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Abstract Prostate cancer (PC) bone metastases show weak
responses to conventional therapies. Bone matrix is rich in
growth factors, with insulin-like growth factor-1 (IGF-1) being one of the most abundant. IGF-1 acts as a survival factor
for tumor cells and we speculate that bone-derived IGF-1
counteracts effects of therapies aimed to target bone metastases and, consequently, that therapeutic effects could be enhanced if given in combination with IGF-1 receptor (IGF-1R)
inhibitors. Simvastatin inhibits the mevalonate pathway and
has been found to induce apoptosis of PC cells. The aims of
this study were to confirm stimulating effects of bone-derived
IGF-1 on PC cells and to test if IGF-1R inhibition enhances
growth inhibitory effects of simvastatin on PC cells in a bone
microenvironment. The PC-3 and 22Rv1 tumor cell lines
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showed significantly induced cell growth when co-cultured
with neonatal mouse calvarial bones. The tumor cell IGF-1R
was activated by calvariae-conditioned media and neutralization of bone-derived IGF-1 abolished the calvarium-induced
PC-3 cell growth. Treatment of PC-3 and 22Rv1 cells with
simvastatin, or the IGF-1R inhibitor NVP-AEW541, reduced
tumor cell numbers and viability, and induced apoptosis.
Combined simvastatin and NVP-AEW541 treatment resulted
in enhanced growth inhibitory effects compared to either drug
given alone. Effects of simvastatin involved down-regulation
of IGF-1R in PC-3 and of constitutively active androgen
receptor variants in 22Rv1 cells. In conclusion, we suggest
that IGF-1 inhibition may be a way to strengthen effects of
apoptosis-inducing therapies on PC bone metastases; a possibility that needs to be further tested in pre-clinical models.
Keywords Prostate cancer . Bone metastases . IGF-1R .
Simvastatin . Cholesterol

Introduction
The skeleton is the most frequent site for metastases of prostate cancer (PC) [1], and as there are no curable treatments for
metastatic disease there is a great need for new therapeutic
strategies targeting bone metastases. The mineralized bone
matrix contains a wide range of growth factors, where
insulin-like growth factor-1 (IGF-1) is one of the most abundant [2]. When metastases are formed in the bone they activate
osteoclastic bone resorption and growth factors such as IGF-1
and transforming growth factor-β (TGF-β) are released into
the bone marrow cavity where they influence the metastatic
tumor cells. Although PC bone metastases generally form
sclerotic metastases, the bone metastasis process also includes
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a lytic component [3]. Accordingly, we previously showed
that PC cells were able to induce lytic activity of bone, and the
release of bone-derived IGF-1, when grown in co-culture with
calvariae [4]. There is increasing evidence that the IGF family
is involved in the development and progression of many
cancer types, including PC. Several studies have shown that
a high concentration of circulating IGF-1 is associated with an
increased risk of PC [5, 6], and overexpression of the IGF-1
receptor (IGF-1R) has been observed in prostate tumors and
metastases [7–11]. The IGF-1R is a receptor tyrosine kinase
(RTK) that upon activation by IGF-1 shows mitogenic and
anti-apoptotic effects [12, 13], and is believed to be important
for oncogenic transformation (reviewed in [14]). Inhibition of
the IGF-1R has been shown to impair tumor cell growth in
vitro and in vivo (reviewed in [15])
Since IGF-1 is a strong survival factor for tumor cells we
speculate that effects of apoptosis-inducing cancer therapies,
such as castration, given with the intention to treat PC bone
metastases, are possibly attenuated by high IGF-1 levels in
the bone environment. Furthermore, we believe that effects
of those therapies could be enhanced if given in combination with IGF-R1 inhibition. A number of strategies to target
IGF-1R signaling have been tested in clinical trials, including neutralizing IGF-1 antibodies, anti-sense and RNA interference strategies to the IGF-1R, and inhibition of IGF1R signaling by antibodies or tyrosine kinase inhibitors
(reviewed in [16]).
We have previously found that PC bone metastases contain
high levels of cholesterol [17]. Furthermore, it has been shown
that cholesterol targeting drugs; statins, are able to induce
apoptosis of PC cells in vitro [18, 19]. Statins are 3-hydroxy3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors targeting the rate-limiting step of cholesterol synthesis, and
have been prescribed during the last decades for prevention of
cardiovascular diseases. Large epidemiological studies have
indicated that statins may also reduce the risk of developing
PC, particularly in its aggressive forms, although results are not
completely conclusive (reviewed in [20]). The aim of this
study was to confirm stimulating effects of bone-derived
IGF-1 on PC cells in an in vitro model for tumor cell and bone
cell interactions, and furthermore to test if IGF-1R inhibition
could enhance growth inhibitory effects of simvastatin on PC
cells in this model system.

