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The Hedgehog signalling pathway has been implicated in the development of prostate cancer, although
this area remains controversial. Some but not all studies have noted relatively high Hedgehog pathway
activity in commonly used prostate cancer cell lines. We aimed to evaluate the widely used PC-3 cell line
as a model to investigate Hedgehog signalling in a prostate cancer setting. Using a sensitive Hedgehog

ﬁeﬁwogds" inducible luciferase reporter assay, we found no evidence of autonomous Hedgehog signalling in PC-3
PCe—Bgieﬁf cells, irrespective of passage number. In addition, manipulations that should either increase (an oxy-
Autocrine sterol) or decrease (cyclopamine) Hedgehog pathway activity had no effect on reporter activity, and
Prostate cancer cyclopamine treatment did not affect PC-3 cell viability. Therefore, our findings contradict some earlier
Gli reports and caution against the use of PC-3 cells to investigate the Hedgehog pathway in a prostate cancer
Luciferase setting.
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The Hedgehog (Hh) pathway plays a pivotal role in embryogen-
esis and patterning of vertebrate structures, including the prostate
[1-3]. First described in Drosophila melanogaster, its three verte-
brate orthologues are Sonic, Indian, and Desert Hh. The response
to Hh is regulated by two transmembrane proteins, Patched and
Smoothened. When Hh binds to its receptor, Patched, it relieves
the Patched-inhibition of Smoothened. In turn, Smoothened, a dis-
tant relative of G protein-coupled receptors, induces downstream
activation of the gli (glioma-associated) transcription factors
involved in development. Cyclopamine, a teratogenic steroidal
alkaloid, is commonly used to inhibit the Hh pathway by binding
to Smoothened [4,5].

In addition to its role in foetal prostate development [1-3],
several studies have implicated the Hh pathway in the develop-
ment of prostate cancer, a significant cause of deaths in affluent
nations. For instance, expression of Hh components and targets
have been reported to be elevated in high-grade or metastatic
prostate cancer [6-9]. In addition, cyclopamine treatment has been
reported to decrease viability or proliferation of prostate cancer
cells in culture [6-8], as well as in a xenograft mouse model [6].
Despite these studies, the involvement of the Hh pathway in pros-
tate cancer is mired in controversy. There is ongoing debate
regarding the autocrine versus paracrine nature of the signalling
[2,10], and some studies have failed to find increased Hh signalling
associated with prostate tumour development [11].
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A major hurdle in advancing our understanding of the role of Hh
in prostate cancer is the scarcity of suitable prostate cancer cell
lines to study this pathway in vitro. Firstly, the difficulty of growing
human prostate cancer cells in vitro has meant a lack of available
cell lines to test [7]. Secondly, there are conflicting data for the
most widely used prostate cancer cell lines, LnCaP, PC-3, and
DU145. For example, in an influential study, Karhadkar et al. [6]
found that these cell lines expressed more of a Hh target gene than
a benign prostate epithelial cell line. In contrast, Zhang et al. [10]
found that gene expression of Hh pathway components and targets
was considerably lower in these cell lines than in pooled normal
prostate tissue. In addition, Karhadkar et al. [6] used a Hh-respon-
sive luciferase reporter assay to measure Hh pathway activity and
found it to be elevated in these cell lines, since it could be abro-
gated by cyclopamine treatment [6]. Importantly, this evidence
of an active Hh pathway was found in the absence of added Hh
ligand, suggesting autocrine signalling, whereas Zhang et al. [10]
were unable to demonstrate autocrine Hh signalling in these same
human prostate cancer cell lines.

In the current study, we have employed the same Hh-respon-
sive luciferase reporter assay used by Karhadkar et al. [6], with
additional controls, to confirm or refute the presence of auto-
crine Hh signalling in a commonly used prostate cancer cell
line. We have focused on PC-3 cells, an androgen insensitive cell
line derived from a bone marrow metastasis, since this cell line
appeared to display consistently higher Hh pathway activity
than LnCaP or DU145 cells, across a number of studies and
parameters [6-8]. We have complemented these experiments
with studies using cyclopamine treatment and measurements
of cell viability.
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Materials and methods

