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Exosomal miR-19a and IBSP cooperate to
induce osteolytic bone metastasis of estrogen
receptor-positive breast cancer
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Bone metastasis is an incurable complication of breast cancer. In advanced stages, patients
with estrogen-positive tumors experience a significantly higher incidence of bone metastasis
(>87%) compared to estrogen-negative patients (<56%). To understand the mechanism of
this bone-tropism of ER* tumor, and to identify liquid biopsy biomarkers for patients with
high risk of bone metastasis, the secreted extracellular vesicles and cytokines from bone-
tropic breast cancer cells are examined in this study. Both exosomal miR-19a and Integrin-
Binding Sialoprotein (IBSP) are found to be significantly upregulated and secreted from bone-
tropic ERT breast cancer cells, increasing their levels in the circulation of patients. IBSP is
found to attract osteoclast cells and create an osteoclast-enriched environment in the bone,
assisting the delivery of exosomal miR-19a to osteoclast to induce osteoclastogenesis. Our
findings reveal a mechanism by which ER* breast cancer cells create a microenvironment
favorable for colonization in the bone. These two secreted factors can also serve as effective
biomarkers for ERT breast cancer to predict their risks of bone metastasis. Furthermore, our
screening of a natural compound library identifies chlorogenic acid as a potent inhibitor for
IBSP-receptor binding to suppress bone metastasis of ERT tumor, suggesting its preventive
use for bone recurrence in ERT patients.
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ARTICLE

one metastasis is the most predominant complication of

breast cancer. More than 50% of patients have bone as the

first site of distant metastases, followed by lung (17%),
brain (16%), and liver (6%)!. Ultimately, 70% of metastatic breast
cancer patients experience a distant bone relapse during the
course of disease>3. Bone metastasis leads to a worse prognosis in
breast cancer patients, with a 16-month median survival?, and it
causes many other complications. Patients develop skeletal-
related events (SREs) such as severe bone pain, pathological
fracture, hypercalcemia, and infiltration of the bone marrow®.
Crosstalk between cancer cells and bone stroma cells, including
mesenchymal stem cells, osteoblast cells, and osteoclast (OC)
cells, play critical roles in bone metastasis®. Most breast cancer
patients develop osteolytic lesions, which are mainly resulted
from OC-mediated bone resorption rather than physical
destruction by the cancer cells”8. The interaction with breast
cancer cells activates OC cells, induces the bone resorption®10,
and liberates the growth factors embedded in the bone matrix,
which in turn stimulate the growth of cancer cells!!. This process
is termed “the vicious cycle of bone metastases”!2. To impede this
pathway, bisphosphonate (Zoledronic Acid) and RANKL inhi-
bitor (Denosumab) were developed as bone-targeted
therapies!>14. However, the use of these drugs in breast cancer
patients has several limitations. As to the preventive use of bone-
targeted therapies for bone metastasis, while bisphosphonate
showed a moderate preventive effect in postmenopausal breast
cancer patients, it did not decrease the rate of bone recurrence in
premenopausal patients!®. The significant side effects, including
osteonecrosis of the jaws!®, make it an unfavorable preventive
regimen. Moreover, RANKL inhibitor (Denosumab) failed to
prevent bone recurrence among both premenopausal and post-
menopausal patients!”. For therapeutic use, these drugs have been
proven to reduce the symptoms, but not to extend the patients’
survival!®19, Thus, there is an urgent need for effective treatments
for preventive and curative management of breast cancer bone
metastasis (BCBM).

Among different subtypes of breast cancer, patients with
estrogen receptors™ (ERT) tumors experience the most frequent
bone metastases. Bone metastases account for as high as 87% of
metastatic diseases among ER™ breast cancer patients, while the
incidence of bone metastasis is <56% among ER™ breast cancer
patients0 with metastatic diseases. ER positivity is also associated
with a higher rate of bone recurrence?!22, and ER* breast cancer
relapses more frequently in the bone than in other organs?3.
Although ERT breast cancer patients are regularly treated with
adjuvant endocrine therapy for a long-term after surgery, cancer
cells frequently develop late-onset recurrence in bone?2. This
suggests drug resistance to endocrine therapy developed in the
bone-metastatic cells. The long-dormant period also deprioritizes
current preventive bone-targeted therapy due to their significant
side effects. Thus, it is important to identify biomarkers that can
be used for predicting the risk of bone recurrence among ER™
breast cancer patients. Despite the strong association between ER
positivity and bone metastasis, how ER™ cancer cells acquire the
bone tropism remains unclear. Understanding the mechanism of
such organotropism warrants major opportunities to identify
specific biomarkers and preventive/therapeutic targets for ER™T
breast cancer bone metastasis. To survive in the bone micro-
environment, breast cancer cells need to interact with bone
microenvironment cells. Cell-secreted free proteins, including
PTHrP, IL-1, and IL-6 were known to facilitate the commu-
nication between cancer cells and bone cells?. In addition to the
cytokines, cancer cells are also able to interact with micro-
environment cells through extracellular vesicles (EVs)?>. These
vesicles, including apoptotic bodies (ABs), microvesicles (MVs),
and exosomes, encapsulate tumor-specific content, and transmit

them into environmental cells and circulation. They promote
tumor growth by directly transducing tumor cells2%, or affecting
surrounding cells to generate metastatic niche?’-2%. As yet, no
secretory factors specific to ERT breast cancer have been identi-
fied to elucidate the association between ER positivity and bone
metastasis.

In the current study, to decipher the molecular mechanism by
which ERT cancer preferentially metastasizes to the bone, we
examined both the EVs and the free proteins secreted by ERT
bone-tropic breast cancer. We found that the expression of exo-
somal miR-19a and IBSP is significantly upregulated in the
secretion of ERT bone-tropic breast cancer cell lines, as well as in
ERT breast cancer patients with bone metastases. While the miR-
19a was found to be upregulated in breast cancer, its exact role in
tumor progression has been poorly understood3®3l. IBSP is a
major structural protein of the bone matrix and is mainly
expressed by bone cells>2. We found that ectopic expression of
both factors promoted bone metastasis in our in vivo models,
suggesting both factors cooperate for ERT breast cancer bone
metastasis. We also screened a natural compound library and
identified chlorogenic acid (CGA) that is capable of blocking this
pathway. These findings illustrate a unique pathway of how ER*
breast cancer interacts with the bone microenvironment and
establishes bone colonization. Furthermore, these two secretory
factors would serve as prognostic markers for predicting the risk
of bone metastasis in ERT breast cancer patients.

Results

Bone-metastatic ERT breast cancer cells secrete miR-19a and
IBSP. Considering the importance of cell-cell communication in
bone metastasis, ER™ cells may shed secretory factors in the bone
microenvironment to exert strong bone tropism. To test this
hypothesis, we examined both EVs and proteins secreted from
bone-tropic breast cancer cells. Small non-coding RNA is known
to be selectively transported and enriched in EVs3334, suggesting
its importance as a disease regulator and feasible biomarker.
Thus, we compared the transcriptome profiles of miRNA in EVs
isolated from MCF7BoM2, a previously reported organotropic ER
T breast cancer cell line that prefers bone colonization3?, with the
EVs from its parental cell line MCF7 (Fig. 1a). We made sure that
the increased bone metastasis rate of the MCF7BoM2 line was not
due to an alteration in the cell growth ability, as implantation of
MCF7 and MCF7BoM2 into the mammary fat pads generated
primary tumors with similar sizes and weights (Supplementary
Fig. 1a-d). We found 157 miRNAs that were significantly upre-
gulated in the EVs from MCF7BoM2. To validate the clinical
relevance of these exosomal miRNAs, we examined whether they
are secreted into the blood of ERT patients using the cohort data
set of the circulating miRNA profiles from 23 ER™T breast cancer
patients and 22 healthy donors (Fig. la). Among the 157 miR-
NAs, three of them (miR-19a, miR-133b, and miR-576-5p) were
found to be significantly upregulated in the blood of ERT breast
cancer patients. Kaplan-Meier survival analyses were performed
to investigate the association between these three miRNAs with
metastatic events, and only miR-19a was found to be positively
correlated with metastatic disease in ER™ breast cancer patients
(Fig. 1b). There is no difference in metastatic incidence between
ER™ breast cancer patients with or without elevated miR-19a
expression (Fig. 1b), and both miR-133b and miR-576-5p are not
significantly associated with metastasis in either ERT™ or ER™
patients (Supplementary Fig. 2a). We also compared the ERT
breast cancer tissue from bone-metastatic lesions with ER* pri-
mary breast cancer tissue from breast cancer patients without
recurrence for 10 years, and with brain and lung metastatic
lesions from ER™T breast cancer patients with visceral metastases
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only, as well as with normal bone tissue. It was found that miR-
19a is indeed only increased in bone-metastatic tissues (Fig. 1c).
To validate the specificity of miR-19a associated with ER* tumor,
we established another ER' bone-tropic cell line, T47DBoM.
Similar to MCF7BoM2, T47DBoM generated comparable size
and weight of primary tumors when implanted in the mammary
fat pads. On the other hand, T47DBoM caused more aggressive
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bone metastases when it was implanted intravenously (Supple-
mentary Fig. le-h). We examined the expression of miR-19a in
ERT and ER™ cancer cell lines and found that the ERT bone-
tropic breast cancer cells, MCF7BoM2 and T47DBoM, have a
higher endogenous expression of miR-19a compared to the par-
ental cell lines, MCF7 and T47D (Fig. 1d). On the other hand, the
expression of miR-19a did not show any difference in the bone-
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Fig. 1 Bone-metastatic ER" breast cancer cells secrete miR-19a and IBSP. a EVs were prepared from the conditioned medium of bone-metastatic cell line
MCF7BoM?2 and the parental cell line MCF7, followed by extraction of RNA. They were then subjected to miRNA profiling by GeneAtlas miRNA Array.
Using the criteria of FDR < 0.05 and Fold change >1.3, 156 miRNAs were selected for further study. These miRNAs were then examined whether they are
secreted in the blood of ERT patients using the cohort data set (GSE41922) of the circulating microRNA profiles between 23 ERT breast cancer (BC)
patients and 22 healthy donors (Normal). Three miRNAs (miR-19a. miR-133b, miR-576-5p), were found to be significantly upregulated (FDR < 0.05 and
logFC > 0.5) in the blood of breast cancer patients. BoM, bone metastatic. b Kaplan-Meier analysis of miR-19a was performed between breast cancer
patients with low miR-19a and high miR-19a expression using GSE22220. ¢ RNA from bone-met(metastatic) lesions (n = 6), primary tumors (n = 6), lung
and brain lesions (n = 6) of ERT breast cancer patients, and normal bones (n = 4) was extracted and miR-19a expression was examined by Tagman-PCR. A
two-sided student's t-test was performed (Primary vs Bone-met, p = 0.0047; Other-met vs Bone-met, p = 0.0249; Normal Bone vs Bone-met,
p=0.0059). Data are presented as mean values + SEM. d The expression of miR-19a in parental cell lines (MCF7, T47D, and MDA-MB-231) and bone-
tropic cell lines (MCF7BoM2, T47DBoM, and 231BoM-1833) were assayed by Tagman PCR. Two-sided student’s t-tests were performed between parental
groups and bone-metastatic (BoM) groups. p = 0.0003 (MCF7 vs MCF7BoM2, n=3), p = 0.0028 (T47D vs T47DBoM, n=3), p=0.1996 (MDA-MB-
231 vs 231BoM-1833, n = 2). Data are presented as mean values + SEM. e The expressions of miR-19a in ABs, MVs, and exosomes from the parental cell
lines (MCF7 and T47D) as well as their bone-tropic variants (MCF7BoM2 and T47DBoM) were examined by Tagman PCR. Two-sided student's t-tests
were performed between parental groups and bone-metastatic (BoM) groups, n =3 in each group. p = 0.0408 (ABs, T47D vs T47DBoM), p < 0.0001
(Exosomes, MCF7 vs MCF7BoM?2), p=0.0167 0001 (Exosomes, T47D vs T47DBoM). Data are presented as mean values + SEM. f Exosomes were
isolated from the serum of breast cancer patients and the expression of miR-19a was compared among seven groups: (i) ER* (n =10), (ii) Her2+ (n=10),
and (iii) triple-negative (n =10) breast cancer patients who were recurrence-free for 10 years, and (iv) ER™ breast cancer patients with visceral metastases
(n=15), (v) ER™ breast cancer patients with bone metastasis (n=10), (vi) ERT breast cancer patients with visceral metastases (n =12) and ERT breast
cancer patients with bone metastasis (n = 20). Two-sided student's t-tests were performed to compare the miR-19a expression between the ER*/Bone-
met group with each of the other groups. p =0.0012, 0.003, 0.0008, 0.0036, 0.016, and 0.0005 from left to right. Data are presented as mean
values £ SEM. g Cytokine/growth factor profiling was performed on conditioned media from MCF7 and MCF7BoM2 using L1000 array (Raybiotech), and
49 upregulated cytokines (fold change >3) were selected. This list was cross-examined with gene profiles of the ERT breast cancer biopsy database
(GSE56493). Genes upregulated (FDR < 0.05 and fold change >1.2) in biopsy of bone metastasis (n =5) compared to other sites (n=75) were selected.
IBSP in conditioned media, as well as in ER* breast cancer biopsy from the bone lesion and other sites (GSE56493, p < 0.0001, presented as mean
values £ SEM) were presented. h Kaplan-Meier analyses were performed for the association between IBSP expression and bone metastasis-free survival
among 209 ERT breast cancer patients and 69 ER~ breast cancer patients using GSE2034. i The IBSP expression was compared between ERT breast
cancer patients with (n=57) or without (n=152) bone metastasis (p = 0.04625, two-sided student’s t-test), as well as between ER~ breast cancer
patients with (n =11) or without (n = 58) bone metastases (p = 0.6944, two-sided student’s t-test). Data are presented as mean values + SEM. j Western
blot analysis for IBSP expression in MCF7 and MCF7BoM2, T47D and T47DBoM, MDA-MB-231 and 231BoM-1833. Quantification of the bands was
performed using the ImageJ program and the value was normalized to that of control (left panel). k PCR analysis for IBSP expression was performed in
MCF7 and MCF7BoM2 (p = 0.0341), T47D and T47DBoM (p = 0.0120), MDA-MB-231 and 231BoM-1833 (p = 0.3494), n=3 in all groups. Two-sided
student's t-tests were used in each pair of comparisons. Data are presented as mean values £ SEM. I IBSP was examined by IHC on bone lesions (n=6),
primary breast cancer tissue without recurrence for 10 years (n = 6), brain and lung lesions (n = 6) and normal bones (n = 4). The staining was quantified
by H-score assessment and compared by the two-sided student’s t-test. p=0.0002 (Primary vs Bone-met); p = 0.0014 (Other-met vs Bone-met);
p=0.0006 (Normal Bone vs Bone-met). Data are presented as mean values + SEM. E-cad (E-cadherin) was stained as the marker of breast cancer cells.
Rabbit IgG was used as isotype control. Scale bar, 100 um. m ELISA was performed to quantify the IBSP level in the serum of ER* (n=10), Her2*+ (n=10)
and triple-negative (n =10) breast cancer patients without recurrence for 10 years, and ER™ breast cancer patients with visceral metastases (n=15), ER™
breast cancer patients with bone metastasis (n =10), ER* breast cancer patients with visceral metastases (n =12) and ER* breast cancer patients with
bone metastasis (n = 20). Two-sided student's t-tests were performed to compare the miR-19a expression between the ER*/Bone-met group with each of
the other groups. p=0.0009, 0.0009, 0.0016, 0.0010, 0.0101, and 0.0024 from left to right. Data are presented as mean values + SEM. n ERT breast
cancer patients with or without bone metastases were separated into three groups according to the serum levels of IBSP and exosomal miR-19a, including
miR-19a low/IBSP low group (miR-19a=/IBSP—), miR-19a low/IBSP high or miR-19a high/IBSP low group (miR-197 or IBSP*) and miR-19a high/IBSP high
group (miR-19a*/IBSP*). The percentage in each group was calculated and plotted as the bar graph. The chi-square test was performed. o ERT breast
cancer patients with recurrent disease were selected from TCGA. Patients with early recurrence (<1000 days) and late recurrence (1000 days) were
separated into three groups: miR-19a low/IBSP low group (miR-19a=/IBSP—), miR-19a low/IBSP high or miR-19a high/IBSP low group (miR-19+ or IBSP+)
and miR-19a high/IBSP high group (miR-19a*/IBSP*). The percentage of patients and the median RFS (recurrence-free survival) days in each group were
calculated.

