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TGF-b plays a central role in prostate cancer (PCa) bone metastasis, and it is crucial to understand the
bone cellespeciﬁc role of TGF-b signaling in this process. Thus, we used knockout (KO) mouse models
having deletion of the Tgfbr2 gene speciﬁcally in osteoblasts (Tgfbr2Col1CreERT KO) or in osteoclasts
(Tgfbr2LysMCre KO). We found that PCa-induced bone lesion development was promoted in the
Tgfbr2Col1CreERT KO mice, but was inhibited in the Tgfbr2LysMCre KO mice, relative to their respective control
Tgfbr2FloxE2 littermates. Since metastatic PCa cells attach to osteoblasts when colonized in the bone
microenvironment, we focused on the mechanistic studies using the Tgfbr2Col1CreERT KO mouse model. We
found that bFGF was upregulated in osteoblasts from PC3-injected tibiae of Tgfbr2Col1CreERT KO mice and
correlated with increased tumor cell proliferation, angiogenesis, amounts of cancer-associated ﬁbroblasts
and osteoclasts. In vitro studies showed that osteoblastogenesis was inhibited, osteoclastogenesis was
stimulated, but PC3 viability was not affected, by bFGF treatments. Lastly, the increased PC3-induced
bone lesions in Tgfbr2Col1CreERT KO mice were signiﬁcantly attenuated by blocking bFGF using neutralizing antibody, suggesting bFGF is a promising target inhibiting bone metastasis.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Bone metastases have been found in 70e90% of the patients
who die of prostate cancer (PCa) [1]. It is known that metastatic
cancer cells secrete factors such as parathyroid hormone-related
protein (PTHrP) that regulate osteoblasts to stimulate the maturation of osteoclasts. Osteoclasts resorb bones to release growth
factors such as transforming growth factor beta (TGF-b) from the
bone matrix. These factors in turn promote further tumor growth
and bone destruction in a “vicious cycle” [2e6]. However, the bone
cell-speciﬁc role of TGF-b signaling in PCa bone metastases is not
clear.
TGF-b signaling occurs when ligand binds to the TGF-b type II
receptor (TGFBR2). Upon ligand binding, TGFBR2 phosphorylates
TGFBR1, which further phosphorylates the Smad transcription
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factor to activate downstream TGF-b/Smad signaling [7]. Therefore,
to answer these questions, we used genetically engineered mouse
models with deletion of the TGFBR2 in osteoblasts, Tgfbr2Col1CreERT
knock-out (KO), or in osteoclasts, Tgfbr2LysMCre KO. These mice were
crossed to Rag-2 knockout immunodeﬁcient mice (Rag2/) so that
they were able to grow human tumors. Intratibial or intracardiac
PCa cell injections were used for our studies of bone metastases [8].
We found that the bone lesions developed from PC3 PCa cells were
signiﬁcantly promoted in Tgfbr2Col1CreERT KO mice, but inhibited in
Tgfbr2LysMCre KO mice, relative to those in their respective control
Tgfbr2FloxE2 mice, suggesting a metastasis-promoting role of TGF-b
signaling loss in osteoblasts, and a metastasis-inhibiting role of
TGF-b signaling loss in osteoclasts.
It is also known that metastatic PCa cells attach to osteoblasts in
order to establish growth in the bone microenvironment [9].
However, the contributions of osteoblasts to bone metastasis are
not clear and we need to identify a better target blocking these
effects. Using the Tgfbr2Col1CreERT KO mouse model, we identiﬁed
basic ﬁbroblast growth factor (bFGF) as the mediator of the
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metastasis-promoting effect from osteoblasts. Furthermore, we
dissected the functional role of bFGF on bone cells and PC3 cells.
bFGF treatments were shown to promote osteoclastogenesis,
inhibit osteoblastogenesis, but had no direct effect on PC3 cell viabilities in vitro.
Altogether, our study deﬁned a PCa metastasis-promoting effect
from loss of TGF-b signaling in osteoblasts, delineated the mechanism of its action, and identiﬁed bFGF as a potential target that
could block this effect.
2. Materials and methods
2.1. Cells, animals, and reagents
The PCa cell lines PC3 and DU145 were purchased from the
American Type Culture Collection (ATCC; Manassas, VA) and were
cultured in RPMI-1640 supplemented with 10% fetal bovine serum
(FBS).