as previously described in Nordstrand et al. [4]. After 72 h in
co-culture, the number of PC-3 and 22Rv1 cells was increased
1.2-fold compared to cell numbers observed when the tumor
cell lines were cultured without calvariae (P=1.2×10−5 and
3.6×10−5, respectively, Fig. 1), suggesting that bone-derived
factors were favoring the growth of the tumor cells.
To identify calvariae-derived factors with possible growthpromoting effects on PC cells, the phosphorylation status of
42 RTKs in PC-3 and 22Rv1 cells were analyzed before and
after stimulation with calvariae-conditioned media. The IGF1R was one of the most clearly activated RTKs by calvariaeconditioned media, showing 5.6 and 2.9 times increased
phosphorylation levels in PC-3 and 22Rv2 cells, respectively
(Supplemental Fig. S1). Moreover, mean levels of mouse
IGF-1 (calvarial-derived IGF-1) were increased 1.6 and 1.4
times in the media when calvariae were co-cultured with PC-3
and 22Rv1 cells for 72 h, respectively, as compared to the
mean control IGF-1 level (1,800 pg/ml) reached when calvariae were cultured without tumor cells (P=2.7×10−5 and 6.1×
10−3, Fig. 2). No IGF-1 was detected in conditioned media
from tumor cells cultured without calvariae (data not shown),
indicating the mouse specificity of the ELISA used. Very low
levels (<94 pg/ml) of human IGF-1 were detected in the
conditioned media from PC-3 and 22Rv1 tumor cells cultured
alone, and there was no induction of either IGF-1 mRNA in
the tumor cells or of human IGF-1 protein in the media after
72 h in co-culture with calvariae (data not shown), which is in
line with previous results shown for PC-3 and LNCaP cells
[4]. From these results we hypothesized that PC cells in coculture with mice calvariae were able to induce release of
bone-derived IGF-1 into the surrounding, resulting in subsequent activation of the IGF-1R in tumor cells and stimulation
of tumor cell growth.
To examine if the growth stimulatory effects on tumor cells
observed in co-culture with calvariae could be explained by
the release of IGF-1 from bone, we added excess of a neutralizing antibody against mouse IGF-1 to the media. Results
showed that when mouse IGF-1 was neutralized, the bonederived effect on PC-3 cell numbers was completely abolished, while in 22Rv1 it was not significantly reduced (P=
0.60) indicating that calvariae-derived factors other than IGF1 significantly affected 22Rv1 growth (Fig. 1b). Notably, the
neutralizing antibody for mouse IGF-1 had no direct effect on
tumor cells grown in absence of mouse calvariae (Fig. 1).

