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Clinical aspects associated with the development
of androgen ablation refractoriness in advanced
prostate cancer

Prostate cancer is a best known example of an androgen-
dependent neoplasia in man. Newly diagnosed prostate can-
cer, even at clinical stages with distal metastasis is almost
always androgen ablation sensitive. Such sensitivity is
defined by the presence of androgen receptor (AR) in
prostate cancer cells. AR is a member of the super family of
nuclear transcription factors, which participate in a variety of
physiological functions, including cell growth and apopto-
sis1,2. Consequently, androgen ablation manipulation in
prostate cancer inactivates AR-mediated transcription,
thereby producing growth arrest and induction of apoptosis
of prostate cancer cells2. Therefore, combination therapy
consisting of orchiectomy or luteinizing hormone-releasing

hormone agonists (LHRH-A) administration plus anti-
androgen (combined androgen blockade; CAB or maximal
androgen blockade; MAB) has become the standard thera-
peutic approach for the treatment of advanced prostate can-
cer3-5. However, it is now widely accepted that CAB cannot
be curative for metastatic prostate cancer since metastatic
prostate cancer cells, residing mainly in bone lesion microen-
vironment, can develop refractoriness to androgen ablation
therapy4-10. Disease progression in stage D2 prostate cancer
patients (bone metastasis) is observed after 18-24 months of
CAB1,8. Recent experiments showed that increased andro-
gen receptor levels (due to increased kinase pathway signal-
ing or altered co-activator/co-repressor ratios) in prostate
cancer xenograft models cause antagonists to function as
agonists resulting in resistance to anti-androgen thera-
py1,2,4,11,12. The development of androgen ablation refractori-
ness has been partially explained by a variety of alterations in
AR, such as AR mutations1,2,12,13 and AR overexpression
(amplification)12,13, or altered expression of AR co-regula-
tors, which enable the AR to respond to lower concentration
of androgens14,15. There is also evidence that AR can be acti-
vated in a ligand-independent manner by molecules such as
bone metastasis microenvironment growth factors1,5,6,8,16,17. In
this context, metastatic prostate cancer cells almost always
produce blastic reaction of the host (bone) tissue (osteoblas-
tic lesions) as opposed to the lytic reaction (osteolytic
lesions) produced by other solid tumors. Therefore, under-
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standing the cellular and molecular events occurring at bone
metastasis microenvironment is a "hot" topic in prostate can-
cer biology of enormous clinical interest.

Major prostate cancer cell survival pathways
activated by growth substances of bone micro-
environment

Metastatic prostate cancer cells arriving in bone marrow,
at first, need to get access into the bone matrix. Within the
bone matrix, tumor cells establish cell-to-cell interactions
with bone cells ensuring their survival and growth18. Among
host tissues affected by the process of metastasis, bone is
unique in its ability to undergo frequent remodeling under
the influence/control of systemic hormones and local growth
factors, such as IL-6, TGF‚1, IGF-1, PTHrP, ET-1 and
BMPs. High concentrations of these growth factors in the
bone metastasis microenvironment provide a fertile ground
for "cross talking", thereby stimulating the transcription of
androgen-responsive genes via an AR ligand-independent
manner and survival pathways in prostate cancer cells1,2,8,17,19.
These, growth factor-related signal transducers and activa-
tors of transcription inhibit cytotoxic agent-induced apopto-
sis of prostate cancer cells and enhance survival of prostate
cancer cells maintained under androgen ablation condi-
tions1,8,19-22 (Figure 1). Therefore, prostate cancer cells can

use intracrine, paracrine or autocrine signal transduction
pathways to activate AR-mediated nuclear processes in the
absence or in the presence of limited concentration of
androgens, such as those produced by CAB in prostate can-
cer patients1,2,8,17,23,24.

1. PTHrP signal transduction pathways (Figure 2):
PTHrP was originally identified as the factor responsible for
the syndrome of humoral hypercalcaemia of malignancy
(HHM). The physiological functions of PTHrP include the
regulation of smooth muscle tone, differentiation and prolif-
eration, transepithelial calcium transport, and tissue and
organ development. However, systemic effects of PTHrP
have been reported in various pathophysiological condi-
tions25-26. It is interesting to note that neonatal mice with
homozygous ablation of the gene encoding either PTHrP or
the PTH1-R die from cardio-myocytic insufficiency at, or
just before, birth and exhibit widespread skeletal abnormali-
ties suggesting an anti-apoptotic effect of PTHrP27,28.

