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Abstract: The development of distant metastasis is the leading cause of prostate cancer (CaP)-related death, with
the skeleton being the primary site of metastasis. While the progression of primary tumors and the growth of bone
metastatic tumors are well described, the mechanisms controlling pre-metastatic niche formation and homing of
CaP to bone remain unclear. Through prior studies, we demonstrated that platelet secretion was required for ongo-
ing tumor growth and pre-metastatic tumor-induced bone formation. Platelets stimulated bone marrow-derived cell
(BMDC) mobilization to tumors supporting angiogenesis. We hypothesized that proteins released by the platelet «
granules were responsible for inducing changes in the pre-metastatic bone niche. We found that the classically anti-
angiogenic protein thrombospondin (TSP)-1 was significantly increased in the platelets of mice with RM1 murine
CaP tumors. To determine the role of increased TSP-1, we implanted tumors in TSP-1 null animals and assessed
changes in tumor growth and pre-metastatic niche. TSP-1 loss resulted in increased tumor size and enhanced an-
giogenesis by immunohistochemistry. Conversely, TSP-1 deletion reduced BMDC mobilization and enhanced osteo-
clast formation resulting in decreased tumor-induced bone formation as measured by microcomputed tomography.
We hypothesized that changes in the pre-metastatic niche were due to the retention of TGF-B1 in the platelets of
mice after TSP-1 deletion. To assess the importance of platelet-derived TGF-B1, we implanted RM1 CaP tumors in
mice with platelet factor 4-driven deletion of TGF-B1 in platelets and megakaryocytes. Like TSP-1 deletion, loss of
platelet TGF-B1 resulted in increased angiogenesis with a milder effect on tumor size and BMDC release. Within
the bone microenvironment, platelet TGF-B1 deletion prevented tumor-induced bone formation due to increased
osteoclastogenesis. Thus, we demonstrate that the TSP-1/TGF-B1 axis regulates pre-metastatic niche formation
and tumor-induced bone turnover. Targeting the platelet release of TSP-1 or TGF-B1 represents a potential method
to interfere with the process of CaP metastasis to bone.
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Introduction

An estimated 191,930 men will be diagnosed
with prostate cancer (CaP) in 2020, surpassing
lung cancer incidence [1]. Early detection has
improved 5-year survival rates to 100 percent
with a local diagnosis. However, men diagnosed
with distant CaP metastases face a 30 percent

chance of survival at five years, with bone being
the most common site of CaP metastasis [1].
90% of CaP patients display skeletal metasta-
ses at autopsy regardless of prior bone symp-
tom reporting. While the effects of CaP tumor
growth in bone have been studied, CaP metas-
tasis mechanisms to skeletal tissues remain
unclear. Our previous findings demonstrated
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cross-talk between the tumor and bone before
metastasis, which may account for the propen-
sity of CaP to metastasize to the skeleton [2-4].
Also, this communication indicated the prepa-
ration of a pre-metastatic niche for circulating
tumor cells.

Possible communication mechanisms between
the primary tumor and bone include proteins,
RNAs, and mRNAs circulating in plasma, within
platelets, or attached to sentinel tumor cells.
Platelets function in metastasis by aggregating
with tumor cells, coating circulating tumor cells
as protection from immune recognition, pro-
moting tumor cell adhesion and growth, en-
hancing angiogenesis, and stabilizing tumor
vasculature [5-9]. In the primary tumor, plate-
lets promote tumor stability and metastasis by
direct interaction with tumor cells, with the
tumor vasculature, and through secreted cyto-
kines [10]. During tumor progression to metas-
tasis, our studies have shown that platelets are
required for increased bone formation stimu-
lated by primary tumor growth [3] and also
for mobilization of bone marrow-derived cells
(BMDCs) from the bone marrow [4]. Platelets
contain many pro-angiogenic and anti-angio-
genic factors: thrombospondin (TSP)-1, vascu-
lar endothelial growth factor (VEGF), transform-
ing growth factor (TGF)-B1. Importantly, plate-
lets have selective separation, uptake, and
release of pro- and anti-angiogenic proteins
[11-13]. Platelets also secrete proteins capable
of altering bone turnover, such as matrix metal-
loproteinase (MMP)-9, cathepsin K, tartrate-
resistant acid phosphatase (TRAP), receptor
activator of NF-kB ligand (RANKL), and osteo-
protegerin. Thus, platelet-derived proteins may
play an active role in tumor progression and the
development of distant metastases.

Platelet-sequestered TSP-1 controls both bone
turnover and CaP progression. In lung and
breast cancers, TSP-1 promotes tumor cell
metastasis and adhesion [14, 15], with one of
the studies demonstrating that cell metastasis
due to TSP-1 is dependent upon platelets [14].
In breast cancer patients, TSP-1 levels in the
plasma correlate directly with cancer progres-
sion and severity [16]. Functionally, TSP-1 binds
latent TGF-B1 and induces its activation [17,
18], which may account for many of TSP-1's
effects on cancer growth and bone turnover. In
CaP, androgen withdrawal causes TSP-1 pro-
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duction in the prostate. While TSP-1 initially
reduces tumor progression and vasculariza-
tion, prolonged TSP-1 exposure results in high
VEGF production by CaP cells, and a dependen-
cy of the cancer cells on TSP-1 activated TGF-
B1 [19, 20]. Thus, castration may stimulate
TSP-1-dependent activation of TGF-B1 in pros-
tates promoting the later stages of tumor
growth, angiogenesis, and metastasis. TGF-B1
levels in CaP patients are predictive of future
biochemical recurrence [21-23] and are elevat-
ed in patients with bone metastases [22, 24].
Plasma TGF-B1 levels are primarily due to the
release of platelet TGF-B1 during the collection
and preparation of blood samples [25], indicat-
ing that the TGF-B1 associated with CaP bone
metastasis is likely platelet-derived. The utility
of platelet TSP-1 and TGF-B1 as cancer bio-
markers presents the possibility that these
platelet proteins control pre-metastatic niche
formation and tumor-induced bone formation.

