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Abstract

The skeleton is a common site for breast cancer metastasis. Although significant progress has been
made to manage osteolytic bone lesions, the mechanisms driving the early steps of the bone
metastatic process are still not sufficiently understood to design efficacious strategies needed to
inhibit this process and offer preventative therapeutic options. Progression and recurrence of breast
cancer, as well as reduced survival of patients with breast cancer, are associated with chronic
stress, a condition known to stimulate sympathetic nerve outflow. In this study, we show that
stimulation of the beta 2-adrenergic receptor (B2AR) by isoproterenol, used as a pharmacological
surrogate of sympathetic nerve activation, led to increased blood vessel density and Vegrf-a
expression in bone. It also raised levels of secreted Vegf-a in osteoblast cultures, and accordingly,
the conditioned media from isoproterenol-treated osteoblast cultures promoted new vessel
formation in two ex vivo models of angiogenesis. Blocking the interaction between Vegf-a and its
receptor, Vegfr2, blunted the increase in vessel density induced by isoproterenol. Genetic loss of
the B2AR globally, or specifically in type 1 collagen-expressing osteoblasts, diminished the
increase in Vegf-positive osteoblast number and bone vessel density induced by isoproterenol, and
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reduced the higher incidence of bone metastatic lesions induced by isoproterenol following
intracardiac injection of an osteotropic variant of MDA-MB-231 breast cancer cells. Inhibition of
the interaction between Vegf-a and Vegfr2 with the blocking antibody mcr84 also prevented the
increase in bone vascular density and bone metastasis triggered by isoproterenol. Together, these
results indicate that stimulation of the B2AR in osteoblasts triggers a Vegf-dependent neo-
angiogenic switch that promotes bone vascular density and the colonization of the bone
microenvironment by metastatic breast cancer cells.

According to the American Cancer Society, ~250,000 US women are diagnosed with breast
cancer each year, and around 41,000 will ultimately succumb to the disease (1). Up to 75%
of breast cancer patients with diffuse metastatic disease will develop a bone lesion (2). Bony
metastases lead to hypercalcemia, intractable bone pain, bone destruction, and fracture.
Although treatments are now available to limit bone destruction when skeletal metastases are
detected, the clinical management of breast cancer patients remains palliative, and life
expectancy is still limited (2). Uncovering the major determinants controlling the nesting of
metastatic cancer cells within the skeleton, at early stage of the disease, is necessary to
design new strategies to treat bone metastases and prevent the complications associated with
these lesions.

Clues about the conditions driving the osteotropism of metastatic cancer cells can be
obtained from retrospective studies, in which factors associated with reduced survival are
identified. In that regard, chronic emotional stress has been linked to higher breast cancer
recurrence, reduced survival, and poor prognosis (3—-10), and B-blockers were associated
with prolonged survival in breast cancer patients when treatment was initiated at time of
diagnosis (9-10). A common factor between these studies is the activity of the sympathetic
nervous system (SNS) that is stimulated by chronic psychosocial stress and whose action is
antagonized by pB-blockers.

The skeleton is richly vascularized, with arterial vessels dividing within the marrow into
arterioles and capillaries that span throughout the bone marrow and supply sinusoids. An
interesting observation is that this vascular network is closely associated with nerves,
including dopamine B-hydroxylase-positive sympathetic fibers that have a circumferential
perivascular distribution in bone but also branching varicosities in proximity with bone
trabeculae (11). Previous studies also provided evidence that sympathetic outflow increases
vascular endothelial growth factor (VEGF) levels and vascular density in primary tumors
(10,12). While these studies focused on the effect of sympathetic nerves in tumors, the same
scrutiny has not been given to the different microenvironments to which breast cancer cells
spread.

Severe emotional stress stimulates the Hypothalamic-Pituitary Axis (HPA) and sympathetic
outflow, causing the release of peripheral catecholamines that stimulate post-synaptic -
adrenergic receptors (BARS). Osteoblasts mainly express the f2AR (13-15) and respond to
BAR agonists by an increase in Receptor Activator of Nf-xB ligand (RANKL), a key
cytokine involved in the maturation of osteoclasts and bone turnover (16). Our group and
others have shown that high sympathetic outflow and HPA activation triggered by chronic
immobilization stress promotes breast cancer homing to lungs and bone, implicating
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macrophages and RANK/RANKL signaling, respectively (6,17). Daily administration with
the non-selective B1/B2AR agonist, isoproterenol (ISO), triggered the same effects,
validating this approach to mimic an increase in sympathetic nerve outflow without overt
effect on the HPA axis. However, a retrospective study by Santini ef a/. showed that a large
proportion of bone lesions in breast cancer patients contained RANK-negative cells,
suggesting that additional mechanisms might be at play for sympathetic nerves signals to
influence the homing of metastatic cancer cells into the skeleton (18).