Tgfbr2FloxE2 mice [10] were bred with Col1aCreERT mice [11] or
LysmCre mice to generate Tgfbr2Col1CreERT, or Tgfbr2LysmCre KO [12]
mice, respectively. These mice were further bred to mT/mG (JAX,
007676) reporter mice for the visualization of Cre activity, and to
Rag-2 (JAX, 008449) KO mice, whose immunodeﬁciency allows for
the inoculation of human cells. All of the mice were bred, maintained, and used in this study with approval of the VARI Institutional Animal Care and Use Committee and the Department of
Defense Prostate Cancer Research Program (DOD PCRP) Animal
Care and Use Committee. The breeding (1 male and 2 females per
cage) and maintaining (4 males or 5 females per cage) of these mice
were kept in a speciﬁc pathogen free barrier facility. The experimental mice were transferred to a conventional, non-barrier space
for all the procedures and were euthanized at endpoint for tissue
analyses.
Details of the reagents used in the studies, including the catalogue, doses, and applications, are listed in Supplemental Table 1.
2.2. Injections and radiographic imaging
To generate the Tgfbr2Col1CreERT KO mice, Cre-positive male mice
at age 4e5 weeks were intraperitoneally (i.p.) injected with
tamoxifen (40 mg/g body weight) for 5 d. At 5e7 d after the last
injection, the mice were randomly allocated for treatment. The Crenegative littermates were treated the same as the Cre-positive mice
and served as Tgfbr2FloxE2 control mice. For intratibial injections,
one million PC3 or DU145 PCa cells in 10 ml of PBS were injected
into the left tibia, and 10 ml of PBS was injected into the contralateral tibia as a control. For intracardiac injections, 200,000 PC3 cells
in 100 ml of PBS were injected per mouse.
Mice were imaged using Bioptics piXarray Digital Specimen
Radiography (Faxitron Bioptics) weekly for bone lesion development. Mice that never developed lesions were considered technical
injection failures and were excluded from the studies. No data
points from mice with successful injections were excluded from the
data set. The bone lesions were counted and areas were measured
from X-rays using MetaMorph (Molecular Devices, Inc.). All deﬁned
regions of interest (ROIs) were analyzed. The cell preparations, injections, imaging, and bone lesion analysis were performed blinded
by individuals of our lab.
Mouse tibiae were harvested in 70% ethanol and subjected to
microcomputed tomography (mCT) scanning and imaging using a
SKYSCAN 1172 mCT instrument (Bruker, Ettlingen, Germany). The
trabecular ROI extended 8 mm from the subchondral plate in the
distal direction in order to include all potential tumor areas. SkyScan software (DataViewer, CTAn, and CTVox) was used to determine the three-dimensional structural parameters, including BV/

TV, Tb.Th, Tb.Sp, Tb.N, BMD, mean total cross-sectional bone
perimeter (B.Pm), average object equivalent circle diameter per
slice (Av.Obj.ECD), and cross-sectional thickness (Cs.Th). All
measured variables in the left tibiae with PCa were normalized to
right tibiae.
2.3. Histological and histomorphometry analyses
Mouse tibiae were harvested, ﬁxed, processed, sectioned,
stained, and analyzed as previously described [12,13]. Sections
were stained for TRAP and with H&E to conﬁrm the osteoclast and
osteoblast identity and were subjected to histomorphometry analyses of tumor burden and bone cells using Bioquant system imaging software 2014 (Nashville, TN). IHC or immunoﬂuorescence
was performed on the serial sections.
2.4. Protein or RNA extractions, western blots, and qRT-PCR
Tibiae were harvested and snap-frozen in liquid nitrogen and
then were homogenized using FastPrep-24 (MP Biomedicals) for
protein or total RNA extractions [12]. For western blots, 40 mg of
total protein per sample was used. For cytokine arrays, equal
amounts of protein per tibia were pooled from three mice (either
Tgfbr2FloxE2 or Tgfbr2Col1CreERT KO littermates) 3 weeks after PC3
tibial injection. qRT-PCR was performed using SYBR Supermix (BioRad, Hercules, CA) on the ABI machine. Primers were customsynthesized (IDT, Coralville, IA). The sequences of the primers are
listed in Supplemental Table 2.
