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Abstract In prostate cancer metastases to bone, cancer
cell-derived cytokines stimulate RANKL expression by cells
of the osteoblast lineage, which in turn activates osteoclastic
bone resorption. However, it is unclear whether cells of the
osteoblast lineage signal back to prostate cancer cells, and if
so, whether such direct cross-talk can be targeted therapeu-
tically. Using the human prostate cancer cell line, PC3, we
identified two novel signalling pathways acting between cells
of the osteoblast lineage and cancer cells. First, exposure to
RANKL stimulated the expression and release of IL-6 by
PC3 cells in vitro (which is known to promote RANKL
expression by osteoblasts). Second, treatment of PC3 cells
with IL-6 increased the expression of RANK, the cognate
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receptor of RANKL, and enhanced the RANKL-induced
release of IL-6 by PC3 cells. Third, targeted disruption of IL-
6 signaling with tocilizumab, a clinically available antibody
against the human IL-6 receptor, inhibited skeletal tumor
growth in vivo and reduced serum RANKL levels as well as
RANK expression by PC3-derived bone tumors. Similar
effects were achieved when RANK expression was knocked
down in PC3 cells. In contrast, disruption of IL-6 or RANK/
RANKL signalling had no effect on PC3 tumor growth in
soft tissues, indicating that these signalling pathways act
specifically within the bone microenvironment. In conclu-
sion, prostate cancer cells and cells of the osteoblast lineage
communicate via two inter-dependent signaling pathways,
which through auto-amplification strongly enhance meta-
static prostate cancer growth in bone. Both pathways may be
targeted for effective therapeutic intervention.

Keywords Bone metastasis - Prostate cancer -
Interleukin-6 - RANK - RANKL - Osteoblasts

Introduction

Prostate cancer has a high propensity to metastasize to the
skeleton [1, 2]. We and others have previously demonstrated
that the bone microenvironment plays a critical role in
supporting cancer cell growth. This is supported by experi-
mental and clinical observations where treatment with anti-
resorptive agents (e.g. bisphosphonates) inhibits or even
prevents metastatic cancer growth [3-5] while accelerated
bone turnover (e.g. through calcium deficiency) stimulates
the progression of skeletal secondary tumors [6-8].

The ‘vicious cycle of bone metastasis’, first introduced
by Mundy and colleagues in 1997 [9, 10], provides a sound
mechanistic model that explains many aspects of the
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metastatic phenotype in bone. In this model, tumor-derived
factors such as PTHrP and other cytokines stimulate
RANKL expression in osteoblasts, which leads to the
activation of osteoclasts and accelerated bone resorption.
This not only generates space for the tumor to grow (by
removing existing bone) but also triggers the release of
growth factors embedded in the degraded bone matrix.
These in turn act on the cancer cells to stimulate further
tumor growth. This concept has been extremely useful in
explaining the progression of established skeletal metas-
tases. While prostate cancer metastasis to bone usually
cause sclerotic lesions on X-ray, histological and bio-
chemical analyses demonstrate that both bone formation
and bone resorption are active in such lesions [11].

In patients with metastatic breast or prostate cancer, high
circulating levels of interleukin-6 (IL-6) have been associ-
ated with disease progression and poor clinical outcomes
[12, 13]. Likewise, high IL-6 expression by human prostate
cancer cells is a characteristic of a more aggressive pheno-
type, including an association with hormone refractoriness
[14]. IL-6 also appears to have a role in prostate cancer
resistance to chemo- or hormonal therapies, which in part act
via induction of cell apoptosis [15]. Previous work has
demonstrated that in bone metastases, tumor-derived IL-6
can stimulate osteoclast differentiation and osteoclast-med-
iated bone resorption [16], either through osteoblast activa-
tion [17, 18] or through other, indirect mechanisms [19, 20].
Recently, IL-6 has also been shown to promote malignant
features in breast and lung cancer cells [21,22] and to act as a
tumor cell attractant in the metastatic process [23]. Previous
studies using neuroblastoma or breast cancer cell lines
demonstrated that cells of the osteoblast lineage produce
cytokines such as IL-6 which can either promote tumor
growth or induce bone resorption to allow for further tumor
growth in bone [24-27]. Hence, IL-6 may be a therapeutic
target, particularly in aggressive and/or androgen-indepen-
dent prostate cancers [28].

In addition, many tumors express RANK, the cognate
receptor of RANKL, and a high concordance between RANK
expression by the primary cancer and its skeletal secondaries
has been reported [29]. In vitro, RANKL plays an important
role in stimulating prostate cancer cell migration [30].
RANKL is produced in bone by cells of the osteoblast lineage,
including both osteoblasts and osteocytes, as a regulator of
osteoclast differentiation and thus bone remodeling [31].
However, it is unclear whether cells of the osteoblast lineage
directly signal back to prostate cancer cells, and if so, whether
such direct cross-talk contributes to cancer growth and could
therefore be targeted therapeutically.

