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BACKGROUND:. Small molecule MDM2 antagonists including nutlin-3 have been shown to
be effective against a range of cancer cell types and nutlin-3 can inhibit growth of LNCaP
xenografts. We compared the efficacy of nutlin-3 in three prostate cancer cell types and provide

an insight into the mechanism of nutlin-3.

METHODS:. Nutlin-3 efficacy was measured using proliferation assays, cell cycle analysis,
apoptosis assays, quantitative RT-PCR, and immunoblotting. Chromatin immunoprecipitation

(ChIP) assays were also performed.

RESULTS:. Nutlin-3 can specifically inhibit proliferation of LNCaP cells through cell cycle
arrest and apoptosis. This coincides with increased levels of the p53-responsive transcripts p21,
PUMA, gadd45, and Mdm?2 and recruitment of p53 to chromatin. Nutlin-3 also reduces
androgen receptor levels, resulting in altered receptor recruitment to chromatin.

CONCLUSION:. Our study demonstrates that small molecule MDM2 antagonists might be
useful in the treatment of human prostate cancers that retain functional p53 and androgen

receptor signaling. Prostate 67: 900-906, 2007 .
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INTRODUCTION

Carcinoma of the prostate (CaP) is the most
prevalent tumor type in American males resulting in
the death of over 30,000 men per annum [1]. Although
advances in early diagnosis have reportedly decreased
the death rate by around 4% per annum since 1994, new
therapies for prostate cancer are lacking which means
that almost all patients with advanced disease will
die as a result of CaP [2]. For localized disease the main
treatment option is surgery in the form of prostatect-
omy and 68% of patients remain disease free 10 years
post-surgery. For advanced disease androgen ablation
via either surgical of chemical castration is the main
form of treatment and has been for more than 25 years.
Initially, this treatment results in rapid tumor re-
gression, even in cases of disseminated disease.
However, almost all patients relapse resulting in the
emergence of androgen independent CaP (AIPC).
Apart from docetaxol-based therapy which confers a
limited survival advantage for these patients [3,4], only
palliative treatment options are available for AIPC.
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The transcription factor p53 can control the
expression of genes involved in cell cycle arrest,
apoptosis, and DNA repair in response to various
stresses such as DNA damage. The cyclin-dependent
kinase inhibitor p21"*!!/<P! is a critical factor in p53-
mediated cell cycle arrest [5,6], members of the Bcl-2
family such as Noxa and PUMA are involved in
p53-mediated apoptosis [7,8] and gadd45 is involved
in DNA repair [9]. More than 50% of all tumors carry
inactivating mutations in the TP53 gene that encodes
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the p53 tumor suppressor protein [10]. Furthermore,
many p53 mutations occur within the DNA binding
domain suggesting transcriptional activities are critical
to p53-mediated tumor suppression [11]. Interestingly,
the incidence of p53 mutations in clinically localized
CaP is just 5%, whilst 62% of metastatic tumors are
thought to harbor p53 mutations [12]. Controversy
therefore exists over the relative importance of p53
mutations in CaP. However, the PTEN tumor suppres-
sor that is a component of the p53 pathway is known to
be mutated in approximately 50% of advanced prostate
tumors [13-15]. Amplification of the MDM2 oncogene
that encodes a negative regulator of p53 occurs in
around 7% of tumors derived from all organs, and some
prostate tumors overexpress MDM?2 [16—-19].

The fact that primary prostate tumors have a
relatively low incidence of p53 mutations means
that reactivation or hyperactivation of wild-type
p53 might be of therapeutic benefit [20]. Recently
described small molecules that specifically inhibit
MDM?2 function leading to non-genotoxic activation
of p53 increase the prospect of being able to
reactivate p53 in tumors [21,22]. Importantly, the
MDM2 antagonist nutlin-3, which is particularly
effective in causing p53-dependent apoptosis in
MDM2-amplified cultured cells, exhibits antitumor
activity on human prostate LNCaP and other xeno-
grafts in nude mice [22,23]. This cytotoxicity seems to
involve 53BP1 [24].