While TSP-1 and TGF-B1 play essential roles in
the growth of primary tumors and bone metas-
tases, the role of the TSP-1/TGF-B1 axis in pre-
metastatic tumor communication remains
unstudied. In this study, we investigated wheth-
er TSP-1 accumulation in platelets affects pri-
mary tumor progression and tumor-induced
bone formation. We then examined what role
the TSP-1 induced activation of TGF-B1 played
in these pre-metastatic processes. We demon-
strate that the platelet TSP-1/TGF-B1 axis has
little effect on primary tumor growth but con-
trols the bone microenvironment’s pre-meta-
static changes. Thus, targeting TSP-1 and TGF-
B1 will have the most impact on preventing
bone metastasis rather than inhibiting primary
CaP growth.

Materials and methods
Ethics statements

Animal experiments were performed under
Cleveland Clinic IACUC approved protocols
(2011-0655; 2015-1369). We obtained approv-
al from the Cleveland Clinic Institutional Review
Board before initiating blood sample collection
from patients undergoing radical prostatecto-
my at the Cleveland Clinic Glickman Urological
and Kidney Institute. A patient consent form
was created for the study with clearly stated
goals and describing our research’s purpose.

Am J Clin Exp Urol 2021;9(1):18-31



TSP-1 in pre-metastatic niche formation

Reagents

All chemicals were obtained from Sigma unless
otherwise specified. Media were supplied by
the Central Cell Services Core of the Lerner
Research Institute.

Cell culture

RM1 murine prostate cancer cells (RRID:
CVCL_B459) were provided by Dr. W.D. Heston
(Cleveland Clinic). These cells were generated
from C57BL/6 mice using the mouse prostate
reconstitution model with overexpression of
Myc and Ras [26, 27]. RM1 tumors provide
insight into aggressive, androgen-independent,
and metastatic CaPs [28]. Cells were cultured
in RPMI 1640 supplemented with 10% heat-
inactivated FBS, 100 U/mL penicillin, 100 ug/
mL streptomycin and were regularly passaged
by trypsinization (0.05% trypsin, 0.53 mM
EDTA).

Tumor cell injection

Mice were maintained on standard chow in
standard housing. Age-matched, male 8-12
week old C57BL/6J (WT, RRID: ISMR_JAX:
000664), B6.129S2-Thbs1t™tn/) (TSP-1 null;
RRID: ISMR_JAX:006141) (Jackson Laborato-
ry), PF4-Cre”- TGF-B1"" (TGF-B1""), or PF4-Cre*"
TGF-B1"" (PF4-Cre*TGF-B1f", a kind gift from
Dr. Barry Coller) mice were anesthetized by 100
mg/kg ketamine and 10 mg/kg xylazine inject-
ed i.p.. RM1 cells at a concentration of 4 x 10°
cells were injected s.c. into the flank of mice on
each side. Control mice of each background
were injected s.c. in each flank with PBS.
Tumors were allowed to grow 12 days before
sacrifice.

Plasma and platelet isolation

While mice were anesthetized, the vena cava
was exposed, and blood was collected from the
vein into an acid-citrate-dextrose (ACD) buffer
containing 1 pg/mL prostaglandin E, (PGE,;
Sigma). Platelets and plasma were separated
from the platelet-rich plasma of blood by gel fil-
tration, as previously described [4]. The acti-
vated supernatant was collected by centrifuga-
tion after platelets were treated with 100 nM
phorbol 12-myristate 13-acetate (PMA) (Sig-
ma), 1 mM protease inhibitors (Roche comple-
te Mini), and 500 yM mouse PAR-4-amide
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(Bachem) at 37°C for 45 minutes to stimulate
the release of granular contents.

Immunoblotting

Activated platelet releasates and platelet
lysates were incubated with 5X Lane Marker
Reducing sample buffer (Pierce) and boiled at
95°C for 10 min. Samples underwent electro-
phoresis on a 7% polyacrylamide gel at 100 V
for approximately 2 hours. Proteins were trans-
ferred to a nitrocellulose membrane at 100 V
for 1 hour at 4°C. Membranes were blocked in
10% milk in TBS containing 0.1% Tween-20.
TSP-1 antibody (1:1000; Santa Cruz Biote-
chnology; RRID: AB_831756) was used to de-
tect platelet-derived proteins, with fibrinogen
antibody (1:1000; Abcam; RRID: AB_732366)
used as a loading control. Horseradish-pe-
roxidase conjugated secondary antibodies (1:
5000; BioRad; RRIDs: AB_11125345 and
AB_808614) were used with a luminescent
substrate (Pierce SuperSignal West Pico) to
visualize proteins. NIH Image J (RRID: SCR_
003070) was used to quantify band densi-
tometry.