Results

Simvastatin and NVP-AEW541 Reduce Prostate Cancer
Cell Viability and Induce Apoptosis, and in Combination
They Give Enhanced Effects

Prostate Cancer Cells are Stimulated by Bone
Derived IGF-1
To determine if prostate tumor cells show increased growth in
a bone microenvironment, PC-3 and 22Rv1 cell lines were cocultured with mice calvariae in a two-chamber in vitro model

To further investigate the role of IGF-R1 signaling in this
system, the small molecule IGF-1R kinase inhibitor NVPAEW541 [21, 22] was used to inhibit PC-3 and 22Rv1 cells.
The tumor cell viability after 72 h of NVP-AEW541 treatment
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Fig. 1 Growth of PC-3 (a) and 22Rv1 (b) cells in co-culture with mice
calvariae, with or without IGF-1 neutralization. A relative increase in
cell numbers were observed when tumor cells were cultured 72 h in the
presence of calvarial bones as compared to cells cultured alone. The
calvarium-induced cell growth of PC-3 cells was completely abolished
when a mouse-specific IGF-1 neutralizing antibody was added to the

culture, while the 22Rv1 cell growth was non-significantly reduced.
Data is expressed in relation to control level (number of untreated
tumor cells set as 1) and represents means ± SD of two individual
experiments with four replicates each. Statistically significant changes
induced by the calvariae and the inhibiting antibody were assessed
using ANOVA and are shown by asterisks (** P<0.01)

was significantly decreasing with increasing drug concentrations (0–12 μM, data not shown). Accordingly, when PC-3
and 22Rv1 cells were treated with simvastatin at increasing
concentrations (0–30 μM) for 72 h significantly decreased cell
viability was observed (data not shown). To examine the
combined effect of simvastatin and NVP-AEW541, the drugs
were administrated together in the combination of 10 μM
simvastatin and 3 μM NVP-AEW541 (Fig. 3). The viability
of PC-3 and 22Rv1 cells incubated for 72 h with 10 μM
simvastatin was decreased to 34 and 69 %, respectively,
compared to untreated cells (P=5.7×10−7 and 6.5×10−6),
while the viabilities were reduced to 53 and 73 % when the
two tumor cell lines were treated with 3 μM NVP-AEW541

(P=5.6×10−6 and 1.6×10−5). The lowest cell viabilities; 19
and 29 % for PC-3 and 22Rv1 cells, respectively, were
obtained after the combined treatment of cells with 10 μM
simvastatin and 3 μM NVP-AEW541 for 72 h (P=3.7×10−5
and 5.4×10−7 in comparison to simvastatin treatment, P=
8.0×10−7 and 3.5×10−7 in comparison to NVP-AEW541
treatment, Fig. 3).
Also when tumor cells were co-cultured with calvariae,
the combination of 3 μM NVP-AEW541 and 10 μM simvastatin resulted in enhanced effects compared to effects of
either drug when administrated alone. Total number of tumor cells was determined after 72 h, and the combination of
IGF-1R inhibition together with simvastatin treatment
resulted in 33 and 30 % viable PC-3 and 22Rv1 cells,
respectively (P=0.042 and 0.046 in comparison to simvastatin treatment, P=3.1×10−4 and 2.1×10−8 in comparison to
NVP-AEW541 treatment, Fig. 3). Accordingly, the proapoptotic effects on PC-3 and 22Rv1 cells in co-culture with
calvariae were clearly higher when NVP-AEW541 and
simvastatin were given in combination than when given as
single agents (Fig. 4).
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Fig. 2 Relative levels of IGF-1 released from mice calvariae after 72 h
in co-culture with PC-3 or 22Rv1 cells. Levels of IGF-1 were determined in conditioned media from calvariae cultured with or without
(control) tumor cells using an ELISA specific for detection of mouse
IGF-1. Data is expressed in relation to control level (mean control level
was 1,800 pg/ml) and represents means ± SD of two individual experiments with four to six replicates each. Statistically significant changes
induced by the tumor cells were assessed using ANOVA and are shown
by asterisks (** P<0.01)

