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Summary

Prostate cancer (PCa) bone metastasis is frequently associated with bone-forming lesions, but the
source of the osteoblastic lesions remains unclear. We show that the tumor-induced bone derives
partly from tumor-associated endothelial cells that have undergone endothelial-to-osteoblast (EC-
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to-OSB) conversion. The tumor-associated osteoblasts in PCa bone metastasis specimens and
patient-derived xenografts (PDX) were found to co-express endothelial marker Tie-2. BMP4,
identified in PDX conditioned media, promoted EC-to-OSB conversion of 2H11 endothelial cells.
BMP4-overexpression in non-osteogenic C4-2b PCa cells led to ectopic bone formation under
subcutaneous implantation. Tumor-induced bone was reduced in trigenic mice ( 7ie2"¢/ Osxt!f/
SCID) with endothelial-specific deletion of osteoblast cell-fate determinant OSX versus in bigenic
mice (Osxf/SCID). Thus, tumor-induced EC-to-OSB conversion is one mechanism that leads to
osteoblastic bone metastasis of PCa.

Blurb

Lin et al. show that osteoblasts in prostate cancer bone metastasis specimens co-express osteoblast
and endothelial markers. Prostate cancer cell-secreted BMP4 converts tumor-associated
endothelial cells into osteoblasts in the bone marrow. This endothelial-to-osteoblast conversion is
one mechanism underlying the bone-forming lesions of prostate cancer bone metastasis.
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Introduction

A distinct feature of human prostate cancer (PCa) is the propensity to metastasize to bone
and the generation of osteoblastic bone lesions (Logothetis and Lin, 2005). Clinically, bone
metastasis from PCa causes pain, compression of the spinal cord, bone fracture, ineffective
hematopoiesis, and death (Coleman, 1997). Several studies have shown that PCa-induced
osteogenesis promotes tumor growth (Chen et al., 2007; Gordon et al., 2009; Jacob et al.,
1999; Khodavirdi et al., 2006; Lee et al., 2011). The recent success of the bone-targeting
radionuclide Radium-223 in the treatment of PCa bone metastasis further supports a role of
tumor-induced bone in PCa progression (Sartor et al., 2014). Thus, interfering with cancer-
induced bone formation is one of the newer treatment strategies for PCa bone metastasis.

Cancer-induced bone lesions are generally attributed to the imbalance between bone-
forming osteoblasts and bone-degrading osteoclasts. Indeed, the osteoblastic bone lesions of
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PCa contain an increased number of “activated osteoblasts” in the tumor-infiltrated bone
(Vakar-Lopez et al., 2004). Because osteoblast precursors are present in the bone marrow, it
has been generally assumed that the PCa-induced bone results from the activation of nearby,
preexisting osteoblast precursors. However, histological assessment of osteoblastic
metastases of PCa by Roudier et al. (Roudier et al., 2008) found that early new bone
formation did not occur from the adjacent bone surface, but rather was observed in the tumor
stroma. The stroma was found to contain spindle-shaped cells that produced osteoid directly
in the vascularized connective tissue within the tumor. These observations suggest that PCa-
induced new bone may be derived from distinct stromal components.

Tumor-induced angiogenesis, in which endothelial cells are recruited into the tumor, has
been shown to be required for tumor growth (Folkman, 1971). Endothelial cells are found to
exhibit remarkable plasticity and can be converted to multiple cell types (van Meeteren and
ten Dijke, 2012). Endothelial-to-mesenchymal transition (EndMT) has been reported in
cardiac fibrosis (Zeisberg et al., 2007a), during which endothelial cells are converted into
fibroblasts. A recent report by Medici et al. (Medici et al., 2010) showed that in the mouse
Fibrodysplasia Ossificans Progressiva (FOP) model, in which the activated mutant ALK2
kinase is constitutively expressed, the endothelial cells were converted into osteoblasts that
formed heterotopic bone. These observations raise the possibility that endothelial cells may
be recruited by metastatic prostate tumors to become osteoblasts.

The patient-derived xenograft MDA-PCa-118b (PCa-118b), generated from an osteoblastic
bone biopsy, is one of a few PCa xenografts that possess osteogenic potential (Li et al.,
2008). PCa-118b not only can induce bone formation when implanted into mouse femur but
also can induce ectopic bone formation when inoculated subcutaneously (Lee et al., 2011; Li
et al., 2008). As osteoblasts are not normally present at the subcutaneous site, these
observations, together with those from Roudier et al. (Roudier et al., 2008), raise the
question concerning the origin of cells that are converted to osteoblasts in PCa bone
metastasis.

In this study, we show that endothelial cells in the prostate tumor can be converted into
osteoblasts by PCa secreted factors and this tumor-induced endothelial-to-osteoblast (EC-to-
OSB) conversion may represent one of the mechanisms by which prostate tumors induce
osteoblastic bone lesions.

Tumor induces mouse mesenchymal cells to form ectopic bone

Previous studies have shown that implantation of patient-derived xenograft PCa-118b
subcutaneously resulted in tumor growth that is accompanied by ectopic bone formation
(Lee etal., 2011; Li et al., 2008). Goldner’s Trichome staining further confirmed the
presence of mineralized bone in PCa-118b tumor (Figure 1A). In contrast, tumors generated
from C4-2b cells (Wu et al., 1998), a LNCaP subline, did not contain mineralized bone
(Figure 1A). Bone formation is mainly controlled by osteoblasts, which function in the
synthesis and deposition of bone extracellular matrix (Ducy et al., 2000). Because
osteoblasts are absent at the subcutaneous injection site, ectopic bone formation observed in
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the PCa-118b xenograft might be either from tumor cells (human) that have undergone
epithelial-to-mesenchymal transition into osteoblast-like cells (Lin et al., 2001), or from
other mechanisms, e.g., recruitment of host (mouse) cells that are then converted into
osteoblasts. To identify the origin of the osteoblasts in the PCa-118b tumor, we implanted
PCa-118b tumor cells subcutaneously into an osteoblast reporter mouse Col-Bgal in SCID
background. Col-Bgal/SCID mouse was generated by crossing the Col-pgal mouse,
containing 2.3 kb a.1(l) collagen promoter-driven B-gal reporter (Rossert et al., 1995), with
SCID mouse (Figure 1Bi). The 2.3 kb a1(l) collagen promoter was previously shown to be
mainly active in pre-osteoblast and osteoblast stages of osteogenesis (Figure 1Bi) (Aubin,
1998; Rossert et al., 1995). The expression of the p-gal gene in newborn Col-g gal/SCID
mice was highly tissue specific with highest specific activity detected in the long bone and
incisors (Figure 1Bii). Similarly, the expression of p-galactosidase, by staining with X-gal
substrate, in a newborn mouse showed strong staining in the bones of the skull, ribs, and
hind limbs (Figure 1Bii). In the adult Col-pgal/SCID mice, histological sections showed that
the B-galactosidase transgene is expressed in osteoblasts (Figure 1Biii, arrowheads) but not
in osteocytes (Figure 1Biii, arrows), consistent with the temporal expression of type |
collagen in vivo (Aubin, 1998). These data indicate that the 2.3 kb a1(l) collagen promoter
directs osteoblast-specific expression of p-galactosidase protein in the Col-pgal/SCID mice.