In this study, we show that BAR stimulation in mice promotes the expansion of the post-
natal bone vascular network via an osteoblastic BAR- and VEGF-dependent mechanism, and
that this stromal, neo-angiogenic switch contributes to the colonization of the bone marrow
environment by breast cancer cells.

In Vivo Drug Treatments

The Institutional Animal Care and Use Committee at Vanderbilt University Medical Center
approved all procedures. All mice used for /n vivo studies were female. Mice were housed
2-5 per cage, and any mice on the Rag2—-/- background were housed in sterile cages, also
2-5 per cage. The pB-agonist Isoproterenol (ISO, Sigma #16504-1G) was injected
intraperitoneally each day for 3—6 weeks at a dose of 3mg/kg in 100 pL of sterile PBS. For
both the tumor and vessel characterization studies, 200 ug mcr84 (kindly shared by Dr.
Brekken) or control 1gG2 antibodies (generated by the Vanderbilt University Antibody and
Protein Core) were injected intraperitoneally twice a week for 6 weeks. The mcr84 antibody
is a mouse chimeric 19G2, monoclonal antibody that targets VEGF-A specifically and
prevents it from binding to VEGFR2 (19, 20).

Generation of Rag2-/-; Adrp2flox/flox; Col1-Cre Mice

B2AR,KO mice (AdrgA1oXflox: moyse 2.3kb Coll-cre on the C57BL/6 background) were
generated by crossing the mouse 2.3kb a1(1)-collagen-cre transgenic line (21) with the
AdrpX1ox/flox mutant mouse line expressing a floxed allele of AdrB2(22), kindly shared by
Dr. Karsenty. For tumor studies utilizing human MDA-MB-231 cells, 2AR,KO mice were
bred with immunodeficient Rag2-/-mice to allow human-derived tumor take in the
resulting double KO mice. Rag2-I-; AdrBX10XIflox: 2 3kbCol1-cre-positive mice are herein
called Rag/B2AR ,,KO, and control littermates (Rag2-/-; AdrXox/flox 2 3xbCol1-cre-
negative mice) are herein called Rag/WT. These immune-compromised mice have
experimental advantages and limitations. They allow the use of human cancer cells in a
genetically-modified murine host and exclude the potential contribution of BAR-expressing
immune cells when interpreting results, thus reducing the complexity of the experimental
system. However, the age of these mice and their immune-compromised status is not
clinically relevant, hence the relevance of these findings will need to be further addressed in
immune-competent models and in humans.
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Intracardiac Injection of Cancer Cells

For all experiments requiring tumor cells, a bone metastatic clonal variant of the human
triple negative breast cancer cell line MDA-MB-231 was used (23). This variant was
established by serial /n vivo passage of parental MDA-MB-231 cells (ATCC) that
metastasized to bone following intracardiac injection. These osteotropic MDA-MB-231 cells
were cultured in 10% DMEM (Gibco) containing 10% fetal bovine serum and 1% penicillin/
streptomycin, trypsinized at 70% confluence, and re-suspended in cold PBS at 10° cells/ml.
Six-week old, Rag/WT or Rag/B2AR,,KO female mice were anesthetized with isoflurane
and injected in the left cardiac ventricle with 100 uL of cell suspension (a total of 10° cells)
as previously described (7).

Imaging Analysis

Bone metastases were assessed via a Faxitron digital x-ray imaging system. Osteolytic
lesions were quantified in the hind limbs and the forelimbs at end point (28 days) from
Faxitron images by ROI analysis using MetaMorph software (Molecular Devices, Inc.).
Measurements were performed blinded from treatment/genotype and by three persons.
Presence of bone tumors was confirmed by histology. Lesion number was calculated as total
number of hind limb and forelimb osteotropic lesions per mouse. Lesion area was analyzed
from the hind limb and forelimb lesions present by x-ray and calculated by pixel area using
the MetaMorph Software.