Materials. Commercial suppliers are listed in alphabetical order
along with the materials purchased. Biomol Research Laboratories
Inc. (PA, USA): tomatidine-HCL and cyclopamine. Invitrogen
(Carlsbad, CA, USA): RPMI Medium 1640 + GlutaMAX-1 + 25 mM
Hepes 1x, geneticin (G418), Lipofectamine 2000 transfection
reagent, foetal bovine serum, OptiMEM I, penicillin-streptomycin.
Nunc (Noble Park North, Vic): 24-well and 96-well cell culture
plates. Promega: Dual-Luciferase reporter assay system, phRL-TK
Renilla plasmid. Roche: Cell Proliferation Reagent water soluble tet-
razolium salt (WST-1). R&D Systems: Culturex Poly-L-Lysine.
Sigma-Aldrich (Castle Hill, NSW): Dulbecco’s phosphate-buffered
saline. Steraloids (Newport, RI, USA): 25-Hydroxycholesterol (cho-
lest-5-en-3B, 25-diol). Lipoprotein-deficient calf serum was
prepared as described [12]. The plasmids used were gifts from
Dr. Hiroshi Sasaki (Center for Developmental Biology, RIKEN Kobe,
Japan) [13]: 8x3'Gli-BS851Lucll (8 xGBS-luciferase where the GBS
stands for Gli-binding sites), 8 xm3’Gli-BS851Lucll (8xmutGBS-
luciferase) and pcDNA3.1-His-Gli1 (Gli-pcDNA).

Cell culture. PC-3 cells are derived from a secondary tumour
formed in the bone marrow from a metastatic prostate cancer
and are androgen independent [14,15]. Cells with higher passage
numbers (50-54) were a gift from Professor Pamela Russell (Oncol-
ogy Research Unit, The Prince of Wales Hospital, Sydney, Australia).
PC-3 cells with a lower passage number (20-22), similar to that
currently available from the American Type Culture Collection
(passage number: 23 and 24), were a gift from Dr. Qihan Dong
(University of Sydney, Australia). To promote cell adhesion, cell
culture plates were coated with Poly-L-lysine (0.01% in PBS), 2 h
prior to cell plating. Cells were grown as monolayers in a humidi-
fied incubator at 37 °C with 5% CO, atmosphere up to ~80% conflu-
ence. Unless stated otherwise, PC-3 cells were cultured in RPMI
Medium 1640 + GlutaMAX-1, containing 10% (v/v) foetal bovine
serum, penicillin (100 U/ml), and streptomycin (100 pig/ml).

Luciferase reporter assay for determining Hedgehog pathway
activity. On day 0, PC-3 cells were plated in 24-well plates at a
density of 50,000 cells/well. On day 1, when between 70% and
90% confluent, cells were transfected for 24 h with Lipofectamine
2000 (2 pL/well) according to the manufacturer’s instructions
(without antibiotics). The 8 xGBS-luciferase or 8 xmutGBS-lucifer-
ase reporter plasmids were transfected at 250 ng/well. The phRL-
TK Renilla internal control plasmid (25 ng/well) was co-transfected
for normalisation of transfection efficiency. As a positive control, a
plasmid encoding the Gli transcription factor (pcDNA3.1-His-Gli)
was transfected (125-500 ng/well) in some conditions. A total of
0.8 ng of plasmid DNA (made up with empty vector, pcDNA3.1)
was used per well. All conditions were performed in triplicate.
Cells were treated for 24 h with the indicated concentrations of
25-hydoxycholesterol, cyclopamine, or tomatidine. In some experi-
ments, we treated the cells in a low sterol condition (0.5% lipopro-
tein-deficient serum instead of 10% foetal bovine serum).
Luciferase assays were performed using the Dual Luciferase Assay
Reporter system according to the manufacturer’s instructions in a
Veritas luminometer (Turner Designs). Results were expressed as
changes in luciferase activity relative to Renilla activity, and
normalised to the Gli positive control condition performed in each
experiment.

Cell viability assay. PC-3 cells were plated at 10,000 cells/well in
a 96-well plate in 100 pL of medium. The following day, cells were
washed with sterile phosphate-buffered saline and treated with
tomatidine or cyclopamine (0-10 uM) for 72 h. The eukaryotic
antibiotic, G418 (0.8 mg/mL), was included as a control condition.
Each condition was performed in triplicate. Cells were then
assayed for cell viability using the WST-1 assay by adding 10 pL

of the reagent to the cell suspension (1 in 10 dilution) and incubat-
ing for 2 h in a humidified incubator at 37 °C with 5% CO, atmo-
sphere. The absorbance of the WST-1 reaction product was then
measured at 450 nm on a Molecular Devices Spectra Max 340 plate
reader.