Whole blood analysis

Mice were anesthetized with 10 mg/kg xyla-
zine and 100 mg/kg ketamine. The vena cava
of mice was exposed, and blood was collected
from the vein into 0.1 mL ACD buffer containing
1 pg/mL PGE,. Whole blood was subjected to
complete blood count (CBC) analysis with dif-
ferential to determine blood cell concentrations
using an Advia 120 laser hematology system
(Siemens Healthcare Diagnostics) in the Cen-
ter for Cardiovascular Research at the Lerner
Research Institute. White blood cell (WBC)
counts, lymphocyte counts, platelet counts,
and mean platelet volume (MPV) were as-
sessed.

Tumor analysis

Tumors were removed from the mice upon sac-
rifice. Tumors were weighed, and the dimen-
sions of the tumors were measured by caliper.
Tumor volume was calculated as (d, x d,)*(3/2)
X (11/6), as described in [28]. Tumors were then
placed in 10% formalin or embedded in OCT for
sectioning. Tumors embedded in paraffin were
sectioned and stained with hematoxylin and
eosin. Tumors embedded in OCT freezing medi-
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um were sectioned at 7 um. Sections were then
fixed in 4% PFA and incubated with primary
antibodies: anti-CD31 (1:50, BD Pharmigen;
RRID: AB_393571), anti-CD42b (1:75, Milli-
pore; RRID: AB_10712312) or anti-smooth mu-
scle actin (SMA, 1:100, Abcam; RRID: AB_
2223021). Tissues were then exposed to a flu-
orescently labeled secondary antibody (Invi-
trogen). Slides were mounted with Vectamount
+ DAPI (Vector Labs). Slides were scanned with
an Olympus VS110 in the Wake Forest School
of Medicine Virtual Pathology Core, and whole
tumor staining was analyzed using the Halo
Software.

Lymphocyte isolation

Lymphocytes were isolated from whole blood
using Ficoll-Paque PLUS (GE Healthcare) ac-
cording to the manufacturer’s procedure. Brie-
fly, whole blood was layered on Ficoll-Paque
PLUS and centrifuged at 2000 rpm for 10 min-
utes without brakes. The lymphocyte layer was
removed and washed. Pelleted lymphocytes
were resuspended in 2 mL DMEM/F12 and
stored at 4°C until staining.

Flow cytometry

Isolated lymphocytes were blocked with 2 uL
murine FcR blocking reagent (Pierce) for 15
minutes. Lymphocytes were then incubated
with 20 uL of fluorescently conjugated antibod-
ies. Either CD184/CXCR4 conjugated with FITC
(R&D Systems; RRID: AB_2091799) or CD117/
c-kit conjugated with PE (Miltenyi Biotec; RRID:
AB_2660118) were used. Lymphocytes were
then washed and resuspended in 1% formalin.
Stained lymphocytes were then analyzed using
a BD FACS Canto Il running the FACS Diva soft-
ware (RRID: SCR_001456). Fluorescence val-
ues of stained lymphocytes were normalized to
an isotype control sample.

Microcomputed tomography (MicroCT)

The microCT analysis was performed one day
before the injection of tumor cells and after 12
days of tumor growth. Pre-injection scans were
performed in live animals with ex vivo scans
performed at experimental termination on iso-
lated legs in PBS after overnight fixation in 10%
formalin. Scans were conducted in the Cleve-
land Clinic Biomedical Imaging and Analysis
Core Center on a GE eXplore Locus microCT (GE
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Healthcare), and 360 X-ray projections were
collected in 1° increments (80 kVp; 500 mA; 26
min total scan time). Projection images were
preprocessed and reconstructed into 3-dimen-
sional volumes (10242 voxels, 20 uym resolu-
tion) on a 4PC reconstruction cluster using a
modified tent-FDK cone-beam algorithm (GE
reconstruction software). Three-dimensional
data was processed and rendered (isosurface/
maximum intensity projections) using MicroView
(Parallax Innovations). For each volume, a plane
perpendicular to the z-axis/tibial shaft was gen-
erated and placed at the base of the growth
plate. A second, parallel plane was defined 1.0
mm below, and the entire volume was cropped
to this volume of interest for quantitative analy-
sis [29]. Image stacks from each volume of
interest were exported for quantitative analy-
sis. Cancellous bone masks were generated in
MicroView, and 3D trabecular structural indices
were extracted using custom MatLab (The
MathWorks, Inc; RRID: SCR_001622) algo-
rithms. Trabecular thickness (Tb.Th) and tra-
becular spacing (Th.Sp) were determined by
previously reported methods. The trabecular
number (Tb.N) was calculated by taking the
inverse of the average distance between the
medial axes of trabecular bone segments.
Bone volume fraction (BV/TV, total bone voxels
divided by total cancellous bone mask voxels)
and bone surface area (BSA, the sum of pixels
along edges of trabecular bone) were also cal-
culated for each VOI.

ELISAs

Plasma and activated platelet releasates were
subjected to Blue Gene Bone Alkaline Phos-
phatase, R&D Systems TRANCE/RANKL, or
R&D Systems MMP-9 ELISA assays to measure
the concentration of proteins. A StanBio Total
Calcium LiquiColor Procedure No. 0150 Assay
was used to measure calcium levels in the plas-
ma samples. Concentrations were calculated
based on a standard curve.

