bleach solution for 5 min at room temperature. The
plate was then washed twice with ddH>O and left to
dry at room temperature for 5 h. Finally, the resorbing
area was imaged via a microscope and analyzed with
Image J software.

Western blot

Total protein of cells was extracted in lysis buffer
(50 mM Tris, pH 7.5, 250 mM NaCl, 0.1% SDS, 2 mM
dithiothreitol, 0.5% NP-40, 1 mM PMSF and protease
inhibitor cocktail) at 4 °C for 30 min. Bone tissues
were grinded with the mortar in liquid nitrogen and
were lysed in lysis buffer at 4 °C for 30 min. Protein
fractions were collected by centrifugation at 12,000 g,
4 °C for 10 min. Next, 10 pg protein was subjected to
SDS-PAGE and transferred onto polyvinylidene
fluoride membranes. The membranes were blocked
with 5% BSA and incubated with specific antibodies
overnight. A  horseradish  peroxidase-labeled
secondary antibody was added and visualized using
an enhanced chemiluminescence kit (Pierce, USA).
The following antibodies were used: TFIIB (1:1000,
CST, USA), LaminA/C (1:1000, CST, USA), p-actin
(1:1000, CST, USA), Rab27a (1:1000, CST, USA),
EphA2 (1:1000, CST, USA), HSP70 (1:1000, CST, USA),
TSG101 (1:1000, Santa Cruz Biotechnology, USA), Alix
(1:1000, CST, USA), NFATc1 (1:1000, CST, USA) and
PDCD4 (1:1000, CST, USA) to examine the
concentrations of proteins in the lysates, respectively.
The ratios of the protein band intensities relative to
that of B-Actin were calculated for each sample using
Image J.

RNA extraction and Real-time PCR

Total RNA from bone tissues or cells was
extracted with TRIzol Reagent (Invitrogen, USA) and
reverse transcribed with PrimeScript RT reagent Kit
(TaKaRa, China) following the manufacturer's
instructions. Real-time PCR was performed using
SYBR Premix Ex Taq II Kit (Takara, China). Gapdh was
used as a normalization control for mRNA and U6
was used as a normalization control in miRNA
measurements. All primers used are shown in Table
S1.

Small RNA sequencing and data analysis

Total RNA from breast cancer cells-secreted
exosomes was extracted with Trizol regent using the
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RNeasy Micro Kit (QIAGEN, Germany) and
quantified by a Qubit 3.0 Fluorometer (Life
Technologies, USA). The high-quality RNA was used
for the sequencing library construction. Small RNA
libraries were constructed using NEBNext Multiplex
Small RNA Library Prep Set for lllumina and the NEB
standard protocol. The libraries were sequenced on an
[llumina platform by Novogene corporation (Beijing,
China).

For RNA-seq data analysis, the sequencing
quality of raw data was assessed by FastQC. First, the
low-quality reads and adaptors were removed by
Trimmomatic. Next, clean data for each sample were
aligned to the most recent miRBase database with
remaining reads aligned to the most recent human
genome. Highly expressed microRNA in breast cancer
cells-secreted exosomes were obtained.

Statistical analysis

All experiments are presented as the mean *
SEM. Student’'s t-test was wused for statistical
evaluations of two group comparisons. One-way
analysis of variance (ANOVA) for more than two
groups was performed for statistical analysis.
Comparisons between Kaplan-Meier curves were
performed using the log-rank test. Other comparisons
were performed using two-way ANOVA. All
statistical analyses were performed with Prism
software (GraphPad prism for windows, version 6.0).

Results

Implantation of SCP28 breast cancer cells
results in bone loss of recipient mice

To elucidate the pre-metastatic niche formation
for breast cancer bone-metastasis, we examined the
changes of bone mass and structure after orthotopic
implantation of luciferase and GFP-labeled SCP28
breast cancer cells, which is an MDA-MB-231 derived
cell line with high bone metastatic ability [40]. The
distal femoral metaphysis from SCP28 tumor-bearing
mice showed gradual decrease of trabecular bone
mineral density (BMD) after 4 weeks of implantation
(Figure S1A) and significant changes were detected
from 5 weeks post implantation (Figure 1A and
Figure S1A). Consistently, bones from tumor-bearing
mice exhibited a remarkable reduction in trabecular
bone volume (BV/TV) and trabecular thickness
(Tb.Th), and increased structure model index (SMI) in
comparison with the control mice (Figure 1B-C), but
no difference in trabecular number (Tb.N) and
trabecular separation (Tb.Sp) (Figure S1B). These
results indicate that implantation of primary breast
tumors leads to bone loss.

Given bone is a dynamic tissue that is

maintained by a delicate balance between osteoclasts
and osteoblasts. We next analyzed the osteoclast and
osteoblast activities in recipients at 5 weeks post
implantation. Tartrate resistant acid phosphatase
(TRAP) staining analysis showed increased
osteoclasts activities in tumor-bearing mice (Figure
1D). The results of histomorphometric analyses
demonstrated increased Oc.S/BS and N.Oc/B.Pm
(Figure 1E). The bone resorption marker cross linked
C-telopeptide of type 1 collagen (CTX-1) in serum was
also elevated (Figure 1F). Accordingly, the expression
of osteoclast differentiation and function genes Acp),
Ctsk, Mmp9, and Nfatcl was much higher in the bone
of tumor-bearing mice than those in the bone of
tumor-free mice (Figure 1G). In contrast, there were
no alterations of bone formation parameters,
including Ob.S/BS and N.Ob/B.Pm, OCN activity
and serum levels of the bone formation marker PINP
in the two groups (Figure S1C-E). At this time point,
tumor cells were not detectable in the bone and there
were no changes in body weight of recipients
implanted with SCP28 cells, indicating no
bone-metastasis occurred (Figure 1H and Figure
S1F-G). Collectively, these data suggest that the bone
lesion takes place prior to bone metastasis of breast
cancer cells due to implantation of SCP28 cells
promoting the activities of osteoclasts.