Statins have previously been shown to cause down-regulation
of IGF-1R expression in tumor cells [23, 24]. The tumor cell
IGF-1R mRNA and proteins levels were therefore examined
in co-cultures with calvariae in response to 10 μM simvastatin
and 3 μM NVP-AEW541 treatment for 72 h. Simvastatin
alone or in combination with NVP-AEW541 reduced the
IGF-1R mRNA levels about 0.7-fold (P=6.1×10−4 and P=
2.6×10−3) in PC-3 but not 22Rv1 cells (Fig. 5a). Accordingly,
the IGF-1R protein levels in PC-3 cells were decreased by
simvastatin and NVP-AEW541 treatment, while the levels in
22Rv1 cells were not clearly reduced (Fig. 5b–d). In contrast,
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Fig. 3 Relative PC-3 (a) and 22Rv1 (b) cell viability when cells were
cultured with or without mice calvariae and after treatment with combinations of 10 μM simvastatin and 3 μM NVP-AEW541. PC-3 and
22Rv1 cell viability was significantly reduced when cells were treated
with simvastatin or NVP-AEW541 (** P<0.01). Tumor cell viability
was further reduced when cells were treated with a combination of
10 μM simvastatin and 3 μM NVP-AEW541 compared to when the
two treatments where administered individually (** P<0.01 and * P<

0.05). Data is expressed in relation to control level (number of viable
untreated tumor cells set as 1) and represents means ± SD of two
individual experiments with four replicates each. Statistical significance was assessed using ANOVA and is marked with x when groups
are compared to the control cells (no inhibitors), y when compared to
simvastatin treatment only and z when compared with NVP-AEW541
treatment only

NVP-AEW541 stimulated a 1.6-fold (P=1.6×10−3) increase
of IGF-1R mRNA levels and a slight increase of IGF-1R
protein levels in the 22Rv1 cells (Fig. 5a, c, d).
In 22Rv1 cells we hypothesized that simvastatin might
affect expression of the androgen receptor (AR), as previously described for prostate cells [25]. In addition to the full
length AR (ARfl), the 22Rv1 cells are known to express a
series of alternatively spliced AR variants (AR-Vs) with
molecular weights of approximately 75–80 kDa, including
the AR-V7 (reviewed in [26]). We found that simvastatin
treatment resulted in approximately 50 % reductions of the
AR-V7 mRNA and of the AR-V proteins, while the ARfl
was not down-regulated (Fig. 6).

favorable micro-environment for PC cells. Through neutralization of bone-derived IGF-1 we observed that boneinduced stimulation of tumor cell growth was completely
abolished in the lytic PC-3 cells while not significantly
attenuated in the more sclerotic 22Rv1 cells. Both cell lines
were however inhibited by the IGF-1R inhibitor NVPAEW541, indicating possible autocrine stimulation of the
IGF-1R in the tumor cells and/or transactivation of the IGF1R by other ligands. Importantly, the combined use of IGF1R inhibition and simvastatin resulted in a more intense
apoptotic stimuli in both tumor cell lines than either of the
drugs administrated alone. We therefore speculate that not
only lytic but also sclerotic PC bone metastases would
benefit from IGF-1R inhibition given with the intention to
reduce IGF-1R survival effects during administration of
apoptosis-inducing therapies, e.g. castration therapy.
Castration therapy of PC acts by reducing the levels of
circulating androgens in the patients, and this in turn results in
reduced proliferation and increased apoptosis of PC cells [27].

Discussion
In this study, using an in vitro model for PC and bone cell
interactions, we show that bone-released IGF-1 creates a
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Fig. 4 Relative levels of apoptotic PC-3 (a) and 22Rv1 (b) tumor cells
in co-culture with mice calvariae and after treatment with combinations
of 10 μM simvastatin and 3 μM NVP-AEW541. Apoptosis in tumor
cells after 72 h of co-culturing with calvariae and inhibitors was
assessed using Annexin-V and propidium iodide (PI) staining, and
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analyzed by flow cytometry. Data represents means ± SD of four
replicates and is expressed as Annexin V-positive/PI-negative staining
in relation to control levels of untreated cells. Statistically significant
changes induced by the inhibitors were assessed using ANOVA and are
shown by asterisks (* P<0.05, ** P<0.01)
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The precise mechanism behind apoptosis induction in the
prostate and in prostate tumors after androgen ablation is not
fully understood, but the general idea is that epithelial cells are
both directly affected via reduced stimulation of their AR and
indirectly affected through reduced stimulation of stromal
cells. Normally, stromal cells produce various andromedins,
such as IGF-1, which stimulate proliferation and inhibit