When the PCa-118b tumor cells were implanted subcutaneously into Col-Bgal/SCID mice,
the resulting tumors contained ectopic bone (Figure 1Ci). Upon staining the PCa-118b
xenografts for B-gal activity, cells that were positive with p-gal activity were detected within
the tumors (Figure 1Cii). Most of the p-gal positive cells were present within the immature
collagen matrix (Figure 1Cii), which is indicated by the eosin counter stain that revealed
varying degrees of collagen extracellular matrix formation within the tumor (Figure 1Cii).
However, in the more mature collagen deposit, as reflected in the intensity of eosin staining,
B-gal positive cells were located at the edge of the mature bone matrix (Figure 1Ciii). These
observations suggest that the osteoblasts present in the ectopic bone of PCa-118b xenograft
are of mouse origin.

To further confirm the mouse origin of the osteoblasts observed in the ectopic bone in
PCa-118b xenograft, we performed RT-PCR using mouse or human-specific primers for
osteocalcin, a marker for differentiated osteoblasts, using RNAs prepared from whole tumor.
We found that messages for mouse osteocalcin were much higher than human osteocalcin in
PCa-118b xenograft (Figure 1D). We also compared the expression of human osteocalcin in
isolated PCa-118b cells with several PCa cell lines including PC3 cells, which was reported
to express osteocalcin (Yeung et al., 2002). Relatively low levels of osteocalcin were
detected in isolated PCa-118b cells compared to PC3 cells (Figure 1D). Together, these
observations suggest that PCa-118b xenograft tumors recruited host (mouse) cells and
converted them into osteoblasts (Figure 1E), however, the involvement of tumor cells cannot
be completely excluded.

Osteoblasts in PCa-118b-induced bone express endothelial cell markers

The type of mesenchymal cells that are converted to osteoblasts is not clear. Tumors are
known to recruit cells from the host microenvironment to support their growth. One possible
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source for the tumor-associated osteoblasts in PCa-118b tumor is endothelial cells. To
examine this possibility, we performed immunohistochemical staining for the expression of
Tie2, an endothelial cell marker, and osteocalcin, an osteoblast marker, in PCa-118b tumor.
As a control, calvarial osteoblasts isolated from newborn mice were found to be positive for
osteocalcin but not Tie2 (Figure 2A). In contrast, endothelial cells isolated from mouse lung
are positive for Tie2 but not osteocalcin (Figure 2A). Validation of the Tie2 and osteocalin
antibodies as well as other antibodies used in this study is shown in Figure S1. We found
that in the area that contains tumor-induced bone, the cells that are positive with osteocalcin
co-localized with cells that are positive for Tie2, and the osteocalcin-Tie2 double-staining
cells were localized at the periphery of the tumor-induced bone (Figure 2B). In contrast, the
expression of human EpCAM, an epithelial cell marker, did not co-localize with mouse
osteocalcin in tumor-induced bone (Figure 2C). Further, in the area that mainly contained
tumor cells, the tumor cells were positive for EpCAM but not osteocalcin staining (Figure
2C). These results show that osteoblasts in PCa-118b-induced bone co-express the
endothelial cell marker Tie2.

We further examined the expression of markers in individual cells by separating tumor cells
from osteoblasts in the PCa-118b tumor. PCa-118b tumor was first digested with Accumax
to obtain the “first cell isolate”. The bone-containing fraction was further digested with
collagenase to obtain “second cell isolate” (Figure 2D). Upon immunostaining, cells in the
first cell isolate were positive for human EpCAM, while cells in second cell isolate were
largely negative for EpCAM, suggesting that the first cell isolate but not second cell isolate
is enriched with epithelial cells (Figure 2E). On the other hand, both the first-cell-isolate and
second-cell-isolate were found to contain Tie2 positive cells, suggesting the presence of
endothelial cells in both fractions (Figure 2F). However, the Tie2 positive cells in the first-
cell-isolate were negative for osteocalcin (Figure 2F). In contrast, cells from the second-cell-
isolate were positive for both Tie2 and osteocalcin (Figures 2F and S2A). Similar results
were obtained when cells were stained for Tiel, another endothelial cell marker (Figure
S2B). These observations indicate that cells in the second-cell-isolate are likely in transition
from endothelial cells to osteoblasts. Together, these observations suggest that osteoblasts
present in PCa-118b tumors are likely derived from endothelial cells, supporting EC-to-OSB
conversion.

Osteocalcin-Tie2 double-staining cells in human PCa bone metastasis specimens

To determine whether the observed EC-to-OSB conversion in PCa-118b is clinically
relevant, paraffin-embedded human PCa bone metastasis specimens were stained for the
expression of osteocalcin and Tie2. We examined 15 specimens from bone marrow biopsies
of patients with PCa and bone metastasis; 14 from needle biopsy and one from a
laminectomy. Tumor cells were found in 14/15 specimens and osteoblasts were found in all
14 specimens positive for tumor. We detected co-staining of osteocalcin and Tie2 in
osteoblasts rimming the bone in the laminectomy and 13 needle biopsy specimens by using
both fluorescence and confocal microscopy (Figures 2G, S3, & S4), suggesting that these
osteocalcin and Tie2 double-positive cells were undergoing EC-to-OSB conversion.
Together, these observations suggest that the type of mouse cell that is converted to an
osteoblast is the endothelial cell (Tie-2 positive, osteocalcin negative), which undergoes an
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intermediate cell type (Tie-2 positive, osteocalcin positive) before becoming a mature
osteoblast (Tie-2 negative, osteocalcin positive) (Figure 2H).