In the present study, we demonstrate that cells of the
osteoblasts lineage communicate directly with prostate cancer
cells in bone via two distinct but complementary signaling
pathways involving IL-6, RANK and RANKL. As these self-
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amplifying feed-forward loops significantly enhance tumor
growth in bone, their disruption offers therapeutic potential in
patients with prostate cancer metastases to bone.

Materials and methods
Antibodies and reagents

Recombinant human cytokines RANKL (Catalog Number:
390-TN/CF), IL-6 (Catalog Number: 206-1L) and anti-
RANK monoclonal antibodies (Clone 80707, Catalog
Number: 6831) were bought from R&D Systems, Minne-
apolis, MN. Tocilizumab is a humanized anti-human IL-6R
monoclonal antibody which was purchased from (Roche
Pharmaceutical Co., Ltd.).

Cell culture

The prostate cancer cell line PC-3 was obtained from
ATCC and the cells were cultured in RPMI, supplemented
with 10 % fetal calf serum (FCS, JRH Biosciences, KS,
USA) and 1 % penicillin—streptomycin solution. All tissue
culture media and supplements were supplied by invitrogen
(Carlsbad, CA, USA) unless otherwise stated.

Real-time RT-PCR

Human IL-6 mRNA levels were assessed by species-specific
primers using real-time RT-PCR. Primers used in this study
(GADPH, IL-6, RANK) were as follows: GAPDH, forward-
TATGACAAC GAATTTGGCTACAG, reverse-TGATGG
TACATGACAAGGTGC; IL-6, forward-CCACACAGACA
GCCACTCA, reverse-GCTTGTTCCTCACTACTCTCAA
ATC; RANK, forward-TCAAGGTGGTGTC TGTCAGG,
reverse-CTTTCTGAACCCACTGTGCTC.

IL-6 and RANK mRNA expression

PC3 cells express RANK [5]. To investigate whether
RANKL induces IL-6 mRNA expression, PC3 cells were
stimulated with recombinant RANKL (R&D Systems,
Minneapolis, MN) at concentrations of 25, 50, 100 and
200 ng/mL in RPMI supplemented with 1 % Penicillin/
Streptomycin and 0.1 % BSA for 4 h. IL-6 mRNA
expression levels were then assessed by real time RT-PCR.
Fetal calf serum was removed from the culture media to
minimize potential confounding effects of cytokines and
growth factors present in the culture medium. To examine
the time-course of RANKL-induced IL6 mRNA expres-
sion, PC3 cells were stimulated with RANKL (100 ng/mL)
using the same media as above for 4, 8 and 24 h, and IL-6
mRNA expression was quantified by real-time RT-PCR.
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To determine the effect of IL-6 on RANK expression in
PC-3 cells, cells were seeded at a density of 1 x 10° cells/mL
in 2 mL supplemented RPMI in a 6-well plate for RNA
extraction. Cells were incubated in standard conditions
overnight. The medium was then removed and changed to
RPMI supplemented with 1 % Penicillin/Streptomycin and
0.1 % BSA, containing IL-6 (12.5, 25, 50 and 100 ng/mL).
Cells were incubated for 4 h, and RNA was harvested and
RANK expression levels measured.

Biochemical assays

Serum concentrations of tartrate resistant acid phosphatase
5b (TRAcP5b) and the amino-terminal procollagen type I
propeptide (PINP) were measured by ELISA [3, 32].

IL-6 pre-treatment and RANKL treatment

Cancer cells (5 x 10* cells/well) were seeded onto 24-well
plates in 10 %FCS DMEM. After overnight culture, the
cells were pre-treated with IL-6 using concentrations of
12.5, 25, 50, 100 ng/mL for 4 h under serum free condi-
tions (0.1 % BSA RPMI). Cells were then thoroughly
washed and treated with RANKL (100 ng/mL). After 4 and
24 h, media were collected for measurement of human IL-6
by ELISA (BD Biosciences Pharmingen).

Co-culture of Kusa O osteoblasts and PC3 cells

Kusa O pre-osteoblasts were differentiated under osteo-
genic conditions (50 pg/mL ascorbic acid and 10 mM -
glycerophosphate) in a 24-well plate. On day 11 after
differentiation, PC3 cells were seeded (5 x 10* cells/well)
on top of the Kusa O cells and co-cultured for a further 24,
48 or 72 h. Conditioned media were collected and IL-6
levels assayed by a human (see above) and a mouse-spe-
cific IL-6 ELISA (BD Biosciences Pharmingen).