Fig. 5 Relative mRNA and protein levels of the IGF-1R in PC-3 and
22Rv1 tumor cells co-cultured with mice calvariae and treated with
combinations of 10 μM simvastatin and 3 μM NVP-AEW541 for 72 h.
IGF-1R mRNA expression (a) was determined by real-time PCR and
levels were normalized to RPL13 mRNA levels. Data represents means
of five replicates ± SD and is expressed in relation to control levels
(levels in untreated cells set as 1). Statistically significant changes
induced by the tumor cells were assessed using ANOVA and are shown
by asterisks (** P<0.01). Protein levels of IGF-1R was determined by
Western blot analysis of pooled replicative samples (n=5) and normalized to corresponding actin levels (b, c and d)

apoptosis of epithelial and vascular cells in the prostate [28,
29]. It has been shown in mouse and rat prostate that paracrine
IGF-1 signals from the stroma rapidly drops after castration
[28, 30] and in patients reduction of IGF-1 levels in the tumor
stroma after castration correlates with increased tumor cell
apoptosis [31]. Bone metastases are believed to show an attenuated response to castration therapy compared to primary prostate tumors. One of the reasons for this could be that the IGF-1
levels in the bone microenvironment, in contrast to the IGF-1
levels in prostate stroma, remain high also after androgendeprivation and continue to stimulate the metastatic tumor cells.
Therefore, inhibition of IGF-1 signaling meanwhile giving
castration therapy may be a way to instantly reduce the survival
effects mediated by bone-derived IGF-1 and thereby enhance
effects of castration. Furthermore, continuous IGF-1R inhibition administered after castration therapy may be a way to
postpone AR reactivation and development of castration-resistant PC (CRPC), as indicated by Plymate and co-workers [32].
The combination of IGF-1R inhibition with inducers of apoptosis, such as cytostatic drugs or statins, may also provide
great potential as novel treatment strategies for PC patients.
Thus, high levels of IGF-1 present in the bone microenvironment may provide constant anti-apoptotic, pro-survival signals
to the tumor cells, and probably lessen the effects of proapoptotic therapeutic drugs. By IGF-1R inhibition, we hypothesize that pro-survival signals can be diminished and apoptosis
signals enhanced in metastatic tumor cells. In line with this idea,
preclinical studies of multiple myeloma, lung cancer, and PC
have shown that inhibition of IGF-1R signaling enhances the
effects of radiotherapy and various chemotherapies [33–36].
Statins act in the mevalonate pathway and has been found
to affect tumor cells both in cholesterol-dependent and
cholesterol-independent ways. Cholesterol is an important
element of specific plasma membrane structures known as
lipid rafts [37]. Inhibition of cholesterol levels by statins
may lead to raft disruption, and deregulated cell signaling
through the rafts [18, 38]. The PI3K-Akt pathway is highly
active in many cancer cells and is a key regulator of cell
survival [39]. Simvastatin has been shown to inhibit Akt
signaling and to induce apoptosis in tumor cells, including
PC-3 cells [18]. The PI3K-Akt pathway is furthermore activated down-stream of the IGF-1R and lipid rafts are essential
for IGF-1R signaling [40], indicating that IGF-1R inhibitors
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expression was not reduced by simvastatin treatment. Still, the
inhibitory effects of simvastatin in the 22Rv1 cells were
prominent, and we examined if simvastatin had any effect
on the AR expression level as have been recently indicated
by others [25]. Most importantly, simvastatin was able to
reduce the mRNA and protein expression level of the ARV7 splice variant that is supposed to possess constitutive
activity, while the levels of the full length AR were not
obviously reduced. Expression of ligand-independent AR
variants is believed to contribute to the development and
growth of CRPC [26, 41–43], and it is thus possible that statin
treatment could be of benefit for patients expressing AR
variants, as a complement to anti-androgen therapies targeting
the full length receptor.
In conclusion, we show that the bone is a favorable growth
environment for PC cells that partly could be attributed to
bone-derived IGF-1. Tumor cells enhance the IGF-1 release
from bone and this probably originates both from increased
IGF-1 synthesis in bone cells and from increased bone resorption, as previously indicated [4]. Administration of the IGF1R inhibitor NVP-AEW541 to PC cells in co-culture with
bone intensifies growth inhibiting effects of simvastatin, and
indicates that IGF-1 inhibition may be a way to strengthen
effects of pro-apoptotic therapies of PC bone metastases. This
possibility needs to be further tested in pre-clinical models.
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Fig. 6 Relative mRNA and protein levels of the AR and of truncated
AR variants in 22Rv1 cells co-cultured with mice calvariae and treated
with combinations of 10 μM simvastatin and 3 μM NVP-AEW541 for
72 h. The AR and AR-V7 mRNA levels (a) were determined by realtime RT-PCR and normalized to RPL13 mRNA levels. Data represents
means ± SD of five replicates and is expressed in relation to control
levels (levels in untreated cells set as 1). Statistically significant
changes induced by the tumor cells were assessed using ANOVA and
are shown by asterisks (* P<0.05, ** P<0.01). Protein levels of full
length AR (ARfl) and truncated AR variants (AR-V) were determined
by Western blot analysis of pooled replicative samples (n=5) and
normalized to corresponding actin levels (b and c)