Histomorphometry

For histological analyses, hind limbs were dissected and immediately placed into neutral
buffered formalin for 48 hours at 4°C on a plate shaker. The bones were then transferred to
20% EDTA for 5 days at 4°C for decalcification. Following this step, the bones were
processed for paraffin sectioning according to standard protocols. Samples were mounted in
wax blocks and sectioned at 6 pm. Sections were stained for Vegf- a, endomucin, or CD31
according to the manufacturers’ instructions (Primary- Abcam #46154 (5ug/mL), Santa Cruz
sc-65495 (1:100) or Abcam #56299 (1:100); Secondary- Santa Cruz sc-2005 (1:500)). A 20
pg/mL proteinase K solution (Roche #03115828001) was applied for 20 minutes to sections
for antigen retrieval. Signal was detected by immunohistochemistry using the NOVA Red
Kit (Mector Laboratories, #SK-4800) or immunofluorescence (Primary- Santa Cruz sc-65495
(1:100); Secondary- Thermo Fisher Alex Fluor 647 A-21247(1:500) (24). Osteoclast and
osteoblast number and size were assessed using the Osteomeasure imaging software
(OsteoMetrics, Decatur, GA). Hind limb sections were analyzed for osteoclasts by counting
tartrate resistant acid phosphatase (TRAP)-positive cells with 3 or more nuclei along the
bone surface. Sections were counterstained with hematoxylin. Osteoblasts were counted
based on morphology, contact with bone tissue, and a series of at least 3 similar cells.
Immunohistochemistry images were captured using an Olympus BX41 Microscope, and
immunofluorescence results were analyzed using a laser-scanning microscope (510/
Meta/FCS Carl Zeiss, Inc.) with 10x and 20x objectives using 0.7x zoom.
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Mouse Metatarsal Assay

Two day-old C57BL/6 pups were sacrificed, and their hind limb metatarsals were dissected
as previously described (25). Metatarsals were cultured in a-MEM medium (Gibco)
containing 10% fetal bovine serum (hereby 10% a-MEM) and 1% penicillin/streptomycin in
a 24-well plate for 14 days. For conditioned media (CM), MC3T3 mouse osteoblasts were
cultured in 10% a-MEM and passaged in a 1:3 ratio. Once cells became 70% confluent,
cells were treated with PBS or drug overnight (18 hours) in 10% a-MEM. The following
morning, CM was collected. After 3 days in 10% a-MEM, metatarsals were treated with one
of the following: unconditioned 10% a-MEM or the CM of PBS, 10 uM norepinephrine
(NE), or 10 uM isoproterenol (ISO)-treated osteoblasts. After 4 CM treatments over the 2-
week experimental time course, metatarsals were fixed with 10% Zinc formalin and stained
for CD31 (Primary- BD Pharmingen #553370 (1:100), Secondary- Santa Cruz sc-2005
(1:500)). The number of vessels sprouting from the bones was calculated. Measurements
were performed blinded from treatment by three persons.

Primary Mouse Bone Marrow Stromal Cell and Mouse Bone Marrow Endothelial Cell

Cultures

Hind limbs from WT C57BL/6 mice were used to prepare primary mouse bone marrow
stromal cells (BMSCs). Femur and tibia were stripped of skin and muscles, distal and
proximal epiphyses were cut off, and each bone was inserted into a punctured 0.5mL tube
placed into a 1.5mL tube containing 1mL of 10% a-MEM. Tubes were centrifuged for 2
mins at 13.2x1000 rpm at 4°C. Resulting pellets were resuspended in 10% a-MEM, and
cells were plated. Cultures were grown in 10% a-MEM for 4 days, and then switched to an
osteogenic medium (10% a-MEM containing 50ug/mL ascorbic acid (Sigma, #A-5950) and
5 mM beta-glycerophosphate (Sigma, #G9891-25G)) for 8-14 days.

Primary mouse bone marrow endothelial cells (BMEC) were harvested as previously
described (26). Mouse hind limb bone marrow was flushed and centrifuged in Complete
Endothelial Cell Growth Media (ScienCell #1001). Cells were plated on tissue culture dishes
or in tissue culture flasks coated with 4 ug/mL fibronectin (Gibco #33016015) in Complete
Endothelial Cell Growth Media. After 7 days, cells were used for experiments.

Tube Formation Assay

Twenty-four well plates were coated with 200 pL of growth factor reduced matrigel
(Corning #354230) for 45 mins. at 37°C before 30,000 HUVECSs (Gibco #C0035C), or
BMECs from wild-type C57BL/6 mice were plated and cultured in 500 uL of Basal
Endothelial Cell Growth Media (ScienCell #1001). Cells were then treated with human
(10ng/mL) or mouse (50ng/mL) rVEGF (R&D Biosystems #293-VE, #493-MV), PBS, or
10 uM 1SO0. For conditioned media treatments, mouse MC3T3 osteoblasts were treated with
PBS or 10 uM 1SO for 24 hours in 10% FBS a MEM. Media was collected, and a total 500
uL of media were added in the wells. For blocking experiments, mcr84 or a control 1gG
antibody was added at 100 pg/mL to conditioned media. The experiments were run at 37°C
for 12hrs, and pictures were taken under 4x and 10x objectives on an Olympus CKX41
Microscope. Total tube length was analyzed using MetaMorph software. Measurements
were performed blinded from treatment/genotype by three persons.
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Mouse Vegf ELISA

An ELISA for mouse Vegf was run per manufacturer’s instructions (R&D Systems,
#MMV00). Media used for this assay was collected from primary BMSCs after 24 hours of
either PBS or 10 pM ISO treatment.