tropic triple-negative cell line derived from MDA-MB-2313¢
(Fig. 1d). To examine whether free or vesicle-encapsulated miR-
NAs are the major source of secreted miR-19a, we treated the
conditioned medium from MCF7BoM2 with RNase. The RNase
treatment did not degrade the secreted miR-19a from breast
cancer cells, suggesting that they are protected in the membrane
vesicles (Supplementary Fig. 2b). This finding is consistent with
the previous report that the majority of miRNA in serum is
encapsulated by EVs3738. EVs include ABs, MVs and exosomes.
To further clarify the source of EV-derived miR-19a, we exam-
ined the miR-19a expression in these three components of EVs
from MCF7 and T47D as well as their bone-tropic variants. After
confirming the purity of the isolated vesicles by nanoparticle
tracking analysis (NTA), electron microscope (EM), as well as a
western blot (Supplementary Fig. 2¢, d), the expression of miR-

19a in these vesicles, were examined by Tagman PCR. We found
that miR-19a is most highly expressed in exosomes compared to
other EVs (Fig. le). Importantly, there is a strong upregulation of
miR-19a in the exosomes from ERT bone-metastatic variants,
MCF7BoM2 and T47DBoM (Fig. le), compared to their parental
cell lines. However, ER™ 231BoM showed only a negligible
increase of miR-19a in the exosomes (Supplementary Fig. 2e).
Next, we examined whether the increase of exosomal miR-19a
can be detected in the serum of ERT breast cancer patients with
bone metastases. Strikingly, ERT breast cancer patients with bone
metastasis are significantly associated with higher expression of
exosomal miR-19a in serum (Fig. 1f). It should be noted that the
expression of exosomal miR-19a remained low in the patients
with primary breast cancer with no recurrence within 10 years.
We also did not observe any increase in exosomal miR-19a in the
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serum of ER™ breast cancer patients at advanced stages nor in
ERT patients with visceral metastases but with no bone invol-
vement (Fig. 1f). These data suggest that miR-19a is specifically
upregulated in both endogenous and exosomal levels of ERT
bone-tropic breast cancer cells.

We also examined secreted proteins and cytokines from ER™
bone-tropic breast cancer cells. By performing L1000 cytokine
array analysis, 1000 secreted proteins were examined in the
conditioned medium from MCF7 and MCF7BoM2, and 49
proteins were found to be upregulated in the cell culture media
from MCF7BoM2. Among these 49 proteins, IBSP was the only
significantly upregulated gene in the aspiration biopsy from bone-
metastatic lesions of ERT breast cancer patients, compared to the
biopsy samples from other sites (Fig. 1g). IBSP is a major
structural protein of the bone matrix. It is synthesized by skeletal-
associated cell types as a secreted protein, and is able to bind to
calcium and hydroxyapatite via its acidic amino acid clusters3?. In
breast cancer, we observed cancer cell-specific upregulation of
IBSP, while the paired normal breast epithelial cells did not
express IBSP (Supplementary Fig. 2f). This finding suggests a
possible role of IBSP in breast cancer progression. Since many
cytokines were previously reported to bind to the surface of EVs,
we also looked at the membrane fractions of EVs by western blot
(Supplementary Fig. 2g), but IBSP was not detected. We also
performed immunostaining of IBSP and CD63 for the exosomes
isolated from MCF7BoM2, and found that only CD63 but not
IBSP was detected on the surface of exosomes (Supplementary
Fig. 2h). Thus, we concluded that IBSP in the extracellular region
is mainly in the form of free secreted protein. To further clarify
the connection between IBSP and bone metastasis of ERT breast
cancer, we performed Kaplan-Meier analyses among 278 breast
cancer patients. IBSP was found to be positively correlated with
bone metastasis only in ER™ breast cancer patients, but not in ER”
breast cancer patients (Fig. 1h). There is an increase in IBSP
expression in the bone-metastatic group compared to the non-
bone-metastatic group among ERT breast cancer patients, but not
among ER™ breast cancer patients (Fig. 1i). We also verified that
ER* bone-metastatic cell lines have higher expression of IBSP
compared to the parental cell lines. The PCR and western blot
analyses confirmed the upregulation of IBSP in MCF7BoM2 and
T47DBoM, but not in ER™ bone-metastatic cell line 231BoM
(Fig. 1j, k). When ER™ breast cancer tissue from bone lesions was
compared with ERT primary breast cancer tissue from patients
with no recurrence within 10 years, and with brain and lung
metastatic lesions from ERT breast cancer patients with visceral
metastases only, as well as with normal bone tissue, IBSP was
found to be significantly increased in bone-metastatic tissues
(Fig. 11). Next, we examined whether the increase of IBSP can be
detected in the serum of ERT breast cancer patients with bone
metastases. A significant upregulation of IBSP protein in the
serum of ERT breast cancer patients with bone metastasis was
detected (Fig. 1m), but not in the serum of patients with only
primary breast cancer, advanced ER™ breast cancer patients, or ER
T breast cancer patients with visceral metastases other than bone.

Our data (Fig. la-m) suggest both miR-19a and IBSP are
positively related to bone metastasis of ERT cancer cells.
However, how they are associated with bone metastasis remains
unknown. We further investigated whether miR-19a and IBSP are
mutually related to bone metastasis of ER" breast cancer cells.
We combined the results from Fig. 1f with Fig. 1m, and stratified
the patients into three groups: both miR-19a and IBSP low, miR-
19a or IBSP high, both miR-19a and IBSP high. Strikingly, ERt+
breast cancer patients with bone metastasis are significantly
associated with higher expression of both IBSP and miR-19a.
Upregulation of sole factor led to a negligible, but not significant

increase of the bone-metastatic incidence, suggesting a possible
cooperative role of these two factors in bone metastasis of ER*
breast cancer cells (Fig. 1n). Next, we examined the expression of
miR-19a and IBSP in breast cancer patients using the TCGA
database. Among 41 ER™ breast cancer patients with recurrence,
IBSP and miR-19a could predict the recurrence risk as the
majority of patients with high levels of both factors experienced
earlier recurrence within 1000 days (Fig. 1o). The median
recurrence-free survival (RES) time of patients with high levels of
both miR-19a and IBSP is only 550 days, while the median RFS
time of patients with high expression of either miR-19a or IBSP
and patients with low levels of both miR-19a/IBSP are 1123 days
and 1281.5 days, respectively. These results indicate that miR-19a
and IBSP are positively associated with bone metastasis, and they
serve as biomarkers for a higher risk of bone metastasis when they
are both upregulated in ERT breast cancers.

Both IBSP and miR-19a are essential for bone metastasis of ER
+ breast cancer. To test whether both miR-19a and IBSP are
required for bone metastasis of ER™ breast cancer cells, we
ectopically expressed IBSP and miR-19a in MCF7, and estab-
lished stable overexpression cell lines (Supplementary Fig. 3a-d).
Ectopic expression of miR-19a did not alter the level of IBSP, and
vice versa, indicating there is no regulatory network involved
between IBSP and miR-19a. Neither miR-19a nor IBSP could
induce any change of exosome production (Supplementary
Fig. 3e), proliferation, or migration of the cells in vitro (Supple-
mentary Fig. 3f, g). Intra-mammary fat pad injection of MCF7
with miR-19a and/or IBSP forced-expression did not induce any
difference in tumor growth in vivo (Fig. 2a, b). Strikingly, ectopic
expression of both miR-19a and IBSP together in MCF7 led to a
significant increase in bone metastasis in the xenograft model
with the intracardiac injection of cancer cells (Fig. 2c). None-
theless, miR-19a or IBSP alone did not increase the incidence of
bone metastasis. These data suggest miR-19a and IBSP promote
bone metastasis through the tumor microenvironment instead of
affect cancer cells directly. Since IBSP is known to regulate bone
turnover by binding to integrin aVP3 receptor on the surface of
OC cells*®, we examined the bone densities of mice implanted
with the breast cancer cells. We found that ectopic expression of
both IBSP/miR-19a resulted in a significant decrease in bone
density in the tumor lesions (Fig. 2d). We also quantified the total
area of TRAP T OC surface and its percentage of total bone
surface area (OC.S/BS%) in the tumor-bearing bones and found
that synchronous overexpression of miR-19a and IBSP sig-
nificantly increased the osteoclastogenesis (Fig. 2e). We then
repeated this experiment in another ER* cell line, T47D. Both
IBSP and miR-19a were ectopically introduced into T47D (Sup-
plementary Fig. 3h, i), and stable overexpression cell lines had
been established (Supplementary Fig. 3j, k) before the cells were
inoculated into mouse tibia. Similar to MCF?7, ectopic expression
of both miR-19a and IBSP resulted in increased tumor burden in
the bones (Fig. 2f), while discrete expression of miR-19a or IBSP
alone did not affect the tumor growth. Bone lesions of T47D/
IBSP/miR-19a presented decreased bone densities (Fig. 2g) and
increased OC activities (Fig. 2h). These results indicate that miR-
19a and IBSP work together to induce osteolytic bone metastasis
in ERt breast cancer patients, though not directly affecting
cancer cell growth or motility.