Bone histology

To visualize changes in the bone structure, we
isolated the tibiae from mice after microCT
scanning. Tibiae were isolated from whole legs,
fixed in 10% formalin, and decalcified in 14%
neutral buffered EDTA for 10 days. Bones were
then washed and dehydrated in serially increas-
ing concentrations of ethanol. Dehydrated
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bones were cleared in xylene and embedded in
paraffin. Paraffin-embedded bones were sec-
tioned at 5 ym and placed on slides. Sections
were stained with hematoxylin and eosin or for
1 hour in the TRAP solution described below.
Slides were scanned with the Hamamatsu
NanoZoomer by the Virtual Microscopy Core in
the Wake Forest School of Medicine. Bone
histomorphometry, osteoclast numbers, and
growth plate organization were analyzed with
the BioQuant Osteo software (RRID: SCR_
016423).

Bone marrow isolation and osteoclast differen-
tiation

Tibiae were isolated from mice and the bone
marrow extruded. Isolated bone marrow cells
were plated at a density of 1 x 10° cells per
well in 6 well plates in aMEM media containing
10% FBS, penicillin and streptomycin, and 50
ng/mL MCSF. Seven days later, media was
replaced with complete aMEM treated with 25
ng/mL murine MCSF and 30 ng/mL RANKL
(R&D Systems) to induce osteoclastogenesis.
Media with treatments were changed every few
days for 2-3 wks.

TRAP staining

Tartrate-resistant acid phosphatase (TRAP)
staining was performed to determine the num-
ber of multinucleated osteoclasts formed from
isolated bone marrow macrophage cells. Cells
were washed and fixed in a 10% glutaraldehyde
solution for 15 min at 37°C. Cells were then
incubated with a TRAP staining solution (0.3
mg/mL Fast Red Violet LB, 0.05 M sodium ace-
tate, 0.03 M sodium tartrate, 0.05 M acetic
acid, 0.1 mg/mL naphthol, 0.1% Triton X-100,
pH 5.0) for 2 hours at 37°C. Cells were observed
using a Leica DMIRB inverted light microscope
in the LRI Imaging Core. TRAP-stained cells with
at least three nuclei were counted per well and
were considered differentiated osteoclasts.

Clinical samples

An approval from the Cleveland Clinic Insti-
tutional Review Board was obtained before the
initiation of the blood sample and tumor tissue
collection from men undergoing radical prosta-
tectomy at the Cleveland Clinic Glickman Uro-
logical and Kidney Institute. Tumor sections
from each patient were analyzed by a patholo-
gist, and T stages were assigned. Whole blood
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(3-4 mL) was collected by venipuncture in
Na,EDTA tubes (BD Biosciences) from patients
prior to surgery. Plasma and platelets were iso-
lated from whole blood by centrifugation and
gel filtration, as previously described [2, 3].
Platelets were activated with 50 yM human
TRAP-6-amide (Bachem), 1 mM protease inhibi-
tors, and 100 nM PMA to stimulate granule
release. Isolated plasma and platelet releas-
ates from six patients were assayed using the
RayBiotech Human TGF-B1 ELISA according to
the manufacturer’s instructions. Two separate
samples from each patient were analyzed and
compared to a standard curve to obtain the
concentration in pg/mL of each protein in the
samples.

Statistical analysis

Student’s t test analysis or one-way ANOVA
analysis with Tukey post-test were used to
determine statistical significance using the
GraphPad Prism 7.0 software (RRID: SCR_
002798). * represents P<0.05, ** represents
P<0.01, *** represents P<0.005.

Results

Platelets accumulate TSP-1 during prostate
tumor growth

We have previously shown that platelets active-
ly sequester both host- and tumor-derived pro-
teins promoting angiogenesis and bone mar-
row-derived cell (BMDC) mobilization [2, 4].
Using a syngeneic tumor model, we determined
thrombospondin (TSP)-1 levels in platelets of
mice bearing RM1 prostate tumors (Figure 1A).
While TSP-1 levels remained unchanged in
plasma, TSP-1 was approximately 6-fold higher
in the platelets of mice bearing tumors than
controls (Figure 1B). A similar upregulation of
platelet TSP-1 was found in B16F10 syngeneic
melanoma tumor growth [30]. Since TSP-1
is classically anti-angiogenic, we questioned
whether this upregulation was solely a host
response inhibiting tumor progression or if
there was a secondary purpose of this signifi-
cant upregulation.

TSP-1 inhibits primary tumor growth but stimu-
lates the pre-metastatic bone response

To determine how TSP-1 accumulation affects
tumor progression, we implanted murine RM1
prostate tumors in TSP-1 null mice. Even in the
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Figure 1. Tumor-bearing mice accumulate platelet TSP-1. (A, B) Activated
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immunoblotted for TSP-1 and fibrinogen (loading control). (B) Densitometry
of platelet TSP-1 bands was quantified normalized to loading controls and
represented as mean relative to control £ SEM (n=3) ** represents P<0.01
by Student’s t test. (C) Activated (Act) or lysed (Lys) platelets from control
and RM1 tumor-bearing TSP-1 null mice were immunoblotted for TSP-1 and
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Figure 2. TSP-1 deficiency induces tumor formation but inhibits progeni-
tor cell mobilization. WT and TSP-1 null mice were implanted with RM1 tu-
mors subcutaneously. (A) Tumor weight and volume were measured and
represented as mean + SEM (n=6-8). (B, C) Whole blood was collected and
(B) white blood cell (WBC), lymphocytes, and platelet cell numbers were
measured and represented as mean cell number + SEM (n=3). (C) Isolated
lymphocytes analyzed by flow cytometry for circulating progenitor cells using
the markers CXCR4 and CD117. Quantification of positive cell numbers as
mean percent of control + SEM (n=2-4). * represents P<0.05 and ** repre-
sents P<0.01 by Student’s t test (A) or one-way ANOVA (B, C).