2.5. Bone marrow differentiation
For osteoblastogenesis, mouse bone marrow cells from
Tgfbr2FloxE2 mice were used. On the third day of culture, these bone
marrow cells were infected with either adeno-Cre or adeno-GFP to
generate either Tgfbr2 KO (OB_KO) or Tgfbr2 Flox (OB_Flox) control
cells, respectively. These cells were then further differentiated for
another 7 d in a-MEM medium supplemented with 10% FBS and
50 mg/ml of ascorbic acid. The media was changed every 3 d until
the end of the experiments. Alkaline phosphatase (ALP) staining
was performed.
For osteoclastogenesis, the bone marrow cells from either
Tgfbr2Col1CreERT KO or Tgfbr2FloxE2 mice were counted and cultured in
a-MEM with 30 ng/ml macrophage colony-stimulating factor
(MCSF) on the ﬁrst day. On the second day, the non-adherent cells
were collected and replated with aMEM (10% FBS þ 30 ng/ml
RANKL [receptor activator of nuclear factor kappa-B
ligand] þ 30 ng/ml MCSF). The medium was then changed every
3 days until day 7 or 8. TRAP staining was performed at the end
points.
2.6. Statistical analysis
Longitudinal bone lesion data were analyzed via a linear mixedeffect model. Linear contrasts with a false discovery rate correction
were used to test for signiﬁcant differences in bone lesion growth
rates, and bootstrap hypothesis testing with 1000 resampled data
sets was used to test for differences in total lesion area between
groups at speciﬁc time points. For experiments without repeated
measures, data were analyzed via two-way ANOVA when there
were two independent variables; otherwise, a two-tailed Student's
t-test was used. Normality assumptions were assessed visually via
QQ-plots; no concerning deviations were detected. The incidence
of bone lesions was analyzed via log-rank tests. t-Tests and ANOVAs
were done via Graphpad and all other analyses via R v 3.2.2. For all
analyses, P < .05, two-sided was considered signiﬁcant.
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3. Results
3.1. Loss of TGF-b signaling in osteoblasts promoted, but in
osteoclasts inhibited, PC3 bone lesions
To study the role of TGF-b signaling in osteoblasts in PCa bone
metastasis, the genetically engineered mouse model, Tgfbr2Col1CreERT
KO mice were used. The osteoblast-speciﬁc Cre expression
and activation of the Tgfbr2Co1lCreERT KO mice were conﬁrmed by
genotyping and IHC analysis of GFP expression in the mouse tibiae.
The expression of the TGF-b signaling downstream transcription
factor p-Smad2 was also determined. p-Smad2 was expressed in
osteoblasts from Tgfbr2FloxE2 mice tibiae, but loss of p-Smad2 was
found in the GFP-positive Tgfbr2Col1CreERT KO osteoblasts (Fig. 1A).
The tibiae from Tgfbr2FloxE2 and Tgfbr2Col1CreERT KO mice were
analyzed using histomorphometry, whole-body X-rays, and
microCT (Supplemental Fig. 1); no signiﬁcant differences were
found between the bone tissues of the KO and control littermates.
PC3 cells were intracardially injected into these mice. A signiﬁcant
increase of bone lesion development was observed in the
Tgfbr2Col1CreERT KO mice relative to Tgfbr2FloxE2 mice (Fig. 1BeC). H&E
staining of the mouse bone conﬁrmed the growth of PC3 tumor in
the larger osteolytic bone lesion areas in the Tgfbr2Col1CreERT KO mice
(Fig. 1D). To determine whether there are same effects when PCa
cells colonized in the bone microenvironment, PC3 cells were
intratibially injected into the mice and the development of bone
lesions was monitored. Signiﬁcantly larger bone lesion areas in the
Tgfbr2Col1CreERT KO mice tibiae relative to Tgfbr2FloxE2 mice were
indeed observed at the second, third, and fourth weeks after injection (Fig. 2A). The differences of PC3 bone lesions between
Tgfbr2Col1CreERT KO and Tgfbr2FloxE2 mice were further conﬁrmed
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using three-dimensional microCT. We found a signiﬁcant decrease
in the bone volume/tissue volume (BV/TV) ratio and trabecular
number (Tb.N), as well as increased trabecular separation (Tb.Sp) in
the PC3-injected Tgfbr2Col1CreERT KO mice tibiae (Fig. 2B). The
trabecular thickness (Tb.Th) and bone mineral density (BMD)
values were not signiﬁcantly changed (data not shown). In addition,
the increased bone lesion areas in Tgfbr2Col1CreERT KO mice
compared to those from Tgfbr2FloxE2 mice were also observed using
DU145, at the 5th and 7th weeks after cancer cell intratibial injections (Supplemental Fig. 2AeC). The median time to bone lesion
detection was signiﬁcantly shorter in Tgfbr2Col1CreERT KO mice (3
weeks) than 5 weeks in Tgfbr2FloxE2 mice.