Breast cancer cell-derived exosomes promote
osteoclast activity in vivo

Owing to the critical functions of breast cancer
cell-secreted exosomes as messengers between tumor
cells and the bone niche of recipients, we isolated
SCP28 cell-secreted exosomes to decipher their impact
on bone microarchitecture. The exosomes were
confirmed by transmission electron microscopy
(TEM) (Figure 2A) and the purity of exosomes was
measured by NanoSight analysis, revealing the range
of exosome size was from 50 to 200 nm with an
average exosome size of 110 £ 39 nm (Figure 2B).
Exosome markers Alix, HSP70, and TSG101 were
enriched, while nuclear proteins TFIIB and Lamin
A/C were undetectable in exosomes (Figure 2C).
These data collectively verified that the purity of
isolated exosomes was eligible for following
experiments. We subsequently analyzed the
distribution of exosomes derived from different cell
lines including MCF10A, MDA-MB-231 or SCP28 cells
in multiple organs of recipient mice at 8 h post
intravenous injection. The result demonstrated that
only SCP28 cell-secreted exosomes exhibited the
propensity to reach the bone (Figure 2D), therefore
we selected the SCP28 cell-secreted exosomes to
perform the following assay.
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Figure 1. Implantation of SCP28 breast cancer cells results in reduction of bone density. A. Representative bioluminescent imaging (BLI) of recipients with SCP28
cells (right) or control mice (left) at checkpoint of 5 weeks post implantation. B. Representative images showing three-dimensional trabecular architecture by micro-computed
tomography (micro-CT) reconstruction in the distal femurs of tumor-free and tumor-bearing mice (n = 8 mice per group). Scale bar, 300 um. C. Quantification of BMD, BV/TYV,
Tb.Th, SMI from statistical micro-CT data. (n = 8 mice per group). BMD, bone mineral density; BV/TV, bone volume/tissue volume ratio; Tb.Th, trabecular thickness; SMI,
structure model index. D. Representative images of TRAP-positive cells in trabecular bone of tibias from tumor-free and tumor-bearing mice. Scale bar, 50 pm. E. Osteoclast
surface/bone surface (Oc.S/BS) and osteoclast number/bone perimeter (N.Oc/B.Pm) of the proximal tibia from distinct mice in D were indicated (n = 3 in each group). F. ELISA
analysis of serum cross linked C-telopeptide of type | collagen (CTX-1) (ng/mL) in tumor-free (n = 6) and tumor-bearing mice (n = 5). G. qRT-PCR analysis of the expression
of osteoclast marker genes including Acp5, Ctsk, Mmp9, and Nfatc| in tibias and femurs from tumor-free mice (n = 6) and tumor-bearing mice (n = 6). The relative expression of
each target transcript (after normalization to the housekeeping Gapdh gene) in tumor-free mice was set as |, and that in tumor-bearing mice was normalized, accordingly. H.
Representative images of H&E staining of tibia section from tumor-free, tumor-bearing mice and mice with bone metastasis of SCP28 cells as a positive control at checkpoint of
5 weeks post implantation. T: tumor cell. Scale bar, 50 pm. Cumulative data are means + SEM. * P < 0.05; ** P < 0.01; *** P < 0.001 (unpaired Student’s t test). All data are from

at least three independent experiments.
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Figure 2. SCP28 cell-secreted exosomes serve as a critical role in bone homeostasis. A. Representative transmission electron microscopy (TEM) images of SCP28
cell-secreted exosomes. Scale bar, 25 nm. B. Nanoparticle tracking the size distribution of SCP28 cells-secreted exosomes (representative of five independent measurements).
C. Detection of protein levels of Alix, HSP70, TSG101, TFIIB and LaminA/C in SCP28 cell-secreted exosomes and parental cell lysates by western blot. D. Representative BLI
imaging showed the fluorescence signal distribution in multiple organs from mice injected with PBS or Dil-labeled exosomes derived from indicated cell lines. E. Representative
images of TRAP staining in the proximal tibias of mice from indicated groups. Scale bar, 50 pm. F. Osteoclast surface/bone surface (Oc.S/BS) and osteoclast number/bone
perimeter (N.Oc/B.Pm) of the proximal tibia from distinct mice in E were indicated (n = 3 in each group). G. ELISA analysis of serum CTX-1 (ng/mL) after administration with
exosomes (n = 5) or PBS (n = 6), respectively. H. qRT-PCR analysis of osteoclast marker genes described as above in Oscar* osteoclasts from mice treated with SCP28
cells-secreted exosomes (n = 5) and PBS as controls (n = 6). The relative expression of each target transcript (after normalization to the housekeeping Gapdh gene) in control
mice was set as 1, and that in exosome-treated mice was normalized, accordingly. Cumulative data are means + SEM. * P < 0.05; ** P < 0.01 (unpaired Student’s t test). All data

are from at least three independent experiments.