Knock down RANK expression in PC3 cells

RANK expression was silenced in PC3 cells via a lentiv-
iral-based expression system driving the production of
short hairpin RNA species (shRNAs, Sigma, USA)
according to the manufacturer’s protocol. The clone
selected was RANK shRNA (TRCN0000003350) and non-
target control (SHC002 V). Puromycin selection (2 pg/mL)
was used for 2 weeks.

Growth curves
To assess the in vitro proliferation rate of PC3 non-target

and RANK knock-down cells, 5 x 10* cells were seeded
in quadruplicate in 2 % FCS RPMI in four twelve-well

tissue culture plates at a concentration of 10* cells/well
(3.8 sz) and allowed to adhere overnight. The cells were
then counted daily by trypan blue exclusion after trypsi-
nizing until they reached 100 % confluence on day four.
Experiments were repeated three times in independent
settings to ensure validity of the results.

Mouse model of prostate cancer growth in bone

Male BALB/c nu/nu mice at 4-5 weeks of age (Animal
Resources Centre, Canning Vale, WA, Australia) were
used for all the animal experiments. All mouse manipula-
tions were performed inside a laminar-flow hood under
aseptic conditions whilst maintaining general anesthesia
with intra-peritoneal injection of ketamine/xylazine
(75/10 mg/kg, unless otherwise noted), in accordance with
Animal Welfare Guidelines and approved protocol
2009-2012 by Sydney Local Health District Animal Wel-
fare Committee, Sydney, Australia. Murine xenograft
models were used to study prostate cancer cell growth in
bone and in subcutaneous tissues. Under anaesthesia,
1 x 10° PC3 cells suspended in 10 puL of phosphate buf-
fered saline (PBS) were injected intra-tibially. The anal-
gesic carprofen (Rimadyl) (5 mg/kg subcutaneously) was
administered before inoculation to minimise post-surgical
pain. For the follow-up of lytic bone lesions in vivo, mice
were anesthetized as above and assessed by digital radi-
ography. Lytic bone areas of the tibiae were measured
using interactive image analysis software (ImageJ, NIH,
USA) and the size of osteolytic lesions were calculated and
the growth of lytic lesions was compared among experi-
mental groups.

The intratibial xenograft murine model used in the cur-
rent study represents a late step within the metastatic cas-
cade, for which we investigated the growth characteristics of
prostate cancer cells within the bone microenvironment.

Intra-skeletal and subcutaneous growth of PC3
during treatment with tocilizumab

Five week-old BALB/c nu/nu male mice (n = 10) were
inoculated with 1 x 10° PC3 cells intra-tibially [7, 33].
Mice received tocilizumab (50 mg/kg) via i.p. injection
one day prior to tumor cell inoculation and then every
3 days until endpoint. Mice were euthanized on day 30 for
analysis by radiography, histology, immunohistochemistry
(apoptosis and proliferation) and histomorphometry.

For the subcutaneous model, cells were prepared as
above and suspended in a mixture of cold Matrigel and
PBS (1:1) at a concentration of 2 x 107 cells/mL. 100 puL
of the suspension was implanted subcutaneously at the
flank (n = 10). Tumor growth was measured in length and
width by calipers every second day from day 6 onwards
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and tumor volume was determined using the modified
ellipsoidal formula [volume = (length x widthz)/Z] [33].
Following euthanasia on day 69, tumors were removed and
weighed.

Growth of RANK knock-down PC3 cells in bone
and in subcutaneous soft tissues

Control and RANK knock-down PC3 cells were implanted
intra-tibially (10° cells/injection) or subcutaneously (10° cells/
injection) into 4 week-old BALB/c nu/nu male mice
(n = 10). Intra-tibial tumor growth was monitored using
X-ray on days 21, 28 and 35, and bones were analysed by
histology and histomorphometry following euthanasia on
day 35. The subcutaneous model’s tumor volume was
determined as above [33] every second day from day 3
onwards. Following euthanasia on day 69, tumors were
removed and weighed.

Histological assessment

Tibiae were fixed for 36 hin 4 % paraformaldehyde buffered
with 0.1 M phosphate buffer (pH 7.4) and decalcified in 10 %
EDTA at 4 °C for 2 weeks. The tissues were then processed
and embedded in paraffin. Five-micron sections were cut from
each specimen and stained with haematoxylin and eosin for
routine histological examination. Histochemical examination
for tartrate-resistant acid phosphatase (TRAcP), as a marker
for osteoclasts, was performed by using naphthol AS-MX
phosphate (Sigma Chemical Co., St. Louis, MO, USA) as a
substrate and fast red violet Luria—Bertani salt (Sigma) as a
stain for the reaction product; incubation was performed at
room temperature for 30 min [3].

