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Prostate cancer is the most frequently diagnosed cancer
in men and a leading cause of cancer death. More than
218,000 cases will occur in 2007, and prostate cancer
will lead to more than 27,000 deaths.1 Although the
5-year survival rate is excellent for localized stages
(100%), the relative survival rapidly decreases to 33%
when prostate cancer metastasizes.1 Cancer cells from
prostate primary tumors commonly colonize bones, and
postmortem analyses show that 65 to 75% of patients
with advanced disease have bone metastases.2 Scien-
tific knowledge of bone metastasis pathophysiology has
increased in recent years, but effective therapy for this
devastating complication of cancer remains suboptimal.
In this issue of The American Journal of Pathology, Buijs
and colleagues3 shed more light into pathophysiology of
bone metastases. More importantly, they apply this
knowledge to develop novel therapy for bone metastases
using bone morphogenetic protein 7 (BMP7).

In the bone microenvironment, tumor cells interact with
bone cells to disrupt normal bone remodeling, causing
abnormal new bone formation or bone destruction, char-
acteristic of osteoblastic and osteolytic metastases, re-
spectively (Figure 1). This imbalance increases patient
morbidity from pathological fractures, intractable bone
pain, spinal cord compression, and hypercalcemia. As
noted by Stephen Paget in the 19th century, bone osteo-
tropism of cancers, such as prostate, have been attrib-
uted to the characteristics of these cells as seeds to
survive and grow in the fertile soil of the bone microen-
vironment.4 Mineralized bone matrix is a major store-
house of growth factors, such as transforming growth
factor-� (TGF-�), which is released and activated by
tumor stimulation of osteoclastic bone resorption. These
cancer cells, stimulated by TGF-�, secrete more osteo-
lytic factors such as parathyroid hormone-related protein
(PTHrP), interleukin (IL)-6, and IL-11 that can in turn
further stimulate osteoclastic resorption and increase
more TGF-� release from bone. TGF-� plays a central
role in this feed-forward stimulation of osteoclastic bone
resorption, referred to as the vicious cycle of bone me-

tastasis.5–7 The TGF-� signaling pathway in tumor cells
represents a promising therapeutic target; different mo-
dalities to block TGF-� signaling are under investigation
in mice and in humans. Buijs and colleagues3 demon-
strate that, in prostate cancer cells, BMP7, also known as
osteogenic protein-1 (OP-1), is an antagonist of the
TGF-� pathway and can inhibit osteolytic metastases
attributable to prostate cancer.

The TGF-� superfamily encompasses BMPs and
TGF-�. TGF-�1, TGF-�2, and TGF-�3 isoforms have a
high homology, possess similar biological functions, and
bind the type I (also known as ALK5) and II TGF-� re-
ceptors.8 The serine/threonine kinase activity of the het-
erotetrameric receptor complex phosphorylates the re-
ceptor-associated Smad2 and Smad3, which when
associated with the Co-Smad, Smad4, and co-activators
or co-repressors control targeted gene expression to
regulate cell growth, differentiation, and migration.8

TGF-� receptors can also activate Smad-independent
signaling in cells through mitogen activated protein ki-
nase kinase and other pathways. TGF-� has a complex
role in malignancy. On one hand, it is a tumor suppressor
and inhibits growth of epithelial cells. On the other hand,
TGF-� promotes invasion and metastasis in transformed
cells. Thus, it is considered to be both tumor suppressor
and inducer in the early and late stage of the pathology,
respectively.8 BMPs activate a combination of type I re-
ceptors (type IA and IB BMP receptors and type IA
activin receptor) and type II receptors (type II BMP re-
ceptor, and type II and IIB activin receptors). The serine/
threonine activity of these BMP receptors activates
Smad1, Smad5, and Smad8, which associate with
Smad4 and transcription factors to participate in gene
transcription regulation. The core Smad complexes,

Supported by the National Institutes of Health (grants CA69158,
DK067333, and DK065837 to T.A.G.), the Department of Defense (grants
PC061185 to P.G.J.F. and PC040341 to T.A.G.), the Prostate Cancer
Foundation, The Mellon Institute, and the Gerald D. Aurbach Endowment
of the University of Virginia.

This commentary relates to Buijs et al, Am J Pathol 2007, 171:1047–
1057, published in this issue.

Accepted for publication June 22, 2007.

Address reprint requests to Theresa A. Guise, Division of Endocrinol-
ogy and Metabolism, Department of Internal Medicine, University of Vir-
ginia, PO Box 801419, Charlottesville, VA 22908-1419. E-mail: tag4n@
virginia.edu.

