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BACKGROUND. We developed non-invasive, cell-based screening assays to rapidly and
biologically assess factors that modulate prostate cancer growth and affect androgen receptor
(AR) activity.
METHODS. LNCaP cells, which stably express enhanced green fluorescent protein (EGFP)
either constitutively or upon AR activation, were treated with a variety of agents, and then
monitored by fluorescence and MTS assays for dose-dependent changes in cell number and AR
activity.
RESULTS. The assays were validated for rapid, fluorescence-based, quantitative measurement for the presence of growth and AR modulators. Using these assays, we found that
osteoblast conditioned media (CM) enhanced prostate cancer cell growth, but not AR activity.
After priming with androgen (<1 nM R1881), forskolin or the pesticide dichlorvos enhanced AR
activation, whereas interleukin-6 (IL-6) inhibited it.
CONCLUSION. These non-destructive, cell-based assays enable rapid systematic monitoring
of the effects of drugs or complex mixtures on prostate cancer cell growth and/or AR activity.
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INTRODUCTION
The development and proliferation of prostate
cancer in its early stages depends on the presence of
androgens and androgen receptor (AR) [1]. There is
considerable evidence that even with androgen ablation, AR still plays an important role in progression of
ablation-resistant prostate cancer [1–4]. The activation
of AR at this stage may be due to the compensatory
mechanisms of the multiplicity of endogenous factors
such as co-regulators, cytokines, or growth factors
[5–11], or due to the effect of exogenous factors. For
example, it has been reported that many chemicals
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present in the environment can mimic, antagonize or
interfere with physiological actions of endogenous
hormones such as androgens [12]. These exogenous
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substances have been called endocrine disruptors and
include environmental contaminants [13–16], designer
androgens [17,18], and natural products [19,20]. There
is evidence that some of these endocrine disruptors can
cause cancers in humans, including prostate cancer
[21,22]. With a continually growing list of endogenous
and exogenous substances that can alter AR transcriptional activity or prostate cancer cell growth, there is a
need for a high throughput method to assess these
activities.
Typically, AR transcription assays involve transient
transfection of cell lines with one or more plasmids
expressing AR and a reporter gene, followed by
treatment with a variety of agents and subsequent
measurement of reporter gene expression. However,
transient transfection assays may not accurately reflect
evenly distributed, steady-state levels of receptor, as
transfection efficiencies can vary greatly between cells
and between replicate assays. Also, these assays
usually require a large number of cells, costly transfection materials and several experimental manipulations.
In addition, transient transfections have time-limited
responsiveness since the transgene is usually lost
within 72 hr. For cell growth assays, procedures for
determining cell number at given time points usually
are lethal to the cells and hence, to obtain growth
curves, one needs to perform several parallel yet
independent experiments.
To circumvent these problems, we have created a
novel approach to screen for agents that modulate
prostate cancer cell growth or AR activity using stably
transformed prostate cancer cells expressing an
enhanced green fluorescence protein (EGFP) reporter
under a constitutive or AR-regulated promoter. These
assays are relatively high throughput, versatile, and far
less variable than transient transfection techniques.
While others have also developed in vitro bioassays
using stable cell lines to quantify AR activity [21,23,24],
the advantage of our system is that one can monitor and
screen multifactorial components such as conditioned
media (CM), growth factors, and potential therapeutic
treatments over a time course in a rapid and nondestructive manner, and thereby find the optimal
treatment conditions with respect to impact on prostate
cell growth and AR activation.
MATERIALS AND METHODS
Cell lines, Media, and Additives
LNCaP human prostate adenocarcinoma cells and
293 T human embryo kidney cells were obtained from
American Type culture collection (ATCC, Manasa,
VA). PC3 human prostate cancer cells that stably
express androgen receptor (PC3(AR)2) were a kind gift
from Dr. T.J. Brown, (University of Toronto, Ontario,
The Prostate DOI 10.1002/pros
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Canada). LNCaP cells were grown in RPMI 1640
medium supplemented by 5% heat inactivated fetal
bovine serum (FBS), and Penicillin-Streptomycin (P-S)
1% (Life Technologies, Inc., Gaithersburg, MD).
PC3(AR)2 and 293 T cells were maintained in DMEM
medium with 10% FBS and 1% P-S. Osteoblast-like
SaOS-2 cells (ATCC) were cultured and induced to
differentiate as previously described [25]. Briefly, cells
were initially cultured in Ham’s F-12 medium (Life
Technologies) containing 28 mM HEPES pH 7.4,
1.4 mM CaCl2, 2 mM glutamine, 10% FBS, 1% P-S. This
is further supplemented with 10 nM dexamethasone
and 50 mg/ml ascorbic acid. At day 8, 10 nM
b-glycerophosphate was added and this addition was
repeated at every medium change until mineralization,
at approximately day 15. Subsequently, the media was
switched to 5% charcoal stripped serum (CSS) supplemented Ham’s F-12 media as above except without
ascorbic acid and dexamethasone, for another 24 hr.
CM from this source was stored at 808C prior to
experimentation. SaOS-2 differentiation was validated
by alkaline phosphatase and Von Kossa staining, as
before [26].
Generation of Stable Cell Lines Expressing EGFP
A lentiviral approach was used to generate either
stable, constitutive EGFP-expressing LNCaP cells
(LN-CMV-EGFP cells) or PC3(AR)2 cells (PC3CMV-EGFP) as described previously [27]. Briefly,
1.5  106 293 T cells were seeded onto 10 cm plates
and co-transfected the following day by calcium phosphate precipitation method (Profection Mammalian
Transfection Systems, Promega, Madison, WI) with
10 mg of lentiviral vector, Lv-CMV-EGFP; 10 mg of
pCMVDR8.2, containing viral assembly sequences; and
5 mg of pMD.G, carrying the vesicular stomatitis virus
envelope glycoprotein G (VSV-G). After 16 hr incubation, the medium was changed to 10% FBS-DMEM. The
virus containing medium was collected after 48 hr,
passed through a 0.45 mm filter to remove debris and
then stored at 808C. For lentiviral infection, LNCaP or
PC3(AR)2 cells were seeded onto 10 cm plates. When
cell confluence was 60%, 5 ml of virus containing
medium was added. After 16 hr, the media was
switched to 5% FBS RPMI and, 2 days after infection,
cells expressing the EGFP transgene were checked
under a fluorescent microscope.
Similar procedures were used for generating
stable, AR-regulated EGFP-expressing LNCaP cells
(LN-ARR2PB-EGFP) using an androgen responsive
probasin-derived promoter (ARR2PB) instead of a
CMV promoter for the transfer plasmid (Lv-ARR2P
B-EGFP). The ARR2PB promoter, a gift from Dr. R.
Matusik [28], contains two copies of probasin androgen
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response region (PB ARR; 244 to 96) upstream of the
minimal promoter and is the most potent form of PB
promoter that has been shown to retain prostatespecific and hormone-regulated EGFP expression in
LNCaP cells [27].
Selecting for Homogeneous EGFP Expressing Cells
To obtain populations of cells that show relatively
homogeneous fluorescence, LN-CMV-EGFP, PC3CMV-EGFP, and AR-activated LN-ARR2PB-EGFP cells
were sorted for high fluorescence levels using fluorescence activated cell sorting (FACS) at the Biomedical
Research Centre of the University of British Columbia
(Vancouver, BC, Canada). Briefly, about 2  107 trypsinized cells were re-suspended in cold phosphate
buffered saline (PBS) supplemented with 0.02 mM
EDTA and ranked based according to their EGFP
expression. The highest fluorescence expressing cells
were collected and cultured for subsequent assay
development.
Cell Proliferation Assays
LN-CMV-EGFP cells were seeded into 96-well black
plates (Nalge Nunc International, Rochester, NY) using
5% FBS, phenol red-free RPMI medium (Gibco, Life
Technologies, Inc., Gaithersburg, MD) at different cell
densities (5,000–20,000 cells per well) and assessed
non-destructively over time by measuring fluorescence
(EGFP) using a Fluoroskan Ascent FL (ThermoLabsystem, Helsinki, Finland) at excitation and emission of 485 and 518 nm, respectively, every 24 hr and
verified by fluorescent microscopy. Mean relative
fluorescence unit (RFU) values were obtained from
eight replicates of each assay condition. For treatment
with CM from SaOS-2 cells, LN-CMV-EGFP cells were
re-suspended with 50% or 100% of CM or control (5%
CSS SaOS-2 media) and seeded at 20,000 cells/well.
Fluorescent cells were assessed over time using the
Fluoroskan. Cell numbers were determined at the
termination of each experiment (day 4) using the MTS
cell proliferation assay (CellTiter 961 AQueous One
Solution Reagent, Promega). In brief, 20 ml of the
reagent was added to attached cells in each well of
the 96-well plate containing 100 ml media and incubated
for 2 hr at 378C in 5% CO2. Light absorbance of
formazan was measured at 490 nm on a 96-well plate
reader equipped with KC4 software (Biotek Instruments, Inc., Winooski, VT).
Measurement of Apoptotic Cells
Mitoxantrone was purchased from Sigma Chemicals
(St. Louis, MO). Stock solutions of mitoxantrone (1 mg/
ml) were prepared with PBS and diluted to the required
The Prostate DOI 10.1002/pros