To test whether exosomes derived from breast
cancer cells have direct effects on osteoclast activity in
vivo, SCP28 cell-secreted exosomes were
intravenously injected into recipients every other day
for 3 continuous weeks. There was no significant
difference in body weight of all recipient mice after 3
weeks of exosome injection (Figure S2A). TRAP
activity, serum CTX-1 level, and the expression of
osteoclast marker genes Acp5, Ctsk, Mmp9, and Nfatcl
in bones of exosome treated mice were up-regulated

(Figure 2E-G and Figure S2B), reflecting osteoclast
activity was substantially increased after exosome
treatment. We further sorted the Oscar* osteoclasts
and detected the expression of osteoclast signature
genes detected above. Consistently, Acp5, Ctsk, Mmp9,
and Nfatcl were also up-regulated in exosome treated
Oscar* osteoclasts (Figure 2H). In contrast, there were
no obvious effects on osteoblast number and activity
from recipient mice treated with exosomes (Figure
S2C-E).
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Breast cancer cell-derived exosomes promote
osteoclast differentiation and activity in vitro

We next analyzed the direct effects of breast
cancer cells-derived exosomes on osteoclasts.
Confocal imaging showed that Dio-exosomes could
be incorporated into osteoclasts (Figure 3A). To
further address the role of breast cancer-derived
exosomes in osteoclast activation, primary osteoclast
cells were cultured with or without the presence of
SCP28 cell-secreted exosomes. The results showed
that exosome treatment not only promoted the
generation of  TRAP-positive  multinucleated
osteoclasts (Figure 3B) and the expression of NFATc1
(Figure S3A), but also notably enhanced bone
resorption in vitro (Figure 3C). We further confirmed
the functions of SCP28 cell-secreted exosomes in
osteoclast formation with Rab27a siRNA as an
inhibitor of exosome secretion (Figure S3B-C) or the
neutral sphingomyelinase inhibitor GW4869 via co-
culture experiments, respectively. NanoSight analysis
showed reduced amounts of exosomes secreted from
SCP28 cells treated with Rab27a siRNA or GW4869
(Figure S3D). The number of TRAP-positive multi-
nucleated osteoclasts was significantly reduced with
treatment of Rab27a siRNA (Figure 3D) or GW4869
(Figure 3E), indicating that SCP28 cell-secreted
exosomes could directly stimulate the formation of
TRAP-positive multinucleated osteoclasts in vitro. In
contrast, we observed exosomes treatment had no
impact on the protein levels of osteoblast
differentiation transactivator RUNX2 and ALP
staining exhibited no significant difference (Figure
S3E-F). Correspondingly, the mRNA levels of
osteogenic genes Alp, Ocn, and Coll did not show
statistical alteration in exosomes-treated osteoblasts
compared with those from controls (Figure S3G).
These data collectively demonstrate that SCP28
cell-secreted exosomes have a specific effect on
osteoclast in vitro.

Breast cancer cell-derived exosomes facilitate
bone metastasis by priming pre-metastatic
niche

To evaluate the effect of cancer cells-derived
exosomes on the formation of pre-metastatic niche in
the bone, we developed a well-established xenograft
model by using SCP28 cells as donors for bone
metastasis of recipients with or without treatment by
SCP28 cell-secreted exosomes as described (Figure
4A). Tumor burden at the hind-limbs was
significantly increased (Figure 4B) and the bone
metastasis exhibited an earlier onset (Figure 4C) in the
exosome-treated group. Notably, BLI imaging
indicated that the tumor burden was significantly

increased in recipients educated by exosomes
compared with those in control group at the end point
(Figure 4D). Reduced bone density and accelerated
osteolysis of the cortical and trabecular bone were
observed in recipients educated by exosomes (Figure
4E-G). Accordingly, immunohistochemistry staining
reflected a significant increase of bone metastasis
burden in exosomes-educated recipients (Figure 4H).
Meanwhile, more TRAP positive osteoclasts at the
tumor-bone interface were observed in recipients
educated by exosomes, whereas the OCN staining
indicated no changes in osteoblast numbers (Figure
4H).

To further validate these findings, we used
mildly metastatic MDA-MB-231 cell line for
implantation in mice after SCP28 cell-secreted
exosomes education as described in scheme (Figure
S4A). Substantially aggressive bone damage and
elevated bone metastasis of MDA-MB-231 cells were
observed at 6 weeks post tumor injection (Figure
S4B-H). These data jointly indicate that SCP28
cell-secreted exosomes contribute to bone metastasis
of breast cancer cells via accelerating osteoclast
formation in bone microenvironment.

Bisphosphonate treatment attenuates the
osteoclast-driven pro-metastatic effect of
breast cancer cell-derived exosomes in the
bone