and statins at least partly act by affecting the same intracellular pathways. In this study, we examined the expression
levels of the IGF-1R and found that simvastatin was able to
reduce the IGF-1R expression in PC-3 cells, which is similar
to what others have previously shown both in PC and melanoma cell lines [23, 24]. In 22Rv1 cells, however, the IGF-1R

The PC-3 and 22Rv1 tumor cell lines were purchased from
American Type Culture Collection (ATCC) and maintained
in RPMI 1640 (Invitrogen, Stockholm, Sweden) supplemented with 10 % fetal bovine serum (FBS; Invitrogen)
and 50 μg/ml gentamicin (Invitrogen), at 37 °C in a humified atmosphere with 5 % CO2. In all experiments this
culture medium was used to seed the cells. After 24 h the
culture medium was replaced with bone culture medium;
αMEM (Invitrogen) supplemented with 0.1 % albumin, and
cells were incubated for an additional 24 h. After this the
medium was replaced with new bone culture medium with
supplements as described in each experiment. Simvastatin
(SIGMA-ALDRICH) and NVP-AEW541 (Novartis
Pharmaceuticals) were handled and simvastatin activated
according to manufacturer’s description. Cells were treated with
simvastatin and NVP-AEW541 according to the dosages and
times indicated in the experiments.
Co-Culture Model
The co-culture model was previously described in [4].
Tumor cells were seeded in culture medium (described