concentrations prior to each experiment. One hundred
microliters of 5% FBS phenol red-free media RPMI
containing 20,000 LN-CMV-EGFP cells were seeded
into each well of a 96-well black plate. Twenty-four
hours later, cells were treated with different mitoxantrone concentrations ranging from 0 to 10 mM.
Fluorescence was measured at time 0 and the cells
were also monitored visually under a fluorescent
microscope. After 48 hr, the media were gently
transferred into a new multi well plate and 100 ml of
fresh media was added to the original plate, followed
by fluorescence measurements of both plates. At the
termination of each experiment, a MTS cell number
assay was performed.
Androgen ReceptorTransactivation Assays
LN-ARR2PB-EGFP cells were grown in 5% CSS
RPMI for 5 days to deplete cells of bio-available
androgen and to reduce their EGFP expression to
background levels. This was confirmed by fluorescent
microscopy. Cells were then seeded at a density of
20,000 cells/well in 96-well black plates in 5% CSS
phenol red-free RPMI, grown overnight, subsequently
treated with different concentrations of the potent
synthetic androgen, R1881 (methyltrienolone, Dupont,
Boston, MA) and followed by fluorescent measurements every 24 hr. At day 3, experiments were
terminated and MTS assays were performed. Using
analogous protocols, 20 ng/ml interleukin-6 (IL-6)
(Calbiochem-Novabiochem Corp., San Diego, CA),
25 mM forskolin (FSK) (Sigma), and 0.1–1 mM dichlorvos (AccuStandard, New Haven, CT), with or without
R1881, were also tested in this system. For experiments
with bicalutamide (casodex, a gift from AstraZeneca),
LN-ARR2PB-EGFP cells were grown for 5 days in CSS,
seeded at 20,000 cells/well and incubated with
bicalutamide (0–50 mM) overnight. Following this, the
cells were treated with 1 nM R1881 and then after 72 hr
assessed for fluorescence and cell number as described
above.
Statistical Analysis
Statistical analyses were performed using Student’s
t-tests with JMP IN software (version 4.0.2.-Academic).