Immunohistochemistry was carried out to evaluate pro-
tein expression of human RANK in 5 pm histological sec-
tions (monoclonal mouse antibody to human RANK, R&D
Systems, Minneapolis, MN, USA; secondary antibodies,
Vector Laboratories, Burlingame, CA, USA). By micros-
copy, positive tumor cells were identified as brown-colored
cells. Tumor sections from RANK knock-down experiments
and IL-6R antibody treatments were analyzed for mitotic
activity on H&E sections or by ki-67 (NeoMarkers) immu-
nohistochemistry. Adjacent sections were stained to identify
apoptotic cells using terminal deoxynucleotidyl transferase—
mediated dUTP nick end labeling (TUNEL) (In Situ Apop-
tosis Detection Kit, Millipore), according to the manufac-
turer’s protocol. The ratio of mitotic cells and apoptotic
TUNEL stained cells was determined by counting positive
and negative cells in five random fields of non-necrotic areas
of tumors in a representative section in each bone specimen
(x400 magnification).
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Bone histomorphometry

Histomorphometric analysis of the proximal tibial
metaphysis was conducted to evaluate bone volume, tumor
burden and static measures of bone resorption. Measure-
ments were performed in longitudinal 5 um sections
stained with hematoxylin and eosin (x 12.5 magnification)
with measurement made interactively using the Osteo-
Measure System (Osteometrics, Atlanta, GA, USA). To
determine tumor area, one of the most representative sag-
ittal sections with largest tumor area from the proximal
tibia was analysed. Osteoclasts were identified as TRAcP
positive multinucleated cells associated with tumor bone
interfaces. The osteoclast number (x200 magnification)
per millimeter of tumor bone interfaces was calculated.

Statistical analysis

All data were presented as the mean + SE and statistical
analysis was conducted using one-way ANOVA, followed
with Bonferroni’s adjustment where there were multiple
comparisons by means of SPSS 17.0 for Windows (SPSS
Inc., Chicago, IL, USA.). Significance was accepted where
p < 0.05.

Results

Recombinant and osteoblast-derived RANKL promote
IL-6 expression in prostate cancer cells

In vitro, treatment of PC3 cells with recombinant RANKL
for 4 h up-regulated IL-6 expression in a concentration-
dependent manner, with a maximum effect reached at
100 ng/mL of RANKL (Fig. 1a). Treatment with RANKL
at a concentration of 100 ng/mL for 4 and 24 h caused a
sustained increase in IL-6 expression levels in PC3 cells
(Fig. 1b).

As RANKL in bone is primarily derived from cells of
the osteoblast lineage [34], we next employed an in vitro
co-culture model to investigate whether RANKL generated
by osteoblast-like cells increases IL-6 secretion in cancer
cells. To this aim, murine Kusa O cells were differentiated
for 11 days, at which time they release large amounts of
RANKL (Fig. Ic). These cells were then co-cultured with
PC3 cells for 72 h. Compared to PC3 cells cultured alone,
co-culture with RANKL-secreting osteoblast-like cells
increased (human) IL-6 production by PC3 cells more than
fourfold (Fig. 1d). Interestingly, the secretion of (murine)
IL-6 from Kusa O cells was also increased in the co-culture
system (Fig. le).
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Fig. 1 Recombinant and osteoblast-derived RANKL promote IL-6
expression in PC3 prostate cancer cells in vitro. a Treatment with
RANKL for 4 h dose-dependently increased IL6 mRNA expression
by PC3 cells. b Prolonged treatment with RANKL at maximum
effective concentrations (100 ng/mL; see Fig. la) resulted in a
sustained increase in IL-6 mRNA expression levels in PC3 cells.
¢ Differentiation of murine osteoblast-like Kusa O cells in vitro was
associated with a significant rise in RANKL mRNA over time.
Maximum levels were reached at day 11 of culture. d Co-culture of
PC3 cells with fully differentiated, RANKL-expressing Kusa O cells

IL-6 induces RANK expression in prostate cancer cells

Treatment of PC3 cells with recombinant IL-6 at 12.5, 25,
50, 100 ng/mL for 4 h dose dependently increased RANK
(the cognate receptor for RANKL) mRNA expression
levels by prostate cancer cells. As shown in Fig. 2a, IL-6
concentrations of 50 and 100 ng/mL significantly upregu-
lated RANK expression. Together with the above data, this
finding suggests that prostate cancer cells may become
sensitized to the action of RANKL via an autocrine sig-
nalling pathway, through which cancer-derived IL-6
increases RANK expression in the very same cells. To
further investigate this possibility, PC3 cells were pre-
treated with IL-6 (from 12.5 to 100 ng/mL) for 4 h to
enhance RANK expression. Following a thorough wash,
cells were then exposed to RANKL (100 ng/mL) for 4 to
24 h. As shown in Figs. 2b and c, the amount of IL-6
released in response to RANKL was significantly greater
in cancer cells pre-treated with IL-6. Of note, even