presence of tumors, no TSP-1 was found in the
platelets of TSP-1 null mice (Figure 1C).
Consistent with previous studies, TSP-1 dele-
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tion resulted in significantly
larger tumors compared with
WT mice (Figure 2A). Analysis
of cellular blood components
demonstrated that TSP-1 dele-
tion results in increased num-
bers of circulating lymphocytes
and platelets (Figure 2B) com-
pared with WT mice, consis-
tent with previous studies [31].
Interestingly, the numbers of
lymphocytes and platelets we-
re decreased in mice bearing
tumors (Figure 2B). In previous
studies, we have shown that
tumor progression is associat-
ed with pre-metastatic chang-
es in the bone microenviron-
ment resulting in the release of
CXCR4* BMDCs and bone for-
mation [3, 4]. Also, we previ-
ously demonstrated the pres-
ence of circulating CD117*
cells in the blood is indicative
of cancer progression in CaP
patients [32]. Like our previous
studies, RM1 tumor implanta-
tion in WT mice resulted in
increased numbers of circulat-
ing CXCR4* and CD117* cells
(Figure 2C). However, although
tumors from TSP-1 null mice
were significantly larger in this
study, we found decreased nu-
mbers of CXCR4* and CD117*
cells in the bloodstream (Fi-
gure 2C). This paradox indi-
cates that TSP-1 may be anti-
tumorigenic locally but promot-
ing pre-metastatic changes in
the bone microenvironment.

To further examine the effect
of TSP-1 deletion on the prima-
ry tumor, we assessed tumor
sections for angiogenesis and
plateletinfiltration. Microvessel
area was ~1.3-fold higher in
tumors in mice with global
TSP-1 deletion (Figure 3A) cor-
responding to the loss of the

anti-angiogenic protein. Analysis of mature
smooth muscle actin (SMA)-positive blood ves-
sels demonstrated ~2.4-fold increased blood
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vessel infiltration in tumors
from TSP-1 null mice compared
with tumors from WT mice
(Figure 3B). While circulating
platelet numberwas decreased
in mice bearing RM1 tumors,
the numbers in TSP-1 null mice
were not significantly different
compared with WT mice (Fi-
gure 2B). However, within tu-
mors, TSP-1 deletion resulted
in ~3.6-fold increased platelet
numbers within the tumor (Fi-
gure 3C). Thus, the increased
angiogenesis may permit more
platelets to enter tumors, and
TSP-1 expression might reduce
platelet infiltration.

To evaluate how TSP-1 regu-
lates pre-metastatic niche for-
mation, we analyzed changes
in the bone structure by mi-
croCT. Pre-metastatic tumor
progression stimulates bone
formation in WT mice (Figure
4A), corresponding to previous
studies [3]. However, in TSP-1
null mice, bone formation in
response to tumor growth was
decreased ~1.5-fold (Figure
4A). TSP-1 null mice have mild
chondrodysplasia with slightly
disorganized columns. How-
ever, these changes do not
affect the overall bone struc-
ture or growth [33]. Interes-
tingly plasma calcium content
(Figure 4B) and plasma alka-
line phosphatase (Figure 4C),
associated with bone forma-
tion, were not significantly dif-
ferent between WT and TSP-1
null mice bearing tumors indi-
cating that osteoblast activity
was equal in response to tu-
mor growth. Conversely, plate-
let RANKL (Figure 4D) and
MMP-Q (Figure 4E) were signifi-
cantly increased in TSP-1 null
mice compared with WT mice
bearing tumors, indicating that
osteoclast differentiation and
function are markedly higher in
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and represented as mean = SEM (n=3). (B) Bone marrow macrophages
isolated from control and RM1 tumor-bearing WT and TSP-1 null mice were
differentiated towards osteoclasts by treatment with MCSF and RANKL. The
number of osteoclasts per field was quantified as mean + SEM (n=3). *
represents P<0.05, ** represents P<0.01 and *** represents P<0.005

by one-way ANOVA.

TSP-1 null mice. Thus, TSP-1 may be required
for the induction of bone formation in response
to primary tumor growth.