Nutlin-3 has been shown to cause apoptosis and cell
cycle arrest in LNCaP cells, although no molecular data
derived from LNCaP cells are available to explain
these phenomena. Paradoxically, a recent study using
LNCaP, PC3, and DU145 cells has shown that anti-
sense-mediated downregulation of MDM2 results in
increased p53 target gene expression, apoptosis, and
reduced proliferation of prostate cancer cells indepen-
dently of p53 functional status [25]. LNCaP cells
contain wild-type p53 (p53™*/™"), DU145 cells contain
non-functional mutated p53 (p53mt/ mty and PC3 cells
are p53 null (p53™") [26]. This would suggest that
inhibition of MDM2 functions might be of value in
prostate cancer cells lacking functional p53. No study
has examined the potential of nutlin-3 in the PC3 and
DU145 prostate cancer cell lines that lack functional
p53. We therefore tested the effects of nutlin-3 on the
DU145, PC3, and LNCaP cell lines. Our data suggest
that nutlin-3 has no significant effects on the DU145
(p53™/™) and PC3 (p53™") cell lines but does cause
cell cycle arrestand apoptosis in LNCaP cells (p53™*/™)
which coincides with upregulation of p53-responsive
genes. Additionally, we demonstrate for the first time
that nutlin-3 has an impact on androgen signaling,
which is critical for prostate growth, maintenance, and
carcinogenesis.
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MATERIALS AND METHODS

Cell Culture, Flow Cytometry,
and Proliferation Assays

Cells were maintained in RPMI 1640-based medium
as described [27]. All cell culture reagents used were
supplied by Sigma. For cell cycle analysis cells were
resuspended in PBS containing 2% FCS then permea-
bilized with 1% Triton-X-100 (Sigma), treated with
100 pg/ml RNase (Sigma), and stained with 500 pg/ml
propidium iodide (Sigma) before analysis on a BD
FACScan instrument. Active caspase-3 measurements
were made using a FITC-conjugated active caspase-3
antibody as recommended by manufacturer (BD
Pharmingen). WST-1 assays were used to measure
proliferation in 96 well plates as described by manu-
facturer (Roche). Eight replicates were used per
condition.

Quantitative Real-time PCR and Chromatin
Immunoprecipitation (ChIP)

Measurements of PUMA transcript levels
were performed using Taqman products (Applied
Biosystems). p21, PSA, gadd45, and GAPDH tran-
scripts were measured using SYBR Green I as described
[28] with oligonucleotide sequences GTGGTAGAAA-
TCTGTCATGCTGGT and GACTCTCAGGGTCGAA-
AACGG for p21; CCCAAACTATGGCTGCACACT
and CCATGCAGGAAGGAAAACTATG for gadd45,
and CGACCACTTTGTCAAGCTCA and GGGTCTT-
ACTCCTTGGAGGC for GAPDH, respectively. PSA
oligonucleotides were as described [28]. Dissociation
curves confirmed PCR product specificity and tran-
script quantities were corrected to GAPDH values.
ChIP was performed as described [28] with minor
modifications. Prior to immunoprecipitation, DNA
from soluble chromatin fractions was quantified using
a Nanodrop spectrophotometer. Fifty micrograms of
corresponding chromatin were used per ChIP with
specific antibodies against p53 (Ab-6, Oncogene
research products) or androgen receptor (AR) (C-19,
Santa Cruz). Post-ChIP material and input samples
were subject to quantitative PCR with oligonucleotides
GGATCTGTGGTAGGTGAGGGTCAGG and GGAA-
TTAGTCACGGGAGGCAGTGCAG to amplify the
gadd45 p53 response element [29], GGAGTTG-
GAGTTGTCAGGAAAAAGGG and GGTTGTGGTC-
TTTCAGGCCTCCACACC to amplify a gadd45 non-
specific region 2kb downstream [29], and GTGGCT-
CTGATTGGCTTTCTG and CTGAAAACAGGCAGC-
CCAAG to amplify the p53 response element of p21 [5].
Oligonucleotides used to amplify AREIIl were as
described [28].
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RESULTS