miR-19a promotes osteolytic bone metastasis. Because both
miR-19a and IBSP are necessary to promote the bone metastasis
of ERT breast cancer cells, we investigated how each of them
contributes to the bone-tropic metastasis of cancer cells. MiR-19a,
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Fig. 2 Both IBSP and miR-19a are essential for bone metastasis of ER* breast cancer. a miR-19a and/or IBSP were ectopically expressed in MCF7, and
they were transplanted into mammary fat pads of female nude mice. The growth of the tumor was monitored by measuring the luciferase activity by IVIS
Bioimager. p = 0.3110 (MCF7/pLenti/GFP vs MCF7/IBSP/miR-19a; n=6 vs 6), p = 0.2649 (MCF7/pLenti/GFP vs MCF7/IBSP/GFP; n=6 vs 6),
p=0.4739 (MCF7/pLenti/GFP vs MCF7/plLenti/miR-19a; n = 6 vs 8). Data are presented as mean values + SEM. b At day 21, tumors were removed from
the mammary fat pad and their weights were measured. p = 0.3971 (MCF7/pLenti/GFP vs MCF7/IBSP/miR-19a; n=6 vs 6), p = 0.2178 (MCF7/pLenti/
GFP vs MCF7/1BSP/GFP; n=6 vs 6), p = 0.7632 (MCF7/pLenti/GFP vs MCF7/pLenti/miR-19a; n = 6 vs 8). Data are presented as mean values + SEM. ¢
miR-19a and/or IBSP were ectopically expressed, and they were transplanted into female nude mice via intracardiac injection. The incidence of bone
metastasis was monitored by measuring the luciferase activity by 1VIS Bioimager. Log-rank (Mantel-Cox) test was performed to calculate the p-value.
p=0.0105 (MCF7/pLenti/GFP vs MCF7/IBSP/miR-19a), p = 0.3982 (MCF7/pLenti/GFP vs MCF7/IBSP/GFP), p = 0.9230 (MCF7/pLenti/GFP vs
MCF7/pLenti/miR-19a). d The legs of mice were imaged by X-ray and the bone density was measured by Imagel. p =0.0007 (MCF7/pLenti/GFP vs
MCF7/IBSP/miR-19a; n = 6 vs 12), p = 0.8621 (MCF7/pLenti/GFP vs MCF7/IBSP/GFP, n =6 vs 7), p = 0.6397 (MCF7/pLenti/GFP vs MCF7/pLenti/miR-
193, n =6 vs 7). Two-sided student’s t-tests were performed. Data are presented as mean values + SEM. e TRAP staining was performed in tumor-bearing
bones from mice. The total OC surface area relative to the bone surface area was measured by Image), then calculated and compared among different
groups. H&E staining of the same field was shown together with the TRAP staining. Scale bar, 100 um. p < 0.0001 (MCF7/pLenti/GFP vs MCF7/IBSP/miR-
19a, n=6 vs 12), p=0.1598 (MCF7/pLenti/GFP vs MCF7/IBSP/GFP, n=6 vs 7), p=0.0867(MCF7/pLenti/GFP vs MCF7/plLenti/miR-19a, n =6 vs 7).
Two-sided student's t-tests were performed. Data are presented as mean values + SEM. f miR-19a and/or IBSP were ectopically expressed, and they were
transplanted into female nude mice via intra-tibia injection. The growth of tumor in bone was monitored by measuring the luciferase activity by IVIS
Bioimager. p = 0.0175 (T47D/plLenti/GFP vs T47D/IBSP/miR-19a), p = 0.4877 (T47D/plLenti/GFP vs T47D/IBSP/GFP), p = 0.3305 (T47D/plLenti/GFP
vs T47D/plenti/miR-19a). Data are presented as mean values + SEM. g The legs of mice were imaged by X-ray and the bone density was measured by
Imagel. p=0.0034 (T47D/pLenti/GFP vs T47D/IBSP/miR-19a n=5 vs 6), p=0.5750 (T47D/plLenti/GFP vs T47D/IBSP/GFP, n=5 vs 4), p=0.3809
(T47D/plenti/GFP vs T47D/plLenti/miR-19a, n =5 vs 6). Two-sided student's t-tests were performed. Data are presented as mean values + SEM. h TRAP
staining was performed in tumor-bearing bones from the mice. The OC surface relative to the bone surface was calculated and compared among different
groups. H&E staining of the same field was shown together with the TRAP staining. Scale bar, 100 um. p = 0.0001 (T47D/pLenti/GFP vs T47D/IBSP/miR-
19a,n=5vs 6), p=0.7711 (T47D/pLenti/GFP vs T47D/IBSP/GFP, n=5 vs 4), p = 0.5701 (T47D/pLenti/GFP vs T47D/pLenti/miR-19a, n =5 vs 6). Two-
sided student’s t-tests were performed. Data are presented as mean values + SEM.
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Fig. 3 miR-19a promotes osteolytic bone metastasis. a MCF7BoM2/ScrambledKO and MCF7BoM2/miR-19aKO were transplanted into female nude mice
via intracardiac injection. The growth of bone metastasis was monitored by measuring the luciferase activity by IVIS Bioimager. Log-rank (Mantel-Cox) test was
performed to calculate the p-value (p = 0.0109). b At the endpoint (day 28), mice were sacrificed and the expression of exosomal miR-19a from serum was
examined by Tagman. A two-sided student'’s t-test was performed (p = 0.0011, n=9 vs 10). Data are presented as mean values + SEM. ¢ Representative figures
of the expression of exosomal marker CD63 in normal bone and tumor-bearing bone from the mice. Scale bar, 100 um. d TRAP staining for osteoclast cells in
tumor-bearing bones from the mice transplanted with MCF7BoM2/ScrambledKO or MCF7BoM2/miR-19aK0. OC surface relative to the bone surface was

calculated and compared. H&E staining of the same field was shown together with the TRAP staining. Scale bar, 100 um. A two-sided student’s t-test was

performed (p = 0.00000014, n =11vs 12). Data are presented as mean values * SEM. e Exosomes from the serum of ERT breast cancer patients with (n =10)
or without (n=12) bone metastasis were isolated. The harvested exosomes were incubated with mouse bone marrow-derived monocytes. After 1 week, the
cells were fixed and TRAP staining was performed. The size (p = 0.0000039) and number (p = 0.4254) of differentiated OC were quantified and compared.

Scale bar, 100 um. Two-sided student's t-tests were performed. Data are presented as mean values = SEM.

as a member of the OncomiR-1 family, was previously found to
be upregulated in multiple malignancies#!-43. It was also found to
be expressed in breast cancer cells, although its role remains
unclear3%44, We found both endogenous and secreted levels of
miR-19a were higher in the bone-metastatic cell lines compared
to the parental cell lines. However, endogenous expression of
miR-19a did not affect breast cancer cells per se because the
ectopic expression of miR-19a did not alter the growth or motility
of cells in vitro (Supplementary Fig. 3f, g). To further clarify the
role of miR-19a in bone metastasis of ER™ breast cancer cells, we
applied the CRISPR/Cas9 technology to knock out the miR-19a in
MCF7BoM cells. A specific gRNA (guide RNA) was designed to
target the stem-loop of miR-19a precursor so that the biogenesis
of mature miR-19a was hindered. The genomic DNA cleaving
ability of our gRNA targeting miR-19a was verified by the T7E1
enzyme (Supplementary Fig. 4a). Four independent clones with
minimal miR-19a expression and unaltered proliferation were
selected and combined to establish the stable knockout cell line
(Supplementary Fig. 4b-d). When tested in vitro, we found that
knockout of miR-19a did not alter the cell migration or invasion
abilities (Supplementary Fig. 4e-f). However, when miR-19a
knockout cells were implanted into nude mice by intracardiac

injection, loss of miR-19a significantly decreased bone metastasis
(Fig. 3a). These data are consistent with our previous finding that
miR-19a is needed for bone-tropic metastasis of MCF7BoM2.
MCF7BoM2 has a high expression of both miR-19a and IBSP.
Knockout of miR-19a, but leaving IBSP alone, compromised the
bone-metastatic ability of MCF7BoM2. Interestingly, when we
examined the serum exosomes in the mice, we found that the
knockout of miR-19a significantly decreased exosomal miR-19a
in the serum (Fig. 3b). This finding suggests that serum exosome
could represent the dynamic changes of breast cancer cells. These
results are also in agreement with the previous finding that miR-
19a could not induce the intrinsic change of cancer motility.
Accordingly, we investigated whether exosomal miR-19a could
promote bone metastasis by remodeling environmental cells in a
paracrine manner instead of directly affecting cancer cells. The
tumor lesion in the bone exhibited abundant expression of exo-
somal marker CD63 (Fig. 3c), implying exosome activity in the
microenvironment. Since we found an aberrant osteolytic change
in our previous data, we examined the OC in the bone lesions.
There was a decrease of osteoclastogenesis in the tumor-bearing
bones when miR-19a was knocked out from the cancer cells
(Fig. 3d), indicating a possible role of exosomal miR-19a in
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promoting OC cells. To verify this hypothesis, exosomes from
serum of ERT breast cancer patients with or without bone
metastases were isolated and incubated with primary OC pre-
cursors. Exosomes prepared from the patients with bone metas-
tases significantly promoted OC maturation and differentiation
(Fig. 3e). These results indicate that miR-19a is involved in the
osteolytic bone metastasis and exosomal miR-19a could directly
promote OC activity in the bone microenvironment.

Exosomal miR-19a targets PTEN/AKT pathway to promote
osteoclastogenesis. To validate our hypothesis that exosomal
miR-19a promotes the activity of OC cells, we first examined
whether exosomes can be directly up-taken by OC cells. OC
precursor RAW264.7 cells were treated with PalmGFP-labeled
exosomes derived from bone-metastatic breast cancer cells. The
result indicates that exosomes from MCF7BoM2 were indeed
incorporated into RAW264.7 cells 24h after the treatment
(Fig. 4a). It was reported that miR-19a targeted PTEN 3'UTR*
and that OC differentiation and their activity were regulated by
NF-kB and AKT pathways*%47, both of which were known to be
inhibited by PTEN4849. Thus, it is plausible that cancer cells
secrete miR-19a and suppress PTEN expression in OC cells when
exosomes are internalized. The decrease of PTEN leads to acti-
vation of NF-kB and AKT pathways that promote OC cells. To
test this notion, we examined whether exosomal miR-19a mod-
ulates OC activity by suppressing PTEN expression, using the 3/
UTR reporter assay. We confirmed that the miR-19a-targeted
sequence on PTEN is conserved between human and mouse
(Supplementary Fig. 5a, b), and found that ectopic expression of
miR-19a indeed targeted PTEN, while mutation of the miR-19a
binding site on PTEN 3’UTR rescued the reporter activity
(Fig. 4b). Furthermore, ectopic expression of miR-19a in OC
precursor cells, RAW264.7, suppressed PTEN expression and
induced NF-kB and AKT pathway with increased phosphorylated
P65 and AKT (Fig. 4c, d). We also examined whether increased
miR-19a could promote OC differentiation of RAW264.7 by
performing TRAP staining. The ectopic expression of miR-19a
significantly increased the number of mature OC cells and their
size (Fig. 4e). Next, we tested whether direct treatment of OC
precursor cells with exosomal miR-19a, instead of lentiviral
overexpression, could also induce the activation of P65 and AKT
pathways. Although there was no difference in the efficiency of
exosome uptake (Supplementary Fig. 5¢), compared to exosomes
from the parental cell line, exosomes from bone-metastatic
MCF7BoM2 increased miR-19a, decreased PTEN and induced
AKT, and P65 activation in mouse bone marrow monocyte
(mBMM), which is the primary precursor of OC (Fig. 4f, g). In
addition, exosomes from MCF7BoM2 promoted the differentia-
tion of mBMM into OC (Fig. 4h). In a bone resorption assay,
mBMMs were seeded on the bone chips and incubated with
exosomes from MCF7 and MCF7BoM2. Exosomes from
MCF7BoM2 exhibited significantly higher competence to induce
the osteolytic activities of OC cells as shown by the increased area
of resorption pit (Fig. 4i). Consistent with our finding of enriched
miR-19a in exosomes, only exosomes, but not MV or AB, could
induce the differentiation of OC cells (Supplementary Fig. 5d). To
further investigate whether miR-19a is responsible for the OC-
promoting effect of the exosomes, OC cells were incubated with
exosomes isolated from MCF7BoM2/ScrabmbleKO cells or
MCF7BoM2/miR-19aKO cells (Fig. 4j-m and Supplementary
Fig. 6a—c). When miR-19a was knockout, exosomes were unable
to deliver miR-19a into OC cells and suppress PTEN expression
(Fig. 4j and Supplementary Fig. 6b). We also found that exosomes
prepared from bone-metastatic breast cells with miR-19a
knockout could not induce P65 and AKT activation (Fig. 4k

and Supplementary Fig. 6¢) and reversed the OC-promoting
effect (Fig. 41, m and Supplementary Fig. 6a). Collectively, we
demonstrated that bone-metastatic cells delivered miR-19a-
containing exosomes to OC precursor cells and suppressed
PTEN expression. Decreased PTEN induced the activation of NF-
kB and AKT signaling pathways, promoting the differentiation
and osteolytic activity of OC cells. This notion was also verified by
examining the effect of exosomes from MCF7 and MCF7/miR-
19a cell lines on OC cells. Compared to exosomes from parental
MCEF7 cells, exosomes from MCF7 with ectopic expression of
miR-19a significantly increased the miR-19a expression and
decreased PTEN expression in both recipient RAW264.7 and
mBMM cells, increased OC number, and promoted the differ-
entiation of OC in vitro (Supplementary Fig. 6d-i).

ERT breast cancer cells secrete IBSP to recruit osteoclast pre-
cursors. Next, we examined the role of IBSP in osteolytic bone
metastasis induced by miR-19a. IBSP is known to act as a ligand
of integrin aVB3 receptor that is highly expressed on the surface
of OC*. A previous study found that IBSP knockout in mice
resulted in decreased OC number in bones*’. Integrin aVp3 is
known to be associated with OC migration and adhesion®%>!, and
IBSP was previously found to be a cell-secreted protein with bone
matrix binding ability>2. Therefore, we hypothesize that IBSP
secreted from the bone lodging cancer cells can recruit the OC
precursors to the micro-metastatic site followed by creating an
OC precursor-enriched niche. Such an environment enhances the
uptake of miR-19a-containing exosomes by the OC precursors in
a concentration-dependent manner. In a trans-well migration
assay, we found that both MCF7BoM2 and MCF7/IBSP recruited
more OC precursors to abluminal chambers compared to MCF7
(Fig. 5a), which supports our hypothesis that IBSP attracts OC
precursors. We then performed the knockout of IBSP using the
CRISPR-Cas9 system in MCF7BoM2. To rule out the clonal
effect, three clones that showed no IBSP expression and no
alteration of growth ability were selected and mixed into one
heterogeneous line, MCF7BoM2/IBSPKO (Fig. 5b, ¢ and Sup-
plementary Fig. 7a). The knockout of IBSP expression did not
alter the cell migration ability of MCF7BoM2/IBSPKO (Fig. 5d).
However, the bone-metastatic ability was significantly compro-
mised by IBSP knockout in MCF7BoM2/IBSPKO cells in the
xenograft mouse model (Fig. 5e). Loss of IBSP also preserved the
density of tumor-bearing bones (Fig.5f). Results from TRAP
staining of the tumor-bearing tibias also suggested that the IBSP
knockout led to decreased osteoclastogenesis (Fig. 5g). These
results strongly support our hypothesis that IBSP recruits OC
cells to the tumor lesions in the bone, which is essential for the
uptake of exosomes and establishment of bone metastasis of ER"
breast cancer cells.