RESULTS
EGFP Expression Directly Correlates
With the Number of Cells
LNCaP cells were infected by lentiviral vector
Lv-CMV-EGFP to create the LN-CMV-EGFP cell line.
In these cells, the constitutively active CMV promoter
drives EGFP expression, which is visible under
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fluorescent microscopy and quantifiable by Fluoroskan
fluorometry. Using this cell line, we sought to establish
and to validate a fluorescence assay to estimate changes
in prostate cancer cell numbers in response to
various growth promoting or inhibiting agents. Due
to differences in the relative multiplicity of infection of
individual cells, variable expression of EGFP from low
to high intensities was observed. To achieve a homogeneous population of LN-CMV-EGFP cells and therefore a robust growth assay system, these cells were
sorted for high fluorescence expression by FACS. The
sorted cells had a comparatively homogeneous pattern
of EGFP expression as determined by a fluorescent
microscope and remained stable expressers of EGFP
even after more than 12 passages. Since the CMV
promoter is constitutively active, higher EGFP expression levels is presumably due to a higher number of
cells rather than any change in fluorescent intensity
per cell. To test for a direct correlation between
fluorescence and cell number, fluorescent LN-CMVEGFP cells and non-fluorescent wild-type LNCaP cells
were seeded at different densities in 96-well plates and
the amount of fluorescence measured every 24 hr.
Figure 1A shows that there was an increase in RFUs as
the seeding density of the LN-CMV-EGFP cells was
increased. After an initial delay of 24 hr, the RFU values
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in each well containing LN-CMV-EGFP cells increased in a time-dependent manner, such that there was a
linear increase (R2 > 0.90) between 24 and 96 hr. To
verify that the RFU increases indeed reflected increased
cell numbers, MTS assays were performed at 96 hr. As
expected, the number of both EGFP and non-EGFP
expressing cells increased by day 4 in proportion to the
number of cells initially seeded (Fig. 1B). To determine
if the amount of EGFP fluorescence directly correlated
with the number of cells, the corresponding cell
numbers and RFU at day 1 and 4 were plotted. As
shown in Figure 1C there is a linear correlation between
cell number and RFU up to 30,000 cells/well
(R2 ¼ 0.99).
PC3 human prostate cancer cells, which were
infected by Lv-CMV-EGFP were also tested in a similar
fashion. These cells were seeded at densities of 2,000 to
8,000 cells/well and fluorescence was measured every
24 hr as described above (Fig. 1D). Again, after an initial
24 hr delay, there was an apparent linear relationship
between RFU levels and incubation time (R2 > 0.98).
After 4 days, cell numbers were determined by MTS
assays and compared to RFU values, with a linear
correlation between RFU and cell number estimates
seen over the range of 2,000 to 17,000 cells/well
(R2 ¼ 0.99) (data not shown). Overall, the linear