TSP-1 controls osteoclast differentiation and
function in response to tumors

To further examine osteoclast differentiation
after TSP-1 deletion, we sectioned bones of WT
and TSP-1 null control and tumor-bearing mice
and used TRAP staining to enumerate osteo-
clasts in the bone microenvironment. Quanti-
fication of osteoclast numbers demonstrated
that TSP-1 null mice bearing tumors had 1.8-
fold more osteoclasts on the bone surface
compared with WT mice bearing tumors (Figure
5A). Also, bone marrow macrophages were iso-
lated from control and tumor-bearing WT and
TSP-1 null mice and differentiated in vitro in-
to osteoclasts. The TRAP-positive cells with
more than three nuclei were considered osteo-
clasts. Tumor-bearing mice bone marrow mac-
rophages produced 3.7- and 1.9-fold more
osteoclasts compared to control WT and TSP-1
null mice, respectively (Figure 5B). However,
TSP-1 null control mice already contained 2.8-
fold more osteoclast progenitors compared
with WT (Figure 5B). Thus, the deletion of TSP-1
in the bone microenvironment results in
increased osteoclast progenitor cells that can
then be induced into further differentiation by
tumor growth resulting in the prevention of the
tumor-induced bone formation seen in WT
mice.
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ing platelet activation [34].
Accordingly, we examined the
levels of latent TGF-B1 in plate-
lets isolated from control and
tumor-bearing WT and TSP-1
null mice (Figure 6A). Platelet
TGF-B1 concentration was in-
creased 2.2-fold in WT mice
bearing tumors (Figure 6A),
similar to increases seen in
the platelets of advanced CaP patients (Figure
7). As expected, TSP-1 deficiency resulted in
the accumulation of TGF-B1 in platelets since,
without TSP-1, TGF-B1 could not be activated
and released [18, 34, 35]. Correspondingly,
TSP-1 null mice have reduced active TGF-B1 in
their serum and platelets [36]. Platelet TGF-f1
levels were 5.0-fold higher in control TSP-1 null
mice compared with WT (Figure 6A). Tumor-
bearing TSP-1 null mice had 3.0-fold higher
platelet TGF-B1 concentrations compared with
their WT counterparts (Figure 6A).

Platelet TGF-B1 alters angiogenesis and tumor-
induced bone formation without affecting
primary tumor size

To determine the role of this increased platelet
TGF-B1 in tumor progression, we generated
megakaryocyte/platelet-specific TGF-B1 knock-
out mice (PF4-Cre'TGF-B1"") with littermate
controls (TGF-B1"M). PF4-Cre*TGF-B1"" mice
have normal platelet counts and bleeding times
[9]. The platelet/megakaryocyte specific dele-
tion results in 93% decreased serum TGF-B1
levels and a 94% decrease in TGF-B1 relea-
se from platelets [25]. Tumors implanted in
control TGF-B1"" and PF4-Cre*TGF-B1"" grew
equally and reached similar volumes (Figure
6B). Elevated TGF-B1 levels in the circulation
are correlated with increased numbers of circu-
lating tumor cells in the bloodstream [37]. In
concert, the deletion of TGF-B1 in platelets
resulted in fewer numbers of circulating CXCR4*
and CD117* progenitor cells (Figure 6C). An-
giogenesis, as determined by microvascular

Am J Clin Exp Urol 2021;9(1):18-31



TSP-1 in pre-metastatic niche formation

A 3 Control + Tumor B
81 s 0.20
5.
EE86 o £ 015
£5 —_ o
ggo 3
5554 > B 0.10
ko3 )
53 5
5 2 B 005
®
o
04

0.00

o

TGF-g1¥h
01EZ PF4-Cre* TGF-B1V

o
o

100

-
=]
=]

50

50

Percent of Control
Microvessel Area
(um?)

15 3000

-
o

of SMA+
of CD42+P
per tumor
>
=3
o

o

&L
€&

Figure 6. Platelet TGF-B1 is increased in TSP-1 null mice, and its deficiency
inhibits progenitor cell mobilization and increases tumor angiogenesis. (A)
Platelet TGF-B1 concentration was measured from control and RM1 tumor-
bearing WT and TSP-1 null mice and represented as mean + SEM (n=3). (B)
RM1 tumors from TGF-B1"" and PF4-Cre*TGF-B1"" mice were weighed and
represented as mean + SEM (n=3-11). (C) Whole blood was collected and
analyzed by flow cytometry for circulating progenitor cells using the markers
CXCR4 and CD117. Representative quantification of positive cell numbers
as mean percent of control (n=2). (D-F) Tumors were sectioned and stained
with CD31 for microvessels (D), SMA for mature vessels (E), and CD42 for
platelets (F). Quantification of staining per tumor is represented as mean
+ SEM (n=4). * represents P<0.05, ** represents P<0.01, and *** repre-
sents P<0.005 by one-way ANOVA (A, B) or Student’s t test (D-F).

area, was slightly increased in tumors from
PF4-Cre*TGF-B1"" mice (Figure 6D). However,
when tumor angiogenesis was examined by
counting SMA* mature blood vessels, PF4-
Cre*TGF-B1"" tumor displayed 3.6-fold in-
creased vasculature (Figure 6E), similar to that
seen with TSP-1 deletion (Figure 3A). Platelet
infiltration was not significantly altered with
platelet-specific deletion of TGF-B1 (Figure 6F).

Although the deletion of platelet TGF-B1 did not
significantly alter primary tumor size, we want-
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ed to assess the effects of
platelet-specific TGF-B1 loss
on tumor-induced bone forma-
tion. As in WT mice, control
TGF-B1"" mice displayed in-
creased bone formation in re-
sponse to tumor growth (Figure
J 8A). The deletion of platelet
o TGF-B1 prevented tumors of
equal size (Figure 6B) from
stimulating the same increase
in bone (Figure 8A). This pre-
vention of bone formation was
similar to that seen with TSP-1
deletion. Thus, platelet TGF-p1
drives bone formation in
response to tumors.