Quantitative PCR

Statistics

Results

Mouse tissues were snap frozen in liquid nitrogen immediately following mouse sacrifice
and stored at —80°C. Tissue samples were pulverized with liquid nitrogen-cold mortar and
pestle into powder. RNA extraction for both tissues and cells was performed using TRIzol
(Life Technologies #15596018). cDNA for gRT-PCR experiments was synthesized using the
High Capacity cDNA Reverse Transcription Kit from ABI Applied Biosystems (#1502205).
Tagman probes were used to amplify the following genes: Murine Vegf-a (Mm00437304),
Murine Hprt (MmO01545399), Murine 18s (4333760T), Human VEGFA (Hs00900055), and
Human HPRT (Hs02800695) (6,8). Expression was analyzed by the AACt method.

All data are presented as means + the standard error mean (SEM). For experiments
comparing two groups, a standard two-tailed student’s ¢test was used unless otherwise
stated in the figure legend. For experiments comparing more than 2 groups, one-way
ANOVA was used with a Newman-Keuls post-hoc test unless specifically stated in the figure
legend. For all tests, a p value less than or equal to .05 was considered significant.

BAR stimulation increases blood vessel formation in post-natal mouse bones

During our previous studies, we noticed the presence of a high number of vascular structures
in hind limb sections of mice subjected to daily BAR stimulation by ISO, in which
erythrocytes were stained bright red by H&E (6). Because such treatment and chronic stress
have been linked to vascular changes in normal physiology and cancer (27-30), we asked
whether an increase in sympathetic outflow, typically caused by chronic stress, could alter
the vasculature of the adult skeleton and contribute to the efficiency of cancer cells
colonization into the skeleton.

To address this question, we reanalyzed the hind limbs of 6 week-old nude mice subjected to
a chronic immobilization stress (CIS) protocol (6, 8) that was aimed at stimulating an
endogenous stress response. We also analyzed the hind limbs of 6 week-old nude mice
treated for 6 weeks daily with the non-selective B1/B2AR agonist isoproterenol (1SO,
3mg/kg ip), used to mimic an increase in sympathetic outflow without stimulating the HPA
axis or raising glucocorticoids levels. At endpoint in both models, we measured a 25 to 50%
higher vessel area and vessel number per bone marrow area in the treated groups (ISO or
CIS) compared to the control groups (Fig. 1A, B).

We then used an ex vivo tube formation assay to further define the angiogenic properties
associated with 1SO treatment and the relevant mode of action. In this experiment, HUVECs
as well as CD31-positive, tube-forming primary mouse bone marrow endothelial cells
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(BMECSs) prepared from WT mice (26) were seeded on growth factor-reduced matrigel in
0% serum endothelial cell growth medium, and treated with PBS or ISO (10uM). Direct
treatment of these endothelial cell cultures with ISO did not significantly increase tube
length, suggesting that 1ISO acts indirectly to stimulate bone vessel formation in vivo
(Supplemental Fig. SLA-C). Therefore, to address the contribution of a putative bone-
derived factor to the increase in bone vascular density in response to BAR stimulation, the
24hr-conditioned medium (CM) from PBS or ISO-treated mouse MC3T3 osteoblasts was
compared in two independent angiogenesis assays. We first treated HUVEC and BMEC
cultures with the CM from PBS or ISO-treated mouse MC3T3 osteoblasts. In both
endothelial cell cultures, the CM from ISO-treated osteoblasts increased tube length
compared to PBS control (Fig. 1C, D), suggesting that osteoblasts secrete pro-angiogenic
factor(s) in response to BAR stimulation. We also cultured metatarsal bone explants from 2
day-old mouse pups in the CM from MC3T3 cultures treated by PBS, ISO (10uM), or the
natural BAR ligand norepinephrine (NE, 10 pM) (Fig. 1E). Following 2 weeks, outgrowing
blood vessels were labeled by CD31 staining, and vessel sprouting was quantified. We
observed that the CM from both NE and 1SO-treated osteoblasts caused a significant 80%
increase in the number of sprouting parental vessels compared to PBS controls, to a level
equal or higher to the one induced by recombinant VEGF, a major angiogenic factor used
here as positive control (Fig. 1E, F).

BAR stimulation in osteoblasts increases Vegf-a expression and bone angiogenesis

VEGF-A is a well-known pro-angiogenic growth factor. Consistent with the observed
increase in blood vessel formation in ISO and CIS-treated mice, its expression level in long
bones from mice treated with ISO was 50% higher than in bones from PBS control mice
(Fig. 2A).