Data presentation. Data are presented as means +SEM from
triplicate determinations and are representative of at least two
separate experiments.

Results

The Hh-inducible 8 xGBS-luciferase reporter, containing eight
Gli consensus binding sites, was used as a sensitive measure of
autonomous activity of the Hh pathway in the common prostate
cancer cell line, PC-3. As a negative control, we used a luciferase
reporter with mutations that destroy the core Gli DNA-binding se-
quence (8 xmutGBS-luciferase). As a positive control, we co-trans-
fected increasing amounts of a plasmid encoding Gli protein, and
found a concentration-dependent increase in Hh-responsive lucif-
erase activity which was absent in the mutant reporter
(Fig. 1A). Importantly, there appears to be no basal Hh pathway
activity, because in the absence of transfected Gli the value was
comparable for the wild-type and mutant reporters.

To exclude the possibility that the PC-3 cells used in this exper-
iment may have undergone phenotypic change(s) due to repeated
sub-culturing, we also assayed PC-3 cells which had a lower pas-
sage number. The lowest concentration of Gli plasmid from Fig.
1A was employed as a positive control. The basal Hh pathway
was at the levels of detection for both the higher and lower passage
cells (Fig. 1B and C, respectively), indicating the absence of detect-
able autocrine signalling in PC-3 cells. The lower passage cells were
used in subsequent experiments.
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Fig. 1. Neither higher nor lower passage PC-3 cells displayed detectable Hh-
inducible Gli transcriptional activity. Cells were transfected with either
8xGBS-luciferase or 8 xmutGBS-luciferase, together with increasing amounts of
gli-pcDNA (0-500 ng/well). (A,B) Data from higher passage cells. (C) Data from
lower passage cells. For (B) and (C), 125 ng gli-pcDNA/well was transfected, and
results were averaged from three separate experiments. Luciferase values are
presented relative to the 125 ng gli-pcDNA/well condition, which has been set to 1.
Further details are given in Materials and methods.
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Fig. 2. Oxysterol treatment had no effect on Hh-inducible Gli transcriptional
activity in PC-3 cells. Cells were transfected with either 8xGBS-luciferase or
8xmutGBS-luciferase, with or without gli-pcDNA (125 ng/well). After transfection,
cells were treated with the oxysterol, 25-hydoxycholesterol (2.5 uM) or vehicle
control (ethanol) for 24 h in low sterol medium (containing 0.5% lipoprotein-
deficient serum). Luciferase values are presented relative to the 125 ng gli-pcDNA/
well condition (without oxysterol), which has been set to 1. Further details are
given in Materials and methods.

To further investigate if there is any significant basal activity in
PC-3 cells, we employed a manipulation that has been shown to in-
crease Hh pathway activity. Side-chain oxygenated sterols, such as
25-hydroxycholesterol, activate the Hh pathway through the
Smoothened protein [15,16]. However, addition of 25-hydroxycho-
lesterol had no effect on Hh pathway activity in the PC-3 cells, as
assessed by the 8xGBS-luciferase assay, in that luciferase values
were no different between the wild-type and mutant reporters
(Fig. 2). This experiment was conducted in low sterol (0.5% lipopro-
tein-deficient) media in order to maximise the chances of
observing an effect of the added sterol. The concentration of 25-
hydroxycholesterol used is known to have a profound effect on
parameters related to cholesterol homeostasis [17]. We obtained
the same negative result in regular (10%) full serum containing
media.

The converse approach was to attempt to decrease any Hh path-
way activity in the PC-3 cells by treating with the Smoothened
inhibitor, cyclopamine. As a control, we used tomatidine, a steroi-
dal alkaloid structurally similar to cyclopamine but which is non-
teratogenic and lacks inhibitory effects on Hh signalling. Neither
compound had an effect on Hh pathway activity, as again deter-
mined by the 8 xGBS-luciferase assay (Fig. 3).