BMP4 but not TGFB2 induces endothelial-to-osteoblast conversion

It is likely that PCa-118b tumor cells secreted factors that induce endothelial cells to become
osteoblasts. Medici et al. (Medici et al., 2010) showed that treatment of human endothelial
cells with BMP4 or TGFp2 caused endothelial-to-mesenchyme transition (EndMT) with an
increase in osteogenic potential in endothelial cells. Interestingly, our previous studies using
cytokine array (Lee et al., 2011) and mass spectrometry (Lee et al., 2015) analyses identified
secreted factors, including BMP4 and TGFB2, in the conditioned medium of PCa-118b cells.
Thus, we examined whether BMP4 or TGFf2 might be involved in EC-to-OSB conversion
in mouse endothelial cells. The endothelial cell line 2H11 (Walter-Yohrling et al., 2004) was
treated with BMP4 or TGFB2 in osteoblast differentiation medium for 7 days. We found that
treatment with BMP4 led to a dose-dependent increase in the expression of alkaline
phosphatase, a marker of osteoblast differentiation, as measured by an increase in staining
(Figure 3A, left panel), total alkaline phosphatase activity (Figure 3A, middle panel), and
specific activity of alkaline phosphatase (Figure 3A, right panel). In contrast, TGFf2 did not
exert an effect on alkaline phosphatase (Figure 3A). BMP4 treatment also led to an increase
in osteocalcin message levels as determined by gRT-PCR while TGFB2 did not (Figure 3B,
left panel). The level of osteocalcin in BMP4-treated 2H11 cells is comparable with that in
primary osteoblasts isolated from mouse calvaria (Figure 3B, right panel). Furthermore,
treatment of 2H11 cells with BMP4 in differentiation medium for 21 days led to
mineralization as indicated by Alizarin Red (Figure 3C) and von Kossa staining (Figure 3D).
These observations suggest that BMP4, but not TGFp2, has the potential to convert 2H11
endothelial cells towards mature osteoblasts. Western blot analysis showed that the increases
in osteoblast differentiation induced by BMP4 were accompanied by an increase in the level
of cadherin-11 (also known as osteoblast cadherin, OB-cadherin) (Bourne et al., 2004;
Kawaguchi et al., 2001 ; Okazaki et al., 1994), a mesenchymal cadherin (Figure 3E).
Interestingly, TGFp2 slightly induces cadherin-11 (Figure 3E), although it did not induce
markers for osteoblast differentiation (Figure 3A-3D). Together, these data suggest that
tumor-derived BMP4 is one of the factors that can induce endothelial cells to transition into
the osteoblast lineage. These results are consistent with our previous observation that
treatment of mice bearing PCa-118b tumors with BMP receptor inhibitor LDN193189
reduced tumor-induced bone formation (Lee et al., 2011).

Expression of BMP4 in C4-2b cells induces ectopic bone formation in vivo

Next, we expressed BMP4 or TGFB2 in non-osteogenic C4-2b PCa cells and examined
whether these factors are able to induce ectopic bone formation in vivo. BMP4 or TGFp2
was overexpressed in C4-2b cells using a bicistronic retroviral vector. RT-PCR confirmed
the expression of the BMP4 and TGFp2 messages (Figure 3F). Western blot showed the
C4-2b-TGFp2 cells secreted TGFB2 into the conditioned medium (Figure 3F) and ELISA
showed that BMP4 was present in the conditioned medium of C4-2b-BMP4 cells at around
32 ng/ml (Figure 3F). Expression of BMP4 or TGFB2 in C4-2b cells did not have a
significant effect on C4-2b cell proliferation in vitro (Figure S5A). These cells were injected
subcutaneously into SCID mice. Upon histological analysis of the tumors with hematoxylin
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and eosin staining, marked bone-like structures were observed in C4-2b-BMP4 tumors, but
not C4-2b-TGFB2 tumor (Figure 3G). Goldner’s Trichrome stain further confirmed that the
bone-like matrix was mineralized (Figures 3G and S5B). The C4-2b-BMP4-induced bone
tended to be located close to the periphery of the tumor. Quantification of the bone volume,
based on the Goldner’s Trichrome staining, showed that the C4-2b-BMP4-induced ectopic
bone was around 10% of total tumor volume (Figure 3G). In C4-2b-TGFp2 tumors,
extracellular matrices were found to be abundant, encasing the tumor cells (Figures 3G and
S5B). However, the abundant matrix in C4-2b-TGFB2 tumors did not stain with Goldner’s
Trichrome stain (Figures 3G and S5B), suggesting that the matrix was not mineralized. In
addition, scattered red blood cells were frequently seen in C4-2b-TGFp2 tumors (Figures
3G, arrows, and S5B), suggesting an abnormality in vessel integrity. No significant
extracellular matrix or bone-like structures were seen in control C4-2b-vector tumors
(Figures 3G and S5B). To further show that C4-2b-BMP4-induced bone is mineralized, von
Kossa stain was performed on non-decalcified C4-2b tumors. As shown in Figures 3H and
S5C, positive von Kossa staining (black) was observed in C4-2b-BMP4 tumors, but not in
C4-2b-TGFB2 or C4-2b-vector tumors. Osteoid (uncalcified bone matrix) was frequently
seen adjacent to calcified bone matrix in C4-2b-BMP4 tumors (Figures 3H and S5C),
indicating new bone formation. These observations suggest that tumor-secreted BMP4, but
not TGFR2, plays a role in inducing EC-to-OSB conversion to form ectopic bone.

Human prostate cancer cells in bone metastases express high levels of BMP4

To address whether the findings are clinically relevant, we examined the expression of
BMP4 in human prostate cancer specimens from primary prostate cancer and bone
metastases by immunohistochemistry. We found that BMP4 expression was low in 15
primary tumors (Figures 31 and S5D) and focally positive (less than 5%) in one specimen. In
contrast, BMP4 was highly expressed in 10 of 12 needle biopsy specimens from bone
metastasis that contained tumor cells (Figures 31 and S5D). The staining for BMP4 in the
other two bone metastasis specimens was medium and weak, respectively (Figure S5D).
BMP4 protein was localized in the cytoplasm or the adjacent extracellular space (Figures 3l
and S5D), consistent with its role as a secretory protein. The differences in BMP4
expression between bone metastasis and primary tumors are significant (p=0.00003) when
the BMP4 staining intensity was quantified by Aperio ImageScope software. These
observations suggest that BMP4 is expressed in a significant fraction of metastatic prostate
cancer cells in bone and likely plays a role in the generation of osteoblastic bone metastasis
through inducing EC-to-OSB conversion (Figure 3J).

We also examined the expression of TGFR2 in several human PCa specimens. We found that
TGFp2 was heterogeneously expressed in primary tumors (Figure S5E). In bone metastasis
specimens, TGFB2 was highly expressed (Figure S5E). These observations were consistent
with PCa-118b, which was derived from bone metastasis specimens and expressed both
BMP4 and TGFp2.
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Co-localization of osteocalcin and tdTomato in osteoblasts of tumor-induced bone in
Tie2€re/RosatdTomato moyse

Lineage tracing with labeled endothelial cells in vivo is an additional method to show that
tumor-induced osteoblasts are from endothelial cells. Because implanting PCa-118 cells
would require mice in a SCID background (Scid/Scid), which is time consuming, we
implanted syngeneic prostate cancer cell line (Tramp-C2) from TRAMP mice (Foster et al.,
1997) to overcome the requirement of a SCID background. To promote the cells to induce
osteoblastic bone lesions, we overexpressed BMP4 in the Tramp-C2 cell line (Tramp-
BMP4). We found that injection of Tramp-BMP4 cells intrafemorally into a male Tie2C"¢/
Rosa!dTomato moyse generated osteoblastic bone lesion that could be detected by X-ray and
UCT (Figure 4A). Upon histological analysis, we observed tumor-induced bone formation
and cells with red fluorescence on the surface of the tumor-induced bone (Figure 4B).
Immunostaining with anti-osteocalcin antibody showed co-staining of osteocalcin and the
tdTomato red fluorescence in osteoblasts rimming the tumor-induced bone (Figures 4C and
$6). In the control male RosatdTomato moyse without Tie2-Cre, injection of Tramp-BMP4
cells intrafemorally generated bone within the tumor, however, no red fluorescence was
detected in the tumor-induced bone (data not shown). These observations are consistent with
the notion that osteoblasts in bone metastases are derived from an endothelial (Tie2-
expressing) precursor.