Nutlin-3 Dramatically Reduces Proliferation of
LNCaP But not PC3 or DUI45 Cells

We firstly tested the effects of nutlin-3 on the
proliferation of three cell lines used in this study. Using
colorimetric WST-1 assays we determined that nutlin-3
could inhibit LNCaP proliferation by 50% at a dose of
5 uM whereas no effect was observed on DU145 cells at
this dose and only a 15% reduction in proliferation was
observed in PC3 cells (Fig. 1A). Immunoblotting
confirmed that p53 was expressed in DU145 and
LNCaP cells, but not in PC3 cells (Fig. 1B). Surprisingly,
we found that the level of wild-type p53 in LNCaP cells
was not appreciably altered upon administration of
nutlin-3 (Fig. 1B) despite previously published data
from non-prostate cell lines showing that wild-type p53
is stabilized in response to nutlin-3. The MDM2 gene
has previously been shown to be highly dependent
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Fig. I. Assessment of nutlin-3 to alter proliferation of prostate

cancer cell lines A: Cells were seeded in 96 well plates, treated with
the indicated doses of nutlin-3 for 48 hr then subject to WST-1 pro-
liferation assays. Experiments were performed three timesand data
are representative of eight replicates from one experiment. B: Cells
seeded in 12 well plates were treated with nutlin-3 for 24 hr then
equalamounts of whole cell extracts were used forimmunoblotting
with the indicated antisera. In the case of PC3 cells, U20S cell
extract was used as a positive control for p53 immunoreactivity.
C,D: Cellstreated asin Bwere subject to RNA isolation then cDNA
generated was subject to quantitative real-time PCR for MDM2 or
gadd45 asindicated.Vdenotes DMSO vehicle control. All error bars
represent standard deviation.
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upon the transcriptional activity of p53 [30]. To confirm
that nutlin-3 could indeed activate p53 target gene
expression in our system, the levels of MDM2 transcript
and protein were measured in the three cell lines.
Quantitative real-time PCR demonstrated that nutlin-3
produced a 2.2-fold increase in MDM2 transcript levels
at5 puM in LNCaP cells and an 8.6-fold increase at 10 uM
(Fig. 1C). Additionally, MDM2 protein levels markedly
increased in response to nutlin-3 in LNCaP cells
(Fig. 1B). No significant changes in MDM2 expression
were observed in either DU145 or PC3 cells (Fig. 1B and
C). Levels of the p53-responsive gadd45 gene transcript
were also upregulated in response to nutlin-3 in LNCaP
cells, but not DU145 or PC3 cells (Fig. 1D).

In order to investigate the effects of nutlin-3 on
proliferation of the three cell lines, we firstly examined
cell cycle arrest in response to nutlin-3. Addition of
increasing concentrations of nutlin-3 resulted in a dose-
dependent reduction in S-phase in LNCaP cells after
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Fig. 2. Effectsofnutlin-3on cell cycle of prostate cancer cell lines
A: Cells seeded in 12 well plates were treated with the indicated
doses of nutlin-3 for 48 hr then stained with propidium iodide and
subject to cell cycle analysis by flow cytometry. The table indicates
the number of cells in each phase of the cell cycle.Vdenotes DMSO
vehicle control.B: Cells were treated asin Figure ICthencDNAused
to quantitate p2l expression by real-time PCR. PCR was performed
in triplicate and error bars represent standard deviation. C: Whole
cell extracts featured in Figure |B were used for immunoblotting to
detect p2l protein. [Color figure can be viewed in the online issue,
whichis available at www. interscience.wiley.com]
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48 hr exposure (Fig. 2A), with a concordant increase in
cell numbers in G2/M phase as previously described
[23]. However, no such effects were seen in
DU145 (Fig. 2A) or PC3 cells. To explain the cell cycle
effects we examined expression of the p53-inducible
p21 gene. Although p21 levels have previously been
shown to increase in response to nutlin-3 in non-
prostate cell lines [22,23], no data from prostate cells
have been reported. p21 transcript levels increased by
approximately eightfold in LNCaP cells in response to
5 uM nutlin-3 and 34-fold in response to 10 pM nutlin-3
(Fig. 2B) suggesting that LNCaP cells do respond to
nutlin-3 in a manner similar to other cell lines that
express wild-type p53. No such increases in p2l
expression were observed in DU145 or PC3 cell lines
(Fig. 2B). Additionally, a strong increase in p21 protein
levels was observed by immunoblotting in LNCaP
cells, but not in PC3 or DU145 cells (Fig. 2C).