On the other hand, to study the role of TGF-b signaling in osteoclasts in bone metastasis, the genetically engineered mouse
model, Tgfbr2LsyMCre KO mice were used. In the intratibial injection
bone metastasis models, PC3-induced bone lesions were signiﬁcantly smaller in Tgfbr2LysMCre KO mice relative to their respective
Tgfbr2FloxE2 littermates at the third and fourth weeks after injection
(Fig. 2C).
3.2. Loss of TGFBR2 in osteoblasts provided a hospitable bone
microenvironment for PC3 tumors
To explore the cellular and molecular mechanism by which loss
of TGFBR2 promoted PC3 bone lesions, we performed IHC analysis
of CD31 (for angiogenesis) and of phosphorylated histone H3 (pHH3; for proliferation); immunoﬂuorescence analysis (IF) for GFP
and alpha-smooth muscle actin [a-SMA]); and bone histomorphometry analyses in PC3-injected tibiae. Relative to the
Tgfbr2FloxE2 mice, Tgfbr2Col1CreERT KO mice had signiﬁcant increases
in tumor cell proliferation (1.7-fold increase in positive IHC staining

Fig. 1. PC3 bone metastases were promoted in Tgfbr2Col1CreERT KO mice. A) IHC of GFP and p-Smad2. Red lines indicate osteoblasts. IHC was done on serial sections of parafﬁn
embedded mouse tibiae. GFP-positive cells (an indication of Cre activity) were speciﬁcally detected in osteoblasts of Tgfbr2Col1CreERT KO mice, concurrent with the loss of p-Smad2
(scale bar, 100 mm for the insets). B) In the PC3 intracardiac injection model, metastatic bone lesion development was signiﬁcantly promoted in Tgfbr2Col1CreERT KO mice than those in
Tgfbr2FloxE2 mice (linear mixed-effects model with a random intercept, *P  .05, n  4). C) Whole body x-ray images show bone lesions in the mice at 6 wks post PC3 intracardiac
injections, indicated by red arrows. D) Red outlines indicated the PC3 tumor growth in the bone lesion areas in H&E staining pictures of PC3 metastasized bones at 6 wks post
injections.
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Fig. 2. PC3-induced osteolytic bone lesions were increased in Tgfbr2Col1CreERT KO mice, but decreased in Tgfbr2LysMCre KO mice. A) Graph shows the mean bone lesion area in
PC3-injected mouse tibiae. Signiﬁcant increases in bone lesion areas were found in Tgfbr2Col1CreERT KO mice relative to those in Tgfbr2FloxE2 mice (linear mixed-effects model with a
random intercept, ***P  .001, n  10). Red outlines indicated the bone lesion areas measured in the X-ray pictures, and tumor growth in the H&E staining pictures. B) Quantitative
microCT analyses. Signiﬁcant decreases in trabecular bone volume/tissue volume (BV/TV), trabecular bone number (Tb.N), but increased trabecular bone separation (Tb.Sp), were
found in Tgfbr2Col1CreERT KO tibiae, relative to tibiae from Tgfbr2FloxE2 mice by student t-test, two-tailed, *P  .05, n  9. All data were normalized to the contralateral tibia. C) Graph
shows the mean bone lesion area in PC3-injected mouse tibiae. Signiﬁcant decreases in bone lesion areas were found in Tgfbr2LysMCre KO mice relative to those in Tgfbr2FloxE2 mice
(linear mixed-effects model with a random intercept, ***P  .001, n  10). Red outlines indicated the bone lesion areas measured in the X-ray pictures, and tumor growth in the H&E
staining pictures.