Bone-derived IGF-1 stimulates prostate cancer cells

above) at concentrations of 105 cells/well (PC-3) and 1.5×
105 cells/well (22Rv1) in 6-well plates. After 24 h culture
medium was replaced with bone culture medium; αMEM
(Invitrogen) supplemented with 0.1 % albumin, and cells
were incubated for additional 24 h. Thereafter, cells received
new bone culture medium (4 ml/well) and after 3–4 h calvarial bones were placed on metal grids in the wells, separating the bones from the tumor cells but still allowing
signaling through the medium between the two compartments. The calvarial bones were dissected from 6 to 7-dayold-mice, cut into halves, pre-incubated with indomethacin
(10−6) in bone culturing medium for 24 h and subsequently
washed according to Lerner et al. [44].
Calvarial bones for co-culture experiments were obtained
from CsA mice from our own inbred colony. All animal
experiments were approved by the local ethical committee
for animal research.
Neutralization of IGF-1
Neutralization of calvariae-released IGF-1 in co-cultures was
performed using an anti-mouse IGF-1 antibody (R&D
Systems, Abingdon, UK). The neutralizing antibody was
added to the cultures when calvariae were placed in the wells,
at a concentration of 0.3 μg/ml. After 72 h of co-culture cell
growth was determined.
Evaluation of Cell Growth and Cell Viability
At the end of the co-culture experiments cells were harvested
with trypsin, mixed with 0.4 % trypan blue (at a 1:1 dilution)
and number of viable, non-stained cells was determined using
a Countess™ automated cell counter (Invitrogen).
Tumor cell viability was determined by measuring the
conversion of 3 (4,5-dimethythiazozyl-2)-2,5 diphenyl tetrazolium bromide (MTT) to purple formazan product using the
Cell Proliferation Kit I (Roche Diagnostics, Bromma,
Sweden) according to the manufacturer’s instructions.
Phospho-RTK Array
A human Phospho-RTK Array (R&D Systems) detecting
phosphorylation status of 42 different RTKs was used to screen
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for bone-induced RTK activation in tumor cells. Tumor cells
were seeded as described above (see ‘Co-culture model’) and
grown in bone culturing medium for 72 h. Medium was
removed and tumor cells were stimulated with calvariaeconditioned medium (from calvariae cultured in bone culture
medium for 72 h) for 10 min and then immediately placed on
ice. Cells were washed with cold PBS and solubilized in lysis
buffer containing 1 % Igepal CA-630 (Sigma-Aldrich, ST.
Louis, MO), 20 mM Tris–HCl (pH 8.0), 137 mM NaCl,
10 % glycerol, 2 mM EDTA, Complete Protease Inhibitor
(Roche Diagnostics) and 10 μL/mL Halt™ Phosphatase
Inhibitor Cocktail (Thermo Scientific, Rockford, IL).
Samples were incubated on ice for 30 min and centrifuged
(14,000 x g for 5 min) to isolate the supernatants. Protein
concentration was determined using BCA Protein Assay Kit
(Thermo Scientific) and the Phospho-RTK array was performed according to the manufacturer’s instructions using
100 μg of PC-3 samples and 150 μg of 22Rv1 samples.
RTK phosphorylations were detected using the ELC Plus
Western Blotting Detection System (GE Healthcare,
Buckinghamshire, UK). Average pixel density was determined
using the Quantity-one software (Bio-Rad Laboratories,
Hercules, CA) and average pixel density of duplicate spots was
normalized to positive control spots.
IGF-1 ELISA
Tumor cells and calvarial bones were cultured as described
above (see ‘Co-culture model’). After 72 h culture medium
was harvested, particulates removed by centrifugation, and
samples stored at −20 °C. Tumor cell and calvarial secretion
of IGF-1 was measured by the human (DG100) and mouse
(MG100) specific IGF-1 Quantikine ELISAs, respectively,
(R&D Systems) according to protocols.
Flow Cytometry
After 72 h of co-culture, tumor cells were harvested and
washed once in PBS. Approximately 200,000 cells were
placed in round-bottom 96-well plates and apoptosis was
assessed using the FITC Annexin-V Apoptosis Detection Kit
(BD Pharmingen) according to manufacturer’s instructions.
Staining was determined by flow cytometry (FACSCalibur,