Next, we explored whether osteoclast is a direct
downstream target of SCP28 cell-secreted exosomes in
the establishment of pre-metastatic niche in bone. A
series of experiments were developed by using
exosomes-educated mice treated with or without
bisphosphonate zoledronic acid (BP), an inhibitor of
osteoclast function, following the experimental
scheme (Figure 5A). Tumor burden at the hind-limbs
was significantly decreased (Figure 5B) and the bone
metastasis exhibited a late onset (Figure 5C) in
recipients treated with exosomes and BP together
than those in mice treated with exosomes only.
Notably, BLI imaging indicated that the tumor burden
was decreased in recipients treated with exosomes
and BP compared with those in exosomes-educated
mice (Figure 5D). Meanwhile, mice treated with
exosomes and BP exhibited less osteolytic lesion
formation (Figure 5E and Figure S5A-B).
Accordingly, immunohistochemistry staining
reflected a significant increase of bone metastasis
burden in exosomes educated recipients, but a
remarkable contraction in recipients treated with
exosomes and BP (Figure 5F). TRAP positive
osteoclast number at the tumor-bone interface
exhibited the same trends, correspondingly (Figure
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5F). Taken together, these data indicate that breast re-constructing the pre-metastatic niche via
cancer cells-derived exosomes play essential roles in ~ promoting osteoclast function.
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Figure 4. SCP28 cells-secreted exosomes contribute to bone metastasis of SCP28 tumor cells. A. Flowchart of the experimental processes and scheme of SCP28
cell-secreted exosome education and metastasis. B. BLI quantitation of dynamic bone metastasis of breast cancer SCP28 cells in recipient mice educated by SCP28 cell-secreted
exosomes or controls (n = 14 per group); *** P < 0.001 by two-way ANOVA. C. Kaplan-Meier curve showing bone metastasis of SCP28 cells in recipient mice educated by SCP28
cell-secreted exosomes or controls (n = 14 per group); * P < 0.05 (log-rank test). D. Representative BLI imaging showing the SCP28 cells localization on day 42 in recipient mice
educated by SCP28 cell-secreted exosomes or controls. E. Representative images showing three-dimensional architecture after micro-CT reconstruction of the distal femurs
from mice. Scale bars, up 1 mm; bottom 300 pm. F. Quantitative micro-CT analysis of distal femurs from control (n = 4) and SCP28 exosomes mice (n = 3), including BMD, SM],
Tb.N, Tb.Th, Tb.Sp and C.Th. * P < 0.05; ** P < 0.01; *** P < 0.001 by Student’s t test. G. Representative X-ray images (up) and quantification of osteolytic lesions (bottom) in
SCP28 cell-implanted mice educated by SCP28 cell-secreted exosomes or controls. Arrows indicate osteolytic bone areas. ** P < 0.01 by Student’s t test. a.u., arbitrary unit. H.
Representative images of H&E, TRAP, and OCN staining from SCP28 cell-implanted mice educated by SCP28 cell-secreted exosomes or controls. T, tumor; M, bone marrow.
Scale bars, 50 pm. Cumulative data are means * SEM. The statistical methods are indicated relatively. All data are from at least three independent experiments.
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SCP28 cell-derived exosomal miR-21
promotes pre-metastatic niche formation via
regulating osteoclastogenesis

To explore the mechanisms of the SCP28 cell-
secreted exosomes in regulating osteoclastogenesis
and function, we analyzed the miRNA profiles of
exosomes derived from SCP28 cancer cells. The
miRNA sequencing results showed that many
miRNAs were encapsulated in the exosomes (Figure
S6A and Table S2). We selected the top 18 miRNAs
enriched in the exosomes and analyzed their levels in
RANKL-primed osteoclasts co-cultured with or
without exosomes. Among these 18 miRNAs, miR-21
(miR-21-5p) exhibited the most significant changes
with four-fold upregulation compared with control
(Figure 6A and Figure S6B), while the level of
pre-miR-21 was not altered (Figure 6A), suggesting
that the increased miR-21 in osteoclasts was
transported from exosomes, but not an intrinsically
inducible expression. In addition, the expression of
exosomal miR-21 in SCP28 cells was significantly
higher than that in MCF10A, MDA-MB-231-LM2, and
MDA-MB-231 cells (Figure S6C), implying miR-21
expression level was likely to be associated with the
high metastatic capability of SCP28 cells. We further
verified the transportation of miR-21 from exosomes
to RANKL-primed osteoclasts via labeling miR-21
with FAM in exosomes (FAM-miR-21). Confocal
imaging showed the presence of FAM-miR-21 in the
cytoplasm of osteoclasts, indicating that SCP28 cell-
derived miR-21 could be delivered into osteoclasts
from exosomes (Figure 6B).

To further confirm the effect of exosomal miR-21
on osteoclast, exosomes were isolated from SCP28
cells transfected with miR-21 siRNA or mimics, and
miR-21 levels were confirmed (Figure S6D). When
RANKL-primed osteoclasts were incubated with
exosomes secreted by SCP28 cells transfected with
miR-21 siRNA (exosomes/anti-miR-21), TRAP
positive multi-nuclear osteoclast numbers were
reduced and the resorption capability of osteoclast
was compromised in comparison with those
exosomes from the control group (Figure 6C).
Conversely, the effect of exosomes on osteoclasts was
reinforced by exosomes purified from SCP28 cells
transfected with miR-21 mimics (exosomes/miR-21)
(Figure 6C).

Given the PDCD4, a direct target of miR-21,
serves as an inhibitor in osteoclast differentiation and
function, we next confirmed the expression of PDCD4
and NFATc1 from different experimental groups. As
predicted, the decreased NFATcl expression and
increased PDCD4 expression were observed in
osteoclasts treated with exosomes/anti-miR-21 and
the opposite effects were exhibited in those treated

with exosomes/miR-21 (Figure 6D). Consistently,
immunohistochemistry staining of the bone from
exosome-educated mice revealed a significantly lower
PDCD4 protein levels in OSCAR* osteoclasts in
comparison with the control group (Figure 6E).

To evaluate the effect of cancer cells-derived
exosomal miR-21 on the formation of a pre-metastatic
niche in vivo, SCP28 cells transfected with Sh-miR-21
or NC were injected into mammary fat pads of mice to
establish the primary tumors-bearing mice models.
The knockdown efficiency of Sh-miR-21 was
confirmed by qRT-PCR (Figure S6E). The bone
density of the femur from SCP28 tumor-bearing mice
was further analyzed by micro-CT at 5 weeks post
transplantation. The degree of bone loss in recipient
mice bearing SCP28/Sh-miR-21 tumors was
significantly lower than that in recipient mice bearing
SCP28/NC tumors (Figure S6F-G). Correspondingly,
serum CTX-1 level and the expression of osteoclast
signature genes Acp5, Ctsk, Mmp9, and Nfatcl in mice
bearing SCP28/Sh-miR-21 tumors were comparable
with tumor-free mice (Figure S6H-I). These data
suggested miR-21 played a crucial role in osteoclast-
driven pre-metastatic niche formation. Importantly,
exosomal miR-21 levels in the serum from breast
cancer patients with bone-metastasis were dramati-
cally higher than that from breast cancer patients with
non-bone tissue metastasis and without metastasis,
while exosomal miR-21 levels in the serum had no
significant correlation with age, stage and subtypes of
breast cancer patients (Figure 6F-G and Table S3).