CGA blocks cooperative function of miR-19a and IBSP in ER*
BCBM. We hypothesized that cooperation between exosomal
miR-19a and IBSP generates the osteolytic bone microenviron-
ment, enabling the ER* tumor growth in the bone. Therefore, we
examined the changes in bone microenvironment induced by
directly injecting IBSP and exosomal miR-19a prepared from
MCF7BoM2 into the tibial bone of mice every two days without
tumor cell injection. This treatment resulted in a significant
increase in the number of OC at the treatment site (Supple-
mentary Fig. 7b). We also found that the DiD-labeled exosomes
from MCF7BoM2 were incorporated into OC cells when they
were injected into the tibial bone (Supplementary Fig. 7c). These
results suggest that exosomal miR-19a and IBSP cooperatively
create an osteolytic bone microenvironment. We then tested
whether such change could enhance the growth of primary MCF7
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Fig. 4 Exosomal miR-19a targets PTEN/AKT pathway to promote osteoclastogenesis. a Exosomes were labeled with GFP by ectopic expression of
PalmGFP in MCF7BoM2 cells. OC cells were then treated with the labeled exosomes. After 24 h, uptake of exosome by osteoclast cells was monitored by
confocal microscope. Scale bar, 10 um. b Luciferase reporter assay for the constructs containing wild-type PTEN 3’UTR or mutant PTEN 3’UTR was
performed after transfecting the cells with the miR-19a expression vector. p = 0.0001 (WT + PCDH vs WT + PCDH-miR-19a, two-sided student's t-test).
Data are presented as mean values £ SEM. ¢ Tagman PCR for miR-19a expression (p = 0.0131, n=3), and SYBR Green gPCR for PTEN expression
(p=0.0232, n=3) in RAW264.7/GFP and RAW264.7/miR-19a were performed. Two-sided student’s t-tests were performed. Data are presented as
mean values + SEM. d Western blot analysis for PTEN, phospho-NF-kB P65, total NF-kB P65, phospho-AKT and total AKT expression in RAW264.7/GFP
and RAW264.7/miR-19a cell lines. The band intensity was quantified and normalized to that of control (left panels). @ TRAP staining of RAW264.7/GFP
and RAW264.7/miR-19a cells. On day 4, the number of differentiated osteoclasts (p = 0.0080, n =5 vs 6) and the size of these cells (p < 0.0001, n =30
vs 40) were measured. Two-sided student's t-tests were performed. Data are presented as mean values + SEM. Scale bar, 100 um. f Mouse BMMs were
induced into OC cells with the treatment of exosomes and cytokines. Tagman PCR for miR-19a expression (p = 0.0008, n = 3) and SYBR Green gPCR for
PTEN (p = 0.0271, n=3) expression were performed for OC cells treated with exosomes from MCF7 and MCF7BoM2. Two-sided student's t-tests were
performed. Data are presented as mean values + SEM. g Western blot analysis for PTEN, phospho-NF-kB P65, total NF-kB P65, phospho-AKT and total
AKT expression in mouse BMMs treated with exosomes from MCF7 and MCF7BoM2. The band intensity was quantified and normalized to that of control
(left panels). h TRAP staining was performed for mouse BMMs treated with exosomes from MCF7 and MCF7BoM2. On day 4, the number of differentiated
osteoclast (p =0.000036, n=5 vs 5) and their sizes (p =0.0323, n=10 vs 23) were measured. Two-sided student's t-tests were performed. Data are
presented as mean values + SEM. Scale bar, 100 um. i Bone-resorbing activities of OC treated with exosomes from MCF7 and MCF7BoM2 were measured
by the bone-resorption assay. BMMs were seeded on a bone chip and treated with exosomes and cytokines. Resorption pits were measured and compared
(p=0.0070, n=4). Two-sided student's t-tests were performed. Data are presented as mean values + SEM. j Tagman PCR for miR-19a expression
(p=0.0291, n=3) and SYBR Green gPCR for PTEN expression (p =0.0047, n=3) were performed for mouse BMMs treated with exosomes from
MCF7BoM2/miR-19aKO and MCF7BoM2/ScrambledKO. Two-sided student’s t-tests were performed. Data are presented as mean values + SEM. k
Western blot analysis was performed for PTEN, phospho-NF-kB P65, total NF-kB P65, phospho-AKT, and total AKT expression in mouse BMMs treated
with exosomes from MCF7BoM2/miR-19aKO and MCF7BoM2/ScrambledKO. The band intensity was quantified and normalized to that of control (left
panels). | TRAP staining was performed for mouse BMMs that were treated with exosomes from MCF7BoM2/miR-19aKO and MCF7BoM?2 /ScrambledKO.
On day 4, the number of differentiated osteoclast cells (p =0.0005, n=5 vs 5) and their sizes were measured (p = 0.0029, n=11 vs 38). Scale bar,
100 um. Two-sided student's t-tests were performed. Data are presented as mean values + SEM. m The bone-resorbing activity of OC was measured by
the bone-resorption assay using BMMs that were treated with exosomes from MCF7BoM2/miR-19aKO and MCF7BoM2/ScrambledKO (p = 0.0025,
n=24 vs 20). Two-sided student's t-tests were performed. Data are presented as mean values + SEM.
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Fig. 5 ERT breast cancer cells secrete IBSP to recruit osteoclast precursors. a Trans-well migration assays were performed to measure the migration
ability of BMMs towards breast cancer cells. BMMs were seeded on the luminal side and breast cancer cells (MCF7, MCF7BoM2, and MCF7/IBSP) were
seeded on the abluminal chamber. Data are presented as mean values + SEM. b CRISPR-Cas9 mediated knockout of IBSP in MCF7BoM2. Three knockout
clones were confirmed by western blot. The band intensity was quantified and normalized to that of control (left panels). ¢ The selected clones were mixed
and designated as MCF7BoM2IBSPKO. Cell proliferation was measured for MCF7BoM2 and MCF7BoM2/IBSPKO by MTS assay. A two-sided student's t-
test was performed on day 3 and p=0.0496 (n=3 vs 3). Data are presented as mean values + SEM. d Cell migration ability of MCF7BoM2 and
MCF7BoM2/IBSPKO was measured by wound-healing assay. Scale bar, 100 um. e MCF7BoM2/ScrambledKO and MCF7BoM2/1BSPKO (500,000/0.1ml
PBS) were transplanted into female nude mice via intracardiac injection. The growth of bone metastasis was monitored by measuring the luciferase activity
by IVIS Bioimager, and the Kaplan-Meier analysis was done for bone metastasis-free survival (p = 0.0496, HR = 4.101). f The tumor-bearing bones were
imaged by X-ray, and the relative bone densities were quantified by Image) (p = 0.0124, n =9 vs 4). Two-sided student's t-tests were performed. Data are
presented as mean values + SEM. g OC surface relative to the bone surface was calculated and compared after TRAP staining. H&E staining of the same
field was shown together with the TRAP staining (p = 0.0036, n=9 vs 4). Two-sided student's t-tests were performed. Data are presented as mean

values £ SEM. Scale bar, 100 pm.

cells in the mice’s tibias (Fig. 6a). MCF7 cells were transplanted
into the tibial bone. At the same time, both IBSP and exosomes
from MCF7BoM2 were given every two days into the tumor site.
To evaluate the roles of exosomal miR-19a, exosomes from
MCF7BoM2/miR-19aKO were used as a control. We found that
the injection of miR-19a-containing exosomes and IBSP sig-
nificantly promoted tumor growth (Fig. 6a) in the bones, which
resulted in a decrease in bone density (Fig. 6b) and an increase in
OC activity (Fig. 6¢). These results suggest the indispensable roles
of exosomal miR-19a and IBSP in bone metastasis of ERT breast
cancer cells. Consistent with these results, knockout of miR-19a
or IBSP from MCF7BoM2 significantly decreased the bone-
metastatic ability of cancer cells, while ectopic expression of each
factor alone did not rescue the effect. (Supplementary Fig. 7d, e).

Because IBSP plays a critical role in recruiting OC precursor
cells and enabling the delivery of exosomal miR-19a to promote
bone metastasis, targeting IBSP could be an effective preventive
strategy to block the IBSP/exosome pathway, and decrease the
risks of bone metastasis/recurrence. Therefore, we used a
competitive binding assay to screen a natural compounds library
aiming at identifying compound(s) that block the binding of IBSP
with its receptor integrin aV3. In this assay, we layered integrin

aVpB3 on the bottom of wells, followed by adding IBSP in the
presence or absence of 176 natural compounds. The binding of
IBSP protein to integrin aVB3 was quantified using an enzyme-
tagged antibody to measure the inhibitory effect of natural
compounds. We found that Chlorogenic acid (CGA) most
significantly inhibited the binding of IBSP to integrin aVp3
(Fig. 6d). To ensure that the inhibitory ability is not a result of
direct interaction between the natural compound and the enzyme
tag, we repeated our screening with a different enzyme-tagged
antibody (Supplementary Fig. 8a). In a chemotaxis assay, we
found that CGA significantly blocked the recruitment of OC
precursors (mBMM) by IBSP (Fig. 6e). On the other hand, CGA
did not directly suppress the growth or migration of cancer cells
(Supplementary Fig. 8b, c). These data indicate CGA is a
competent inhibitor of the recruitment of OC by IBSP.
Importantly, in the xenograft model, both CGA and exosome
inhibitor GW4869 effectively suppressed ER™ breast cancer bone
metastasis (Fig. 7a), while no notable side effects were observed
with the mice received CGA treatment (Supplementary Fig. 8d,
e). It should be noted that the inhibitory effect of CGA on bone
metastasis is not a result of its effect on tumor cell growth,
because CGA did not affect the primary tumor growth
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Fig. 6 IBSP and miR-19a cooperatively induce osteoclastogenesis and promote cancer cell growth in the bone. a, b MCF7 cells were injected into the
tibias of mice. These mice also received 2 pg exosomes prepared from MCF7BoM2 and 0.5 ug recombinant IBSP injected into the tibias every 2 days. The
exosomes prepared from MCF7BoM2/miR-19aKO and PBS were used as controls. After three weeks, the bioluminescence signals of tibial bones were
measured. Two-sided student’s t-tests were performed. p = 0.4670 (Exo'92KO  PBS vs Ex0'92KO 1 IBSP, n =4 vs 6), p = 0.1949 (Ex0'92KO 1 PBS vs
Exo + PBS, n=4 vs 6), p=0.0446 (Ex0'93KO 4 PBS vs Exo + IBSP, n=4 vs 6). Data are presented as mean values + SEM (a). The bones were then
removed and bone densities were measured by X-ray. Two-sided student's t-tests were performed; p = 0.9280 (Ex0'92KO  PBS vs Ex0'92KO 4 |BSP, n=4
vs 6), p=0.9143 (Ex0'93KO 4 PBS vs Exo + PBS, n=4 vs 6), p=0.0257 (Exo'93KO 1 PBS vs Exo -+ IBSP, n=4 vs 6) Data are presented as mean
values £ SEM (b). ¢ The removed bones were decalcified, sectioned, and examined for the amount of OC surface by TRAP staining followed by
quantification using the Imagel. Two-sided student's t-tests were performed; p = 0.7224 (Ex0'93KO 4 PBS vs Ex0'92KO 4 IBSP, n=4 vs 6), p=0.8773
(Ex0'9aKO 1 PBS vs Exo + PBS, n=4 vs 6), p = 0.0002 (Ex0'92KO 4 PBS vs Exo + IBSP, n = 4 vs 6). Data are presented as mean values + SEM. d Integrin
aVp3 was seeded on the bottoms of 96-well plates. IBSP was then added to the well in the presence or absence of the library of natural compounds. The
bound IBSP was measured by colorimetric substrates of alkaline phosphatase (AP). The OD 405 was compared between CGA-treated groups and the
DMSO-treated group. Two-sided student'’s t-tests were performed; p < 0.0001 (n = 3) in all groups. CGA was found to most significantly inhibit the binding
of IBSP to integrin aVp3. Data are presented as mean values = SEM. e The role of IBSP as a chemoattractant of osteoclast cells, and the inhibitory effect of
CGA on this chemoattraction were examined by the p-Slide Chemotaxis assay. The movement of 20 OC cells with the highest mobility was tracked and the
directionality was calculated by Chemotaxis and Migration Tool. p-value was calculated with the Rayleigh test (left: p=0.0000002, right: p = 0.194763).