PTHrP has limited homology with parathyroid hormone
(PTH), however they both bind with identical affinity to the
PTH/PTHrP (PTH1-R) G-protein coupled receptor
(GPCR). Following its binding on PTH1-R, there is activa-
tion of the AC–PKA and PLC-PKC signaling pathway29,30.
Considerable evidence indicates that PTHrP exerts an addi-
tional signaling as transcription factor by not being secreted
extracellularly but being translocated to the nucleus by
importin ‚, thereby influencing nuclear function directly.
Mutations of the nuclear localization signal (NLS) abrogat-
ed the proliferative effects and nuclear translocation of
PTHrP, indicating the involvement of an intracrine mode of
action31. The consequences of this intracrine mode of action
are not yet well characterized but they may modulate
processes of vital importance to the cell such as the inhibi-
tion of apoptosis30,31. The intracrine growth regulatory
effects of PTHrP have been studied in prostate cancer and
breast cancer cell lines32,33. It was demonstrated that cells
overexpressing wild-type PTHrP blocked cell cycle at G2/M
phase and protected transfectants from serum-starvation
induced apoptosis33. Thereby, there exists strong evidence to
support that PTHrP acts as survival factors on prostate can-
cer cells. In addition, transfection studies showed a higher
ratio of the anti-apoptotic proteins bcl-2 and bcl-xL to bax
than those of other stable transfectants overexpressing NLS-
mutated PTHrP34. Furthermore, PTHrP interacts with onco-
genes such as the ras / src oncogenes35. In fact, data showed
that the mechanism of PTHrP expression in cancer is ras-
dependent and that other stimulators of PTHrP expression
are also activators of ras36. In this context, it is noteworthy
that the expression of a dominant negative form of ras
restored androgen sensitivity in a hormone-refractory
prostate cell line37, while all three commonly studied human
prostate cancer cell lines (PC-3, DU-145 and LNCaP) are
overexpressing PTHrP37,38.

Focusing on the role of PTHrP in bone microenviron-
ment, it is important to note that bone microenvironment-
related growth factors, such as IGFs and TGF‚s, which are
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activated locally by prostate cancer cell-derived uPA, stimu-
late PTHrP expression of tumor and bone cells39. Therefore,
PTHrP overexpression in the bone microenvironment can
participate in the development of hormone refractory tumor
growth in bone metastasis.

2. TGF‚1 signal transduction pathways (Figure 2):
Transforming growth factor ‚ super-family includes TGF‚s,
activins, BMPs and other proteins, that regulate growth, dif-
ferentiation, migration, adhesion and apoptosis. TGF‚1,
together with IGFs, are the most abundant growth factors in
bone and known to function as potent regulators of
osteoblast proliferation and differentiation. TGF‚1 is secret-
ed by bone cells and stored in the bone matrix in a latent
form, ready to be activated by the tumor cell-derived uPA at
the sites of prostate cancer metastasis40-43.

TGF‚1 binds to two different types of serine/threonine
kinase receptors known as type I and II. TGF‚1 binds to the
receptor type II-R and this ligand-receptor complex then
recruits and phosphorylates the type I-R, which in return