Discussion

The cross-talk between tumor cells and the bone
microenvironment linking to bone metastasis of
breast cancer has captivated widely research interests
in the past few years. Recent studies indicate that
exosomes-mediated exchange of cellular materials
between cells functions as an important intercellular
communication [41-43]. It has been intensively
described that tumor cell-derived exosomes play
critical roles in tumor progression and aggressiveness,
particularly inducing pre-metastatic niche formation
and consequently increasing metastatic burden [44].
Exosomes derived from metastatic tumor help to
establish a favorable local microenvironment in lung
that supports survival and outgrowth of disseminated
breast cancer [45, 46]. Similarly, breast cancer cells-
secreted exosomes also contribute to pre-metastatic
niche formation in the brain by recruiting immune
cells and influencing metabolic reprogramming of
stromal cells [18]. Here, we demonstrated that breast
cancer cells-secreted exosomes contribute to bone
metastasis by the establishment of the pre-metastasis
microenvironment in bone tissues.
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Figure 6. SCP28 cell-derived exosomal miR-21 is involved in pre-metastatic niche formation via regulating osteoclast. A. gRT-PCR analysis of expression of
miR-21 (miR-21-5p) and pre-miR-21 levels in RANKL-primed osteoclasts treated with or without SCP28 cell-secreted exosomes for 6 h. The relative expression of miR-21 or
pre-miR-21 was normalized to U6 or Gapdh gene which is set as 1, respectively. *** P < 0.001 by Student’s t test. B. Confocal microscopy images showing the transition of
FAM-miR-21 from exosomes into osteoclasts at 6 h post treatment. miR-21 in exosomes from SCP28 cells were labeled by FAM (green) and cell nuclei were stained with
Hoechst 33342 (blue). Scale bar, 10 pm. C. Representative TRAP staining images and resorption pits (left). The number of osteoclasts with more than three nuclei and cumulative
data of pit resorption area (right) were statistically shown. Scale bars, 50 pm. ** P< 0.01, *** P < 0.001 by one-way ANOVA. D. Western blot (left) and quantitative analysis (right)
of PDCD4 and NFATcI protein expression in osteoclasts with indicated treatment. E. Confocal microscopy images showing the expression levels of PDCD4 and OSCAR in
tibias section from recipient mice with indicated treatment. Scale bar, 10 um. F. qRT-PCR analysis showing the expression level of miR-21 in serum exosomes of breast cancer
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patients. No-metastasis patients, n = 21; other sites metastasis patients, n = 9; bone-metastasis patients, n = 21. The relative expression of miR-21 was normalized to cel-miR-39.
*P <0.05,*P<0.01 by one-way ANOVA. G. Analysis of the level of miR-21 in serum exosomes of breast cancer patients. 30-45, n = 11; 46-55, n = 22; 56-80, n = 18. Invasive
breast cancer, n = 31; invasive ductal carcinoma, n = 13. HER2+, n = | I; Luminal B-HER2+, n = 29. I, n = 28; lll, n = 7. The relative expression of miR-2] was normalized to
cel-miR-39. Cumulative data are means + SEM. All data are from at least three independent experiments.

Despite accumulating evidence has shown that
extracellular vesicles are essential to the metastatic
process for the delivery of active molecules to bone
[39, 47, 48], the underlying mechanisms in bone
metastases of breast cancer are still unclear. We found
that SCP28 cells, a high metastatic cell line, secreted
exosomes exhibiting a higher migration capacity into
bone tissue compared with exosomes derived from
MDA-MB-231 cells. Meanwhile, mice treated with
SCP28 cell-secreted exosomes displayed a severe bone
loss, which was tightly associated with bone
metastatic burden. Accordingly, bisphosphonate
treatment attenuated the pro-metastatic effect of
breast cancer cells-derived exosomes in the bone,
suggesting breast cancer-secreted exosomes have a
central role in the establishment of pre-metastatic
niche for bone metastasis of breast cancer cells.

Pre-metastatic niche formation is correlated with
aberrant bone remodeling, which is a precise
physiological process requiring the balance of
osteoblasts and osteoclasts. Emerging studies have
demonstrated that exosomes secreted by cancer cells
have the capacities in regulating osteoclast activity,
including multiple myeloma, acute myeloid leukemia
and lung cancer [49-51]. To address the mechanism of
bone remodeling caused by breast cancer -cells-
derived exosomes, we performed a series of
experiments to identify that exosomes can transfer
into osteoclasts to stimulate their differentiation and
activity. Our results from both in vitro and in vivo
assays revealed that breast cancer-derived exosomes
promoted osteoclast formation to establish the
pre-metastatic microenvironment, but had no effect
on osteoblasts. The active material with physiological
function in exosomes is dominantly composed of
nuclear acid and protein [52]. Tiedemann and
colleagues reported that exosomal release of L-Plastin
by MDA-MB-231 cells influences osteoclasts [53]. In
addition, primary breast tumor-secreted hypoxic
secretome lysyl oxidases acts directly on osteoclasts in
the absence of bone metastasis, leading to focal
osteolytic lesions formation in 4T1 tumor cells-bearing
mice [54]. Collectively, distinct contents derived from
different tumor cells serve as messengers via directly
targeting osteoclasts for establishment of metastatic
niche.

To achieve the goal of deciphering the regulators
from breast cancer-derived exosomes, we performed
the miRNA seq analysis in SCP28 cell-secreted
exosomes and relative validation in exosomes-treated
osteoclasts. We found that miR-21 was expressed at

an absolutely high level. As a potential target, we
experimentally verified that exosomal miR-21 could
be internalized by osteoclasts and promoted their
differentiation and function. As a key regulator of
osteoclast, the expression level of PDCD4 was
significant lower in osteoclasts treated with exosomes
derived from breast cancer cell, indicating exosomal
miR-21 was likely to regulate the establishment of
metastatic niche via directly targeting PDCD4.