Osterix is necessary for osteoblast maturation

Osterix (OSX, Sp7) is a transcription regulator expressed specifically in bone-forming
osteoblasts (Nakashima et al., 2002) (Hojo et al., 2016). Osx-null mice have a normal
cartilagenous skeleton but are completely defective in endochondral and intramembranous
bone formation (Nakashima et al., 2002), suggesting that OSX plays a critical role in the
development of the osteoblast lineage. To examine the role of OSX in osteoblast
differentiation, we isolated calvarial osteoblasts from newborn mice carrying one floxed
allele of OSX without (Osx’*) or with (Osx'") the second allele deleted. To delete the
floxed OSX allele from OSX™* osteoblasts, they were infected with adenovirus containing
cre recombinase (Ad-cre) (Figure S7A, left panel). Real-time RT-PCR of the mRNA from
these osteoblasts showed that the level of Osx message in Ad-cre treated Osx~ cells is
about 2-5% of that in the control Osx2'* cells (Figure S7A, middle panels). Upon culturing
in differentiation medium for 14 or 21 days, the message levels of alkaline phosphatase and
bone sialoprotein (Bsp) were significantly lower in Osx2'~ cells compared to those in Osx¥/*
cells (Figure S7A, middle panels). These observations suggest that OSX is necessary for
osteoblast maturation (Figure S7A, right panel).

Osx is upregulated during EC-to-OSB conversion

We considered the possibility that BMP4 may reprogram the endothelial cells toward the
osteoblastic lineage by upregulating Osx expression. To test this, 2H11 endothelial cells
were treated with or without BMP4 or TGFf2 and examined for the expression of OSX.
gRT-PCR of the RNA from 2H11 cells showed that BMP4 stimulated the expression of OSX
(Figure 5A, left panel). In contrast, TGFR2 did not (Figure 5A, left panel). Western blot
further confirm that BMP4 induced the expression of OSX protein with an apparent
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molecular mass of 50 kDa in SDS-PAGE (Figure 5A, right panels). These results suggest
that BMP4-induced OSX expression may play a role in EC-to-OSB conversion.

To examine whether OSX is necessary for EC-to-OSB conversion, we generated 2H11 cells
with knockdown of OSX (2H11-shOSX#1 and 2H11-shOSX#5) (Figure 5B, left panel) and
examined their responses to BMP4 treatment. We found that knockdown of OSX in 2H11
cells significantly decreased BMP4-induced osteocalcin expression in both message and
protein levels (Figure 5B, middle and right panels). These results suggest that OSX is
necessary for BMP4-induced EC-to-OSB conversion.

Next, we examined whether expression of OSX alone is sufficient to induce EC-to-OSB
conversion. OSX was overexpressed in 2H11 cells using a bicistronic retroviral vector that
contains GFP as a reporter. 2H11 cells transfected with empty GFP vector were used as a
control. Real-time RT-PCR showed an increase in OSX mRNA in 2H11-OSX cells
compared to the 2H11-GFP control cells (Figure 5Ci). qRT-PCR for the expression of
osteocalcin, an OSX target gene, showed only a moderate increase in osteocalcin in 2H11-
OSX cells compared to 2H11-GFP control cells (Figure 5Cii, upper panel). However, upon
incubation in differentiation medium with BMP4 for 7 days, there was a significant
difference in the osteocalcin levels between 2H11-OSX and 2H11-GFP cells (Figure 5Cii,
lower panel). Similarly, overexpression of OSX led to a modest but significant increase in
alkaline phosphatase activity in 2H11-OSX cells compared to 2H11-GFP cells (Figure 5Ciii,
upper panel), with the difference more obvious upon BMP4 treatment (Figure 5Ciii, lower
panel). These results suggest that OSX alone is not sufficient to induce EC-to-OSB
conversion of 2H11 cells, similar to the work of Zhu et al.(Zhu et al., 2012) that
demonstrated OSX is necessary but not sufficient to differentiate human mesenchymal stem
cells into osteoblasts. Together, these results suggest that both BMP4 and OSX are required
for EC-to-OSB conversion of 2H11 endothelial cells (Figure 5D).

In the report by Medici et al. (Medici et al., 2010) they showed that endothelial cells possess
a multipotent stem cell-like property and could be triggered to differentiate into osteoblasts,
chondrocytes and adipocytes when treated with BMP4 or TGFB2. It would be of interest to
examine whether BMP4-treated 2H11 cells could be differentiated into adipocyte or
chondrocyte lineage cells in addition to osteoblasts. We found that BMP4-treated 2H11 cells
could not be induced to form adipocytes, while the pluripotent C3H10T1/2 cells could, as
detected by oil red O staining (Figure S7B). Similarly, BMP4-treated 2H11 cells could not
be induced to form chondrocytes, while C3H10T1/2 cells could, as detected by Alcian blue
staining (Figure S7B). We also examined the changes of molecular markers, including
markers of OSB lineage (OSX, Cadl1, Collal), endothelial lineage (Tie2, VE-Cad), and
fibroblast lineage (FSP1, N-cadherin, aSMA, and vimentin) in 2H11 cells treated with or
without BMP4 or TGFB2 using Western blot. We found that BMP4, but not TGFp2,
increases the expression of OSX, Cad11, and Collal (Figure S7C). However, we did not
detect consistent changes in markers of endothelial lineage or fibroblast lineage (Figure
S7C). We also did not detect the expression of cell junction protein ZO-1 in 2H11 cells (data
not shown) and treatment of 2H11 cells with or without BMP4 or TGFB2 did not affect the
migration of 2H11 cells (Figure S7D). Thus, tumor-derived 2H11 cells do not possess the
multipotent stem cell-like properties seen in normal endothelial cells.
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Generation of a genetically engineered trigenic mouse model with endothelial-specific
OSX deletion

Next, we examined the role of EC-to-OSB conversion in PCa-induced osteogenesis in vivo.
Because OSX is necessary for EC-to-OSB conversion, we generated mice with endothelial-
specific deletion of Osx by crossing Osx”' mice with 77e2-Cre*” (B6.Cg-Tg(Tek-
cre)12FIv/], JAX mice database). To allow for implanting human PCa cell lines, the mice
were further crossed with SCID mice. The mating strategy is illustrated in Figure 6A. All of
the mice were on a C57BL/6 background. Mice with the genotype Osx™*-Scia*/* (without
Tie2-cre) are referred to as bigenic, while mice with genotype 7ie2-Cre*’~;Osx™"-Scid"’* are
referred to as trigenic. The tail genotyping results demonstrated that the trigenic mice carried
all transgenes, including Tie2-cre, the floxed Osxallele, and SCID homozygosity (Figure
6A). To determine the efficiency of Osx gene deletion by Tie2-cre, microvascular
endothelial cells were isolated from the lungs of bigenic and trigenic mice using CD31
magnetic beads. Real-time PCR of the genomic DNA in these endothelial cells showed the
presence of cre in the endothelial cells of trigenic but not bigenic mice, and that the level of
Osx gene in the trigenic mice is about 10 % of that in bigenic mice (Figure 6A). These
results suggest that we have established an endothelial-specific OSX knockout trigenic
mouse line.