(harvested on day 11 of culture; see Fig. 1c) progressively stimulated
hIL-6 secretion by prostate cancer cells in a time dependent manner.
Basal hIL-6 secretion did not change when PC3 cells were cultured
alone. e Co-culture of differentiated Kusa O cells with PC3 cells
significantly increased mIL-6 production by mouse osteoblast-like
cells. Data are mean = SEM. *denotes significantly different from
vehicle-treated group (p < 0.05). All in vitro experiments were
repeated three times with similar results obtained. Results shown here
are from a representative experiment

concentrations as low as 25 ng/mL IL-6 pretreatment were
effective in triggering this response. Thus, while hRANKL
alone has relatively modest effects on IL-6 expression by
tumor cells (Figs. 1a, b), pre-exposure of such cells to IL-6
greatly amplifies the effects of RANKL on tumor IL-6
expression.

Taken together, the above in vitro data suggest the pre-
sence of two signalling pathways that support and amplify
direct cross-talk between cancer and bone cells: First, co-
culture of RANKL-expressing Kusa O cells with cancer cells
directly promotes the release of IL-6 by cancer cells, which
in turn enhances RANKL production in osteoblasts and
hence osteoclast activity. This direct cross-talk between
cancer cells and osteoblasts is amplified through a second
autocrine pathway, where tumor-derived IL-6 up-regulates
RANK expression within cancer cells, thus sensitizing the
tumor to RANKL, further increasing its IL-6 output.

We next examined whether these mechanisms are
operational in vivo. Specifically, we asked whether
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Fig. 2 Treatment with IL-6 sensitizes PC3 prostate cancer cells to the
action of o RANKL in vitro. a Treatment of PC3 cells with
recombinant IL-6 at 12.5, 25, 50, 100 ng/mL for 4 h dose-depen-
dently increased RANK mRNA expression levels by PC3 cells. b and
¢ PC3 cells were pre-treated with IL-6 at 12.5, 25, 50, 100 ng/mL for
4 h, followed by treatment with RANKL (100 ng/ml) for 4 and 24 h.
Pre-treatment of PC3 cells with IL-6 stimulated RANK expression by

interrupting the putative signalling pathways described
above (either by blocking tumor derived IL-6 or by
knocking down tumor RANK expression) would affect
tumor growth in bone or in soft tissue.

Treatment of mice with anti-IL-6R antibodies reduces
PC3 cancer cell growth in bone as well as reducing
circulating RANKL levels

It is well established that human IL-6 can activate both the
human and murine IL-6R. In contrast, murine IL-6 can
only bind and activate the murine IL-6 receptor [35]. To
determine the contribution of tumor cell-derived (human)
IL-6 on cancer growth in bone, we took advantage of this
fact and the high epitope specificity of the anti-human IL-
6R antibody, tocilizumab. As the cancer cells introduced
into mice are of human origin, any IL-6 produced by these
cells will act on both the human and the murine IL-6R,
with downstream effects in both human tumor and rodent
bone cells. In contrast, murine IL-6 only interacts with the
mouse IL-6R and will affect only cells of the murine bone
environment. As tocilizumab binds exclusively to the
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human IL-6 receptor [36] present on the implanted cancer
cells, it will only prevent signaling by human, i.e. cancer-
derived IL-6. Tocilizumab does not affect signaling by
human or mouse IL-6 through the mouse IL-6R on host
cells [35].

We first determined whether disrupting the hIL-6 receptor
signaling by tocilizumab affects the growth of PC3 cells in
bone. To this aim, nude mice were implanted intra-tibially
with PC3 cells and then treated with tocilizumab or vehicle.
AsshowninFig. 3,50 mg/kg tocilizumab inhibited PC3 cell
growth in bone. Compared to untreated controls, both oste-
olytic (Figs. 3a, b) and total tumor areas (Figs. 3c, d) were
significantly reduced, and cortical bone area and structure
were preserved in tocilizumab-treated mice (Fig. 3e). As
expected, reduced tumor growth was associated with lower
cell proliferation and higher apoptosis rates within the tumor
(Figs. 3f—g). Compared to controls, both osteoclast number
at the tumor-bone interface and serum TRAcP5b were sig-
nificantly lower in the tocilizumab-treated group (Figs. 3h—i).
Serum RANKL concentrations were significantly higher in
animals injected with PC3 cells when compared to non-
tumor-bearing mice (p < 0.05). In tocilizumab-treated
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Fig. 3 Disruption of IL-6R signalling reduces intra-skeletal PC3
cancer cell growth in vivo. a—e Treatment with the human IL-6R
antagonist, tocilizumab, reduced tumor growth in mice implanted
intra-tibially with PC3 cells. Osteolytic areas as assessed by
radiographic (a) and micro-CT (b) analyses as well as histological
tumor area (7 tumor, BM bone marrow) (c, d) were all significantly
smaller in tocilizumab-treated animals than controls. As a result,
cortical bone area remained preserved (e) (n = 9). f-g Compared to
controls, reduced tumor growth was associated with lower prolifer-
ation and higher apoptosis rates in PC3 tumor cells. h-i Compared to
controls, osteoclast number at the tumor-bone interface (h), serum

PC3-bearing animals, RANKL levels were significantly lower
cells when compared to untreated controls (29.14 £+ 5.43 pg/
mL vs. 61.78 £ 13.44 pg/mL, p < 0.05) (Fig. 3j).