activates substrates identified as Smad proteins. Smads then
translocate to the nucleus, bind to DNA, co-operate with
other transcription factors, interact with transcription co-
repressors and co-activators like p300 and CBP and are,
therefore, important transcription modulators44,45. Signaling
downstream of TGF‚ receptors cannot be considered as an
isolated event, since other intracellular signaling pathways
can interact with the Smad-signaling pathways in different
ways. The mechanisms of cross talking between these path-
ways include the regulation of R-Smad (Receptor activated
Smads) activity by MAPK cascades, interaction of Smads
with various transcriptional co-factors and regulation of I-
Smad (Inhibitory Smads) expression46-48. Cross talk between
growth factor signal cascades can co-operate in regulating
transcription of key pro-apoptotic and anti-apoptotic molec-
ular elements, increasing the survival of prostate cancer
cells. TGF‚1 for instance, can activate IL-6 expression in
prostate cancer cells through the synergistic collaboration of
the Smad2, JNK and Ras signaling pathways48,49.
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Figure 1. Molecular interactions between prostate cancer and bone microenvironment highlight the importance of paracrine acting sub-
stances in the development of resistance to anti-cancer therapies.
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It is noteworthy that although normal prostate epithelial
cells can be growth-inhibited by TGF‚1, prostate cancer cells
contained inactive TGF‚-receptors, however it can promote
tumor growth indirectly by enhancing angiogenesis and
metastasis both in vitro and in vivo42,50. Specifically, TGF‚1

has inhibited the chemotherapy-induced apoptosis of
prostate cancer cells while it was heavily implicated in the
type of host tissue reaction (lytic and blastic reaction) in
response to the presence of metastatic tumor cells, local-
ly17,18,50. In rat prostate carcinoma lines, there was a correla-
tion between increased TGF‚1 expression by cancer cells and
increased aggressiveness of the tumor, however there was
loss of expression of functional TGF‚ receptors (TGF‚Rs)
in prostate cancer cells, suggesting that TGF‚1 should act on
host tissue cells to produce substances that may in turn influ-
ence tumor cell biology50,51. Finally, pre-clinical and clinical
data have shown increasing TGF‚1 levels in prostate cancer
as compared to the TGF‚1 levels of normal subjects51,52.

3. IGF-1 signal transduction pathways (Figure 2): The
growth promoting effect of IGFs is mediated by type I IGF
receptor (IGF-1R), a heterotetramer that is homologous to
the insulin receptor and displays tyrosine kinase activity. The

IGF-1R binds IGFs and insulin with the following specifici-
ty: IGF-1 > IGF-2 > insulin. Binding of IGF-1 to the IGF-
1R results in IGF-1R auto-phosphorylation, followed by
phosphorylation of intracellular substrates and activation of
molecular mechanisms responsible for growth regulation
and differentiation53,54. This includes activation of Shc, Grb2,
and Sos-l to activate ras and the MAPK cascade (Raf, Mek,
Erk)55. An alternative IGF-1 signaling pathway involves the
Akt/protein kinase B activation: upon ligand binding, the
Insulin Receptor Substrate 1 (IRS-l) is activated, which in
return activates PI3K; PI3K then activates the Akt/protein
kinase B, which phosphorylates the protein Bad. The phos-
phorylation of Bad doesn’t allow the heterodimerization
with BclXL and, consequently, Bad remains in the cytosol in
its inactive form, bound to the 14.3.3 protein and incapable
of inducing apoptosis. The anti-apoptotic effects of IGF-1R
are attributed to this pathway54-57.

The interaction between the IGFs and their receptors is
regulated by the IGF-binding proteins (IGFBPs), which bind
to the IGFs, with affinities even higher than these of IGF
receptors. The cDNAs of six high-affinity members of the
IGFBP family have been cloned from a variety of species,

TGF‚1

Figure 2. Complexity of IGF-1, IL-6, PTHrP, bFGF and TGF‚1 signaling through unique or overlapping intracellular pathways affecting
prostate cancer cell survival.
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while four additional potential members of the IGFBP fam-
ily have been identified through computer analysis of
GenBank sequence data. Their conserved sequence among
lower species indicates the pivotal role of the IGFBPs for
different organisms. Thus, IGF actions can be regulated in
concert with the type of IGFBPs produced locally58-60.
IGFBP-3 is more abundant in serum and seems to both
enhance and inhibit IGF-1 action in bone. The association of
IGFBP-3 overexpression with growth-arrested states in a
variety of cell lines, indicates its involvement in an IGF-inde-
pendent inhibition of cell proliferation61. In addition, neu-
tralization of the protective effect conferred upon prostate
cancer cells by the IGF-1 by reducing both the systemic
growth hormone (GH)-dependent (mainly liver-derived)
IGF-1 and GH-independent IGF-1 production of the bone
metastasis microenvironment (uPA-mediated hydrolysis of
IGFBPs) resulted in an alternative therapeutic manipulation
in patients with advanced prostate cancer7,9,10,11,20,62.
Therefore, further studies will be required to assess the role
of the IGFBPs in prostate cancer.