(Supplementary Fig. 8f, h). On the other hand, CGA did not
suppress the bone metastasis of 231BoM cells in our ER" breast
cancer xenograft model (Supplementary Fig. 8i). These results
demonstrate that CGA is a promising preventive reagent for bone
metastasis of ERT breast cancer. With either CGA treatment or
exosome blockade, the bone-metastatic lesions showed signifi-
cantly decreased osteoclastogenesis (Fig. 7b) and increased bone
density (Fig. 7c). We also confirm our findings in the T47D
xenograft mouse model. When the T47D cells were implanted
into mice by intracardiac injection, ectopic expression of miR-19a
and IBSP significantly increased the rate of bone metastasis
(Fig. 7d), decreased the bone density of the metastatic lesions
(Fig. 7e), and increased the OC activities (Fig. 7f). The CGA
treatment significantly decreased the rate of bone metastasis, and
rescue the osteolytic changes in the bone lesions (Fig. 7d-f).
Interestingly, when we generated organ culture of tumor tissues
from various distant metastatic lesions in the T47D inoculated
mice, we found significantly more exosomal miR-19a in the
culture media of bone-metastatic lesions compared to other
metastatic sites (Supplementary Fig. 8j). We also examined
whether CGA was able to suppress the established bone
metastasis. We first transplanted MCF7BoM2 into the tibial
bone of mice. After confirming the tumor growth by measuring

the bioluminescent signals, CGA or bisphosphonate-DMDP
(Dichloromethylenediphosphonic acid disodium salt) was given
to the mice. We found that CGA was able to suppress the cancer
cell growth of established tumors in the bone more effectively
compared to the control group or the bisphosphonate treatment

group (Fig. 7g, h).

Discussion

ER™ breast cancer patients have a considerably higher risk of bone
metastasis2%2253-5> compared to other subtypes. In this study, we
identified exosomal miR-19a and IBSP as key secreted factors from
ER* bone-metastatic cells. Ectopic expression of one factor alone
did not increase bone lesions in our animal models. However,
upregulation of both factors together significantly promoted the
tumor growth in the bone and osteoclastogenesis, indicating the
cooperative roles of exosomal mIR-19a and IBSP in promoting
osteolytic bone metastasis. We found that ERT cancer cells secrete
IBSP as a chemoattractant for precursors of OC cells, while exo-
somal miR-19a enhances the osteoclastogenesis in the early
metastatic site, which promotes the bone colonization of ERT
breast cancer cells (Fig. 8). Importantly, in both serum and tran-
scriptome profiles of breast cancer patients, we verified that miR-
19a and IBSP are correlated with bone metastasis and recurrence
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status. While the serum of advanced breast cancer patients in this
study was collected during the course of treatment with tumor
burden, we did not see a significant difference in the expression of
exosomal miR-19a and IBSP between groups with different treat-
ment histories (Supplementary Data 5). These data suggest the
potential use of exosomal miR-19a and IBSP of serum as liquid

biomarkers to stratify ER™ breast cancer patients with a high risk
of bone recurrence.

MiR-19a is located in the miR-17-92 cluster (oncomiR-1),
which is characterized as a set of mammalian microRNA
oncogenes®®. The tumor-promoting role of miR-19a has been
reported in multiple types of cancers®’~%1, and it is known to
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Fig. 7 CGA blocks cooperative function of miR-19a and IBSP in ER* BCBM. a The mice were treated with 2 ug exosomes prepared from MCF7BoM?2 and
0.5 pg recombinant IBSP by injecting them into the tibias every two days. The exosomes from MCF7BoM2/miR-19aKO and PBS were used as controls.
After two weeks, the bones were removed, and the TRAP staining of the bones was performed. The OC surface of the bone surface was quantified by
Image) and compared by the two-sided student's t-test. p = 0.0181 (PBS + Ex0'93KO vs |BSP + Exo), p = 0.2436 (PBS + Ex0'92KO ys PBS + Exo),

p = 0.4594 (PBS + Ex0'93KO ys IBSP 4 Ex0'92K0). n =5 in all groups. b The ratio of OC surface relative to the bone surface was calculated after TRAP
staining. p <0.0001 (MCF7BoM2 vs MCF7BoM2 + CGA, n=13 vs 8), p=0.0001 (MCF7BoM2 vs MCF7BoM2 + GW4869, n =13 vs 5). Representative
H&E staining of the same field was shown (left panel) together with the TRAP staining (right panel). Scale bar, 100 um. Two-sided student's t-tests were
performed. Data are presented as mean values + SEM. ¢ The legs of tumor-bearing mice were imaged by X-ray, and the bone density was measured by
Imagel. Two-sided student’s t-tests were performed. p < 0.0001 (MCF7BoM2 vs MCF7BoM2 + CGA, n=13 vs 8), p=0.0002 (MCF7BoM?2 vs
MCF7BoM2 + GW4869, n =13 vs 5). Data are presented as mean values + SEM. d T47D, T47DBoM, and T47D with ectopic expression of miR-19a or/and
IBSP were intra-cardially injected into mice. One group of mice injected with T47DBoM also received CGA treatment. The growth of bone metastasis was
monitored by VIS Bioimager, and the Kaplan-Meier analysis and log-rank tests were performed for bone metastasis-free survival. p = 0.000036 (T47D vs
T47DBoM); p = 0.0078 (T47D vs T47D/IBSP/miR-19a); p = 0.0003 (T47DBoM vs T47DBoM + CGA). e The legs of tumor-bearing mice were imaged by
X-ray, and the bone density was measured by Imagel. p = 0.0027 (T47D vs T47D/IBSP/miR-19a, n=4 vs 12); p=0.0111 (T47D vs T47DBoM, n=4 vs
14); p=0.0009 (T47DBoM vs T47DBoM + CGA, n=14 vs 7). Two-sided student'’s t-tests were performed. Data are presented as mean values + SEM. f
The ratio of OC surface relative to the bone surface was calculated and compared after TRAP staining. H&E staining of the same field was shown (left
panels) together with the TRAP staining (right panels). Scale bar, 100 um. p = 0.0028 (T47D vs T47D/IBSP/miR-19a, n =4 vs12); p = 0.0023 (T47D vs
T47DBoM, n=4 vs 14); p=0.0003 (T47DBoM vs T47DBoM + CGA, n=14 vs 7). Two-sided student’s t-tests were performed. Data are presented as
mean values + SEM. g One week after intra-tibia injection of MCF7BoM2, mice were treated with CGA or DMDP. The growth of bone tumors was
monitored by measuring the luciferase activity by VIS Bioimager. Two-sided student's t-tests were performed. p =0.0215 (MCF7BoM2 vs
MCF7BoM2 + CGA, n=28vs 6), p=0.1920 (MCF7BoM2 vs MCF7BoM2 + DMDP n = 8 vs 6). Data are presented as mean values = SEM. h After 24 days,
the legs were removed and the bioluminescence of each leg was quantified. Two-sided student's t-tests were performed. p = 0.0144 (MCF7BoM2 vs
MCF7BoM2 + CGA, n=8 vs 6), p=0.1747 (MCF7BoM2 vs MCF7BoM2 + DMDP n=8 vs 6). Data are presented as mean values + SEM.
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Fig. 8 Proposed mechanism of exosomal miR-19a and IBSP mediated bone metastasis in ER* breast cancer. In the early metastatic niche, ER* breast
cancer cells secrete IBSP as a chemoattractant to recruit precursors of OC cells, creating an OC precursor-enriched microenvironment. OC precursors
incorporate exosomes from breast cancer cells, and miR-19a is transported into OC precursors. Inside the OC precursors, miR-19a suppresses PTEN
expression, activates NF-kB and AKT pathways, and promotes osteoclastogenesis. Mature OC cells induce bone resorption, liberating growth factors from
the bone matrix, which further promote the growth of cancer cells.

directly target tumor suppressor PTEN4262:63 1t is also predicted
to target ER. However, overexpression of miR-19a did not alter
the level of ER in breast cancer cells®, and the exact role of miR-
19a in breast cancer is yet poorly understood. The previous study
has characterized miR-19a targets in breast cancer by quantitative
proteomic approach3?. No growth-suppressive effect was found
when those targets were ectopically expressed, suggesting that
endogenous miR-19a does not directly alter the growth of cancer
cells per se. Consistent with their finding, the results of our study
revealed that modulation of miR-19a expression in breast cancer
cells did not alter the growth or migration abilities in vitro.
Interestingly, ectopic expression of miR-19a did not affect the
expression of PTEN in the cancer cells (data not shown). A
possible explanation is that miR-19a is actively sorted out of
cancer cells by exosomes. Accordingly, miR-19a expression is
positively correlated with osteolytic bone metastasis in vivo,
strongly suggesting a role of miR-19a as a key modulator of
tumor microenvironment in the process of bone metastasis of
breast cancer. In the “vicious cycle of bone metastasis”®, breast
cancer cells are known to interact with host cells to generate a
favorable microenvironment for cancer cell growth in the bone

through direct cell-cell contact or via secreted proteins®®-68. We
found that the oncogenic role of miR-19a in ERT breast cancer is
dependent on its secretory nature as exosomes. Exosomal miR-
19a secreted from tumor cells are internalized into the OC pre-
cursor and induces the differentiation of OC into mature OC. OC
osteoclastogenesis is one of the key steps related to the estab-
lishment of bone metastasis, and miR-19a augments this process
by activating the p-AKT pathway. Therefore, this study revealed a
specific role of miR-19a in ERT breast cancer bone metastasis.
The nature of miR-19a encapsulated inside exosomes also makes
it a promising candidate as a circulating biomarker for diagnostic
and prognostic purposes®®-72,

IBSP constitutes around 12% of the non-collagenous proteins
in human bone and it is synthesized by bone resident cells.
Several types of cancers, including colon, breast, prostate, and
lung cancers were reported to have upregulated IBSP
expression’3. In breast cancer, IBSP was also detected in cancer
cells’4, and we found that IBSP is only expressed in breast cancer
cells but not in normal breast tissue, making it a good candidate
as a tumor-specific biomarker. Indeed, IBSP was previously
reported to be associated with poor survival of breast cancer
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patients”>. Interestingly, it was also found to be positively asso-
ciated with bone metastasis, but negatively associated with lung
metastasis in breast cancer’>. These observations can be well
explained by our results, as we found IBSP regulates bone
metastasis in ERT breast cancer. ER™ breast cancer is known to
have a higher incidence of bone metastasis compared to other
subtypes, while they have a lower incidence of lung metastasis>°.
By classifying subtypes of breast cancer patients, we have shown
the feasibility of using IBSP, together with exosomal miR-19a to
predict the risk of bone metastasis in ERT patients. More
importantly, we clarified a cooperative pathway between IBSP
and miR-19a, that mobilizes the bone microenvironment to guide
the ERT breast cancer cells to the bone and support their cell
growth. However, in this study, we did not observe a regulatory
effect in gene expression between miR-19a and IBSP (Supple-
mentary Fig. 2a, b). Therefore, the increased bone metastasis is
likely to be a result of the colonial selection of high miR-19a/IBSP
cells that adapt well to the early metastatic niche due to the
interaction with OC cells.

Currently, there is no effective and safe regimen to prevent
bone recurrence in breast cancer. The present bone-targeted
therapy does not improve the survival of breast cancer patients,
and patients with bone metastases still rely on systemic treatment.
However, patients with bone recurrence develop resistance to
systemic treatment as the cancer cells acquired resistance to these
drugs at an early stage. In this study, we found that CGA blocks
the interaction between IBSP and OCs, inhibiting the pro-
osteoclastogenesis effect of cancer-derived exosomes. CGA is
abundant in the extract from plants, and it has minimum side
effects for long-term preventive treatment. By using exosomal
miR-19a and IBSP to predict the risk of bone metastasis, ERT
breast cancer patients could benefit from this agent in preventing
late-onset recurrence in the bone. CGA could also be used as a
combination therapy to treat ERT breast cancer patients with
bone metastasis.

Collectively, our study identified exosomal miR-19a and IBSP
as mediators of cell-cell communication between breast cancer
cells and OC cells, which promotes the vicious cycle of bone
metastasis in ER™ breast cancer. Importantly, the natural com-
pound CGA can block this process. This study sheds light on the
molecular mechanism of bone metastasis in ER™T breast cancer,
which warrants further investigation on the miR19a-IBSP axis for
the development of an effective therapeutic strategy.

Methods

Cells and cell culture. Human breast carcinoma cell lines, MDA-MB-231, MCF7,
T47D, and mouse monocyte/macrophage cell line RAW 264.7 were purchased
from American Type Tissue Culture Collection (ATCC, Manassas, VA, USA).
MCF7BoM2 and 231BoM-1833, the bone-metastatic derivative of breast cancer cell
lines were kindly provided by Dr. Joan Massagué (Memorial Sloan-Kettering
Cancer Center)’%3%. To select bone-tropic T47DBoM, 100,000 T47D cells were
injected into the left cardiac ventricle of athymic-nu/nu mice. Subsequently, bone-
metastatic tumor cells were isolated from the tibias. Three rounds of selection were
performed to establish the T47DBoM cell line. Luciferase-labeled cells were gen-
erated by infecting the lentivirus carrying the firefly luciferase gene. MDA-MB-231,
MCF7 cells and their variants, as well as RAW264.7, were cultured in DMEM
medium supplemented with 10% FBS and antibiotics. Murine bone marrow-
derived monocytes and macrophages (BMMs) were generated as previously
described””. Briefly, bone marrow cells were harvested by flushing the femurs and
tibias of six to eight-week-old C57BL/6 mice (The Jackson Laboratory, Bar Harbor,
ME, USA) with minimum essential medium-a (a-MEM; Invitrogen, Carlsbad, CA,
USA). The cells were then washed, centrifuged, and incubated in complete a-MEM
containing 10% heat-inactivated fetal bovine serum and penicillin/streptomycin for
18 h to separate the floating and adherent cells. The floating cells were collected and
cultured in complete a-MEM supplemented with 50 ng/ml murine recombinant
Macrophage Colony Stimulating Factor (M-CSF; Peprotech, Rocky Hill, NJ, USA).
After 3 days, non-adherent cells were washed out and the adherent cells were used
as BMMs.