Multiple cell types within the bone microenvironment, including osteoblasts, express the
B2AR and could be the source of the increased Vegr-alevels measured in bone following
ISO treatment (31). To determine if the osteoblast lineage was one of the principal sources
of bone Vegf-asecreted in response to BAR agonists, a series of /n vitroand in vivo
experiments were performed. First, MC3T3 osteoblast cultures, which represent a pure
culture of osteoblastic cells, as well as adherent primary mouse bone marrow stromal cells
(BMSCs), were treated with PBS or 1ISO (10uM). After 2hrs of 1SO treatment, Vegf-a
expression increased 10-fold in MC3T3 cells, and returned to normal levels within 24 hours
(Fig. 2B). Similar results were observed with BMSCs treated with 1SO, although the
response was of lesser intensity, which most likely reflects the more heterogeneous nature of
this type of culture (Fig. 2C). Vegrf-a expression was not increased in ISO-treated BMSCs
prepared from B2AR-deficient mice, indicating that in osteoblasts, the B2AR specifically
controls Vegf-aexpression (Fig. 2D). The increase in Vegf-a mRNA expression in BMSCs
was associated with a 3-fold increase in VEGF protein expression, measured by ELISA (Fig.
2E). Expression of additional angiogenic genes, including other Vegfisoforms, Vegfr2,
Ang-2, Fgf2, and Pdgfain BMSCs was not affected by ISO treatment (Supplemental Fig.
S2A-H).
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To determine whether osteoblasts are the source of the increased Vegr-a expression in
response to 1SO treatment /n vivo and whether the B2AR mediates this effect, 1SO (3mg/kg)
or PBS (control) were administered to mice lacking the B2AR in type | collagen-expressing
osteoblasts (AdrBX1X/fox: moyse 2.3kt Coll-cre, called herein B2ARy,KO) or WT mice
(AdrZloxiflox called herein WT) for 6 weeks. At endpoint, femoral vessel density was
quantified by measuring the number of endomucin-positive vessels. B2ARy,KO mice
showed a blunted response to ISO treatment compared to WT mice, as measured by a
significant reduction in the number of endomucin-positive vessels compared to 1SO-treated
WT mice (Fig. 3A-C), and this phenotype was accompanied by a reduction in the number of
Vegf-positive osteoblasts per bone surface (Supplemental Fig. S3A, B). Similar results were
obtained with mice globally deficient for the B2AR (Supplemental Figs. S4A, B).

Osteoblast-derived VEGF-A promotes bone angiogenesis in response to f2AR stimulation

To confirm that the pro-angiogenic effect induced by B2AR stimulation in osteoblasts was
mediated by VEGF-A, we used an antibody (mcr84) that specifically perturbs VEGF-
A:VEGFR2 signaling (32-34) in a tube formation assay with BMECs. Upon addition of
mcr84 (100ug/mL), the pro-angiogenic effect of the CM from I1SO-treated BMSC cultures
was significantly attenuated compared to addition of a non-immune 1gG. Total tube area and
tube length were reduced, and the complexity of the vascular network (average branching
points) was lost upon treatment with mcr84 in the presence of CM from ISO-treated
osteoblasts (Fig. 4A-D).

The VEGF-A:VEGFR?2 blocking properties of mcr84 were then tested /n vivoto determine
if the observed increase in bone blood vessel formation upon B2AR stimulation was
mediated by an increase in Vegf-a expression. For that purpose, WT C57BL/6 female mice
were injected for 6 weeks with either PBS or 3mg/kg ISO daily, along with mcr84 (200 pgs/
inj.) or a control 1gG antibody twice per week (19). Quantitative analysis of femoral bone
sections via immunofluorescence confirmed a 70% increase in endomucin-positive vessel
area in the 1SO group versus PBS group, and a significant reduction in endomucin-positive
vessel area and number in the 1ISO, mcr84 group compared to the ISO, IgG group (Fig. 5A-
C). ISO increased osteoclast number per bone perimeter, as expected from our previous
studies, but this osteoclastogenic effect was not affected by mcr84 treatment, suggesting that
VEGF-A is not involved in the osteoclastogenic effect of ISO (Supplemental Fig. S5).

The increase in bone vascular density caused by osteoblastic BAR stimulation promotes
the colonization of breast cancer cells in bone