See related article on page 1047
The American Journal of Pathology, Vol. 171, No. 3, September 2007

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2007.070582

739



based on their composition, bind different DNA motifs:
the Smad-binding elements (SBE) are targeted by TGF-�
and BMP pathways, whereas the CAGA motives and the
BMP-response elements are specific of TGF-� and BMP
pathways, respectively. Using a CAGA-luciferase con-
struct, Buijs and colleagues3 showed that BMP7 inhibits
the luciferase activity induced by TGF-� and therefore the
TGF-� pathway in prostate cancer cells in vitro. The ef-
fects of BMP7 were tested in immunodeficient mice inoc-
ulated with the highly aggressive PC-3M-Pro4 human
prostate cancer cells expressing the firefly luciferase di-
rectly into the tibia or into the left cardiac ventricle to
induce bone metastases detectable by bioluminescence.
In cancer cells in vivo, BMP7 treatment triggered BMP
pathway activity as shown by the nuclear accumulation of
phosphorylated Smad1 on sections of bone metastases.
This was associated with decreased tumor burden. The
effect of BMP7 was bone-specific because it had no

effect on orthotopic prostate cancer tumors. Thus, BMP7
could be used as a TGF-� antagonist in the treatment of
osteolytic metastases from prostate cancer. These data
are consistent with those derived from breast cancer and
melanoma bone metastases in which inhibition of TGF-�
signaling by either small-molecule inhibitors or overex-
pression of the inhibitory Smad7 reduced bone metasta-
ses.9–11 Whether BMP7 inhibits TGF-� signaling in vivo as
it does in vitro is not conclusively demonstrated by Buijs
and colleagues.3 This would require demonstration that
BMP7 reduced luciferase activity of PC-3M-Pro4 prostate
cancer cells that stably express a TGF-�-specific, CAGA-
controlled luciferase vector in vivo.

The development of bone metastases also depends on
primary tumor expression of factors such as chemokine
receptor CXCR4, integrin �V�3, and MMPs that facilitate
the journey of cancer cells from the primary site to bone.6

Detachment of tumor cells from the primary site is con-

Figure 1. Role of BMP7 in prostate cancer progression and in bone metastases. Top: In the prostate gland, androgens stimulate the production of BMP7 by normal
epithelial cells. Through Smad1/5/8, specifics of BMP signaling, BMP7 represses EMT via different mechanisms including the regulation of E-cadherin expression.
BMP7, combined with TGF-�, which signals through Smad2/3, further increases E-cadherin expression and then more efficiently prevents EMT and cancer
progression. In the later stage of the disease, BMP7 ceases to act on cancer cells, potentially because of the loss of androgen-induced production of BMP7 after
anti-androgen therapy. TGF-� alone represses E-cadherin expression and favors EMT. Cancer cells then acquire a metastatic potential (metastable cells) and can
disseminate through the bloodstream to other organs, including bones. Bottom: At sites of bone metastases, cancer cells produce osteolytic factors such as PTHrP,
IL-8, or IL-11 that increase bone resorption by directly acting on osteoclasts and their precursors or via the osteoblasts through production of RANK ligand. Growth
factors released from resorbed mineralized bone matrix, such as TGF-�, promote tumor growth in bone by enhancing the production of tumor factors that
stimulate bone resorption and bone formation. Cancer cells can also induce osteoblast maturation and new bone formation by production of endothelin-1 (ET-1);
platelet-derived growth factor (PDGF); and BMP4, -6, or -7. Mature osteoblasts secrete growth factors such as TGF-� that may fuel the progression of bone
metastases. BMP7, used as a therapeutic agent, can inhibit TGF-� signaling and progression of this vicious cycle of tumor growth of bone metastases.
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sidered a first step of the metastatic cascade and con-
troversially considered to reproduce epithelial-to-mesen-
chymal transition (EMT). EMT occurs in embryonic
development during the migration and differentiation of
cells away from the neural crest to form bone, smooth
muscle cells, peripheral neurons and glia, and melano-
cytes. Epithelial cells undergoing EMT lose their polarity
and cell-to-cell contacts, undergo cytoskeleton remodel-
ing, and acquire mesenchymal and migration pheno-
types that can be related to the transition from localized
to invasive tumor (Figure 1). This progression is associ-
ated with the decreased expression of epithelial markers,
such as E-cadherin, and the increase of mesenchymal
markers, such as N-cadherin or vimentin. By signaling
through the Smad pathway, TGF-� is a well-known in-
ducer of EMT. TGF-� can increase the expression of
N-cadherin in mammary epithelial cells12 and repress the
expression of E-cadherin in mammary and renal epithelial
cells.12,13 Conversely, in the same renal epithelial cells,
BMP7 enhanced E-cadherin expression and antagonized
TGF-� repression through a Smad-dependent mecha-
nism.13 This phenomenon seems to be analogous to the
BMP7-inhibition of the TGF-� pathway in prostate cancer
cells. Buijs and colleagues3 show that BMP7 induced
E-cadherin promoter activity in prostate cancer cells, and
its expression in prostate cancer cells in vitro was corre-
lated with the E-cadherin ratio and inversely correlated
with aggressiveness. Consequently, prostate cancer
cells had a decreased BMP7 expression compared with
normal epithelial prostatic cells when the expression of
BMP7 was compared in matched normal epithelial and
malignant prostate cancer cells from patients using laser
microdissection or immunohistochemistry methods.3 Al-
though E-cadherin expression in prostate cancer is in-
versely correlated with the Gleason score, BMP7 expres-
sion in prostate cells did not reach a significant inverse
correlation with the Gleason score because of statistical
limitation. These findings describe a model whereby
BMP7 expressed in normal epithelial cells induces E-
cadherin expression and contributes to maintenance of
an epithelial state, whereas during cancer progression
BMP7 expression is lost and E-cadherin expression is
decreased leading to EMT and metastasis (Figure 1). In
such a model, BMP7 treatment of the primary tumor
would prevent metastasis development. This effect could
be further potentiated in prostate cancer cells by an
environment rich in TGF-� because the combination of
BMP7 and TGF-� induced a higher increase of E-cad-
herin and decrease of vimentin expression than each
growth factor alone (Figure 1).3 This up-regulation, how-
ever, was not detected in renal epithelial cells13 and may
be cell-specific for reasons that remain to be explained.
Buijs and colleagues3 did not notice any effect of BMP7
on the local spreading of orthotopically implanted PC-
3M-Pro4 cells, but such an inhibition may occur during
micrometastatic deposit in the bone marrow in prostate
and breast cancer bone metastases.