Fig. 1. Correlation of EGFP fluorescence with cell number. A: LN-CMV-EGFP cells were seeded in 96 black well plates at different densities
(a) 20,000, (b) 10,000, (c) 5,000 cells/well among LNCaPcells at the corresponding numbers (d^f) using 5% FBSphenolred free RPMI.The EGFP
was measuredby fluorometry every 24 hr.B: Cell number assay using a MTSmethod atday 4 of both LN-CMV-EGFP and LNCaP cells based on
seeded cell numbers.C: Plot of fluorescence (RFU) versus LNCaP-CMV-EGFP cell numbers D: PC3-CMV-EGFP cells were seeded at different
densities (a) 8,000, (b) 4,000, (c) 2,000 cells/wellversus (d) media into a 96 -wellplate and the fluorescencewasmeasured every 24 hr.
The Prostate DOI 10.1002/pros

420

Tavassoli et al.

correlation between EGFP expression and cell numbers
in both LNCaP and PC3 EGFP-expressing cells
indicated that these cells could provide the basis for a
direct assay to non-destructively measure changes in
cell number over time in living prostate cancer cells in
response to various growth modulators or inhibitors.
Simultaneously Screening for Cell Death
and Cell Viability
Having demonstrated that this fluorescence assay
could be used for quantitation of prostate cancer cells
under growth promoting circumstances, we next tested
whether it could accurately estimate decreasing cell
numbers in response to a cytotoxic agent. Mitoxantrone
is an anthraquinone antineoplastic agent that has been
extensively used to treat castrate-resistant prostate
cancer [29] and has been shown to induce apoptosis
in LNCaP cells [30]. To validate whether our cellbased assays could determine a dose response to
mitoxantrone, LN-CMV-EGFP cells were plated at
20,000 cells/well and then treated with mitoxantrone
concentrations ranging from 0 to 10,000 nM. After 48 hr,
light microscopy revealed that wells with >1,000 nM
mitoxantrone contained a mixture of alive and dead
cells with some cells having apoptotic features such as
cell shrinkage and nuclear fragmentation (data not
shown). Under the fluorescent microscope, it was
observed that viable, adherent LN-CMV-EGFP cells
had EGFP fluorescence that was concentrated inside
the cells, resulting in bright fluorescence wherever
there was a live cell. By comparison, dead cells had
lysed and their EGFP proteins had diffused into media.
This diffused EGFP resulted in an elevated fluorescence background that could be easily seen with the
fluorescent microscope. Since only upon cell death did
EGFP appear in the media, the amount of fluorescence
in the media should be an index of cell death.