Since blood vessels act as conduits through which disseminating tumor cells travel to distant
organs, we posited that the stimulatory effects of 1SO on osteablasts, VEGF-A expression,
and bone vascular density could contribute to the successful establishment of circulating
metastatic cells into the skeleton. This question was addressed experimentally by measuring
the bone homing efficiency of bone metastatic triple negative MDA-MB-231 breast cancer
cells in response to ISO treatment, in absence of either the B2AR in osteoblasts or VEGF-A:
VEGFR?2 interaction.
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Four week-old female Rag/82AR,KO or control littermates, Rag/WT, were given PBS or
ISO (3mg/kg) ip injections for 3 weeks, a dosing and time frame verified to allow a
significant increase in long bone blood vessel density (Supplemental Fig. S6). The day
following the last injection, 10° osteotropic MDA-MB-231 breast cancer cells were
inoculated into the left cardiac ventricle. We used this model of cancer cell inoculation to
specifically focus on the late phase of the metastatic process, excluding confounding factors
related to a possible effect of ISO on the primary tumor. The skeletal colonization of
metastatic MDA-MB-231 cells was assessed 4 weeks later by radiographic and histological
analyses. Confirming our previous results in nude mice (6), we observed that the area and
number of long bone metastatic osteolytic lesions on X-rays was more than 50% higher in
ISO-treated WT mice compared to PBS-treated WT mice (Fig. 6A-C). Importantly, lack of
the B2AR in Rag/B2ARypKO mice blunted the stimulatory effect of 1ISO on bone lesion area
and number. X-rays lesions were verified by the presence of cancer cells at sites of lesion by
histology (Fig. 6D).

In a second experiment, four week-old RagZ/WT mice were treated with PBS or ISO as
above for 3 weeks, in combination with the VEGF-blocking antibody, mcr84 (200 pgs/inj.,
twice per week), or a control 1gG2 antibody. The day following the last injection, 10°
osteotropic MDA-MB-231 breast cancer cells were inoculated via the intracardiac route, and
mice were sacrificed 4 weeks later. Radiographic and histological analyses again confirmed
an increase in bone colonization upon 1SO treatment (Fig. 7A-D), and similarly to the lack
of B2AR, mcr84 treatment significantly reduced the number and area of bone lesions
compared to 1SO and 1gG-treated mice. Confirming our previous results, we found that
average total bone tumor area was increased in 1SO-treated mice, but the average area of
each bone tumor foci was unchanged, suggesting that the action of 1SO on the bone
microenvironment mainly affects the colonization efficiency of metastatic cancer cells, and
not their growth in bone (Supplemental Fig. S7). Together with the B2AR-dependent
increase in bone blood vessel number induced by ISO treatment shown above, these results
support a model in which increased sympathetic outflow in mice triggers a VEGF-dependent
neo-angiogenic switch in the bone microenvironment, via stimulation of the 2AR in
osteoblasts, favoring the early skeletal establishment of metastatic cancer cells.

Discussion

The vasculature is essential for tumor growth and escape of metastatic cells from the
primary tumor, and pro-angiogenic pathways became and still are a major target of many
cancer therapeutic drugs (4-5, 19, 32-38). We show here that an increase in vascular density
can be induced in the mouse bone microenvironment following stimulation of the B2AR by
ISO treatment, which mimics a state of high sympathetic outflow. Through /in vitroand in
vivo loss-of-function approaches, we show that these changes in bone vascular density are
mediated in part by an increase in Vegf-a expression and the f2AR expressed in osteoblasts.
We also provide experimental evidence that this increase in bone vascular density favors the
skeletal colonization efficiency of bone metastatic MDA-MB-231 cells. Together, these
results strengthen the importance of sympathetic nerves and chronic SNS activation in the
process of metastatic bone colonization, and implicate neo-angiogenesis in this process.
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The effect of stress on sympathetic nerve activity has beneficial consequences in the short
term (fight-or-flight response), but can lead to a wide range of pathologies if it becomes
chronic, as the SNS regulates the homeostasis of many peripheral organs (27). We have
previously shown that bone remodeling and the expression of RANKL by osteoblasts are
under the control of sympathetic nerves (6,14). RANKL is well known for its
osteoclastogenic properties, and its pro-migratory effects on metastatic cancer cells have
been more recently demonstrated (39-41). In the specific context of breast cancer, we have
shown that ISO treatment leads to increased number of bone metastatic tumors following
intracardiac injection of MDA-MB-231 breast cancer cells (6). An increase in the size of
osteolytic lesions in these conditions was expected as 1SO treatment increases RANKL,
osteoclastogenesis, and bone resorption, thus feeding the osteolytic bone destruction
associated with the presence of breast cancer cells in bone (42). However, the observed
increase in the number of metastatic foci and bone osteolytic lesions suggested a specific
effect on cancer cell colonization. This was demonstrated in this model by restricting 1SO
treatment prior to cancer cell inoculation, in order to affect the bone microenvironment
without directly impacting the behavior of metastatic cancer cells. In this experiment, bone
colonization by cancer cells was still increased, confirming a major effect of 1SO on the
bone microenvironment, and likely via osteoblasts. Additional /n vitro and in vivo
experiments demonstrated the contribution of RANKL to the bone homing response
observed in these conditions that mimic chronic SNS activation (6). Our new findings
related to the effect of ISO on bone vascularity thus suggest that the activity of sympathetic
nerves in the bone microenvironment can influence the pre-metastatic niche via at least two
mechanisms: 1) by increasing the likelihood of bone colonization through a higher density
of blood vessels, and 2) by promoting the migration of breast cancer cells after extravasation
into the bone marrow toward the RANKL-secreting osteoblastic niche. Of note, the effect of
increased sympathetic outflow on vascular structures in the context of metastasis is not
limited to the bone microenvironment, as chronic stress also promotes breast cancer cell
intravasation into lymphatic vessels in mice, via a Vegf-c:Cox-2 mechanism (43). In
addition, the increased number of tumor-induced bone lesions in ISO-pretreated mice was
interpreted to reflect more efficient tumor cell colonization of the skeleton, but one cannot
exclude an effect on blood and nutrient supply leading to increased tumor growth after cells
have reached the bone microenvironment, even if initial tumor bone colonization was
equivalent in control and 1SO-treated groups. However, the observation that the average size
of single bone tumors per mouse was not significantly different between groups does not
support the latter mechanism.