of PCa cells for p-HH3); microvessel density (2.2-fold increase in
CD31-positive microvessels); osteoclastogenesis (5.2-fold increase
in tartrate-resistant acid phosphatase [TRAP] staining of osteoclasts); and CAF formation (3.1-fold increase in a-SMA staining

cells) (Fig. 3AeD). These data suggest that loss of TGF-b signaling in
osteoblasts has a metastasis-promoting effect on PC3-induced bone
lesion development, which is correlated with increases of tumor
cell proliferation, angiogenesis, numbers of CAFs and osteoclasts.
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Fig. 3. Proliferation, angiogenesis, cancer-associated ﬁbroblasts, and osteoclasts were increased in PC3-induced bone lesions in Tgfbr2Col1CreERT KO mice. A-B) Representative
IHC staining and quantiﬁcation of CD31, phosphorylated-histone H3 (P-HH3), and C) representative tartrate-resistant acid phosphatase (TRAP) staining and bone histomorphometry
analysis. D) Representative immunoﬂuorescence and quantiﬁcation of the a-SMA positive ﬁbroblasts, normalized to the number of GFP-positive PC3 cells. t-test, two-tailed, *P  .05,
**P < .01, n  3.

3.3. bFGF was identiﬁed as one of the cytokines upregulated in
Tgfbr2Col1CreERT KO mice
We compared the expression proﬁles of cytokines and growth
factors between the PC3-injected tibiae from Tgfbr2FloxE2 and
Tgfbr2Col1CreERT KO mice using cytokine array (Supplemental Fig. 3).
Conﬁrmed by enzyme-linked immunosorbent assay (ELISA), bFGF
was the top up-regulated factor in PC3-injected tibiae from
Tgfbr2Col1CreERT KO mice relative to those from Tgfbr2FloxE2 or PBSinjected Tgfbr2Col1CreERT KO mice (Fig. 4A). Using IHC staining, we
detected the increased bFGF prominently in cancer-associated osteoblasts (Fig. 4E). Using species speciﬁc PCR, we found that mouse,
but not human, bFGF mRNA was increased in the PC3-injected, but
not PBS-injected, Tgfbr2Col1CreERT KO tibiae (Fig. 4BeD). Thus,
increased bFGF in cancer-associated osteoblasts was associated
with PC3-injected tibiae from Tgfbr2Col1CreERT KO mice, which have
larger bone lesion areas than those from the Tgfbr2FloxE2 mice.

3.4. bFGF promoted osteoclastogenesis, inhibited
osteoblastogenesis, but had no effect on PC3 viability in vitro
To delineate the effects of bFGF on tumor cells and bone cells,
which are involved in PC3 bone lesion development, and also to
determine whether the role of bFGF depends on osteoblast TGFBR2
expression. Osteoclasts were differentiated from the bone marrow
cells of Tgfbr2Col1CreERT KO mice or Tgfbr2FloxE2 mice. We found that
cells exposed to bFGF had a dose-dependent, signiﬁcant increase in
osteoclastogenesis. Mature osteoclasts were identiﬁed as both
TRAP-positive staining and the presence of at least three nuclei per
cell (Fig. 5A). No differences in osteoclastogenesis between
Tgfbr2FloxE2 and Tgfbr2Col1CreERT KO mice were found with or without
bFGF treatment. The data indicates that the osteoclastogenesis or
bFGF-stimulated osteoclastogenesis were not dependent on the
pre-exposed osteoblast TGF-b signaling effects.
We also found that bFGF inhibited osteoblastogenesis as

identiﬁed by positive ALP-staining cells (Fig. 5B). No signiﬁcant
differences in osteoblastogenesis were found between OB_Flox and
OB_KO bone marrow cells with or without bFGF treatments, suggesting that cell autonomous TGF-b signaling did not signiﬁcantly
affect osteoblastogenesis or its inhibition by bFGF.
Furthermore, we found bFGF had no direct effect on PC3 cell
viabilities at the doses (0.1e5.0 ng/ml) and time courses (24e48 h)
examined (Fig. 5C).