4. bFGF signal transduction pathways (Figure 2): Basic
fibroblast growth factor belongs to a family of heparin-bind-
ing polypeptides and is a potent mitogen for a number of dif-
ferent cell types. In prostate cancer have been described four
FGF types, basic FGF (bFGF: FGF2), acidic FGF (FGF-1),
FGF-7 (keratinocyte growth factor), and FGF-8.
Overexpression of the FGFs and their receptors has been
implicated in transformation in vitro and malignant progres-
sion in vivo63. bFGF (or FGF-2) induces differentiation and
invasion of tumor cells and is expressed in different types of
tumors, including prostate, bladder, kidney, and is also
involved in the acceleration of cancer cell growth64. In the
case of the prostate in particular, bFGF and its three recep-
tors, FGF-R1, R2, and R3, are found in the prostatic stromal
and epithelial cells in culture. Under normal conditions,
bFGF is synthesized by prostatic stromal fibroblasts but can
also be produced by the primary prostate cancer cells (CaP)
that have metastasized, as well as by androgen-independent
metastatic prostate cancer cell lines. A strong evidence for
the implication of bFGF in the development of malignancy
was the malignant transformation of cells, when baby ham-
ster kidney cells were transfected with a plasmid coding for
the bFGF gene, while the bFGF concentration was elevated
in the serum of patients with prostate carcinoma64-67.

Apart from mitogenic properties, bFGF has been
described as an angiogenic factor68. Angiogenesis is a com-
plex process, which with the exception of the feminine men-
strual cycle, only takes place, in adults, only during patho-
logical situations such as cicatrisation and oncogenesis68-70.
During angiogenesis, bFGF regulates the activities of extra-
cellular collagenase, proteinases, uPA, and integrins, form-
ing a new capillary network68. Indeed, bFGF stimulates uPA
production, which in its turns enhances TGF‚1 and IGFs
activity17,18,40,42. TGF‚1 enhances the synthesis of PA
inhibitor-l (PAI-1), which represses uPA production and
which, in turn, obstructs further TGF‚1 synthesis71-73. This

negative feedback loop enhances tumor angiogenesis and
defines a variety of bFGF-activities in bone metastasis68.

Experiments in rat prostate cancer cell stable transfec-
tants expressing anti-sense bFGF transcripts showed that
bFGF promoted rapid activation of PKC as well as rapid
phosphorylation of Shc adapter protein that mediates FGF
receptor-modulated ras signaling74. Remarkably, the serum
withdrawal-induced apoptosis in embryonic rat cells was
abrogated by the addition of bFGF via the MAPK signaling
pathway73. In other studies investigating the role of androgen
receptor using stable transfectants, it was found that AR+

PC-3 clones, cultured with bFGF, showed a significant
downregulation of androgen receptor expression, thus
escaping from androgen regulation75. The combined effects
of bFGF on cell proliferation (via both the PKC and the
Ras/MAPK pathways), on bcl-2 expression and on AR mod-
ulation suggest that bFGF is involved in the ability of
prostate cancer cells to acquire a more aggressive phenotype
and to develop androgen refractoriness72-75.

5. IL-6 signal transduction pathways (Figure 2):
Interleukin-6 (IL-6) is a cytokine that provokes a broad
range of cellular and physiological responses. In the normal
homeostatic state, IL-6 levels are very low, however, follow-
ing appropriate stimuli, such as inflammation, many cell
types produce IL-6. However, IL-6 not only plays a pivotal
role in inflammation and hematopoiesis, it participates also
in neuronal differentiation and bone resorption. IL-6 has,
indeed, unique and important effects on bone cells and it
enhances bone resorption by promoting osteoclast forma-
tion76,77. In addition, IL-6 enhances the osteoclast formation
of PTHrP, by acting at an earlier stage of osteoclastogenesis
than PTHrP. Furthermore, IL-6 has recently been shown to
enhance hypercalcaemia and bone resorption mediated by
PTHrP, in vivo77,78. In prostate cancer IL-6 acts through both
autocrine and paracrine pathways and plays a particular role
by contributing to its progression through several mecha-
nisms. In this context, IL-6 was shown to act as an autocrine
growth factor and to contribute indirectly in prostate cancer
progression through its ability to stimulate osteoblast forma-
tion and bone resorption, to reduce apoptosis and to stimu-
late the secretion of MMP–777-80.