It has been shown that multiple tumor types express adrenergic receptors and benefit from
their activation in term of growth or survival (44-46). Our experimental set up of a 3-week
ISO pre-treatment, prior to MDA-MB-231 inoculation, however exposes tumor cells to
negligible levels of 1SO, thus supporting the key role of the stroma in the higher bone
colonization efficiency observed following B2AR stimulation. The fact that ablation of the
B2AR in osteoblasts blunted the average number of Vegf-a-positive osteoblasts and the
increase in blood vessel density following ISO treatment brings further evidence that the
osteoblast is one of the main cell responsive to sympathetic nerves in bone.
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The molecular mechanism whereby B2AR stimulation in osteoblasts leads to increased
Vegf-a expression remains to be identified. The contribution of HIF-1a or HIF-2a to a
B2AR-dependent increase in VEGF-A expression needs to be addressed, as expression of
HIF-1a or HIF-2a can be controlled in a hypoxia-independent manner (47, 48). In addition,
the bone vasculature is composed of different types of endothelial cells that respond to
different signaling pathways (49, 50). Which specific population of endothelial cells is
involved in the 1ISO-induced neo-angiogenesis reported here needs to be further defined.
Lastly, it can be noticed that the inhibitory effect of Vegf-a blockade on 1SO-induced
angiogenesis was partial. Although a suboptimal dose or treatment regimen could explain
this observation, it cannot be excluded that other angiogenic factors than Vegf, Fgf2, Angpt2
and Pdgfa are involved.

From a therapeutic point of view, angiogenesis, being a normal physiological process,
imposes limitations and difficulties as a therapeutic target for cancer treatments. This
partially explains why the clinical use of VEGF inhibitors, although beneficial in certain
cancers, is still limited by adverse effects, toxicity, and acquired drug resistance (51).
Contrastingly, the use of B-blockers as adjuvant therapy in patients diagnosed with breast
cancer may have several therapeutic advantages. If both Vegf-a and Rankl are f2AR target
genes and critical mediators of bone resorption, angiogenesis and metastatic cancer cell
colonization of bone, the use of a single drug with p-blockade activity has the potential of
reducing bone resorption, angiogenesis, and bone tumor establishment in at-risk patients
(52). These properties could make B-blockers particularly efficacious in preventing
disseminated cancer cells from reaching the safe heaven of the bone microenvironment and
may expose these cells more readily to chemotherapy or actions of the immune system. In
that regard, several preclinical and clinical studies have shown a benefit from B-blocker use
on survival in patients with triple negative breast cancer, non-small cell lung cancer,
hemangiomas, and ovarian cancer (10, 12, 20, 29-30, 53-55). Whether this protective effect
is mediated through a reduction in cancer cell growth, bone metastasis, or other
mechanism(s) remains unknown.

In conclusion, this work supports the importance of sympathetic nerve activation on breast
cancer bone colonization and identifies an osteoblastic, p2AR- and VEGF-A-dependent neo-
angiogenic switch mechanism contributing to this effect. It provides suggestive preclinical
evidence in mice that targeted therapies that prevent these vascular changes could improve
treatment outcomes for women diagnosed with breast cancer; especially for women
subjected to chronic stress, such as those with poor socioeconomic status or facing
challenging familial situations. These preclinical findings need to be further investigated
clinically.
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Figure 1. I soproterenol Treatment | ncreases Skeletal Blood Vessel density
A) Representative 40x H&E images of hind limb bone sections from athymic nude mice