3.5. bFGF mediated the increased PC3-bone lesions in
Tgfbr2Col1CreERT KO mice
To determine the functional role of bFGF in PC3 bone lesion
development in the context of TGFBR2 loss in osteoblast, we performed rescue studies. One day after PC3 intratibial injection, bFGF
recombinant protein or BSA as vehicle control was given to the
Tgfbr2FloxE2 mice; neutralizing antibody for bFGF (Ab-bFGF) or
control IgG was given to the Tgfbr2Col1CreERT KO mice (Fig. 6A). Signiﬁcant increases in bone lesion areas were observed in the control
IgG-treated Tgfbr2Col1CreERT KO mouse tibiae (KO_IgG) relative to
those in BSA-treated Tgfbr2FloxE2 mouse tibiae (Flox_BSA) at the 3rd
week post PC3 injection. Moreover, we found that the Ab-bFGF
treatment signiﬁcantly decreased PC3 bone lesion areas in the
Tgfbr2Col1CreERT KO mouse tibiae (KO_Ab group) relative to those of
IgG treated mice (KO_IgG group). On the other hand, the recombinant bFGF treatment signiﬁcantly increased PC3 bone lesion
areas in Tgfbr2FloxE2 mouse tibiae (Flox_bFGF versus Flox_BSA)
(Fig. 6B and C). These rescue experiments showed that bFGF was
mediating the increase in bone lesions caused by loss of TGF-b
signaling in osteoblasts.
At cellular and molecular levels, we observed increases of PC3
tumor cell proliferation, cancer-associated ﬁbroblasts (CAFs), and
angiogenesis, as indicated by increases of p-HH3-positive cells, aSMA-positive cells, and CD31 microvessel density, respectively, in
the Flox_bFGF group relative to the Flox_BSA group. Furthermore,
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Fig. 4. bFGF expression was increased in osteoblasts of PC3 bone lesions in Tgfbr2Col1CreERT KO mice. A) ELISA quantiﬁcation of bFGF protein from crushed whole tibiae that had
been injected with either PBS or PC3 cells. A signiﬁcant increase of bFGF protein was detected in PC3-injected tibiae of Tgfbr2Col1CreERT KO mice (relative to Tgfbr2FloxE2 mice; two-way
ANOVA, *P < .05). B¡D) qRT-PCR analyses of the relative expression of species-speciﬁc bFGF mRNA from mouse tibiae. Mouse bFGF mRNA was signiﬁcantly increased in PC3injected tibiae of Tgfbr2Col1CreERT KO mice (relative to Tgfbr2FloxE2 mice; t-test, two-tailed, *P  .05, n  3). E) Representative IHC images of bFGF expression, which was increased
in cancer-associated osteoblasts from Tgfbr2Col1CreERT KO mice.

PC3 cell proliferation, microvessel density, and CAFs were
decreased in the KO_Ab group relative to the KO_IgG group (Fig. 6D
and E). Together, these data suggest that blocking bFGF reduces the
increased PC3 bone lesions by loss of TGF-b signaling in osteoblasts,
and this is associated with tumor cell proliferation, CAFs, and
angiogenesis.
4. Discussion
In this study, we showed for the ﬁrst time that loss of TGF-b
signaling only in osteoblasts promoted PCa bone metastasis.
Furthermore, we identiﬁed one of the factors, bFGF, which could
mediate the function of loss of TGF-b signaling in osteoblasts in
PC3-induced bone lesions. We showed that blocking bFGF using
neutralizing antibody could inhibit the increased bone lesions by
Tgfbr2 knockout in osteoblasts.
TGF-b signaling spatially and temporally controls cancer initiation, progression, and metastasis [14,15]. For example, loss of TGF-b
signaling in prostate ﬁbroblasts contributed to PCa initiation,
castration resistance, and adhesion to bone matrix [13], [16e18]. On
the other hand, myeloid TGF-b signaling was required for breast

and lung cancer metastasis to soft organs [19], as well as promoting
breast cancer bone metastasis [12]. Therefore, more studies are
needed in delineating the cell-speciﬁc role of TGF-b signaling and
the underlying mechanism of actions. The signiﬁcance of our current study is demonstrating a PCa bone metastasis-inhibition role
of TGF-b signaling speciﬁcally in osteoblasts. Thus, this study
revealed a concern for systemically blocking TGF-b signaling in
bone metastasis. Consistent with previous reports [20e24], we did
observe metastasis-promotion role of TGF-b signaling speciﬁcally
in osteoclasts, suggesting that the effectiveness of systemically
targeting TGF-b signaling blocked the metastasis-promoting role of
TGF-b signaling in osteoclasts or/and in cancer cells. In order to
achieve better efﬁciency of blocking TGF-b signaling in bone
metastasis and discover new strategy eventually to treat patients,
we will need to identify other targets that inhibit the metastasispromoting effect from loss of TGF-b signaling in osteoblasts.