Animal experiments. For experimental metastasis assay, cancer cells in 100 pl of
PBS were injected into the left cardiac ventricle of the athymic-nu/nu mice

(7-8 weeks). For intratibial implantation of cancer cells, cells with or without
ectopic expression of miR-19a and IBSP were injected into the tibia at a final
concentration of 100,000 cells/10 pl. To investigate the effect of miR-19a and IBSP
on the primary tumor, cancer cells (1 x 10°) in 50 pl PBS were mixed with Matrigel
matrix (Corning, Corning, NY, USA) at 1:1 ration, and implanted into mammary
fat pads of athymic-nu/nu mice. All mice received implantation of 1.7 mg estradiol
continuous release pellets (Innovative Research of America). To confirm a suc-
cessful injection, we immediately monitored photon flux from the whole body of
the mice after injection. The growth of tumors in the bones was monitored and
quantified by measuring luminescence using IVIS Xenogen bioimager (Caliper Life
Science), and the images were analyzed using Living Image (Caliper Life Science)
version 4.7.3 software and Aura software (Spectral Instruments Imaging, LLC)
version 3.2. For CGA (Sigma-Aldrich, St. Louis, MO, USA) treatment, the com-
pound dissolved in deionized water was administered orally at doses of 200 mg/kg
body weight per day. For GW4869 (Cayman Chemical, Ann Arbor, MI, USA)
treatment, the drug was intraperitoneally (i.p.) injected at the dose of 2.5 ug/g every
three days. For DMDP (Dichloromethylenediphosphonic acid disodium salt)
treatment, the drug was intraperitoneally (i.p.) injected at the dose of 10 mg/kg
twice a week. For in vivo exosome uptake assay, the mice were treated with 2 pg
Vybrant DiD-labeled exosomes with or without 0.5 ug recombinant IBSP by
injecting them into the tibias every two days. After two weeks, the bones were
extracted and sectioned with a diamond knife. The sectioned bone was then stained
with FITC-CTSK (Cathepsin K) and DAPI. The co-localization of OC and exo-
some was examined by Keyence All-in-one Fluorescence Microscope (BZ-X700).
For measurement of the percentage of OC surface per bone surface (OC.S/BS%),
bioluminescence and H&E staining were performed to identify the metastatic sites.
For each of the mice, all the bone-metastatic sites were TRAP stained and
cumulative osteoclast surface and bone surface were measured by Image] (FIJI,
1.52n)78,

X-ray imaging. On days 28 before euthanization, X-ray images of the mice were
captured with Faxitron Multifocus 10 x 15 Digital Radiography System. Mice were
anesthetized and placed dorsal side up in the X-ray chamber with legs in the
capture region. X-ray images of the tibias were analyzed using Image] (Image]J
1.8.0_112; 64-bit; National Institute of Health) according to previous
publications’*80 and relative bone density was quantified. The image was cali-
brated to a standard aluminum wedge. The average mean grayscale value of the
area of interest was recorded after the value of background soft-tissue was
subtracted.

Human L1000 array. The cell culture supernatants were dialyzed and biotinylated
according to the manual of L-Series Human Antibody Array 1000 (RayBiotech,
Peachtree Corners, GA, USA). The glass slide arrays were then locked and incu-
bated with biotin-labeled samples to allow the binding of target proteins to the pre-
printed capture antibodies. Streptavidin-conjugated fluorescent dye is then used to
interact with the bound proteins. Finally, when the slide is dried, laser fluorescence
scanning was performed with GenePix® 4000B Microarray Scanner to visualize
signals. To compare the expression of each protein target, Protein Array Analyzer
was used to quantify the signals.

Gene knockout and overexpression. IBSP and miR-19a knockout was carried out
with CRISPR/Cas9 system. lentiCRISPR v2 was a gift from Feng Zhang (Addgene
plasmid # 52961; http://n2t.net/addgene:52961; RRID:Addgene_52961) Guide
RNAs for IBSP (AGAACTTACTGAGAAAGCAC) and miR-19a (AATCTATG-
CAAAACTGATGG) were cloned into vectors according to the provided protocol.
Lentivirus was prepared by transfection of plasmids into HEK 293T cells.
MCF7BoM2 was infected with lentivirus and screened with puromycin. The suc-
cess of knockout was confirmed by the T7EI assay (NEB). Single-cell clones were
picked by limit dilution. Four miR-19a knockout clones and three IBSP knockout
clones were selected. The knockout clones of each gene were mixed to generate the
heterogeneous knockout cell lines and they were used for functional assays. The
stabilities of the knockout were verified every five passages by PCR and western
blot analysis. The plasmid for overexpression of IBSP (LV185867) was purchased
from ABM (Applied Biological Materials, Richmond, BC, Canada) and the plasmid
for overexpression of miR-19a (PCDH-miR-19a) was a kind gift from Dr. Yin-
yuan Mo.

Osteoclastogenesis assay and tartrate-resistant acid phosphatase (TRAP)
staining. Murine BMMs at a density of 1 x 10° cells/ml or RAW264.7 cells at a
density of 1 x 10° cells/ml were plated in a chamber slide (Thermofisher, Waltham,
MA, USA) and cultured in complete a-MEM supplemented with 50 ng/ml murine
recombinant M-CSF, 25 ng/ml murine recombinant RANKL (Peprotech, Rocky
Hill, NJ, USA) in the presence or absence of 20 ug/ml exosomes, a concentration
used previously in multiple studies?7-0%81:82, On day 4, TRAP staining was per-
formed using a leukocyte acid phosphatase kit (Sigma-Aldrich, St. Louis, MO,
USA) according to the manufacturer’s instructions. The multinucleated TRAP-
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positive cells from five biological replicates were considered mature OC cells and
monitored by Zeiss Axioplan2 microscope. The size of OC cells was measured by
Image] as reportedS3.

Bone-resorption assay. To determine the role of exosomal miR-19a in the bone
resorption activity of OC cells, pit assay was performed on bone slices (Immu-
nodiagnostic Systems). 50,000 bone marrow-derived OC precursor BMMs were
seeded on sterilized bone slices placed in a 96-well plate. The BMMs were cultured
with complete a-MEM supplemented with 50 ng/ml murine recombinant M-CSF,
25 ng/ml murine recombinant RANKL (Peprotech, Rocky Hill, NJ, USA) in the
presence or absence of 20 pg/ml exosomes. The media was changed every 2-3 days.
After two weeks of cell culture, cells were washed, and resorption pits were stained
with 1% toluidine blue. The resorption area was photographed under microscopy
and the image was analyzed by Image].

Extracellular vesicles purification and tracking analysis. Extracellular vesicles
(EVs) from cells were isolated by ultracentrifugation. Cells were grown in EVs-
depleted media for 48 h before CM was collected for EVs purification. To isolate
total EVs, CM was centrifuged at 300 x g for 10 min to remove cells. EVs were
collected by ultracentrifugation at 120,000 x g for 70 min. Apoptotic bodies (ABs),
microvesicles (MVs), and exosomes were isolated by differential centrifugation as
published before®48>. Briefly, the harvested CM was centrifuged at 300 x g for

10 min to remove cells. ABs were collected by centrifugation at 2000 x g for 20 min.
The supernatant was centrifuged at 16,500 x g for 20 min to collect MVs. After that,
the Supernatant was passed through a 0.2 um filter (Sarstedt, Niimbrecht, GER-
MANY) to remove the particles larger than 200 nm. Exosomes were then pelleted
by ultracentrifugation at 120,000 x g for 70 min. The isolated EVs were analyzed
and quantified by nanoparticle tracking analysis (NTA) and electron microscope
with negative staining.

Imaging of exosomes by transmission electron microscopy. For negative
staining, Purified exosomes were incubated onto discharged 200 mesh copper EM
grids and fixed with 2% Paraformaldehyde (PFA). 1% uranyl acetate (UA) solution
was used to stain the exosomes on the surface of the EM grids. The exosomes were
imaged by FEI Tecnai BioTwin Transmission Electron Microscope. For immu-
nostaining of IBSP and CD63 on the surface of exosomes, Anti-CD63 (1:100)
(Santa Cruz Biotechnology, Dallas, Texas, USA) and anti-IBSP (1:100) (Thermo-
fisher, Waltham, MA, USA) were used to incubate the fixed exosomes on the grids.
The 10 nm colloidal gold-labeled protein A (1:50)(BOSTER BIOLOGICAL
TECHNOLOGY, Pleasanton, CA, USA) was then used to label the primary anti-
bodies. After that, negative staining was performed with 2% uranyl acetate and the
grid was imaged by transmission electron microscopy.

Exosome uptaking assay. Breast cancer cell lines were labeled with lentivirus
expressing PalmGFP (a kind gift from Dr. Xandra O. Breakefield). Cells with
intense fluorescence were selected by BD FACSAria Cell Sorter. Exosomes labeled
with PalmGFP were isolated by differential ultracentrifuge. To monitor the uptake
of exosomes in OC cells, RAW264.7 cells were seeded in chamber slides overnight
and 20 pg/ml exosomes were added into the media. After 24 h of incubation, the
cells were washed and fixed. Cell nuclei were stained with DAPI followed by sealing
the slides with coverslips. The uptake of exosomes was confirmed by examining the
GFP signal under Olympus FV1200 SPECTRAL laser scanning confocal
microscope.

ExoELISA. To compare the exosome production from cells after ectopic expression
of miR-19a and IBSP, exosome concentration in the cell culture media was
determined using ExoElisa from System Biosciences (SBI, Mountain View, CA,
USA). According to the manufacturer’s instruction, exosomes from a comparable
amount of different cell lines were purified by ExoQuick-TC precipitation solution
(SBI, Mountain View, CA, USA). Diluted exosomes, together with protein stan-
dards, were incubated with a provided microtiter plate. The detection antibody was
added to the wells, followed by a horseradish peroxidase enzyme-linked secondary
antibody. Finally, TMB ELISA substrate was added to develop the signal, and a stop
buffer was used to stop the reaction. OD value was recorded with a spectro-
photometric plate reader at 450 nm. The data were normalized to the cell count.

Immunohistochemistry. Immunohistochemical analysis was carried out for par-
affin-embedded, surgically resected specimens of breast cancer bone metastases.
Briefly, the sections were de-paraffinized, rehydrated, and heated at 100 °C for
20 min in Tris-buffered saline (pH 9.0) for antigen exposure. They were treated
with 3% H,O, to block endogenous peroxidase activity, followed by treatment with
5% BSA solution for 30 min. The slides were then incubated with primary anti-
bodies targeting IBSP (Invitrogen, PA5-50633, 1:100) and E-cadherin (Cell Sig-
naling Technology, clone 24E10, #3195, 1:200) for 16 h at 4 °C. After washing in
PBS/0.1% Tween-20, the sections were treated with the secondary antibody anti-
rabbit (Bio-Rad, #1706515, 1:500). The sections were washed extensively, and DAB
substrate chromogen solution was applied followed by counterstaining with
hematoxylin. For negative control, we added the rabbit IgG isotype control

(Invitrogen, 02-6102, 1:250) instead of primary antibodies during the primary
antibody incubation. The expression of the protein of interest was evaluated by H
scoring as the sum of the frequency and the intensity (0: none; 1: weak; 2: mod-
erate; 3: strong). The final score =1x (% of 1 + cells) + 2 x (% of 2 + cells) +
3 % (% of 3 + cells). IHC scores were determined by concordance among the scores
of two independent reviewers.

MTS assay. Viability of cell lines was quantified by using the CellTiter 96 Aqueous
One solution cell proliferation assay kit (Promega, Madison, WI, USA). Cells were
plated in 96-well tissue culture plates at a density of 5000 cells per well. At the time
of measurement, 20 pl of CellTiter 96 AQueous One solution reagent was added
into each well of the 96-well assay plate containing the samples in 100 pl of culture
medium. The plate was incubated at 37 °C for 1h in a humidified, 5% CO,
atmosphere. The absorbance at 490 nm was measured and recorded.

Wound-healing migration assay. The cell migration was estimated by a wound-
healing migration assay and monitored by the Olympus IX-70 microscope. Cells

were seeded in 12 well cell culture dish and a scratch was made on the monolayer
using a sterile tip when cells reach 100% confluence. The distance of migration by
cancer cells was measured every 24 h.

Real-time PCR and western blotting. Total RNA was isolated by using Direct-zol
RNA MiniPrep Plus (Zymo Research Corp, Irvine, CA, USA) and miRNeasy Mini
Kit (Qiagen, Germantown, MD, USA) for mRNA and microRNA, respectively. We
used iScript Reverse Transcription Supermix (Life Science Research, Hercules, CA,
USA) and TagMan MicroRNA Reverse Transcription kit (ThermoFisher Scientific,
Waltham, MA, USA) for mRNA and miRNA reverse transcription, respectively.
Quantitative PCR (qPCR) for miRNA was conducted by using TagMan Universal
Master Mix IT and TagMan microRNA assays (ThermoFisher Scientific, Waltham,
MA, USA). All miRNA assays were purchased from ThermoFisher Scientific.