Accordingly, after 48 hr treatment with mitoxantrone,
the media from each well was transferred to a new plate
and RFUs were measured. As is evident in Figure 2A,
only background fluorescence was detected in the
media after treatment with 0 to 100 nM mitoxantrone.
However, significant media RFU was measured at
>1,000 nM suggesting extensive cell death (P < 0.05).
At 10,000 nM of mitoxantrone, all the cells were dead as
determined by fluorescent microscopy and further
validated by MTS assays.
To measure the proportion of living cells in the same
samples, fresh media was added and RFUs measured
in adherent cells. To confirm that the RFU values
obtained were correlated with the number of surviving
cells, MTS assays were performed and compared to the
corresponding RFUs (Fig. 2B). At 0 nM mitoxantrone,
the RFU levels of live cells had increased 30% in
comparison to the average RFUs measured at the time
of seeding (2.26  0.14). Between 10 and 100 nM of
mitoxantrone treatment, cells appeared to be in a
quiescent state, since their mean RFU values were not
significantly changed in comparison to that at seeding
time and the MTS assay performed on these cells
showed no significant difference in cell numbers
between seeding time and after 48 hr treatment.
However, at 1,000 nM mitoxantrone, there was 30%
less RFU than at seeding time, consistent with a 30%
decrease in cell numbers determined by the MTS assay.
As the concentration of the drug increased, the RFU
levels decreased in the same proportion as the cell
number, such that at 10,000 nM mitoxantrone no live
cells were detectable. It should be noted that there is an
apparent reciprocal relationship between the RFU
values measured in the surviving cells and that in the
media, where the fluorescent contribution is from dead
cells and that this assay enables one to estimate the
relative number of both living and dead cells in the
same sample.

Fig. 2. Screening forcellviabilityandcelldeathusingLN-CMV-EGFPcells.A:Twenty thousandLN-CMV-GFPcellswereseededineachwellof
a96black wellplate overnight.Cellswere thentreatedwithmitoxantroneranging from10to10,000nMfor48hr.Themediawas then transferred
to a new 96 -wellplate.The diffused EGFP (RFUs) in themedia fromlysedcellswasmeasured. Asteriskindicates a significantdifference (P < 0.05)
at a1,000 nM in comparison to lower levels.B: One hundredmicroliters of fresh media was added to each well and the EGFP from the attached
viable cellsmeasured. After the fluorescencewasmeasured, a MTSassay wasperformed to determine the cellnumbers/well.Bothfluorescence
and cellnumbers atvariousmitoxantronelevels wereplotted.
The Prostate DOI 10.1002/pros
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Osteosarcoma (SaOS-2) Conditioned Media
Increases LN-CMV-EGFP Cell Proliferation
Having developed an assay that quantifies both cell
proliferation and cell death, we next evaluated a
biological sample with an unknown potential for
growth modulation. In vitro and in vivo studies have
shown that bone factors can accelerate human prostate
cancer growth [6,31–36]. SaOS-2, a human osteoblastlike osteosarcoma cell line is capable of producing a
variety of bone factors (osteoprotegrin, osteonectin,
osteocalcin, bone sialoprotein, TGF-b, IGF-1, IL-6, IL-1)
and mineralization in the presence of b-glycerophosphate [6,37–39]. Accordingly, we tested CM from
differentiated SaOS-2 cells in our assay system.
Figure 3A shows the RFUs measured over time for
cells treated with different concentrations of steroiddepleted (charcoal-stripped) CM. While following the
first 24 hr there were no significant differences
among treatment conditions, after 48 hr, differences
in fluorescence were detectable and became significant
with 100% CM compared to non-CM at day 3 (P < 0.05).
After 4 days, a significant RFU difference over control
(P < 0.05) was also seen in experiments with 50% CM.
The increased RFUs with 50% and 100% CM at day 4
were about 1.3- and 1.4-fold, respectively. This was
confirmed by a MTS assay, which showed a similar fold
increase in cell number (Fig. 3B). Taken together, these
results indicate that, in a single time-course experiment, this assay can be used to non-destructively
monitor the presence of secreted mitogens in complex
mixtures (i.e., CM) and evaluate their relative potency
in stimulating prostate cancer cell growth.
ACell-Based Assay to Measure
Changes in AR Activity
Since the AR plays a key role in prostate cancer
growth and survival, we sought to establish a cellbased assay for evaluation of agents capable of