IL-6 binds to a specific membrane receptor (IL-6R) to
activate cellular mechanisms such as activation of the
JAK/STAT pathway and ras-mediated signaling. IL-6R acti-
vates JAK kinases, which upon their activation phosphory-
late and activate STAT transcription factors, particularly
STAT3, that induces transcription of genes containing
STAT3 response elements and which contribute in tumor
growth. The ras-mediated cellular events, on the other hand,
lead to activation of the MAPK signaling pathways.
Stimulation of the MAPK and STAT3 pathways by IL-6
leads to androgen-independent activation of the AR.
Indeed, the androgen-insensitive PC-3 and DU-145 cells
produce high amounts of IL-6, which causes an anti-apop-
totic effect81-84. Such a phenomenon is related to the elevat-
ed levels of IL-6 measured in prostate cancer patients and is
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associated with poor prognosis52 and successful anti-cancer
therapy employed in patients with androgen ablation refrac-
tory prostate cancer were followed by reduced circulation
levels of IL-685. For these reasons administration of IL-6-
neutralizing antibodies, anti-sense oligonucleotides or syn-
thetic antagonists could be useful strategies for the treat-
ment of prostate carcinoma. 

6. Endothelin-1 (ET-1): The family of endothelins,
includes three members ET-1, ET-2 and ET-3. ET-1 is the
most active isopeptide and is produced as a preproform by
vascular endothelial cells and by both normal and metastat-
ic prostate cancer cells. Endothelin production is regulated
by situations like stress and hypoxia as well as by cytokines
and growth factors86. The main physiological role of this pep-
tide is the blood flow maintenance in the brain, heart and
kidneys, under a state of decreased perfusion. More impor-
tantly, ET-1 suppresses apoptosis, has long-term vasocon-
striction effects and increases osteoblast-specific gene
expression87-89. Two endothelin receptors have been
described: ETa and ETb, with the classical seven transmem-
brane patterns and coupling to G proteins. Both receptors
are found in human prostate and the expression of ETb is
responsible for the inhibition of ET-1 secretion. Elevated
ET-1 secretion is thought to increase the aggressiveness of
prostate cancer90. Interestingly, ET-1 was also shown to
potentiate the mitogenic effects of bFGF and IGF-1 which
resulted in increased survival and inhibition of apoptosis, in
vitro87-89. Recently, selective antagonists of the ETa receptor
have been developed, capable of reversing the ET-1-induced
cell proliferation and the decreased apoptosis in prostate
cancer cells. Certain compounds are already tried in clinical
settings for advanced prostate cancer90.

Conclusions

Although the androgen regulatory axis has been widely
studied in prostate cancer, it is now becoming apparent that
many other factors are implicated in the development of
androgen ablation- and chemotherapy-refractoriness in
prostate cancer. These humoral factors, such as cytokines,
growth factors and hormones, alter the biology of metastatic
prostate cancer cells, consequently minimizing their depend-
ence on AR function and enhancing tumor cell potential for
growth and survival. "Cross talk" of growth factor signaling
pathways activated by bone microenvironment contribute to
the development of androgen ablation- and chemotherapy-
refractoriness17,18. Serum concentrations of these major
bone-related survival factors were found increased in
cohorts of patients with prostate cancer52,67,91-93. The relative
serum concentrations of these major survival factors suggest
that the survival factor activity of IGFs (ng/ml range) should
be more important than this of the other survival factors
(pg/ml range), however, there exist no data for the relative
concentrations of these survival factors in bone metastasis
microenvironment (Table 1). Conceivably, comprehensive
targeting / blockade of PTHrP, TGF‚1, IGF-1, IL-6, bFGF
and ET-1 activity in skeletal metastasis may result in signifi-
cant clinical responses in metastatic cancer.
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