Our studies showed that bFGF was a surrogate in mediating the
Tgfbr2Col1CreERT KO increased PC3 bone lesions. bFGF belongs to the
ﬁbroblast growth factor family, which consists of 22 members.
These ligands bind to the four FGF receptors, which are receptor
tyrosine kinases (RTKs) [25,26]. Dysregulation of FGFs and FGFRs
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Fig. 5. bFGF promoted osteoclastogenesis, inhibited osteoblastogenesis, but had no effect on PC3 proliferation. Cells were exposed to bFGF at the doses and time points
indicated. A) Representative TRAP staining and quantiﬁcation for osteoclasts from Tgfbr2FloxE2 and Tgfbr2Col1CreERT KO littermates. A dose-dependent increase of osteoclast differentiation by bFGF was observed, but the effects of bFGF were not different between the cell lines. (two-way ANOVA, ***P  .001, n  3). B) Representative ALP staining and
quantiﬁcation for control osteoblasts (OB-Flox) and osteoblasts with deletion of the Tgfbr2 gene (OB-KO). A dose-dependent decrease of osteoblast differentiation by bFGF was
observed, and the effects of bFGF were not different between OB-Flox and OB-KO (two-way ANOVA, ***P  .001, n  3). C) Representative images of PC3 cells stained with crystal
violet. bFGF had no effect on PC3 cell proliferation after 24-h or 48-h treatment with various doses (one way ANOVA, n  3).

has been linked to the initiation, progression, and metastasis of
many cancers, including PCa [26e30]. Blocking this axis by targeting the receptors has been actively investigated preclinically and
clinically for many cancers and for bone metastasis, and most of
these therapeutic efforts have targeted FGFRs [30e34]. However,
one study has shown that most cancer cells could be rescued from
anti-RTK drug sensitivity by simply exposing them to one or more
RTK ligands; hepatocyte growth factor (HGF), FGF, and neuregulin 1
were the most broadly active ligands [35]. The RTK ligands could be
produced by the cancer-associated cells in the tumor microenvironment such as CAFs and cancer-associated osteoblasts. In addition, despite some commonalities, each of the ligands has a unique
effect and regulatory function. Therefore, neutralizing speciﬁc

ligands might be an alternate avenue for therapy. This treatment
could be used alone or in combination with other therapies that
target osteoclasts or PCa tumor cells. How does bFGF promote bone
lesion development? We found that bFGF stimulated osteoclast
differentiation and inhibited osteoblast differentiation. However,
bFGF showed no direct effect on PC3 cell viabilities in vitro.
Therefore, the increased tumor cell proliferation that was associated with bFGF upregulation in Tgfbr2Col1CreERT KO mouse tibiae
could be an indirect effect of bFGF. Since the increases of tumor cell
proliferation and bFGF were also associated with increased angiogenesis and CAF formation, we speculated an indirect effect of bFGF
on tumor cell proliferation through angiogenesis and CAFs, and
combining blocking bFGF and drugs that directly target tumor cells
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Fig. 6. bFGF mediated the increased PC3 bone lesions in Tgfbr2Col1CreERT KO mice. A) Schedule of the drug treatment, X-ray image acquisition, and end-point collection. B)
Quantiﬁcation of mean bone lesion area in PC3-injected mouse tibiae. Signiﬁcant bone lesion development was found between the following pairs: Flox_BSA vs KO_IgG, Flox_BSA vs
Flox_bFGF, and KO_IgG vs KO_Ab (linear mixed-effects model with a random intercept, ***P < .001, n  6 tibiae). C) Representative X-ray images from each group at the ﬁnal time
point. D) Western blot analyses from whole tibiae harvested at the ﬁnal time point. E) Representative images of IHC staining of p-HH3, CD31, and a-SMA.
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could be a better approach for treating PCa bone metastasis. These
will be tested in future studies.
In summary, our study revealed a metastasis-promoting role of
the loss of TGF-b signaling speciﬁcally in osteoblasts and delineated
the mechanism by which this speciﬁc loss promotes bone lesions,
at least in part by bFGF. We determined the functional role of and
the mechanism by which bFGF, a potential druggable target,
mediated the metastasis-promoting effect contributed from
osteoblasts.
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