Treatment with tocilizumab does not alter tumor growth
in subcutaneous PC3 tumors

We next asked whether the IL6-RANKL-RANK signaling
pathway is unique to the bone microenvironment or oper-
ational in non-skeletal tissues as well. To this aim, we
implanted PC3 cells subcutaneously into male nude mice
treated with either tocilizumab or PBS. In contrast to the
changes seen in bone, tocilizumab had no effect on tumor
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TRAcP5b (i) and murine RANKL concentrations (j) were all
significantly lower in tocilizumab-treated mice. j Murine RANKL
concentrations were significantly higher in animals injected with PC3
cells when compared to non-tumor-bearing mice (¥*p < 0.05). In
tocilizumab-treated PC3-bearing mice, RANKL levels were signifi-
cantly lower cells when compared to controls (#p < 0.05). k and
1 When PC3 cells were implanted at subcutaneous sites, treatment
with tocilizumab had no effect on tumor growth in vivo (I) with
similar tumor masses (k) at endpoint (day 51). Data are mean =+ -
SEM. * and ** denote significantly different from controls
(*p < 0.05; **p < 0.01)

growth at subcutaneous sites (Figs. 3k, 1) with no signifi-
cant changes in tumor cell proliferation or apoptosis (data
not shown). The obvious tissue-dependency of these results
strongly suggests that the effect of IL-6 signaling on tumor
growth and survival are only operational within the bone
microenvironment where there is the potential for reci-
procal signaling between cancer and bone cells.

In addition, tocilizumab reduced not only systemically
circulating RANKL levels (Fig. 3j) but, relative to con-
trols, also lowered RANK immunoreactive protein levels in
PC3-derived bone tumors (Fig. 4a). This in vivo finding is
in good keeping with the results of our in vitro experi-
ments, demonstrating that IL-6 induces RANK expression
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Fig. 4 RANK immunohistochemistry staining on PC3 cancer cell
growth in vivo. a In vivo, RANK expression in tumor sections
obtained from tocilizumab-treated mice was significantly reduced

in prostate cancer cells (Fig. 2a). Furthermore, tocilizumab
treatment had no effect on RANK expression by PC3
tumor cells implanted subcutaneously (Fig. 4b), indicating
the interaction of RANKL-RANK-IL-6 is dependent on the
bone environment.

Knock-down of RANK expression in PC3 cells reduced
tumor growth in bone

To address the second component of the proposed signal-
ling pathway, we examined whether knock-down of RANK
expression in PC3 cancer cells reduced tumor growth in
bone and/or subcutaneous tissue. To this aim, RANK
expression was effectively knocked down in PC3 cells:
Knock-down efficacy was 80 % as assessed by real-time
RT-PCR and Western blot (Figs. 5a-b) with no increased
IL-6 expression following stimulation of RANK knock-
down cells with RANKL (Fig. 5¢). While RANK knock-
down had no effect on cell growth in vitro (Fig. 5d), in the
intra-tibial model, injection with RANK knock-down cells
significantly reduced tumor growth in bone compared to
NT controls, as reflected by the results of both radiographic
(Figs. Se, f) and histological analyses (Figs. 5g, h).
Implantation of PC3 RANK knock-down cells also resulted
in significantly reduced osteoclast activity, bone destruc-
tion and osteoclast-lined bone surfaces at the bone/tumor
interface (Figs. 51, j). Tumors derived from RANK knock-
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compared to control mice (Scale bar 100 um). b Treatment with
tocilizumab had no effect on RANK expression in subcutaneously
implanted tumors (Scale bar 100 um)

down cells were characterised by lower mitotic activity
(—42 %) and higher rates of apoptosis (+94 %) compared
to NT cell-derived tumors (Figs. 5k, 1). Serum murine
RANKL levels were significantly higher in animals injec-
ted with PC3 cells (both RANK knock-down and NT)
when compared to non-tumor-bearing mice (p < 0.05). In
mice injected with PC3 RANK knock-down cells, RANKL
levels were significantly lower when compared to NT
controls (24.9 £ 3.11 pg/mL vs. 50.04 £ 7.46 pg/mL,
p < 0.05) (Fig. Sm). In contrast, RANK knock-down and
control PC3 cells implanted into the subcutaneous soft
tissue proliferated at similar rates (Figs. 5n, o).