treated with PBS, 3mg/kg Isoproterenol (ISO), or Chronic Immobilization Stress (CIS).
Blood vessels can be recognized by their shape and staining of red blood cells (red). Bar:
100 pm. B) Quantification of vessel area (VsA) and vessel number normalized by tissue area
(TA) in mice that received PBS (N=12) or ISO (N=7) (p=.009 and p=.037), as well as mice
subjected to control (N=5) or CIS (N=6) (p=.296 and p=.004). C) Quantification of primary
mouse BMEC tube length (*=p<.05, N=3). D) Quantification of HUVECSs tube length
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(*p=<.05, ***=p<.001, N=6). E) Schematic of the metatarsal assay and representative 4x
Images of metatarsals according to each treatment. After 2 weeks of culture, mouse explants
were stained for the endothelial cell marker CD31. F) Quantification of the number of
CD31+ parental vessels sprouting from the metatarsal bones (*P=<.05, ****P=<.0001,
N=3).
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Figure 2. I SO Increases Vegf-a Bone Levelsboth In Vivo and I n Vitro
A) ISO (2 hrs, 3mg/kg, IP) increases Vegf-a expression significantly in whole mouse bone,

P=.0064 (qPCR, N=3 for ISO, N=5 for PBS). B) ISO increases expression of Vegf-ain
MC3T3 mouse osteoblasts, P<.001 (qQPCR, N=3). C) ISO increases expression of Vegrf-ain
primary mouse BMSCs, P=.012 (qPCR, N=6). D) V&egf-aexpression does not increase upon
ISO treatment in B2ARKO BMSCs (QPCR, N=2). E) 1SO-treated CM from BMSC contains
higher amounts of mVegf (N=5, p=.0159 via Mann Whitney U Test, *P=<.05, **P=<.01,

***p=<,001).
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PB2AR KO mice treated with PBS or ISO for 6 weeks, stained for endomucin (IF, red). Bar:

100 pm. Hoechst = Blue. B) Quantification of Endomucin (+) Area/Total Area (N=4-5). C)

Quantification of the number of Endomucin (+) Vessels/Area (N=4-5) (*P=<.05, ** P =<.01

% P =< 001).
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Figure 4. Blocking Vegf-a: Vegfr 2 Signaling Diminishes the Effects of the Conditioned M edia
from | SO-treated BM SCson Primary Endothelial Tube Formation in vitro

A) 4% phase contrast images of mouse BMECs differentiated on Matrigel and receiving the
conditioned media from mouse MC3T3 osteoblasts treated with PBS or ISO, and with either
mcr84 (100ugs/mL) or 1gG2a control antibody for 12 hrs. B) Quantification of the
percentage of cellular area used as an assessment of tube formation after 12 hours. (P=.003).
C) Average branching points (P<.001). D) Relative tube length was also used to measure
tube formation. (P<.001) (*=<.05, **=<.01, ***=<.001, N=6 for each analysis).
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Figure 5. Blocking the I nter action Between Vegf-a and Vegfr 2 Reducesthe Increasein Bone

Vascular Density Caused by | SO Administration

A) Representative 10x and 20x confocal images of hind limb paraffin sections from mice

treated with PBS or 1SO, and with either mcr84 or IgG2a control antibody for 6 wks, stained
for endomucin (IF, red). Hoechst= Blue. Bar: 100 um. B) Quantification of the Endomucin-

positive area/Total Area. C) Quantification of the number of Endomucin (+) Vessels/Area

(*P=<.05, **P=<.01, ***P=<.001, N=6-7).
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Figure 6. Absence of S2AR in Osteoblasts Limits Tumor Seeding of Bone Caused by 1SO
Treatment
A) Representative X-rays of hind limbs 28 days following intracardiac inoculation of

osteotropic MDA-MB-231 breast cancer cells in Rag/WT and Rag/82ARy,KO mice that
received PBS or ISO for 3 weeks, prior to cancer cell inoculation. B) Quantification of
lesions in the forelimbs and hind limbs of mice detected by full-body X-ray at day 28 post
IC injection (*P=<.05, N=8). C) Average lesion area per mouse, calculated from the same
X-ray images (*P=<.05, N=8). D) 20x H&E Images of mouse femurs. Tumors are outlined
in black.
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Figure 7. Blocking the I nteraction Between Vegf-a and Vegfr2 Preventsthe Stimulatory Effect of
1SO on Tumor Seeding in Bones
A) Representative X-rays of hind limbs 28 days following intracardiac inoculation of

osteotropic MDA-MB-231 breast cancer cells in Rag2-/- mice treated with PBS or ISO, and
with either mcr84 or an 1gG2a control antibody. B) Quantification of lesions in the forelimbs
and hind limbs of mice detected by full-body X-ray at day 28 post IC injection (N=7-8). C)
Average lesion area per mouse, calculated from the same X-ray images (*P=<.05, **P=<.01,
N=7-8). D) 20x H&E Images of mouse femurs. Tumors are outlined in black
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