Despite the significance of these findings, limitations of
the models prevent complete extrapolation to the human
situation. First, the models (intracardiac inoculation or
direct injection into bone) do not reproduce the entire

metastatic process, and orthotopic inoculation of PC-3M-
Pro4 does not lead to distant metastases. Second, the
cell lines used in vivo, derived from PC-3, do not express
androgen receptor or respond to androgens. Finally,
PC-3 and its derivatives cause osteolytic bone metasta-
ses, unlike the osteoblastic lesions that occur in men with
prostate cancer.

To study the relative role of BMP7 inhibition of EMT in
metastases to distant sites of bone and other organs
requires an animal model in which tumor cells metasta-
size from the primary site to bone. That said, there are
very few and limited models that recapitulate the events
of the entire metastatic cascade attributable to prostate
or breast cancer. Inoculation of the 4T1 murine breast
cancer cells into the mammary gland results in formation
of a primary tumor that disseminates to the lung, the
adrenal glands, and to bone. Using this model, Muraoka
and colleagues14 showed that inhibition of TGF-� signal-
ing with a soluble type II receptor significantly reduced
metastases. However, these investigators did not study
EMT or bone metastases; such studies would be highly
relevant, given the findings of Buijs and colleagues3 re-
ported here. Another relevant model that recapitulates
the metastatic cascade and shows enhanced metastasis
with increased TGF-� signaling uses a genetically engi-
neered expression of an oncogenic version of the Neu
receptor tyrosine kinase (c-Neu) under the control of the
mouse mammary tumor virus (MMTV) in mouse mam-
mary gland. Here, mammary tumors spontaneously de-
velop and later metastasize to lung.15 Overexpression of
a constitutively active form of the TGF-� type I receptor
[either MTV/T�RI(AAD) or MMTV-T�RI(S223/225)] in-
creased metastasis formation,15,16 whereas impairment
of the TGF-� pathway in mammary cells with a dominant-
negative form of the TGF-� type II receptor lacking its
kinase cytoplasmic domain [MMTV/T�RII(�Cyt)] de-
creased the frequency of metastasis to the lungs.15 Anal-
ysis of endogenous expression of BMP7 and EMT markers,
as well as testing the effects of a BMP7 treatment could
answer questions about BMP7 antagonism of TGF-�-in-
duced EMT and metastasis. However, because bone me-
tastases do not develop in this model, it would not be useful
to study such events in the bone microenvironment.