421

modulating endogenous AR activation in living
prostate cancer cells. A lentivirus having an androgen
responsive probasin-derived promoter upstream of an
EGFP reporter gene (ARR2PB-EGFP) was used to make
the LNCaP cell line LN-ARR2PB-EGFP. EGFP expression in this system is regulated by AR and thus,
increased fluorescence should indicate increased AR
transcriptional activity. To test this, LN-ARR2PB-EGFP
cells were first grown in charcoal steroid media to
deplete cells of bio-available androgen. As before [27],
EGFP fluorescence declined over time and by day 5 no
fluorescent cells were observed (data not shown). This
lag period is likely due to the time it takes for (i)
remaining androgens to be metabolized, (ii) the AR to
become transcriptionally inactive after translocation
into cytoplasm, and (iii) all endogenous EGFP protein
to be degraded. When EGFP fluorescence was undetectable, LN-ARR2PB-EGFP cells were incubated
with various concentrations of the potent synthetic
androgen R1881 at concentrations ranging from 0.01 to
10 nM (Fig. 4A). After 24 hr of hormone treatment, cells
exposed to 1 nM or higher concentrations of R1881
showed an increased amount of EGFP expression,
which was visually confirmed by fluorescent microscopy. The EGFP expression levels increased over time
in a dose-dependent manner and showed significant
differences between 0.1 and 1 nM hormone at 48 hr
(P < 0.001) and with 0.1 and 0.05 nM at 72 hr (P < 0.001).
On a per cell basis, the mean RFU value at day 3
indicated that there was a higher fluorescence as the
R1881 concentration increased (Fig. 4B). This indicates
that the observed increase in EGFP expression was due
to enhanced AR activation and not due to cell growth.
We next tested the effect of bicalutamide, an antiandrogen and antagonist of AR [40], to determine if this
assay could also measure inhibition of androgen
induced EGFP expression. Figure 4C shows changes
over time in RFU values in LN-ARR2PB-EGFP cells
exposed to increasing concentrations of bicalutamide

Fig. 3. Effects of osteoblastic conditionedmedia (CM) on EGFP expressionin LN-CMV-EGFPcells. A:Twenty thousand LN-CMV-EGFPcells
were seeded in a 96 -well plate either suspended in 50% or 100% differentiated SaOS-2 CM media, or media alone (0% CM).The amount of
fluorescence was measured every 24 hr.B: Cell number assay (MTS) was performed atday 4. Asterisks show significantdifferencesin cell numbers of treatmentconditions over controls (P < 0.05).
The Prostate DOI 10.1002/pros
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Fig. 4. MeasurementofARactivity withLN-ARR2PB-EGFPcells.A: After5daysgrowingincharcoalstrippedserum(CSS)RPMI,20,000LNARR2PB-EGFP cells/well were seeded in a 96 black well plate and incubated with R1881ranging from 0.05 to10 nM of R1881.Fluorescence was
measuredevery 24 hr. Asterisks show the significantdifferencebetween 0.1and1nMR1881at 48 hr (P < 0.001) and 0.1and 0.05 at 72 hr (P < 0.001).
B: After 72 hrcellnumberswere determinedusing a MTS assay.Themeanfluorescence/treatmentat 72 hr was normalized tomeancellnumber/
treatmentandplottedagainstR1881concentration.C: After5daysgrowinginCSS,LN-ARR2PB-EGFPcellswere seededat20,000cells/welland
incubatedovernightwithbicalutamidefrom0to50mMbefore treatmentwith1nMR1881.Asterisks showsignificantdifferencewith50and25mM
bicalutamide at 48 and 72 hr, respectively, compared to control.

in the presence of R1881. With 10 mM bicalutamide
there is a slight suppression of RFU levels after 3 days,
whereas a significant decrease (P < 0.05) is seen at this
time point when the drug concentration is raised to
25 mM. By comparison, a significant inhibition of AR
activity is observed after only 2 days of treatment with
50 mM bicalutamide with a >90% decrease in androgeninduced RFU seen at 3 days. Thus, this assay can readily
measure dose-dependent effects of agents that are able
to decrease AR activity.
Assessment of Non-Steroidal Activation of AR
Having established an assay that is able to monitor
endogenous AR activity in living cells, we next tested
whether the effects of non-steroidal modulators of AR
could also be assessed. Since we had found that CM
from differentiated SaOS-2 cells could induce growth
of LNCaP cells in a steroid depleted environment
(Fig. 3A), we sought to determine whether this growth
response was mediated via AR transactivation.
Similar to that observed with the LN-CMV-EGFP cells,
LN-ARR2PB-EGFP cells exhibited significant enhancement of growth at day 3 when treated with 100% CM in
the absence of hormone (as detected by a MTS assay,
The Prostate DOI 10.1002/pros