Given miR-21 is significantly higher in the
plasma exosomes of patients with breast cancer
compared with healthy control subjects [55], we then
measured the expression level of exosomal miR-21 in
serum exosomes from breast cancer patients. Our
results demonstrated that breast cancer patients with
bone metastasis showed higher expression of miR-21
in serum exosomes than those without metastasis or
with non-bone tissue metastasis, providing essential
implications for the efficient non-invasive diagnosis.
Furthermore, miR-21 level in serum exosomes was
irrelevant to age, grade and subtype of breast cancer
patients based on our patient samples.

In summary, we demonstrate that breast cancer-
secreted exosomes function as critical media for
establishing a pre-metastatic niche to accelerate bone
metastasis of tumor cells. During this process,
exosomal miR-21 derived from cancer cells serves as
an  intercellular =~ messenger for  osteoclast
differentiation and function by regulating PDCD4
expression. Furthermore, the relative correlation in
patient samples strengthens the clinical significance of
miR-21 as a potential target linking to breast cancer
bone-metastasis. Thus, our study not only
demonstrates an underlying mechanism of breast
cancer bone metastasis, but also gives rise to a clinical
insight for therapeutic inhibition of miR-21 in
osteoclasts towards translational medicine.

Abbreviations

PDCD4: programmed cell death 4; H&E:
hematoxylin-eosin; TRAP: tartrate resistant acid
phosphatase; BLI: bioluminescent imaging; Micro-CT:
Micro-computed tomography; OCN: osteocalcin;
Oc.S/BS: osteoclast surface/bone surface; N.Oc/
B.Pm: osteoclast number/bone perimeter; Ob.S/BS:
osteoblast surface/bone surface; N.Ob/B.Pm: osteo-
blast number/bone perimeter; BMD: bone mineral
density; BV/TV: bone volume per tissue volume;
Tb.Th: trabecular thickness; SMI: structure model
index; Tb.N: trabecular number; Tb.Sp: trabecular
separation; C.Th: cortical thickness; CTX-1: cross

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 3

1444

linked C-telopeptide of type 1 collagen; PINP: I type
collagen amino end before collagen peptide; TEM:
transmission electron microscopy; BMM: bone
marrow monocyte; Dio: 3,3’-dioctadecyloxacarbo-
cyanine perchlorates; MEM: minimum essential
medium; ALP: Alkaline phosphatase; Dil: 1,1'-
Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate; Tt.Ar: total area; BP: bisphosphonate
zoledronic acid.

Supplementary Material

Supplementary figures and table S1.
http:/ /www.thno.org/v11p1429s1.pdf

Supplementary table S2.
http:/ /www.thno.org/v11p1429s2.xls

Supplementary table S3.
http:/ /www.thno.org/v11p1429s3.xIsx

Acknowledgments

We thank Prof. Joan Massagué (Memorial Sloan
Kettering Cancer Center) for kindly providing SCP28
and MDA-MB-231 luciferase-expressing cells, Prof.
Hangiu Zheng (Tsinghua University) for the guidance
and careful discussions about the paper. This work
was supported by the National Natural Science
Foundation of China (31630038, 81830061, 81822026,
91740114, 31970831, 31800708 and 31571522), 1226
Project (AWS16J018), Advanced Space Medico-
engineering Research Project of China (NO.
18039020106), the National Key Research and
Development Program of China (2017YFA0104401)
and the Project for Extramural Scientists supported by
State Key Laboratory of Agrobiotechnology of China
Agricultural University (2018SKLAB6-30, 2019-
SKLAB6-6 & 2019SKLAB6-7).

Author contributions

X. Y. performed the major experiments and
analyzed overall experimental data. X. Y. and Yuheng
L. carried out Micro-CT analysis. W. S., Jianwei L., R.
D,GZ,C.L,GY,D.C,ZL,YW,Z.Q,Y.Y,F
W, Jingjing L.,S. H., X. ], Y. Z,]. X,,D. Z, X. G, S. L,,
Youyou L. and ]. S. assisted with the overall
experiments and interpreted data. Yingxian L., S. Y.,
and S. L. supervised the entire project and designed
all experiments. N.Q. collected the serum of breast
cancer patients. X. Y., S. Y., and Yingxian L. wrote the
manuscript with modifications from all authors.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Mundy GR. Metastasis to bone: causes, consequences and therapeutic
opportunities. Nat Rev Cancer. 2002; 2: 584-93.

2. Coleman RE. Metastatic bone disease: clinical features, pathophysiology and
treatment strategies. Cancer Treat Rev. 2001; 27: 165-76.

3. Mundy GR, Bertolini DR. Bone destruction and hypercalcemia in plasma cell
myeloma. Semin Oncol. 1986; 13: 291-9.

4. Veronesi U, Boyle P, Goldhirsch A, Orecchia R, Viale G. Breast cancer. Lancet.
2005; 365: 1727-41.

5. Zhuang X, Zhang H, Li X, Li X, Cong M, Peng F, et al. Differential effects on
lung and bone metastasis of breast cancer by Wnt signalling inhibitor DKK1.
Nat Cell Biol. 2017; 19: 1274-85.

6. Lee], Yesilkanal AE, Wynne JP, Frankenberger C, Liu J, Yan J, et al. Effective
breast cancer combination therapy targeting BACH1 and mitochondrial
metabolism. Nature. 2019; 568: 254-8.