To examine whether introducing Tie2-Cre to Osx conditional knockout mice has an effect on
vascular or skeletal phenotype of the mice, we first performed histopathological analysis on
a trigenic and a bigenic mice. No obvious skeletal or vascular abnormalities were observed
(Figure S7E). The lymphoid organs exhibited lymphoid atrophy as expected for SCID mice.
We observed rectal prolapse, which may be due to increased infection as the mice are in a
SCID background, in both bigenic and trigenic mice. The skeletal phenotype was further
examined by performing micro-CT on four pairs of age and sex matched bigenic and
trigenic mice. We found that there is no significant difference in the bone mineral density
between bigenic and trigenic mice (Figure S7E). Upon histomorphometry analyses on age
and sex matched littermates, we also did not find significant difference in several
parameters, including BV/TV, BS/BV, BS/TV, Th.Dm, Th.N, and Th.Sp between bigenic and
trigenic mice (Figure S7E). The vascular phenotype of bigenic and trigenic mice was further
examined by Tie2 immunostaining on lung tissue. We found no significant difference in Tie2
staining in lung (Figure S7E). Thus, there is no significant effect of Tie2-Cre:osterix or on
basal skeletal and vascular phenotype.

Endothelial-specific Osx deletion reduces PCa-induced osteogenesis in vivo

Next, we injected C4-2b-BMP4 cells into trigenic or bigenic mice subcutaneously and
compared the ability of C4-2b-BMP4 cells to induce ectopic bone formation. We found a
significant decrease in the amount of bone formation, as revealed by Goldner’s Trichome
staining, when C4-2b-BMP4 cells were grown subcutaneously in trigenic as compared to
bigenic mice (Figure 6B). Because C4-2b cells were generated from castrate-resistant
LNCaP tumors (Wu et al., 1998), we found that C4-2b-BMP4 cells were also able to form
tumors in female trigenic or bigenic mice. There was a decrease in C4-2b-BMP4 tumor bone
volume in female trigenic versus bigenic mice, similar to that observed in the male mice
(Figure 6C). Although deficient of OSX in endothelial cells reduces ectopic bone formation
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by C4-2b-BMP4 cells, these tumors still contain some bone, likely due to insufficient
deletion of Osx by Tie2-cre or from other cellular sources that may contribute to osteoblast
formation.

Finally, we compared the ectopic bone formation of MDA-PCa-118 tumors implanted in
trigenic or bigenic mice. The changes in the formation of mineralized bone were examined
by Goldner’s Trichome staining. We found that there was a significant decrease in the
amount of bone formation when MDA-PCa-118b cells were grown subcutaneously in
trigenic compared to bigenic mice (Figure 7A-7B). In our previous studies, we showed that
PCa-induced bone formation could influence tumor growth (Lee et al., 2011). To examine
whether the inhibition of osteoblast formation from endothelial cells had an impact on tumor
growth, PCa-118b cells were injected into bigenic and trigenic mice on the same day and the
mice were euthanized at the same time point to compare tumor size. We found that the
tumor size in trigenic mice was significantly smaller than in bigenic mice (Figure 7C).
Together, these results suggest that tumor-induced EC-to-OSB conversion is one of the
mechanisms that lead to osteoblastic bone metastasis of PCa.

Discussion

Our studies showed that tumor-induced EC-to-OSB conversion is one mechanism that
contributes to the osteoblastic phenotype of prostate cancer bone metastasis. We showed that
PCa-118b cells secrete factors, e.g., BMP4, which are able to convert tumor-induced
endothelial cells (or other stromal cells) to osteoblasts to form bone, leading to osteoblastic
bone lesions (Figure 7D). Furthermore, we detected the presence of endothelial-osteoblast
hybrid cells that were Tie2 and osteocalcin double-positive along the surface of newly-
formed bone in human PCa bone metastasis specimens. These findings show that EC-to-
OSB conversion occurs clinically. Although EC-to-OSB conversion has reportedly been
involved in ectopic bone formation in other diseases such as FOP (Medici et al., 2010), this
study is the first to link EC-to-OSB conversion to PCa-induced bone formation and the first
to demonstrate the roles of OSX and BMP4 in the process.

Vascular endothelial cells have a remarkable plasticity and have been shown to generate
other cell types through endothelial-to-mesenchymal transition (EndMT). Such plasticity is
required during embryonic development, e.g. in cardiac development (Markwald et al.,
1975). Recently, EndMT was found to be involved in pathological processes, including
cardiac fibrosis, diabetic nephropathy, cancer, and heterotopic bone formation (for review,
see Medici and Kalluri (Medici and Kalluri, 2012)). Here we further show that tumor-
induced EC-to-OSB conversion leads to osteoblastic lesions in PCa bone metastasis. Our
findings are consistent with the histologic analysis of human PCa bone metastasis by
Roudier et al (Roudier et al., 2008), in which they reported that alkaline phosphatase positive
spindle-shaped cells produced osteoid directly in vascularized connective tissue that
supported the tumor. It is likely that these “spindle-shaped cells” were endothelial cells that
had undergone EC-to-OSB conversion.

Interestingly, Klagsbrun’s group (Dudley et al., 2008) showed that endothelial cells isolated
from prostate tumors from TRAMP mice could be calcified. It is possible that these PCa-
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associated endothelial cells had already undergone EC-to-OSB conversion, likely through
factors secreted by the prostate tumor. Thus, PCa may induce EC-to-OSB conversion both in
the primary tumor and metastatic sites.

Factors that have been shown to stimulate EC-to-OSB conversion include BMP and TGFp
family proteins. Among BMP family proteins, BMP2 and BMP4 have been shown to
stimulate EndMT (Ma et al., 2005; McCulley et al., 2008) while BMP7 inhibits EndMT
(Zeisberg et al., 2007b). Among the three TGFp isoforms, TGFR2 is the major isoform
involved in EC-to-OSB conversion (Azhar et al., 2009; Medici et al., 2011; Medici et al.,
2010; Romano and Runyan, 2000), suggesting a unique TGFp2 receptor signal transduction
pathway in endothelial cells. Studies by Medici et al. (Medici et al., 2010) showed that both
TGFp2 and BMP4 could induce normal endothelial cells to undergo EndMT, leading to
bone formation. In our study, we found that only BMP4, but not by TGFp2, could induce
ectopic bone formation in C4-2b PCa cells. While BMP4 is critical in EC-to-OSB
conversion, exogenous overexpression of BMP4 alone in C4-2b tumors did not induce
mineralization in vivo as strongly as that seen in PCa-118b tumors, suggesting the
contribution of additional as-yet unidentified factors. In the mouse model of FOP generated
by expressing constitutively-active ALK2 (caALK2), the presence of inflammatory stimuli
was shown to be required for the development of ectopic ossification (Yu et al., 2008). These
factors remain to be identified.