BMP7 expression in prostate cells is androgen-depen-
dent because orchidectomy decreased BMP7 expres-
sion whereas testosterone and dihydrotestosterone in-
creased it.17,18 Further, Buijs and colleagues3 show that
BMP7 expression is reduced in prostate cancer cell lines
that lack androgen receptor. These observations raise
several questions relative to androgen regulation of
BMP7: i) Is BMP7 expression correlated with androgen
independence? ii) Could the evolution of prostate cancer
to metastatic dissemination after hormonal therapy be
linked to the loss of androgen-induced BMP7 expression
and loss of epithelial phenotype maintenance? iii) How
does androgen deprivation therapy affect this process?
iv) Are there bone-specific implications?

Most patients with prostate cancer metastases to bone
have osteoblastic lesions on radiographs. However, os-
teoclastic bone resorption is clearly evident and contrib-
utes to pathophysiology of bone metastasis in this set-
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ting. The bone resorption marker N-telopeptide is
increased in prostate cancer patients with bone metas-
tases and is a stronger predictor of death than prostate-
specific antigen,19 and bisphosphonates improve skele-
tal morbidity in patients with osteoblastic disease.20 The
model used by Buijs and colleagues,3 PC-3M-Pro4, a
subclone of PC-3, is similar to MDA-MB-231 breast can-
cer or B16F10 melanoma in that it causes osteolytic bone
metastases in mice. Although this model lacks the osteo-
blastic component evident in humans with prostate can-
cer bone metastases, important information can be
gleaned regarding the role of BMP7 in osteolytic prostate
cancer bone metastases. Nonetheless, the effect of
BMP7 on bone metastases should be evaluated in known
osteoblastic models such as those induced by ZR-75-1
breast cancer21 and LuCap 23.1 or C4-2B prostate can-
cer. As the authors suggest, BMP7 could trigger different
effects with different bone metastasis phenotypes. De-
pending on the cell type, BMP7 can induce EMT as
assessed by E-cadherin expression in the parental pros-
tate cancer cell line PC-3 or have no effect in other
prostate cancer cells.22 BMPs can also protect some
prostate cancer cells (LnCap, C4-2B) from apoptosis22 or
induce the apoptosis of myeloma cells, which are known
to induce osteolysis.23 In other bone metastasis models,
BMPs have been shown to induce bone metastases.24–26

Noggin inhibits BMP signaling by binding BMP ligands,
and when Noggin was overexpressed in PC-3 or LAPC-9
prostate cancer cells, there was a decrease of osteolytic
and osteoblastic lesions, respectively.25,26 This positive
effect of BMPs in the osteoblastic process could be re-
lated to an increase of BMP7 expression at sites of os-
teoblastic prostate cancer metastases.27 BMPs induce
the differentiation of cells from the osteoblast lineage and
enhance osteoblast activity; BMP7-knockout mice have a
smaller skeleton and decreased bone mineralization.28

Thus, BMP7 at sites of bone metastases could potentially
promote the osteoblastic reaction and enhance osteo-
blastic bone metastasis. This distinction would be impor-
tant to confirm in animal models before proceeding to
clinical trials.

Overall, Buijs and colleague3 provide a role for BMP7
expression in the maintenance of epithelial behavior in
the prostate (Figure 1). In normal epithelial cells, BMP7
and TGF-� concur to induce the expression of E-cad-
herin, repress vimentin synthesis, and prevent EMT. In
later stage, because of loss of expression of BMP7 by
cancer cells and/or resistance of these cells to the BMP7
secreted by surrounding normal epithelial cells, malig-
nant cells lose the expression of E-cadherin under the
influence of TGF-�, which then induces EMT and leads to
metastatic spreading. This model re-emphasizes the
double-edged-sword properties and the complexity of
TGF-� and members of the TGF-� superfamily in cancer
biology. It also provides a rationale for further investiga-
tion of BMP7 in the prevention of osteolytic bone metas-
tases attributable to prostate cancer. This effect is bone-
specific, and whether it is dependent on the bone
metastasis phenotype remains to be studied. Buijs and
colleagues3 offer interesting and clinically relevant per-
spectives for the therapeutic use of BMP7, but they also

raise numerous questions regarding its role at the differ-
ent stages of prostate cancer that exemplify the promises
but also the versatility of the members of the TGF-�
superfamily.
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