P < 0.05). However, no significant changes of ARinduced fluorescent activity were seen (P > 0.05), even
using CM concentrated to 400% by centrifugal filter
devices (500MW cut-off). When combined with R1881,
the amount of fluorescence seen could be attributed
entirely to the presence of androgen (data not shown).
Thus osteoblast CM induced growth of LNCaP cells
through an AR-independent mechanism.
It has been reported that both IL-6 and FSK can
modulate the AR transcriptional activity [5,7,8,11,41–
44]. Both were added to LN-ARR2PB-EGFP cells to
determine if they could change the endogenous AR
activity in this system. Neither reagent modulated AR
activity in the absence of R1881, nor at R1881
concentrations lower than 0.1 nM (data not shown).
However, as shown in Figure 5A, in the presence of
0.1 nM R1881, a 72 hr exposure to 25 mM FSK
increased RFUs 1.5-fold relative to R1881 alone
(P < 0.01), consistent with reported observations of
this androgenic priming requirement [41,43,44]. Conversely, IL-6 (20 ng/ml) in the presence of 0.1 nM R1881
resulted in a 40% decrease in fluorescence (P < 0.01)
(Fig. 5A). This is in agreement with Jia et al. [42], who
also observed an inhibition of AR transactivation with
IL-6. Cell numbers at day 3 were determined by MTS
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Fig. 5. Effects of FSK, the pesticide dichlorvos, and IL- 6 on fluorescence levels in ARR2PB-EGFP cells. A: After 5 days growing in CSS, LNARR2PB-EGFP cells were seeded at 20,000 cells/well and treated with 0.1or1nMR1881alone (1 & 4), or in addition with 20 ng/ml IL- 6 (2 & 5) or
25 mM forskolin (3 & 6).The fluorescence, representing AR activity was measured every 24 hr. At t ¼ 72 hr, in the presence of 0.1or1nMR1881,
fluorescence expressions of IL- 6 and forskolin are significantly different over control (P < 0.01). B: LN-ARR2PB-EGFP cells were treated with
(a) 1nMR1881, (b & c) 1and 0.1 mM dichlorvosin thepresence of 0.1nMR1881, respectively, or (d) 0.1nMR1881alone.

assays and showed no significant differences among
the above-treatment conditions (data not shown),
indicating fluorescence measurements reflected AR
activity and not cell growth. Thus, FSK enhanced and
IL-6 inhibited endogenous AR transcriptional activation in the presence of 0.1 nM or 1 nM R1881.
We next tested the utility of this assay for ascertaining the effects of an environmental chemical contaminant on our androgen-regulated EGFP cells. Dichlorvos
is a potential carcinogenic pesticide [45] and also a
possible AR modulator through yet undetermined
mechanism(s) [46]. This pesticide was used to treat
LN-ARR2PB-EGFP cells in the presence or absence of
androgen. In the absence of R1881, different concentrations of dichlorvos did not affect AR activity (data
not shown). After 48 hr in the presence of 0.1 nM R1881,
1 mM dichlorvos significantly enhanced 0.1 nM R1881
induction of EGFP (P < 0.05), whereas fluorescence
enhancement by 0.1 mM of dichlorvos became significant by day 3 (P < 0.01) (Fig. 5B). Thus, dichlorvos is
ineffective alone, but is able to enhance AR activity in
the presence of low androgen levels. A future application of this system could be to screen various chemical
compounds or natural products for modulation of AR
activity.
DISCUSSION
Since there is an expanding number of chemicals,
biological substances and cellular extracts that can alter
prostate cancer cell growth and AR transcriptional
activity, a high throughput, non-destructive method to
identify these agents and to asses their activities in
viable cells was developed using LNCaP and PC3
cell lines that had been lentiviral treated to stably
express fluorescent EGFP reporters. To monitor cell
growth or AR enhancement, EGFP was either driven
by a constitutive CMV promoter (LN-CMV-EGFP or
The Prostate DOI 10.1002/pros