Discussion

In the current study, we have identified two interdependent
and self-amplifying signaling pathways operational within
the bone microenvironment to enhance tumor cell cytokine
output (Fig. 6). Firstly, in addition to its known effects on
osteoclasts, RANKL released by cells of the osteoblast
lineage directly stimulates IL-6 expression in cancer cells.
In turn, IL-6 promotes RANKL expression in osteoblasts
and other cells of the osteoblast lineage, closing a direct
feed-forward loop between osteoblasts and tumor cells.
Secondly, IL-6 expressed by tumor cells induces, via an
autocrine mechanism, expression of RANK on the surface
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Fig. 5 Knock-down of RANK expression in PC3 prostate cancer
cells reduces tumor growth in bone. a—¢ Knock-down of RANK
expression in PC3 cells. Knock-down efficacy was 80 % as assessed
by real-time RT-PCR (a) and western blot (b). Compared to controls,
treatment of RANK-knock-down cells with RANKL had no effect on
IL-6 expression, confirming functional RANK knock-down (c).
d Knock-down of RANK expression had no effect on cell growth
in vitro. e—j Compared to PC3 control (NT) cells, intra-tibial
implantation of PC3 RANK knock-down cells resulted in reduced
skeletal tumor growth and cortical bone destruction as assessed by
radiography, micro-CT (e and f) and histology (g—j; 7 tumor, BM
bone marrow) (n = 10). k and 1, Tumors derived from PC3 RANK

of the tumor cells, thus sensitizing these cells to the action
of osteoblast-derived RANKL. We further provide evi-
dence that effective disruption of the direct cross-talk
between osteoblasts and tumor cells significantly impacts
on cancer cell growth in bone.

RANKL is present at high levels in bone and is derived
mainly from cells of the osteoblast lineage (i.e. bone
marrow stromal cells, osteoblasts, osteocytes) [31, 34, 37,
38] as well as T cells [39]. Since athymic nude mice lack T
cells, it is conceivable that in the setting of our studies,
RANKL is mainly derived from cells of the osteoblast

knock-down cells were characterized by lower mitotic activity and
higher rates of apoptosis compared to NT cell-derived tumors.
m Serum murine RANKL levels were significantly higher in animals
injected with PC3 cells (both RANK knock-down and NT) when
compared to non-tumor-bearing mice (*p < 0.05). In mice injected
with PC3 RANK knock-down cells, RANKL levels were significantly
lower cells when compared to NT controls (#p < 0.05). n and o PC3
NT and RANK knock-down cells implanted orthotopically into the
subcutaneous soft tissues displayed similar growth rates and tumor
mass at endpoint (day 69). Data are mean + SEM. * and ** denote
significantly different from controls (*p < 0.05; **p < 0.01)

lineage [31, 34, 38]. Jones and colleagues demonstrated
that RANKL triggers migration of RANK expressing
human epithelial cancer cells and melanoma cells [30].
Also, RANK expression by cancer cells appears to corre-
late with the progression of the primary cancer to skeletal
secondaries [29]. However, local RANKL concentrations
may also play an important role in cell migration and tis-
sue-specific metastatic cancer cell behaviour as OPG was
found to reduce skeletal but not non-skeletal tumor burden
in mouse models of malignant melanoma [30]. The inter-
play of RANKL-RANK-IL-6 from our results further
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Fig. 6 Proposed paracrine and autocrine signaling pathways between
cancer cells and cells of the osteoblast lineage. The ‘vicious cycle’ of
bone metastatic growth as described by Mundy and colleagues (9, 10)
is represented by the light blue arrows. From our finding we have
proposed two pathways: pathway I RANKL produced by cells of the
osteoblast lineage binds directly to RANK on cancer cells. This
induces IL-6 expression by the tumor, which in turn stimulates
RANKL expression by osteoblasts/osteoblast-like cells (9, 18).
pathway 2 1L-6 expressed by tumor cells in response to RANKL
induces RANK expression by the tumor cell itself, thus sensitizing
cancer cells to RANKL. Both signalling pathways are interdependent
and, through auto-amplification, act synergistically to boost overall
cytokine output within the bone environment. Activation of these
mechanisms enhances metastatic tumor growth in bone through direct
cross-talk between cancer cells and cells of the osteoblast lineage

consolidates the role of a direct interaction between oste-
oblasts and cancer cells within the bone microenvironment.