Besides EC-to-OSB conversion, other mechanisms may also be involved in the formation of
new bone in PCa bone metastasis. One possibility is that pluripotent mesenchymal stem cells
(MSC), which have the potential to give rise to multiple cell types, including osteoblasts
(Bourne et al., 2004; Buttery et al., 2001), are recruited to the tumor site and then
differentiate into osteoblasts. Eghbali-Fatourechi et al. (Eghbali-Fatourechi et al., 2005)
reported that osteoblasts are present in the circulation during periods of normal postnatal
bone development. Otsuru et al. (Otsuru et al., 2008) further suggested that circulating
osteoblasts that originated from bone marrow-derived osteoblast progenitor cells might
contribute to ectopic bone formation in mice. Thus, it is also possible that circulating
osteoblasts may be recruited to areas with increased bone formation. Recently, Joseph et al.
(Joseph et al., 2012) reported that disseminated PCa cells in the bone marrow interact with
the hematopoetic stem cells (HSC) or hematopoetic progenitor cells (HPC), and this led
HSC or HPC to secrete BMP2 or IL-6 to affect osteoblast or osteoclast differentiation. Thus,
PCa cells may affect bone remodeling indirectly through HSC or HPC. Whether these
mechanisms are involved in human PCa bone metastasis awaits further confirmation.

In summary, we have identified endothelial-to-osteoblast conversion as one of the
mechanisms that confer the osteoblastic phenotype in PCa bone metastasis. Our studies not
only revealed mechanistic insights into the unique bone-forming phenotype of PCa bone
metastasis but also provide a new direction for developing treatment strategies for PCa bone
metastasis.
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METHOD DETAILS

Growth and maintenance of PCa-118b tumors

PCa-118b tumors were passaged in SCID mice as follows. The tumor cells in PCa-118b
xenograft were isolated by digesting the tumor with Accumax enzyme mixture
(eBioscience) and dissociated tumor cells were cultured for 48 h in CnT-52 medium
(Millipore), which selectively allows epithelial but not mesenchymal cells to survive in
culture (Lee et al., 2015). The PCa-118b cells in culture were then digested with trypsin and
injected into male SCID mice subcutaneously at 1 million cells per site.

Generation of Col-Luc mice in SCID background

Transgenic mice harboring luciferase and p-galactosidase transgenes (Col-pgal mice) that
were under the control of 2.3 kb segments of the mouse a.1(l) collagen promoter were
generated as described previously (Rossert et al., 1995). Col-Bgal immunodeficient mice
were generated by breeding Col-Bgal mice to SCID immunodeficient mice (Col-pgal/SCID).
Genotyping for the scid allele was performed by PCR of mouse tail DNA followed by Alu |
digestion (Maruyama et al., 2002; Sealey et al., 2002). Mice with homozygous scid alleles
(scid/scid) were used in tumor implantation studies. Mice were maintained in pathogen-free
conditions at the MD Anderson Cancer Center. All manipulations were approved by the MD
Anderson Cancer Center Institutional Animal Care and Use Committee.

B-galactosidase staining

To assess the expression of B-galactosidase activity in 4-day-old transgenic mice, the skin of
mice was removed and whole mice were fixed for 30—40 min in 0.1M NaPO4 (pH 7.3), 2%
formalin, 0.2% glutaraldehyde, 5 mM EGTA, and 2 mM MgCl,. After washing, mice were
stained overnight with X-gal (1 mg/ml) in PBS containing 2 mM MgCl,, 4 mM potassium
ferrocyanide, 5 mM potassium ferricyanide, 0.2% NP-40, and 0.1% sodium deoxycholate.
After which the mice were washed in PBS and photographed. For PCa-118b tumors
implanted in Col-pgal/SCID mice, the tumors were formalin-fixed, X-gal stained, processed
in Histoclear and embedded in paraffin. Tumor sections were counter-stained with eosin.

Reverse transcription and quantitative PCR

Total RNA was extracted from cells using Trizol (InVitrogen) and further purified by
RNAeasy mini kit plus DNase | treatment (Qiagen). The relative mRNA level for each gene
was quantified by real-time RT-PCR with SYBR Green (Applied Biosystems), using Gapah
as a control.

Immunostaining and immunohistochemistry

Formalin-fixed and paraffin-embedded (FFPE) PCa-118b sections were dewaxed,
rehydrated, and antigen retrieved using Target Retrieval solution (Dako) according to
manufacturer’s instructions. Sections were blocked in a buffer of 5% normal serum or MOM
blocking solution (Mector Lab PK-2200) for mouse primary antibodies, followed by
overnight incubation with primary antibody at 4°C. Sections were washed and incubated
with Alexa fluor-conjugated secondary antibodies accordingly. Nuclei were counterstained
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by DAPI. Goldner’s Trichrome staining was performed on rehydrated FFPE sections using
aniline blue (Dorn and Hart Microedge Inc). Microscope images were taken on either an
Olympus 1X71 fluorescence microscope or an Olympus Confocal F\VV1000 microscope.
Large images were scanned and analyzed by Aperio ImageScope software.

Isolation of tumor cells or stromal cells from PCa-118b tumors

PCa-118b tumors were dissected, cut into small pieces, and digested with Accumax
(eBioscience), which contains a mixture of proteases including trypsin. The undigested
fraction was collected by filtering the mixture through a 100 um cell strainer. The filtered
fraction that contained PCa-118b cells was centrifuged at 400xg and the cells were collected
(15t-isolate). The undigested fraction was further digested with collagenase P and trypsin/
EDTA, filtered through a 100 pm cell strainer, and centrifuged at 400xg to collect the cells
(2"d-isolate).

Cell differentiation assays

2H11 cells were cultured in serum-free DMEM medium for 48 hours followed by treatment
of BMP4 or TGFp2 for 2 to 3 days. For differentiation to osteoblasts, 2H11 cells were
cultured in StemPro osteoblast differentiation medium (InVitrogen) for 7 to 21 days. For
adipogenic or chondrogenic differentiation, C3H10T1/2 and 2H11 cells were cultured in
StemPro adipogenic or chondrogenic differentiation culture medium (InVitrogen) containing
the appropriate stimuli to induce lineage-specific differentiation. Oil Red O staining for
adipocytes was performed for 30 min on cells grown in adipogenic medium for 10 days.
Alcian blue staining for chondrocytes was performed for 30 min on cells cultured in
chondrogenic medium for 14 days.

Alkaline phosphatase activity and mineralization assays

For alkaline phosphatase staining, the culture was fixed with 10% formalin for 1 min and
incubated with BCIP/NBT at room temperature for 5-10 min. For Alizarin staining, the
formalin-fixed cells were covered with freshly prepared Alizarin Red S solution and
incubated at room temperature in the dark for 45 min. Von Kossa staining was performed by
treating formalin-fixed cells in 5% silver nitrate, placed in a UV crosslinker for 2 cycles, and
washed with water.