Table 1 Primers used for quantitative real-time PCR
Gene

Forward primer

Reverse primer

RPL13
IGF-1
IGF-1R
AR
AR-V7

5′-CCG CTC TGG ACC GTC TCA A-3′
5′-CAG CAG TCT TCC AAC CCA AT-3′
5′-AGG AAC AAC GGG GAG AGA GC-3′
5′-CCA TCT TGT CGT CTT CGG AAA TGT TAT GAA GC-3′
5′-CCA TCT TGT CGT CTT CGG AAA TGT TAT GAA GC-3′

5′-CCT GGT ACT TCC AGC CAA CCT-3′
5′- TGG TGT GCA TCT TCA CCT TC-3′
5′-ACC GGT GCC AGG TTA TGA TG-3′
5′-AGC TTC TGG GTT GTC TCC TCA GTG G-3′
5′-TTT GAA TGA GGC AAG TCA GCC TTT CT-3′
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BD Biosciences FACS) and analyzed using CellQuest software (BD).
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primary antibody against actin (diluted 1:8000, SIGMA,
Saint Louis. Missouri). The relative AR levels were adjusted
for the corresponding actin levels.

RNA Extraction and cDNA Synthesis
Statistics
Total RNA was extracted from the tumor cells using the
RNAqueous kit (Ambion, Huntingdon, UK) according to
the manufacturer’s instructions. Total RNA was DNasetreated with TURBO DNase (Ambion) and RNA concentrations were determined using a Nanodrop ND-1000 (Nanodrop
Technologies, Wilmington, DE). Using the High Capacity
cDNA Reverse Transcription kit (Applied Biosystems),
500 ng of RNA was reverse transcribed. Resulting cDNA
samples were diluted 10 times and stored at −20 °C.
Quantitative Real-Time Polymerase Chain Reaction (PCR)
Quantitative real-time PCR of RPL13, IGF-1, IGF-1R, AR
and AR-V7 (Table 1) mRNA levels was performed using the
ABI PRISM 7900 HT Sequence Detection System (Applied
Biosystems, Foster City, CA) and the Power SYBR Green
PCR Master Mix (Applied Biosystems) according to protocol.
Ct values were analyzed with the standard curve method (User
Bulletin #2, Applied Biosystems) and IGF-1, IGF-1R, AR and
AR-V7 mRNA levels were normalized to house-keeping gene
RPL13 mRNA levels.
Western Blot Analysis
Proteins were extracted using 1 % Igepal CA-630 (SigmaAldrich), 20 mM Tris–HCl (pH 8.0), 137 mM NaCl, 10 %
glycerol, 2 mM EDTA and Complete Protease Inhibitor
(Roche Diagnostics) and protein concentration was determined by the BCA Protein assay (Pierce Chemical Co., IL,
USA). Samples (4–20 μg protein) were separated by 7.5 %
SDS-PAGE under reducing conditions and subsequently
transferred to PVDF membranes. Membranes were blocked
in 5 % milk before incubated with the anti-AR antibody
over night in 4 °C (N-20, Santa Cruz Biotechnology, Santa
Cruz, CA, diluted 1:500 in 1 % milk/PBST,), in order to
detect the full length AR and AR variants with an intact Nterminal domain. Secondary anti-rabbit IgG antibody
(Dako, Glostrup, Denmark, diluted 1:20 000 in 2.5 % milk)
was applied after washing in PBST and incubated for 1 h in
RT. Protein expression was visualized after extensive washing using the ECL Advanced detection kit (GE Healthcare,
Buckinghamshire, UK) and quantified with a ChemiDoc
scanner and the Quantity One 4 software (Bio-Rad
Laboratories). IGF-1R was detected using the AF-305-NA
antibody (diluted 1:500, R&D Systems, Abington, UK),
secondary anti-goat IgG antibody (diluted 1:20 000,
Dako), and the ECL Plus detection kit (GE Healthcare).
Membranes were stripped and re-analyzed as above with

In each experiment, data was expressed in relation to control
values (with control mean value set to 1) and showed as
mean ± SD. Results were analysed using ANOVA and
Student’s t-test. A P-value below 0.05 was considered statistically significant.
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