U6 snRNA and RNU48 TagMan probes were used as endogenous controls for
human and mouse cells, respectively. For coding genes, qPCR was conducted by
using iTaq Universal SYBR Green Supermix (Life Science Research, Hercules, CA,
USA). Primers used in this study were listed in Supplementary Data 1. Western
blotting was carried out using general methods. Briefly, the protein was extracted
from the cells using RIPA buffer, quantified by Protein Assay (Bio-Rad, Hercules,
California, USA), resolved by 10% SDS-polyacrylamide gel, and then electro-
transferred to nitrocellulose membrane. Primary antibodies against IBSP (Invi-
trogen, PA5-50633, 1:500), Phospho-NF-kB p65 (Ser536) (Cell Signaling
Technology, clone 93H1, #3033, 1:1000), NF-kB p65 (Cell Signaling Technology,
#8242, 1:1000), Phospho-Akt (Ser473) (Cell Signaling Technology, clone D9E,
#4060, 1:3000), Akt (Cell Signaling Technology, #9272, 1:2000), HSP70 (Invitrogen,
Clone 5A5, #MA3-007, 1:1000), PTEN (Santa Cruz Biotechnology, clone A2B1, sc-
7974, 1:1000), CD63 (Santa Cruz Biotechnology, clone MX-49.129.5, sc-5275,
1:500), TSG101 (Santa Cruz Biotechnology, clone C-2, sc-7964, 1:1000), GRP94
(Santa Cruz Biotechnology, clone H-10, sc-393402, 1:500), a-actinin-4 (Santa Cruz
Biotechnology, clone G-4, sc-390205, 1:500), Calregulin (Santa Cruz Biotechnol-
ogy, clone A-9, sc-166837, 1:500), GAPDH (Cell Signaling Technology, clone
DI16H11, #5174, 1:15,000), a-tubulin (Cell Signaling Technology, #2144, 1:2000)
were used. HRP-conjugated anti-mouse IgG (Cell Signaling Technology, #7076) or
anti-rabbit IgG (Bio-Rad, #1706515) and mouse IgG kappa binding protein
m-IgGk BP-HRP (Santa Cruz Biotechnology, sc-516102) were used as secondary
antibodies. Immunoblotting images were captured by Amersham Imager 600 or
the X-ray film processor. Images were quantified with ImageJ software.

Receptor-ligand in vitro binding assay. The receptor-ligand in vitro binding
assay was developed according to previous publications3¢8”. Briefly, a high-binding
96-well plate was coated with integrin aVp3 in the carbonate-bicarbonate buffer.
The plate was sealed and incubated at 4 °C overnight. The plate was then washed
and blocked with PBS (0.1% Tween and 1% BSA). IBSP with or without the natural
compound library was incubated with coated integrin aVp3 at room temperature
for 2 h. The plate was then washed and further incubated with primary antibody
Goat anti-IBSP (R&D SYSTEMS, AF4014, 1:100) or Goat IgG Control (R&D
SYSTEMS, AB-108-C, 1:100). Anti-goat IgG tagged with either HRP (horseradish
peroxidase) (Invitrogen, A15999, 1:5000) or AP (alkaline phosphatase) (Invitrogen,
A16002, 1:2500) was used as the secondary antibody. After washing the plates, the
substrate was added, and the plates were incubated for 30 min followed by adding
the stop solution. The binding of integrin aVp3 and IBSP was quantified by
measuring the absorbance value with a plate reader.

p-Slide chemotaxis assay. The p-Slide chemotaxis assay was carried out
according to the manufacturer’s instructions. Briefly, OC precursors BMMs at

3 x 10 cells/ml were mixed with collagen type I gels and other ingredients before
being seeded into the middle channel. Left and right chambers were filled with FBS
media with or without IBSP. The movement of cells was tracked according to a
previous publication®®. Time-lapse video microscopy was performed using an
inverted Nikon microscope. Cell tracking was performed using the Image] software
(National Institutes of Health, Bethesda, USA) plugin “Manual Tracking” (Fabrice
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Cordeliéres, Institut Curie, Orsay, France), then analyzed with Chemotaxis and
Migration Tool (Version 2.0, IBIDI).

Clinical samples. Clinical samples from breast cancer patients and healthy indi-
viduals were obtained from Tumor Tissue and Pathology Shared Resource of Wake
Forest Baptist Comprehensive Cancer Center and Cooperative Human Tissue
Network. The serum samples from early-stage breast cancer patients were collected
before surgery and the serum samples from advanced breast cancer patients were
collected during the course of treatment. Population characteristics including
patient age, race, diagnosis, metastasis, receptor status, and treatment history were
retrieved from medical records, and summarized in Supplementary Data 2 and 3.
The patient information of tumor tissue and healthy bone tissue was summarized
in Supplementary Data 4.

MiRNA array, bioinformatics, statistical tests, and reproducibility. EVs from
MCF7 and MCF7BoM2 were collected and miRNA was extracted using miRNeasy
Micro Kit (Qiagen, Hilden, North Rhine-Westphalia, Germany). Expression pro-
filing of miRNA was performed by using the Affymetrix GeneChip miRNA Array.
For calculation of FDR and fold change in differential expression analyses, the
ComparativeMarkerSelection module from GenePattern®® (Broad Institute, Cam-
bridge, MA, USA) was used. For clustering and visualization, the Hier-
archicalClustering and HierarchicalClusteringViewer modules from GenePattern
were used. For metastasis-free survivals, Kaplan-Meier curves were plotted using
the time to event as the outcome. Statistical differences in survival across groups
were assessed using the log-rank test. For other analyses, student’s ¢-tests (two-
sided) were used unless otherwise noted. All other statistical analyses were per-
formed using the GraphPad Prism 8 Program (GraphPad Software, San Diego, CA,
USA). Asterisk: *p < 0.05, ¥*p <0.01, ***p <0.001, ****p < 0.001, "5p > 0.05.
Representative experiments were repeated independently three times with similar
results.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

CEL and expression files associated with the GeneChip miRNA array in this study are
deposited at GEO (https://www.ncbi.nlm.nih.gov/geo/) with the accession number
GSE176105. The GEO data set (GSE41922, GSE22220, GSE56493, GSE2034), TCGA
referenced during the study are available in a public repository from https://
www.ncbi.nlm.nih.gov/geo/ and https://portal.gdc.cancer.gov/ websites. The source data
underlying Figs. 1-7 and Supplementary Figs. 1-8 are provided as a Source Data file. All
the other data supporting the findings of this study are available within the article and its
supplementary information files and from the corresponding author upon reasonable
request. A reporting summary for this article is available as a Supplementary Information
file. Source data are provided with this paper.

Received: 30 October 2019; Accepted: 10 August 2021;
Published online: 31 August 2021

References

1. Patanaphan, V., Salazar, O. M. & Risco, R. Breast cancer: metastatic patterns
and their prognosis. South. Med. J. 81, 1109-1112 (1988).

2. Manders, K. et al. Clinical management of women with metastatic breast
cancer: a descriptive study according to age group. BMC Cancer 6, 179 (2006).

3. Coleman, R. E. Clinical features of metastatic bone disease and risk of skeletal
morbidity. Clin. Cancer Res. 12, 62435-6249s (2006).

4. Coleman, R. et al. Bone health in cancer patients: ESMO Clinical Practice
Guidelines. Ann. Oncol. 25, iiil24-iii137 (2014).

5. Coleman, R. E. Metastatic bone disease: clinical features, pathophysiology and
treatment strategies. Cancer Treat. Rev. 27, 165-176 (2001).

6. Esposito, M., Guise, T. & Kang, Y. The biology of bone metastasis. Cold Spring
Harb. Perspect. Med. 8, a031252 (2018).

7. Roodman, G. D. Mechanisms of bone metastasis. N. Engl. J. Med. 350,
1655-1664 (2004).

8. Kang, Y. et al. A multigenic program mediating breast cancer metastasis to
bone. Cancer Cell 3, 537-549 (2003).

9. Rucdi, N,, Sanita, P., Delle Monache, S., Alesse, E. & Angelucci, A. Molecular
pathogenesis of bone metastases in breast cancer: proven and emerging
therapeutic targets. World J. Clin. Oncol. 5, 335-347 (2014).

10. Azim, H. A, Kamal, N. S. & Azim, H. A. Jr Bone metastasis in breast cancer:
the story of RANK-ligand. J. Egypt. Natl Cancer Inst. 24, 107-114 (2012).

11. Kang, Y. Dissecting tumor-stromal interactions in breast cancer bone
metastasis. Endocrinol. Metab. 31, 206-212 (2016).

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Guise, T. A. The vicious cycle of bone metastases. J. Musculoskelet. Neuronal
Interact. 2, 570-572 (2002).

Coleman, R. et al. Adjuvant zoledronic acid in patients with early breast
cancer: final efficacy analysis of the AZURE (BIG 01/04) randomised open-
label phase 3 trial. Lancet Oncol. 15, 997-1006 (2014).

Stopeck, A. T. et al. Denosumab compared with zoledronic acid for the
treatment of bone metastases in patients with advanced breast cancer: a
randomized, double-blind study. J. Clin. Oncol. 28, 5132-5139 (2010).

Early Breast Cancer Trialists” Collaborative Group (EBCTCG). Adjuvant
bisphosphonate treatment in early breast cancer: meta-analyses of individual
patient data from randomised trials. Lancet 386, 1353-1361 (2015).
Rodriguez-Lozano, F. & Onate-Sanchez, R. Treatment of osteonecrosis of the
jaw related to bisphosphonates and other antiresorptive agents. Med. Oral
Patol. Oral Cir. Bucal. 21, €595-600 (2016).

Ottewell, P. & Wilson, C. Bone-targeted agents in breast cancer: do we now
have all the answers? Breast Cancer 13, 117822341984350 (2019).

Coleman, R. et al. Safety of zoledronic acid and incidence of osteonecrosis of
the jaw (ONJ) during adjuvant therapy in a randomised phase III trial
(AZURE: BIG 01-04) for women with stage II/III breast cancer. Breast Cancer
Res. Treat. 127, 429-438 (2011).

Rosen, L. S. et al. Long-term efficacy and safety of zoledronic acid compared
with pamidronate disodium in the treatment of skeletal complications in
patients with advanced multiple myeloma or breast carcinoma: a
randomized, double-blind, multicenter, comparative trial. Cancer 98,
1735-1744 (2003).

Savci-Heijink, C. D. et al. Retrospective analysis of metastatic behaviour of
breast cancer subtypes. Breast Cancer Res. Treat. 150, 547-557 (2015).

Hess, K. R, Pusztai, L., Buzdar, A. U. & Hortobagyi, G. N. Estrogen receptors
and distinct patterns of breast cancer relapse. Breast Cancer Res. Treat. 78,
105-118 (2003).

Han, H. H. et al. Estrogen receptor status predicts late-onset skeletal
recurrence in breast cancer patients. Medicine 95, €2909 (2016).

Rueda, O. M. et al. Dynamics of breast-cancer relapse reveal late-recurring
ER-positive genomic subgroups. Nature 567, 399-404 (2019).

Mundy, G. R. Metastasis to bone: causes, consequences and therapeutic
opportunities. Nat. Rev. Cancer 2, 584-593 (2002).

Wu, K, Xing, F., Wu, S.-Y. & Watabe, K. Extracellular vesicles as emerging
targets in cancer: Recent development from bench to bedside. Biochim.
Biophys. Acta 1868, 538-563 (2017).

Rossi, M., Battafarano, G., D’Agostini, M. & Del Fattore, A. The role of
extracellular vesicles in bone metastasis. Int. J. Mol. Sci. 19, 1136 (2018).
Peinado, H. et al. Melanoma exosomes educate bone marrow progenitor cells
toward a pro-metastatic phenotype through MET. Nat. Med. 18, 883-891
(2012).

Valencia, K. et al. miRNA cargo within exosome-like vesicle transfer
influences metastatic bone colonization. Mol. Oncol. 8, 689-703 (2014).
Tiedemann, K. et al. Exosomal release of L-plastin by breast cancer cells
facilitates metastatic bone osteolysis. Transl. Oncol. 12, 462-474 (2019).
Ouchida, M. et al. Novel direct targets of miR-19a identified in breast
cancer cells by a quantitative proteomic approach. PLoS ONE 7, e44095
(2012).

Peng, Y., Huang, D., Ma, K,, Deng, X. & Shao, Z. MiR-19a as a prognostic
indicator for cancer patients: a meta-analysis. Biosci. Rep. 39, BSR20182370
(2019).

Bianco, P., Fisher, L. W., Young, M. F., Termine, J. D. & Robey, P. G.
Expression of bone sialoprotein (BSP) in developing human tissues. Calcif.
Tissue Int. 49, 421-426 (1991).

Ferguson, S. W. & Nguyen, J. Exosomes as therapeutics: the implications of
molecular composition and exosomal heterogeneity. J. Control. Release 228,
179-190 (2016).

Goldie, B. J. et al. Activity-associated miRNA are packaged in Maplb-enriched
exosomes released from depolarized neurons. Nucleic Acids Res. 42,
9195-9208 (2014).

Kim, M. Y. et al. Tumor self-seeding by circulating cancer cells. Cell 139,
1315-1326 (2009).

Zhang, X. H. et al. Latent bone metastasis in breast cancer tied to Src-
dependent survival signals. Cancer Cell 16, 67-78 (2009).

Gallo, A., Tandon, M., Alevizos, I. & Illei, G. G. The majority of microRNAs
detectable in serum and saliva is concentrated in exosomes. PLoS ONE 7,
€30679 (2012).

Tanaka, Y. et al. Clinical impact of serum exosomal microRNA-21 as a clinical
biomarker in human esophageal squamous cell carcinoma. Cancer 119,
1159-1167 (2013).

Kawasaki, K., Suzuki, T. & Weiss, K. M. Genetic basis for the evolution of
vertebrate mineralized tissue. Proc. Natl Acad. Sci. USA 101, 11356-11361
(2004).

Malaval, L. et al. Bone sialoprotein plays a functional role in bone formation
and osteoclastogenesis. J. Exp. Med. 205, 1145-1153 (2008).