Generation of C4-2b cell line overexpressing BMP4 or TGFB2

C4-2b-LT cells were generated by transfecting C4-2b cell with luciferase reporter and red
fluorescent protein-Tomato using bicistronic retroviral vector pBMN-luc-tomato as
previously described (Huang et al., 2010). C4-2b-LT cells expressing BMP4 or TGFp2 were
generated as follows. To generate C4-2b-BMP4 or C4-2b-TGFp2 cells, cDNAs encoding
human BMP4 or TGFP2 were inserted into the bicistronic retroviral vector pBMN-I-Neo
and C4-2b-LT cells were infected with retroviruses containing BMP4, TGFp2, or empty
vector. The cells were selected by G418.
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Knockdown and overexpression of OSX in 2H11 cells

To knockdown OSX in 2H11 cells, shOSX-vector and five shOSX clones in GIPZ lentiviral
vector were used. 2H11-shOSX#1 and 2H11-shOSX#5 were used in this study. 2H11 cells
overexpressing OSX (2H11-OSX) were generated by infecting 2H11 cells with retroviral
particles generated from the plasmids pBMN-OSX-GFP, constructed by inserting cDNA
encoding for mouse OSX into pBMN-I1-GFP vector. Control cells (2H11-GFP) were
generated by infecting cells with the retroviral vector pBMN-1-GFP.

Generation of Tie2¢"®/Rosa-tdTomato reporter and Tie2¢"€/Osxf/SCID mice

TEK-Cre (B6.Cg-Tg12FIlv #004128, Jackson laboratory) mice were bred with B6.Cg-
GI(ROSA)2650r (Rosa-tdTomato) mice (#007914 Jackson Laboratory) to create the Tie2-
Cre/Rosa-tdTomato mouse. Male mice were used for /n vivo lineage tracing study. Tumor
cells were injected into right femur of the mouse. After five weeks, mice were subjected to
radiograph. Femurs were fixed in PFA, decalcified in EDTA, and embedded in OCT for
cryosections. Mice with the conditional osx allele osx/f were generated previously (Zhou et
al., 2010). To generate 77e2"¢/ Osxf1 SCID mice, we crossed osx'/f mice with B6.CB17-
Prkdcs€'/5zJ SCID mice (#001913, Jackson Laboratory) and TEK-Cre mice. Genotyping
for Tie2-creand SC/D allele was done by PCRs, following the protocols from the Jackson
laboratory. Genotyping for conditional osx alleles was performed using the forward primer
5’-CTT GGG AAC ACT GAA GCT GT-3’ and the reverse primer 5’-CTG TCT TCA CCT
CAA TTC TAT T-3’ in a PCR reaction of 3 minutes at 95°C, 35 cycles of 30 seconds at
94°C, 30 seconds at 58°C, 1 minute at 72°C, and completed with final extension 5 minutes
at 72°C. Both male and female mice were used in xenograft studies.

Bone histomorphometry

Femurs were sectioned at 5 um thickness in a longitudinal plane. The sections were
subsequently stained for Von Kossa (silver staining) to visualize mineralization.
Measurements were performed in the mid-cancellous region of the distal metaphysis of the
femur on 2 sections spaced 75 pm apart. The region of interest extends 1.5 mm proximally
from the distal growth plate excluding a 150 pm region adjacent to the cortical bone and
growth plate. Referent data, e.g. BV, TV and BS, from the measurements was pooled from
both sections. All other indices were derived from these 3 parameters. The rod model was
used to calculate the Trabecular Diameter (Th.Dm), the Trabecular Number (Th.N) and the
Trabecular spacing (Th.Sp) as the trabecular bone in long bones is more rod-like or
cylindrical in shape.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Osteoblasts in human PCa bone metastasis specimens co-express osteocalcin
and Tie2

Human prostate cancer bone metastases express high levels of BMP4
BMP4 induces tumor-associated endothelial cells to become osteoblasts

Deletion of Osxin endothelial cells in mice reduces PCa-induced bone
formation
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Figure 1. Ectopic bone in PCa-118b xenograft originates from the mouse host
(A) Consecutive sections of subcutaneous tumors generated from PCa-118b or C4-2b cells

were stained with Goldner’s Trichome or hematoxylin & eosin. T, tumor. Scale bar, 50 um.
(B) p-galactosidase expression in a Col-BGal/SCID mouse. (i) 2.3 kb Col/la1-driven B-gal
construct in Col-BGal/SCID mouse. (ii) Left, p-galactosidase activity in lysates prepared
from indicated tissues of a 4 day-old Col-pGal/SCID pup. Right, detection of B-
galactosidase activity using X-gal as a substrate in the skull, rib, and hind limb of a 4 day-
old Col-BGal/SCID mouse. (iii) X-gal staining of a femur from an adult Co/- pGal/SCID
mouse. Right, higher magnification of the boxed area on the left. Arrows, osteocytes;
arrowheads, osteoblasts. Scale bar, 250 pm. (C) PCa-118b tumors in a Col-BGal/SCID
mouse. (i) Radiograph of a calcified subcutaneous PCa-118b tumor (circled) in a Col-BGal/
SCID mouse. (ii) X-gal staining of a PCa-118b tumor containing immature bone. Immature
bone showed lighter eosin staining compared to the mature bone. (iii) X-gal staining of a
PCa-118b tumor containing mature bone. Right, higher magnification of the boxed area on
the left. Scale bar, 250 um. (D) qRT-PCR for the expression of mouse or human osteocalcin
from RNA prepared from PCa-118b whole tumor or isolated PCa-118b cells. (E) Diagram
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illustrating the mouse origin of osteoblasts in the tumor-induced bone. Osteoblasts observed
in PCa-118b xenograft are from mouse cells that are recruited into the tumor.
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Figure 2. Osteoblasts in tumor-associated bone co-express endothelial cell and osteoblast
markers
(A) Primary mouse osteoblasts isolated from 2—-4 day old newborn calvaria were

immunostained with antibodies against Tie2 and osteocalcin. Nuclei were stained with
DAPI. Primary mouse osteoblasts expressed osteocalcin but not Tie2. In contrast, mouse
endothelial cells expressed Tie2 but not osteocalcin. Scale bar, 50 um(see also Figure S1).
Representative sections of PCa-118b tumor co-stained with (B) osteocalcin and Tie-2
antibodies or (C) EpCAM and osteocalcin. Areas containing bone or tumor are shown.
Boxed areas are enlarged in insets. B, bone; T, tumor. (D) Procedure for enrichment of
different cell populations from a PCa-118b tumor. First cell isolate, tumor cell enriched
population; second cell isolate, osteoblast enriched population. Immunostaining of first and
second cell isolates with (E) antibody against EpCAM or (F) antibodies against Tie2 and
osteocalcin (see also Figure S2A). (G) Immunostaining of osteocalcin (OCL) and Tie2 in
human PCa bone metastasis specimens. Upper, a specimen from laminectomy. Lower, a
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specimen from needle biopsy (see also Figures S3 and S4). (H) Diagram illustrating that
some of tumor-associated endothelial cells are likely converted to osteoblasts based on the
results from the expression of cell-specific markers. Scale bars, 25 pm.
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Figure 3. Effects of BMP4 or TGFB2 on EC-to-OSB conversion in vitro and in vivo
(A) 2H11 endothelial cells were incubated in differentiation medium with indicated