7.  Esposito M, Mondal N, Greco TM, Wei Y, Spadazzi C, Lin S-C, et al. Bone
vascular niche E-selectin induces mesenchymal-epithelial transition and Wnt
activation in cancer cells to promote bone metastasis. Nat Cell Biol. 2019; 21:
627-39.

8.  Zhang XHF, Jin X, Malladi S, Zou Y, Wen YH, Brogi E, et al. Selection of bone
metastasis seeds by mesenchymal signals in the primary tumor stroma. Cell.
2013; 154: 1060-73.

9.  Huiskes R, Ruimerman R, van Lenthe GH, Janssen JD. Effects of mechanical
forces on maintenance and adaptation of form in trabecular bone. Nature.
2000; 405: 704-6.

10. Zhang W, Bado I, Wang H, Lo H-C, Zhang XHF. Bone Metastasis: Find Your
Niche and Fit in. Trends Cancer. 2019; 5: 95-110.

11. Ell B, Kang Y. SnapShot: Bone Metastasis. Cell. 2012; 151: 690-.e1.

12. Massagué J, Obenauf AC. Metastatic colonization by circulating tumour cells.
Nature. 2016; 529: 298-306.

13. Ren G, Esposito M, Kang Y. Bone metastasis and the metastatic niche. ] Mol
Med (Berl). 2015; 93: 1203-12.

14. Kang Y. Dissecting Tumor-Stromal Interactions in Breast Cancer Bone
Metastasis. Endocrinol Metab (Seoul). 2016; 31: 206-12.

15. Théry C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and
function. Nat Rev Immunol. 2002; 2: 569-79.

16. Shao H, Im H, Castro CM, Breakefield X, Weissleder R, Lee H. New
Technologies for Analysis of Extracellular Vesicles. Chem Rev. 2018; 118:
1917-50.

17. Kwizera EA, O'Connor R, Vinduska V, Williams M, Butch ER, Snyder SE, et al.
Molecular Detection and Analysis of Exosomes Using Surface-Enhanced
Raman Scattering Gold Nanorods and a Miniaturized Device. Theranostics.
2018; 8: 2722-38.

18. Rodrigues G, Hoshino A, Kenific CM, Matei IR, Steiner L, Freitas D, et al.
Tumour exosomal CEMIP protein promotes cancer cell colonization in brain
metastasis. Nat Cell Biol. 2019; 21: 1403-12.

19. Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic Mark M,
et al. Tumour exosome integrins determine organotropic metastasis. Nature.
2015; 527: 329-35.

20. Eisenblaetter M, Flores-Borja F, Lee JJ, Wefers C, Smith H, Hueting R, et al.
Visualization of Tumor-Immune Interaction - Target-Specific Imaging of
S100A8/ A9 Reveals Pre-Metastatic Niche Establishment. Theranostics. 2017; 7:
2392-401.

21. Dai]J, Escara-Wilke J, Keller JM, Jung Y, Taichman RS, Pienta K], et al. Primary
prostate cancer educates bone stroma through exosomal pyruvate kinase M2
to promote bone metastasis. ] Exp Med. 2019; 216: 2883-99.

22. Hashimoto K, Ochi H, Sunamura S, Kosaka N, Mabuchi Y, Fukuda T, et al.
Cancer-secreted hsa-miR-940 induces an osteoblastic phenotype in the bone
metastatic microenvironment via targeting ARHGAP1 and FAM134A. P Natl
Acad Sci USA. 2018; 115: 2204-9.

23. Zhou W, Fong MY, Min Y, Somlo G, Liu L, Palomares MR, et al
Cancer-secreted miR-105 destroys vascular endothelial barriers to promote
metastasis. Cancer cell. 2014; 25: 501-15.

24. Maji S, Chaudhary P, Akopova I, Nguyen PM, Hare R], Gryczynski I, et al.
Exosomal Annexin II Promotes Angiogenesis and Breast Cancer Metastasis.
Mol Cancer Res. 2017; 15: 93-105.

25. Le MT, Hamar P, Guo C, Basar E, Perdigao-Henriques R, Balaj L, et al.
miR-200-containing extracellular ~vesicles promote breast cancer cell
metastasis. ] Clin Invest. 2014; 124: 5109-28.

26. Melo SA, Sugimoto H, O'Connell JT, Kato N, Villanueva A, Vidal A, et al.
Cancer exosomes perform cell-independent microRNA biogenesis and
promote tumorigenesis. Cancer cell. 2014; 26: 707-21.

27. Yin Y, Cai X, Chen X, Liang H, Zhang Y, Li ], et al. Tumor-secreted miR-214
induces regulatory T cells: a major link between immune evasion and tumor
growth. Cell Res. 2014; 24: 1164-80.

28. Yan W, Wu X, Zhou W, Fong MY, Cao M, Liu J, et al. Cancer-cell-secreted
exosomal miR-105 promotes tumour growth through the MYC-dependent
metabolic reprogramming of stromal cells. Nat Cell Biol. 2018; 20: 597-609.

29. Qian B, Katsaros D, Lu L, Preti M, Durando A, Arisio R, et al. High miR-21
expression in breast cancer associated with poor disease-free survival in early
stage disease and high TGF-betal. Breast Cancer Res Treat. 2009; 117: 131-40.

30. Tili E, Michaille JJ, Croce CM. MicroRNAs play a central role in molecular
dysfunctions linking inflammation with cancer. Immunol Rev. 2013; 253:
167-84.

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 3

1445

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Shi C, Yang Y, Xia Y, Okugawa Y, Yang ], Liang Y, et al. Novel evidence for an
oncogenic role of microRNA-21 in colitis-associated colorectal cancer. Gut.
2016; 65: 1470-81.

Krichevsky AM, Gabriely G. miR-21: a small multi-faceted RNA. J Cell Mol
Med. 2009; 13: 39-53.