High circulating levels of IL-6 have been shown to be
associated with adverse clinical outcomes in patients with
metastatic breast and prostate cancer. For example, sur-
vival rates are significantly shorter in cancer patients with
persistently high serum IL-6 levels [13, 40-42]. Toc-
ilizumab is a monoclonal anti-human IL-6R antibody
recently approved for the treatment of inflammatory auto-
immune conditions. Human studies have demonstrated
tocilizumab to be effective in the treatment of IL-6-related
disorders such as rheumatoid arthritis or Crohn’s disease
[43]. Furthermore, targeting the IL-6R may be of clinical
benefit in certain malignancies such as multiple myeloma
and oral squamous cell carcinoma [44, 45]. However, the
use of tocilizumab in human metastatic bone disease has
not yet been studied.

We here establish that tocilizumab inhibits prostate
cancer growth in murine bone, indicating that tumor-
derived IL-6 is critical for tumor growth in bone. Of note,
due to its specificity for the human IL-6R, tocilizumab in
our experimental setting can only inhibit IL-6 signalling
between human (i.e. cancer) cells, while permitting tumor-
derived (human) IL-6 to activate the murine IL-6R on host
bone cells [35]. We have observed that tocilizumab treat-
ment strongly inhibits tumor growth only within the murine
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bone environment. This suggests the presence of a bio-
logically relevant autocrine IL-6 signalling pathway in
cancer cells dependent on the bone microenvironment. Of
note, serum RANKL levels were significantly lower in
tumor-bearing mice treated with tocilizumab. This obser-
vation provides further evidence that cells of the osteoblast
lineage are able to directly communicate with cancer cells
via a RANKL/IL-6 dependent pathway, which is distinct
from the osteoclast-mediated signaling pathway of the
established vicious cycle [9, 10].

Treatment with tocilizumab does not alter tumor growth
in subcutaneous PC3 tumors in mice and we believe this
may mainly be due to the tissue-dependency within the
bone microenvironment where RANKL is produced.
However, it is not clear whether tumor growth in soft tis-
sues will be inhibited by tocilizumab in immune-competent
mice, in which T cells may produce RANKL to enable the
interaction between RANKL and IL-6 from implanted
tumor. This needs to be investigated further in future.
Furthermore, whether the effects of tocilizumab on tumor
growth in patients remains to be investigated. The potential
clinical application may be elucidated by further preclini-
cal and clinical trials.

We next demonstrated that IL-6 released by tumor cells
induces, via the above mentioned autocrine mechanism,
expression of RANK by the cancer itself. This sensitizes
the tumor to the action of RANKL expressed by osteoblasts
and other cells of the osteoblast lineage. We further
established that activation or disruption of IL-6 signaling
induces corresponding changes in tumor RANK expres-
sion, while knock-down of RANK expression in prostate
cancer cells reduces tumor growth in bone. These results
provide strong evidence that the cross-talk between meta-
static tumor cells and cells of the osteoblast lineage is
indeed via RANKL, RANK and IL-6. These results provide
possible explanation for clinical findings that high RANK
expression in the primary cancer and its skeletal second-
aries are correlated with poor clinical prognosis [29].

It is important to note that the additional signaling
pathways identified in this study act by amplifying but not
replacing components of the classic vicious cycle [9]. The
effects of intervention in any of the elements of the new
signaling pathways are dependent on the effects on the
other elements and our observations are consistent with
changes in bone resorption being the critical mediator
influencing tumor growth [46—48]. As demonstrated in our
study, the lack of activity of any of these treatments in soft
tissues emphasizes the importance of the bone specific
actions of RANKL, RANK and IL-6. Similarly, the rele-
vance of other elements, such as the release of growth
factors by resorptive processes in bone or of pro-resorptive
PTHrP [49] by the tumor has been demonstrated by others.
Thus, there appears to be strong inter-dependence between
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the elements of the cycles with bone resorption being the
common denominator and final mediator of tumor growth.
Whether this or similar interactions exists in other types of
cancers remains to be investigated.

In addition, the PC3 xenograft intra-tibial model pre-
dominately produces osteolytic changes. Even though oste-
osclerotic changes are a typical characteristic of human
prostate cancer bone metastases, osteolytic changes usually
appear first and elevated bone resorption remains a dominant
feature of metastatic prostate cancer [50-52]. Also, inhibi-
tion of bone resorption with anti-resorptive agents has been
shown to slow the progression to metastatic disease in
patients with prostate cancer, supporting the crucial role of
bone resorption in the growth even of osteosclerotic tumors
[53-56]. Therefore, findings from a predominantly osteo-
lytic cancer cell line such as PC3 are of clinical relevance.
However, further examination using osteosclerotic models
of prostate cancer are required to expand our findings.

In summary, we have identified two self-amplifying sig-
nalling pathways which drive prostate cancer growth in bone.
These results provide experimental evidence to support
therapeutic strategies targetting IL-6 and RANKL signaling
in patients with skeletal secondaries from prostate cancer.
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