concentrations of BMP4 or TGFB2 for 7 days. Left, the culture was stained with alkaline
phosphatase substrate. Middle, cell lysates were incubated with p-nitrophenylphosphate and
the OD4g5 measured. Right, alkaline phosphatase activity was normalized with the protein
concentration. (B) gRT-PCR using primers for mouse osteocalcin on RNA from 2H11 cells
treated with indicated concentrations of BMP4 or TGFp2 for 2 or 3 days. The relative level
of osteocalcin RNA induced in 2H11 cells was compared to that of mouse calvaria (PMO).
(C) Alizarin Red S staining or (D) von Kossa staining of 2H11 cells in differentiation
medium treated with BMP4 or TGFR2 for 21 days. Right panels, quantification of the
stainings using image J. (E) Western blot of 2H11 cell lysates prepared as in (B) using
Cad11 or actin antibody. Right, quantification of Cad11 levels relative to actin. (F)
Characterization of C4-2b-vector, C4-2b-BMP4, and C4-2b-TGFp2 cells. Left, RT-PCR
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using primers specific for BMP4 or TGF2. GAPDH message was used as a control.
Middle, Western blot for the expression of TGFB2 protein in the conditioned media. Right,
ELISA for the expression of BMP4 in the conditioned media. (G) Histological analyses of
C4-2b-vector, C4-2b-BMP4, and C4-2b-TGFB2 tumors by H&E and Goldner’s trichrome
staining. Right, quantification of mineralized area in tumors based on Goldner’s trichrome
staining. Scale bars, 50 pm. (H) von Kossa staining of C4-2b-vector, C4-2b-BMP4, and
C4-2b-TGFB2 tumors and its quantification (right) in tumor sections. Scale bars, 50 um. (1)
Representative immunohistochemistry images of primary prostate cancer or bone biopsies
stained for BMP4. Scale bar, 200 um. Densitometry analyses of BMP4 expression in human
prostate cancer specimens were quantified by Aperio ImageScope software. Data are
presented as mean plus SEM. p value was determined by t-test. (J) Diagram illustrating that
tumor secreted BMP4 is one of the factors produced by tumor cells that induce EC-to-OSB
conversion to form ectopic bone.
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Figure 4. Co-localization of osteocalcin and tdTomato in osteoblasts of tumor-induced bone in
Tie2Cre/RosatdTomato mgyse

In vivo lineage tracing of tumor-induced osteoblasts in Tie2C"¢/RosatdTomato mice, TRAMP-
BMP4 cells (1 million) were injected into right femur of either Rosa-tdTomato or Tie2C"e/
RosatdTomato mjce for seven weeks. Mice were subjected to radiograph analysis (A, left
panel). Femurs were collected for micro CT (A, right panel). (B) Histological analyses.
Scale bars are at 50 pm of x400 magnification (top panel) and at 50 pm of x200
magnification (bottom panel). (C) Immunostaining of osteocalcin. Confocal images of the
co-expression of Tie2 (tdTomato) and osteocalcin (green). Scale bars are at 100 pm of x400
magnification. Arrowheads point to the tumor-induced osteoblasts.
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Figure 5. Role of OSX in EC-to-OSB conversion
(A) Left, gRT-PCR for the levels of OSX messages in BMP4 or TGFp2-treated 2H11 cells.

Right, western blot of lysates from BMP4 or TGFp2-treated 2H11 cells with anti-OSX
antibody. (B) gRT-PCR for OSX mRNA in 2H11-vector, 2H11-shOSX#1, and 2H11-
shOSX#5 cells (left panel). When compared to 2H11-vector cells, osteocalcin expression
induced by BMP4 was significantly reduced in 2H11-shOSX#1 and 2H11-shOSX#5 cells in
mRNA (middle panel) and protein levels (right panel). (C) (i) gRT-PCR for OSX mRNA in
2H11, 2H11-GFP, and 2H11-0OSX cells. (ii) Upper, gRT-PCR of osteocalcin mRNA upon
incubation in differentiation medium with BMP4 for 7 days. Lower, Western blot of OSX
protein in 2H11-GFP and 2H11-OSX cells cultured in differentiation medium with BMP4
for 7 days. (iii) Upper, alkaline phosphatase activity in 2H11, 2H11-GFP, and 2H11-OSX
cells. Lower, alkaline phosphatase activity in 2H11-GFP and 2H11-OSX cells cultured in
differentiation medium with BMP4 for 7 days. (D) Diagram illustrating that both BMP4 and
OSX are necessary for EC-to-OSB conversion.
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Figure 6. Tumor-induced ectopic bone in C4-2b-BMP4 tumors is significantly reduced in mice
with endothelial-specific deletion of OSX o
(A) Design and generation of bigenic OSX"#/B6ci/5¢id and endothelial-specific OSX

knockout trigenic 77e25"¢/OSX7t/B6SEiA/Scid mice. Upper right, mouse genotypes were
determined by PCR. Lower right, gPCR for Cre or OSX in genomic DNA prepared from
microvascular endothelial cells isolated from the lungs of bigenic and trigenic mice using
CD31 magnetic beads. (B) H&E and Goldner’s trichome staining of C4-2b-BMP4 tumors
generated in male trigenic and bigenic mice. Right, quantification of ectopic bone in tumors.
Scale bars, 100 pm. (C) C4-2b-BMP4 tumors generated in female trigenic and bigenic mice.
Right, quantification of ectopic bone in tumors. n, number of tumor samples in each group.
Scale bars, 50 um.
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Figure 7. Tumor-induced ectopic bone in PCa-118b tumors is significantly reduced in mice with
endothelial-specific deletion of OSX

(A) H&E and Goldner’s trichome staining of PCa-118b tumor generated in male bigenic
OSX7/BESCIe/scid and trigenic Tie2ee/OSX/BESEid/Scid mice described in Fig. SA. Right,
quantification of ectopic bone in tumors in males. n, number of tumor samples. (B) H&E
and Goldner’s trichome staining of PCa-118b tumor generated in female bigenic and
trigenic mice. Right, quantification of ectopic bone in tumors in females. n, number of tumor
samples in each group. (C) Quantification of tumor weight of PCa-118b tumors in male
bigenic and trigenic mice. (D) Model of PCa-induced bone formation through endothelial-
to-osteoblast conversion. PCa cells secrete factors, e.g. BMP4, which induce OSX
expression in endothelial cells (or other stromal cells), leading to EC-to-OSB conversion.
The EC-to-OSB conversion is one mechanism accounting for the characteristic osteoblastic
bone lesion of PCa. Scale bars, 50 um.
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