Zhao Q, Liu C, Xie Y, Tang M, Luo G, Chen X, et al. Lung Cancer Cells Derived
Circulating miR-21 Promotes Differentiation of Monocytes into Osteoclasts.
Onco Targets Ther. 2020; 13: 2643-56.

Sugatani T, Vacher ], Hruska KA. A microRNA expression signature of
osteoclastogenesis. Blood. 2011; 117: 3648-57.

LiJ, Liu C, Li Y, Zheng Q, Xu Y, Liu B, et al. TMCO1-mediated Ca(2+) leak
underlies osteoblast functions via CaMKII signaling. Nat Commun. 2019; 10:
1589.

SunJ, Liu P, Mao J, Han W, Jiang X, Gu Y. TRIM52 positively mediates NF-xB
to promote the growth of human benign prostatic hyperplasia cells through
affecting TRAF2 ubiquitination. Life Sci. 2020; 259: 118380.

Plebanek MP, Angeloni NL, Vinokour E, Li J, Henkin A, Martinez-Marin D, et
al. Pre-metastatic cancer exosomes induce immune surveillance by patrolling
monocytes at the metastatic niche. Nat Commun. 2017; 8: 1319.

Sun W, Zhao C, Li Y, Wang L, Nie G, Peng J, et al. Osteoclast-derived
microRNA-containing exosomes selectively inhibit osteoblast activity. Cell
Discov. 2016; 2: 16015.

Song H, Li X, Zhao Z, Qian J, Wang Y, Cui J, et al. Reversal of Osteoporotic
Activity by Endothelial Cell-Secreted Bone Targeting and Biocompatible
Exosomes. Nano letters. 2019; 19: 3040-8.

Kang Y, Siegel PM, Shu W, Drobnjak M, Kakonen SM, Cordén-Cardo C, et al.
A multigenic program mediating breast cancer metastasis to bone. Cancer cell.
2003; 3: 537-49.

Wang P, Wang H, Huang Q, Peng C, Yao L, Chen H, et al. Exosomes from
M1-Polarized Macrophages Enhance Paclitaxel Antitumor Activity by
Activating Macrophages-Mediated Inflammation. Theranostics. 2019; 9:
1714-27.

Wang QL, Zhuang X, Sriwastva MK, Mu ], Teng Y, Deng Z, et al. Blood
exosomes regulate the tissue distribution of grapefruit-derived nanovector via
CD36 and IGFR1 pathways. Theranostics. 2018; 8: 4912-24.

Liu Y, Bai L, Guo K, Jia Y, Zhang K, Liu Q, et al. Focused
ultrasound-augmented targeting delivery of nanosonosensitizers from
homogenous exosomes for enhanced sonodynamic cancer therapy.
Theranostics. 2019; 9: 5261-81.

Costa-Silva B, Aiello NM, Ocean A], Singh S, Zhang H, Thakur BK, et al.
Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver.
Nat Cell Biol. 2015; 17: 816-26.

Fong MY, Zhou W, Liu L, Alontaga AY, Chandra M, Ashby J, et al. Breast-
cancer-secreted miR-122 reprograms glucose metabolism in premetastatic
niche to promote metastasis. Nat Cell Biol. 2015; 17: 183-94.

Qiu X, Li Z, Han X, Zhen L, Luo C, Liu M, et al. Tumor-derived nanovesicles
promote lung distribution of the therapeutic nanovector through repression of
Kupffer cell-mediated phagocytosis. Theranostics. 2019; 9: 2618-36.

Loftus A, Cappariello A, George C, Ucci A, Shefferd K, Green A, et al
Extracellular Vesicles From Osteotropic Breast Cancer Cells Affect Bone
Resident Cells. ] Bone Miner Res. 2020; 35: 396-412.

Cappariello A, Loftus A, Muraca M, Maurizi A, Rucci N, Teti A.
Osteoblast-Derived Extracellular Vesicles Are Biological Tools for the Delivery
of Active Molecules to Bone. ] Bone Miner Res. 2018; 33: 517-33.

Kumar B, Garcia M, Weng L, Jung X, Murakami JL, Hu X, et al. Acute myeloid
leukemia transforms the bone marrow niche into a leukemia-permissive
microenvironment through exosome secretion. Leukemia. 2018; 32: 575-87.

Xu Z, Liu X, Wang H, LiJ, Dai L, Li J, et al. Lung adenocarcinoma cell-derived
exosomal miR-21 facilitates osteoclastogenesis. Gene. 2018; 666: 116-22.
Raimondo S, Saieva L, Vicario E, Pucci M, Toscani D, Manno M, et al. Multiple
myeloma-derived exosomes are enriched of amphiregulin (AREG) and
activate the epidermal growth factor pathway in the bone microenvironment
leading to osteoclastogenesis. ] Hematol Oncol. 2019; 12: 2.

van Niel G, D'Angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Bio. 2018; 19: 213-28.

Tiedemann K, Sadvakassova G, Mikolajewicz N, Juhas M, Sabirova Z,
Tabaries S, et al. Exosomal Release of L-Plastin by Breast Cancer Cells
Facilitates Metastatic Bone Osteolysis. Transl Oncol. 2019; 12: 462-74.

Cox TR, Rumney RMH, Schoof EM, Perryman L, Hoye AM, Agrawal A, et al.
The hypoxic cancer secretome induces pre-metastatic bone lesions through
lysyl oxidase. Nature. 2015; 522: 106-10.

Hannafon BN, Trigoso YD, Calloway CL, Zhao YD, Lum DH, Welm AL, et al.
Plasma exosome microRNAs are indicative of breast cancer. Breast Cancer
Res. 2016; 18: 90.

http://lwww.thno.org