Using the osteoclast differenti-
ation assay on isolated bone
marrow macrophages, tumor
growth in control TGF-B1"" mi-
ce resulted in enhanced num-
bers of osteoclast precursors
(1.3-fold, Figure 8B). This effe-
ct was magnified another 1.2-
fold in platelet TGF-B1 deplet-

de‘:',?* ed mice (Figure 8B), similar to
L the effect seen with TSP-1

deletion. Correspondingly, the
circulating platelet levels of
RANKL, which controls osteo-
clast differentiation, were sig-
nificantly higher in tumor-bear-
ing mice with platelet TGF-f1
deletion compared with litter-
mate controls (Figure 8C).
Also, levels of MMP-9, a mark-
er for bone resorption and os-
teoclast recruitment [38], were
increased 1.6-fold in platelet
TGF-B1 depleted mice com-
pared with controls (Figure 8D). Thus, platelet
TGF-B1 is required for tumor-induced bo-
ne formation. Since TSP-1 controls TGF-B1 acti-
vation and release from platelets, the platelet
TSP-1/TGF-B1 axis controls bone turnover and
pre-metastatic niche formation in response to
primary tumor growth.

Discussion

In this study, we examined the role of platelet
TSP-1 in preparing the pre-metastatic niche

Am J Clin Exp Urol 2021;9(1):18-31
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Figure 7. Plasma and platelet TGF-B1 concentration
in low and high staged prostate cancer patients.
Plasma and activated platelet releasate were isolat-
ed from whole blood collected from patients under-
going radical prostatectomy and analyzed by ELISA
for mean TGF-B1 concentration + SEM (n=3). T2
represents samples from low stage, less aggressive
prostate cancer patients and T3 represents samples
from high stage, aggressive prostate cancer patients
as determined by a pathologist. *** represents
P<0.005 by Student’s t test.

during CaP progression. Loss of anti-angiogen-
ic TSP-1 resulted in increased primary tumor
growth and angiogenesis but prevented tumor
communication with the bone microenviron-
ment. Thus, there were decreases in circulating
bone marrow-derived progenitor cells and tu-
mor-induced bone formation despite increased
primary tumor size. These effects were depen-
dent upon the TSP-1 activation of TGF-B1.
Platelet-specific TGF-B1 deletion recapitulated
TSP-1 loss, with diminished progenitor cell
mobilization and tumor-induced bone forma-
tion. With the deletion of total TSP-1 or platelet-
specific TGF-B1, osteoclast differentiation was
enhanced, tipping the balance away from the
tumor-induced bone formation that would oth-
erwise occur. Thus, targeting the TSP-1/TGF-B1
axis may be beneficial in preventing the meta-
static progression of CaP.

TSP-1 expression in the primary tumor is asso-
ciated with diminished tumor growth due to
inhibition of angiogenesis. In the early stages of
tumor growth, TSP-1 expressed by stromal cells
inhibits angiogenesis and tumor growth [39].
Breast cancer-derived tumors in TSP-1 null
mice were significantly larger and heavier at 60
and 90 days of growth [40]. Similarly, we dem-
onstrate that CaP tumors are significantly larg-

27

er in TSP-1 null mice after only 12 days of
growth. In the primary tumor, TSP-1 regulates
angiogenesis by decreasing neovasculariza-
tion. Also, TSP-1 is upregulated by the tumor
suppressors p53 and PTEN and inhibited by
the oncogenes Myc and Ras [41]. The RM1
murine CaP cell line utilized in our studies was
generated by Myc and Ras overexpression;
however, this does not alter the cell line’s ability
to express TSP-1 or induce angiogenesis. Our
data demonstrate increased angiogenesis and
blood vessel maturation in mice with TSP-1
deleted. This enhanced angiogenesis resulted
in higher numbers of platelets within tumors.
When TGF-B1 was deleted in platelets, angio-
genesis increased in tumors. These subcutane-
ous tumors had significantly higher numbers of
mature, SMA covered blood vessels consistent
with prior studies showing that platelet-deletion
of TGF-B1 results in larger, more mature blood
vessels [25]. Changes in tumor angiogenesis
and maturation of blood vessels alter the num-
bers of platelets recruited into tumors.