Others have found that cyclopamine kills PC-3 cells [6-8], lend-
ing support to the contention that these cells possess an active Hh
pathway. We treated PC-3 cells with cyclopamine versus tomati-
dine and found no evidence of cytotoxicity after 72 h, using an as-
say based on reduction of the tetrazolium salt WST-1 by
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Fig. 3. Cyclopamine treatment had no effect on Hh-inducible Gli transcriptional
activity in PC-3 cells. Cells were transfected with either 8xGBS-luciferase or
8 xmutGBS-luciferase, with or without gli-pcDNA (125 ng/well). After transfection,
cells were treated with cyclopamine (10 pM) or inactive control (10 pM tomatidine)
for 24 h. Luciferase values are presented relative to the 125 ng gli-pcDNA/well
condition (tomatidine), which has been set to 1. Further details are given in
Materials and methods.
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Fig. 4. Cyclopamine treatment had no effect on PC-3 cell viability. Cells were
treated with increasing concentrations of cyclopamine or tomatidine for 72 h.
800 pg/mL of G418 was used as a positive control. The WST-1 cell viability assay
was performed posttreatment. Values are expressed as a percentage of viable cells
where the untreated cells were set to 100%. Further details are given in Materials
and methods.

mitochondrial dehydrogenases in viable cells. In contrast, the anti-
biotic G418 greatly reduced cell viability in the same experiments
(Fig. 4).

Discussion

Expression studies in prostate tissue samples and prostate can-
cer cell lines have presented a strong case for the importance of Hh
signalling in prostate cancer [2]. However, the presence of Hh
pathway components or Hh gene targets does not necessarily indi-
cate an active Hh pathway. For instance, there are mechanisms
that could induce activation of the pathway even in the absence
of the Hh ligand, such as activating mutations in Patched or
Smoothened [2]. Detection of Gli driven transcription, downstream
of Hh signalling, captures the activity along the length of the
Hedgehog pathway. Therefore, we argue that the 8 xGBS-luciferase
reporter assay may be a more accurate reflection of an intact Hh
pathway, rather than inferring from components of the pathway
being expressed. The 8 xGBS-luciferase assay was used by Karhad-
kar et al. [6] to detect autocrine Hh activity in a number of cell
lines, including PC-3 cells. Therefore, the unresponsiveness of this
assay for PC-3 cells was unexpected and contradicted the findings
of Karhadkar et al. [6]. However, unlike Karhadkar et al. [6], we em-
ployed a negative control in which the Gli-binding sites in the
luciferase construct were mutated. This proved crucial in deter-
mining true basal levels of luciferase activity. Co-transfection with
a plasmid encoding Gli confirmed that the assay was working. In
addition, manipulations that should either increase (an oxysterol)
or decrease (cyclopamine) Hh pathway activity had no effect on
8xGBS-luciferase reporter activity. Overall, we found no evidence
of autocrine Hh activity in the commonly used prostate cancer cell
line, PC-3, using a sensitive measure of the Hh signalling pathway.

Furthermore, we found that cyclopamine treatment did not af-
fect PC-3 cell viability. Some [6-8,18] but not all [19] studies have
found that cyclopamine reduced PC-3 cell viability or proliferation.
For example, Karhadkar et al. [6] reported that 1 uM cyclopamine
reduced PC-3 viability by >80%. However, Zhang et al. [10] using
10 uM cyclopamine reported a more modest reduction in PC-3 cell
viability (~30% after 4 d), but found no effect on Hh-responsive
gene expression, indicating that the cyclopamine effect was inde-
pendent of Hh pathway activity. Our results are consistent with
those of Zhang et al. [10], in that we observed no loss in PC-3 cell
viability after a shorter incubation with 10 uM cyclopamine (3 d
versus 4 d). Moreover, Zhang et al. [10] concluded that there is no
functional Hh pathway in PC-3 cells, since introduction of Smooth-
ened failed to induce downstream targets. They rationalised Kar-
hadkar et al’s dramatic finding [6] that xenograft tumours
derived from PC-3 cells grew more slowly and even regressed upon
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cyclopamine treatment, by suggesting that the cyclopamine may
be affecting responses of stromal cells to the xenograft [10].

In conclusion, we found no evidence of autonomous Hh signal-
ling in the widely used prostate cancer cell line, PC-3. These find-
ings are contrary to those from the influential study of Karhadkar
et al. [6], using the same assay but incorporating additional
controls. Our results support the recent work of Zhang et al. [10],
using an alternative approach. Therefore, we caution against using
PC-3 cells to investigate the Hh pathway in a prostate cancer
setting.
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