16 | (2021)12:5196 | https://doi.org/10.1038/s41467-021-25473-y | www.nature.com/naturecommunications


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://portal.gdc.cancer.gov/
www.nature.com/naturecommunications

ARTICLE

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Ye, H. et al. MicroRNA and transcription factor co-regulatory network
analysis reveals miR-19 inhibits CYLD in T-cell acute lymphoblastic leukemia.
Nucleic Acids Res. 40, 5201-5214 (2012).

Feng, Y. et al. miR-19a acts as an oncogenic microRNA and is up-regulated in
bladder cancer. J. Exp. Clin. Cancer Res. 33, 67 (2014).

Mogilyansky, E. & Rigoutsos, I. The miR-17/92 cluster: a comprehensive
update on its genomics, genetics, functions and increasingly important and
numerous roles in health and disease. Cell Death Differ. 20, 1603-1614 (2013).
Zhang, X. et al. MicroRNA-19 (miR-19) regulates tissue factor expression in
breast cancer cells. J. Biol. Chem. 286, 1429-1435 (2011).

Wang, Y., Zhao, S., Zhu, L., Zhang, Q. & Ren, Y. MiR-19a negatively regulated
the expression of PTEN and promoted the growth of ovarian cancer cells.
Gene 670, 166-173 (2018).

Boyce, B. F, Xiu, Y., Li, ], Xing, L. & Yao, Z. NF-kB-mediated regulation of
osteoclastogenesis. Endocrinol. Metab. 30, 35 (2015).

Moon, J. B. et al. Akt induces osteoclast differentiation through regulating the
GSK3B/NFATcl signaling cascade. J. Immunol. 188, 163-169 (2012).
Georgescu, M. M. PTEN tumor suppressor network in PI3K-Akt pathway
control. Genes Cancer 1, 1170-1177 (2010).

Zhang, L.-L. et al. Phosphatase and Tensin Homolog (PTEN) represses colon
cancer progression through inhibiting paxillin transcription via PI3K/AKT/
NF-«xB pathway. J. Biol. Chem. 290, 15018-15029 (2015).

Kim, J.-M., Lee, K. & Jeong, D. Selective regulation of osteoclast adhesion and
spreading by PLCy/PKCa-PKCS8/RhoA-Racl signaling. BMB Rep. 51,
230-235 (2018).

Nakamura, I. et al. Role of alpha(v)beta(3) integrin in osteoclast migration and
formation of the sealing zone. J. Cell Sci. 112, 3985-3993 (1999).

Hunter, G. K. & Goldberg, H. A. Nucleation of hydroxyapatite by bone
sialoprotein. Proc. Natl Acad. Sci. USA 90, 8562-8565 (1993).

Xiong, Z. et al. Bone metastasis pattern in initial metastatic breast cancer: a
population-based study. Cancer Manag. Res. 10, 287-295 (2018).

Lee, S. J. et al. Implications of bone-only metastases in breast cancer: favorable
preference with excellent outcomes of hormone receptor positive breast
cancer. Cancer Res. Treat. 43, 89-95 (2011).

Kennecke, H. et al. Metastatic behavior of breast cancer subtypes. J. Clin.
Oncol. 28, 3271-3277 (2010).

Kort, E. J. et al. The E2F3-Oncomir-1 axis is activated in Wilms’ tumor.
Cancer Res. 68, 4034-4038 (2008).

Liu, Y. et al. miR-19a promotes colorectal cancer proliferation and migration
by targeting TIA1. Mol. Cancer 16, 53 (2017).

Chen, Q., Guo, W., Zhang, Y., Wu, Y. & Xiang, J. MiR-19a promotes cell
proliferation and invasion by targeting RhoB in human glioma cells. Neurosci.
Lett. 628, 161-166 (2016).

Ma, Q. et al. miR-19a correlates with poor prognosis of clear cell renal cell
carcinoma patients via promoting cell proliferation and suppressing PTEN/
SMAD#4 expression. Int. J. Oncol. 49, 2589-2599 (2016).

Wang, T. et al. miR-19a promotes colitis-associated colorectal cancer by
regulating tumor necrosis factor alpha-induced protein 3-NF-kappaB
feedback loops. Oncogene 36, 3240-3251 (2016).

Hu, W, Jin, P, Ding, C. & Liu, W. miR-19a/b modulates lung cancer cells
metastasis through suppression of MXD1 expression. Oncol. Lett. 12,
1901-1905 (2016).

Pezzolesi, M. G., Platzer, P., Waite, K. A. & Eng, C. Differential expression of
PTEN-targeting microRNAs miR-19a and miR-21 in Cowden syndrome. Am.
J. Hum. Genet. 82, 1141-1149 (2008).

Wang, F. et al. MicroRNA-19a/b regulates multidrug resistance in human
gastric cancer cells by targeting PTEN. Biochem. Biophys. Res. Commun. 434,
688-694 (2013).

Pandey, D. P. & Picard, D. miR-22 inhibits estrogen signaling by directly
targeting the estrogen receptor mRNA. Mol. Cell. Biol. 29, 3783-3790 (2009).
Kozlow, W. & Guise, T. A. Breast cancer metastasis to bone: mechanisms of
osteolysis and implications for therapy. J. Mammary Gland Biol. Neoplasia 10,
169-180 (2005).

Wang, H. et al. The osteogenic niche promotes early-stage bone colonization
of disseminated breast cancer cells. Cancer Cell 27, 193-210 (2015).

Sethi, N., Dai, X., Winter, C. G. & Kang, Y. Tumor-derived JAGGED1
promotes osteolytic bone metastasis of breast cancer by engaging notch
signaling in bone cells. Cancer Cell 19, 192-205 (2011).

Chen, Y. C,, Sosnoski, D. M. & Mastro, A. M. Breast cancer metastasis to the
bone: mechanisms of bone loss. Breast Cancer Res. 12, 215 (2010).

Cortez, M. A., Welsh, J. W. & Calin, G. A. Circulating microRNAs as
noninvasive biomarkers in breast cancer. Recent Results Cancer Res. 195,
151-161 (2012).

Endzelins, E. et al. Diagnostic, prognostic and predictive value of cell-free
miRNAs in prostate cancer: a systematic review. Mol. Cancer 15, 41 (2016).
Izzotti, A. et al. Extracellular MicroRNA in liquid biopsy: applicability in
cancer diagnosis and prevention. Am. J. Cancer Res. 6, 1461-1493 (2016).

72. Kosaka, N., Iguchi, H. & Ochiya, T. Circulating microRNA in body fluid: a
new potential biomarker for cancer diagnosis and prognosis. Cancer Sci. 101,
2087-2092 (2010).

73. Fedarko, N. S,, Jain, A., Karadag, A., Van Eman, M. R. & Fisher, L. W.
Elevated serum bone sialoprotein and osteopontin in colon, breast, prostate,
and lung cancer. Clin. Cancer Res. 7, 4060-4066 (2001).

74. Sharp, J. A, Sung, V., Slavin, J., Thompson, E. W. & Henderson, M. A. Tumor
cells are the source of osteopontin and bone sialoprotein expression in human
breast cancer. Lab. Investig. 79, 869-877 (1999).

75. Bellahcene, A., Menard, S., Bufalino, R, Moreau, L. & Castronovo, V.
Expression of bone sialoprotein in primary human breast cancer is associated
with poor survival. Int. J. Cancer 69, 350-353 (1996).

76. Bos, P. D. et al. Genes that mediate breast cancer metastasis to the brain.
Nature 459, 1005-1009 (2009).

77. Yu, H. et al. FTY720 inhibited proinflammatory cytokine release and
osteoclastogenesis induced by Aggregatibacter actinomycetemcomitans. Lipids
Health Dis. 14, 66 (2015).

78. Choi, S. W. et al. Osteoporotic bone of miR-150-deficient mice: Possibly due
to low serum OPG-mediated osteoclast activation. Bone Rep. 3, 5-10 (2015).

79. Falk, S., Al-Dihaissy, T., Mezzanotte, L. & Heegaard, A.-M. Sex-difference
affects disease progression in the MRMT-1 model of cancer-induced bone
pain. FI000Res. 4, 445 (2015).

80. Sliepen, S. H. J. et al. Cancer-induced bone pain impairs burrowing behaviour
in mouse and rat. In Vivo 33, 1125-1132 (2019).

81. Nakase, I. & Futaki, S. Combined treatment with a pH-sensitive fusogenic
peptide and cationic lipids achieves enhanced cytosolic delivery of exosomes.
Sci. Rep. 5, 10112 (2015).

82. Lv, L. H. et al. Anticancer drugs cause release of exosomes with heat shock
proteins from human hepatocellular carcinoma cells that elicit effective
natural killer cell antitumor responses in vitro. J. Biol. Chem. 287,
15874-15885 (2012).

83. Geng, W. et al. Inhibition of osteoclast formation and function by bicarbonate:
role of soluble adenylyl cyclase. J. Cell. Physiol. 220, 332-340 (2009).

84. Crescitelli, R. et al. Distinct RNA profiles in subpopulations of extracellular
vesicles: apoptotic bodies, microvesicles and exosomes. J. Extracell. Vesicles 2,
https://doi.org/10.3402/jev.v2i0.20677 (2013).

85. Thery, C., Amigorena, S., Raposo, G. & Clayton, A. Isolation and
characterization of exosomes from cell culture supernatants and biological
fluids. Curr. Protoc. Cell Biol. Chapter 3, Unit 3 22 (2006).

86. Li, C. W. et al. Eradication of triple-negative breast cancer cells by targeting
glycosylated PD-L1. Cancer Cell 33, 187-201.e110 (2018).

87. Biesiadecki, B. J. & Jin, J. P. A high-throughput solid-phase microplate
protein-binding assay to investigate interactions between myofilament
proteins. J. Biomed. Biotechnol. 2011, 421701 (2011).

88. Zengel, P. et al. mu-Slide chemotaxis: a new chamber for long-term
chemotaxis studies. BMC Cell Biol. 12, 21 (2011).

89. Reich, M. et al. GenePattern 2.0. Nat. Genet. 38, 500-501 (2006).

Acknowledgements

This work was supported by NIH grants RO1CA173499, R01CA185650, and
RO1CA205067 (to K.W.). This study used various Core Facilities and Departmental
Shared Equipment resources including Cellular Imaging Shared Resource, Biostatistics
Shared Resource, Tumor Tissue and Pathology Shared Resource Cell and Viral Vector
Core Laboratory and Cancer Genomics Shared Resource that are supported by the
Comprehensive Cancer Center of Wake Forest University NCI, National Institutes of
Health Grant (P30CA012197). We also thank Dr. Xandra O. Breakefield, Ph.D. (Harvard
Medical School), and Dr. Joan Massagué, Ph.D. (Memorial Sloan Kettering Cancer
Center) for kindly providing the materials used in this work. The Figs. 4f, j and 8 were
created from images provided by Servier Medical art (http://servier.com/Powerpoint-
image-bank). Servier Medical Art by Servier is licensed under a Creative Commons
Attribution 3.0 Unported License.

Author contributions

Conception and design: K. Wu and K. Watabe. Development of methodology: K. Wu,
J.E, EX,, S.S., K. Watabe. Acquisition of data (provided animals, acquired and managed
patient specimens, provided facilities, etc.): K. Wu, J.F,, FL, RS, FX, S.S, Y.L, S.-Y.W,
D.Z, XP, M.GR, HT, S.T., TK, Y.-yM,, Y.S,, AT, RP.D,, K. Watabe. Analysis and
interpretation of data (e.g., statistical analysis, biostatistics, computational analysis): K.
Wu, D.Z,, K. Watabe. Writing, review, and/or revision of the manuscript: K. Wu, S.S., K.
Watabe. Administrative, technical, or material support: K. Wu, Y.L, R.S., K. Watabe.
Study supervision: K. Watabe.

Competing interests
The authors declare no competing interests.

| (2021)12:5196 | https://doi.org/10.1038/s41467-021-25473-y | www.nature.com/naturecommunications 17


https://doi.org/10.3402/jev.v2i0.20677
http://servier.com/Powerpoint-image-bank
http://servier.com/Powerpoint-image-bank
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-25473-y.

Correspondence and requests for materials should be addressed to K.W.

Peer review information Nature Communications thanks Jacqueline F. Bromberg and
the other, anonymous, reviewer(s) for their contribution to the peer review of this work.
Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

18 | (2021)12:5196 | https://doi.org/10.1038/s41467-021-25473-y | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-25473-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Exosomal miR-19a and IBSP cooperate to induce�osteolytic bone metastasis of estrogen receptor-positive breast cancer
	Results
	Bone-metastatic ER+ breast cancer cells secrete miR-19a and IBSP
	Both IBSP and miR-19a are essential for bone metastasis of ER+ breast cancer
	miR-19a promotes osteolytic bone metastasis
	Exosomal miR-19a targets PTEN/AKT pathway to promote osteoclastogenesis
	ER+ breast cancer cells secrete IBSP to recruit osteoclast precursors
	CGA blocks cooperative function of miR-19a and IBSP in ER+ BCBM

	Discussion
	Methods
	Cells and cell culture
	Animal experiments
	X-nobreakray imaging
	Human L1000 array
	Gene knockout and overexpression
	Osteoclastogenesis assay and tartrate-resistant acid phosphatase (TRAP) staining
	Bone-resorption assay
	Extracellular vesicles purification and tracking analysis
	Imaging of exosomes by transmission electron microscopy
	Exosome uptaking assay
	ExoELISA
	Immunohistochemistry
	MTS assay
	Wound-healing migration assay
	Real-time PCR and western blotting
	Receptor&#x02013;nobreakligand in�vitro binding assay
	μ-Slide chemotaxis assay
	Clinical samples
	MiRNA array, bioinformatics, statistical tests, and reproducibility

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