PC3-CMV-EGFP cells) or by an ARR2PB androgen
responsive promoter (LN-ARR2PB-EGFP cells), respectively.
After lentiviral infection of LNCaP or PC3 human
prostate cancer cells with Lv-CMV-EGFP and subsequent enrichment of high fluorescence expression
levels by FACS sorting, we found that, after 24–96 hr
culturing in multi-well plates, there was a direct linear
relationship (R2 ¼ 0.99) between levels of fluorescence
and cell number (Fig. 1). To evaluate the accuracy and
practical utility of this high throughput assay for
assessment of agents that kill or inhibit the growth of
prostate cancer cells, we tested the effects of a known
cytotoxic drug, mitoxantrone [30,47], and found that
there was direct concordance between the patterns and
quantitation of cell death and apoptosis measured by
both our non-destructive assay and MTS (non-viable)
estimates (Fig. 2). Similarly, our fluorescent assay
enabled accurate and reproducible measurement of
prostate cell proliferating effects of complex mixtures
such as osteoblast CM from differentiated SaOS-2 cells
which induced a small (30%–40%), yet statistically
significant (P < 0.05), increase in cell proliferation
(Fig. 3), in agreement with reports that the bone
environment is supportive both in survival and
metastatic growth of prostate cancer cells [6,31–36].
In contrast to its growth promoting effects, CM did not
alter endogenous AR activity, implying that the cell
proliferation induced by osteoblast CM was through
AR-independent pathways. Overall, our cell-based
screening method can robustly measure factors that
even subtly influence prostate cancer cell proliferation
or cell death and therefore should be particularly useful
for large scale, simultaneous assessment of multifactor
treatments at different concentrations and time points,
saving both time and costs. Furthermore, the nondestructive nature of this 96-well assay would enable
multiple dynamic measurements of cellular and
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molecular responses to the treatments, replacing
several individual experiments.
The practical utility of applying a viable, cell-based
assay to measure chemical and environmental
agents that can modulate AR activity was tested by
using lentiviral vectors containing a probasin-derived
AR-responsive promoter to create the LNCaP cell line,
LN-ARR2PB-EGFP. Using these cells, we found that
R1881, a potent synthetic androgen and AR agonist
[48], could reproducibly induce EGFP expression in a
concentration- and time-dependent manner (Fig. 4)
over a large number of passages. As anticipated,
bicalutamide, an effective anti-androgen known to
block AR activation [40], was readily evaluable in
this system (Fig. 4). Because these cells are both
stable AR-inducible expressers and enriched by FACS
selection, responses are far less variable than estimates
using transient transfection systems.
While screening for established androgenic and antiandrogenic compounds validated this AR-bioassay,
LN-ARR2PB-EGFP cells also provided an opportunity
to assess the effects of non-steroidal drugs or
compounds that may modulate the AR-dependent
gene transcription. There are conflicting reports as to
whether the FSK can directly activate the AR in a
ligand-independent fashion or whether it requires
some form of androgen priming to see this agonisitic
effect [43]. Similarly, it remains unresolved whether the
cytokine IL-6 is an androgen-independent agonist
[5,8,11] or an antagonist [42] of AR. Since our AR
functional screening assay is stable, reproducible, relies
on a chromosomally integrated AR reporter system,
and is not confounded by transient transfection
manipulations, we felt that it could provide a more
physiological judgment of these questions. While
neither chemical was observed to modulate AR activity
at in the absence of androgen in charcoal-stripped
serum, in the presence of 0.1 nM or higher concentrations of R1881, IL-6 significantly inhibited AR activity
whereas FSK stimulated AR transcriptional activity of
EGFP (Fig. 5).
To broaden the screening application of our cellbased AR functional assay, we tested whether the
pesticide dichlorvos could modulate AR activity in a
prostate cancer cell. As with IL-6, there is some
controversy as to whether this environmental contaminant is an AR agonist as demonstrated in transient
transfections using LNCaP prostate cancer cells [49] or
antagonist as shown in similar experiments with
Chinese hamster ovary cells [46]. Our results clearly
support an agonist role for dichlorvos, at least
in the presence of priming amounts of androgen and
in the context of human prostate cancer cells. In general,
these experiments support the efficacy of using a stable,
reproducible, and chromatin-integrated AR-inducible
The Prostate DOI 10.1002/pros

reporter system for assessing the impact of drugs and
chemicals on endogenous AR activity in prostate
cancer cells. Furthermore, to assist in uncovering the
mechanism of action of AR-interfering compounds,
one can use this fluorescent assay to monitor AR
activity over time in multiple sets of viable prostate
cancer cells to determine the optimal time points
and conditions for subsequent analyses such as gene
expression microarrays or signal transduction assays.
CONCLUSIONS
The lentiviral-created, cell-based fluorescent assay
systems developed in this study enable rapid, reproducible, time-dependent, and high-throughput screening and monitoring of chemicals or complex mixtures
for their capacity to influence prostate cancer cell
growth/death or AR-mediated signaling, under a
variety of treatment conditions in a single experiment.
After validation, we used these assays to illustrate the
cytotoxicity of mitoxantrone, the AR-independent
growth-promoting activity of CM from differentiated
osteoblasts (SaOS-2 cells), the androgen priming
requirement for FSK activation and IL-6 inhibition of
AR activity, and finally, that the pesticide dichlorvos
enhances AR transcription activity in a androgendependent manner.
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