In the bone microenvironment, the leading met-
astatic site for CaP, TSP-1 and TGF-B1 are
essential signaling proteins controlling bone
turnover. TSP-1 deficient mice displayed a high-
er BV/TV and increased Th.N than their WT
counterparts [42]. While we see a similar
increase in the raw data, we normalize our data
by comparing mice without and bearing tumors
within the same genotype. The change in bone
before and after tumor implantation is exam-
ined to correct for individual bone structure dif-
ferences. This manner of presenting the data
highlights the effects of tumor implantation on
the bone structure. We demonstrate that with-
out tumors, TSP-1 null control mice have a high-
er number of osteoclasts than WT control mice.
These data contrast with a prior study show-
ing equal numbers of osteoclasts in WT and
TSP-1 null mice but reduced osteoclast activity
demonstrated by serum c-terminal telopepti-
de crosslinks reduction as a marker of bone
resorption [42]. In another study, increased
monocyte differentiation occurred in TSP-1
deficient mice [31]. Monocyte differentiation
changes likely correlate with changes in cells
from the same lineage, namely macrophages
and osteoclasts. When tumors were implanted,
the numbers of osteoclast progenitors in the
bone marrow were enhanced, as demonstrated
by increased ex vivo differentiation with MCSF
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Figure 8. Platelet TGF-B1 is required for tumor-induced bone formation and
osteoclast inhibition. (A) Control and RM1 tumor-bearing TGF-B1"" and PF4-
Cre*TGF-B1"" mice were analyzed by microCT. The bone volume to total vol-
ume ratio was calculated and represented as mean + SEM (n=3). (B) Bone
marrow macrophages isolated from control and RM1 tumor-bearing TGF-
B1¥" and PF4-Cre*TGF-B1"" mice were differentiated towards osteoclasts
by treatment with MCSF and RANKL. The number of osteoclasts per field
was quantified as mean = SEM (n=16). (C, D) Activated platelets were iso-
lated and analyzed by ELISA for protein concentrations of RANKL (C) and
MMP-9 (D) represented as mean + SEM (n=3-6). * represents P<0.05 and
*** represents P<0.005 by one-way ANOVA (A, B) and Student’s t test (C,

D).

and RANKL. In the bone marrow, TSP-1 is
expressed on the endosteal surface and in
megakaryocytes and platelets [43]. On the
other side of bone remodeling, TSP-1 induction
of activated TGF-B1 induces osteoblast differ-
entiation [44], representing one potential me-
chanism for the tumor-induced bone formation
measured in the control animals. TGF-B1 stimu-
lates early osteoblast proliferation while inhibit-
ing osteoblast activation and bone formation
and pushes mesenchymal stem cells towards
chondrogenesis or myogenesis over osteogen-
esis [44]. Thus, alterations of the TSP-1/TGF-
B1 signaling axis may regulate bone formation
during the development of osteoblastic versus
osteoclastic bone lesions in CaP bone
metastases.

TSP-1 and TGF-B1 both play integral roles in the
interaction between metastatic CaP cells and
the bone microenvironment. The co-culture of
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CaP cells with osteoblasts re-
e sults in a significant increase
in TSP-1 expression [45, 46],
while co-culture with prostate
stromal cells led to the down-
regulation of TSP-1 expression
[46]. TGF-B1 regulation of bo-

E ne cell differentiation and in-

) . . .
Q@i’&§ teraction with metastatic can-
<O cer cells is well documented.

However, the role of TGF-B1 in
the initial steps leading to me-
tastasis is controversial and
may be dependent on the TGF-
1 concentration and whether
bone metastatic lesions are
osteoblastic or osteoclastic.
In breast cancer, neutralizing
TGF-B1 before tumor implanta-
tion reduced the number and
size of bone lesions and the
associated osteolysis due to
alterations in myeloid progeni-
tor differentiation into osteo-
clasts [47, 48]. Neutralization
of TGF-B1 resulted in decreas-
ed osteoclast number and fun-
ction in both control and tumor-
bearing animals, which is the
opposite of our study’s find-
ings. However, this neutraliza-
tion would be more similar to a
total knockout of TGF-B1. At
the same time, our data results from TGF-f1
deletion in megakaryocytes and platelets
alone, leaving the expression of TGF-B1 by
other bone microenvironmental cells. Con-
versely, silencing TGF-B1 in CaP cells reduced
the incidence of osteoblastic lesions [49]. Our
data demonstrate that TGF-B1 loss in myeloid-
derived megakaryocytes and platelets increas-
es osteoclastogenesis and tipping the balance
away from bone formation, which may decrease
the number of osteoblastic lesions. Supporting
the role of the TSP-1/TGF-B1 axis in CaP-
induced osteoclastogenesis, TGF-B1 treatment
of C4-2B human CaP cells induced RANKL pro-
duction likely stimulating osteoclast differentia-
tion and function [50]. Further, MMP-9 expres-
sion by PC3 human CaP cells induces osteo-
clast recruitment and activation in the bone
microenvironment [38]. Our data demonstrate
increased platelet concentrations of MMP-9
and RANKL in mice bearing CaP tumors after
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either total TSP-1 deletion or platelet-specific
deletion of TGF-B1. Increases in either of these
two proteins may cause the enhanced osteo-
clastogenesis in mice bearing CaP tumors.
Thus, the effect of TSP-1 induction on TGF-B1
activation and bone metastasis is likely depen-
dent on whether cancer induces osteoclastic or
osteoblastic lesions.

In summary, we demonstrate that targeting the
TSP-1/TGF-B1 axis may not alter primary tumor
growth but could be used to block pre-meta-
static communication between the primary
tumor and bone microenvironment, possibly
preventing metastasis. Reduction of TSP-1 or
platelet-derived TGF-B1 stimulated osteoclas-
togenesis and reduced tumor-induced bone for-
mation, indicating a potential role for the
TSP-1/TGF-B1 axis in the development of os-
teoblastic or mixed CaP lesions. However, ex-
amination of bone metastatic CaP would be
required to validate this potential role in bone
lesion development. Also, targeting platelet-
sequestered proteins could decrease the toxici-
ties seen with systemic perturbation of either
TSP-1 or TGF-B1. Finally, the presence and con-
centration of TSP-1 and TGF-B1 in platelets rep-
resent a potential biomarker for aggressive
cancers, although further studies examining a
broader patient population would be required.
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