We next examined apoptosis in response to nutlin-3
using caspase-3 cleavage as a flow cytometry based
marker of apoptosis. After 48 hr exposure to 5 utM
nutlin-3, LNCaP cells underwent 20% apoptosis,
which increased to 29% in response to 10 pM nutlin-3
(Fig. 3A). DMSO vehicle-treated cells did not undergo
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Fig. 3. Analysis of apoptosis in response to nutlin-3 A: Cells
seeded in 12 well plates were treated with either 5 uM or 10 M
nutlin-3 as indicated then harvested after either 48 or 72 hr. They
were thenstainedforactive caspase-3 usinga FITC-conjugated anti-
body as recommended (BD Pharmingen) and subject to flow cyto-
metry.V denotes DMSO vehicle control. Apoptotic cells are those
whichare shifted upwards on theYaxis which isa measure of fluores-
cence.B: Cellsweretreatedasin Figure ICthen cDNAused to quan-
titate PUMA expression by real-time PCR. Data are represented as
fold change fromvehicle-treated cells (V). PCR was performedin tri-
plicateand error bars represent standard deviation.
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detectable apoptosis (not shown). No increase in
apoptotic cell numbers was observed in DU145 or
PC3 cells in response to nutlin-3 (Fig. 3A). Expression
levels of the proapoptotic p53-responsive gene PUMA
increased by approximately fourfold in response to
nutlin-3, providing a potential explanation for
increased apoptosis (Fig. 3B). No increases in PUMA
levels were observed in DU145 or PC3 cells (Fig. 3B).

Nutlin-3 Affects Androgen Signaling in LNCaP Cells

Previous data from our group and others have
shown that MDM2 can control expression levels and
transcriptional activity of the AR [31,32]. Additional
studies have demonstrated that p53 can also interact
with the AR leading to repression of AR-mediated
transcription [33,34]. As p53 and AR share the same E3
ubiquitin ligase, encoded by the MDM2 oncogene,
we wanted to examine the effects of nutlin-3 on the AR.
We chose to further focus on the LNCaP cell line as
these cells express the AR and respond to androgen
treatment. Application of nutlin-3 for 12 hr resulted in a
dose-dependent substantial decrease in steady-state
ARlevels in LNCaP cells (Fig. 4A). Given the reduction
in AR levels in response to nutlin-3 we next examined
what effects nutlin-3 would have on the transcriptional
functions of the AR. Firstly, we examined recruitment
of AR to chromatin, using quantitative ChIP. Applica-
tion of nutlin-3 led to an approximately 70% reduction
in AR occupancy at AREIII of the androgen responsive
PSA gene promoter (Fig. 4B). p53 has previously been
reported to complex with AR and influence AR
transcriptional activity, so we also examined p53
recruitment to AREIIL. Addition of nutlin-3 led to an
approximately fivefold increase in p53 recruitment to
AREIII (Fig. 4B). This is the first demonstration that p53
can be recruited to the PSA promoter. Treatment of
LNCaP cells with an alternative p53 activating agent,
etoposide, also produced the same effects on both AR
and p53 recruitment to AREIIl (Fig. 4B). We next
examined recruitment of both AR and p53 to two p53-
responsive genes, p21 and gadd45. Whilst p53 has
previously been demonstrated to be recruited to p53
response elements within the promoters of these genes
[5,29,35], AR has previously been reported to bind to
and regulate only the p21 gene promoter at an ARE-
200bp from the transcription start site [36,37]. Addition
of nutlin-3 led to an approximately 60-fold increase in
p53 recruitment to the p21 promoter and an approxi-
mately 22-fold increase in recruitment at the gadd45
p53 response element (Fig. 4B). However, nutlin-3
produced a 50% reduction in AR recruitment to the p21
promoter. Additionally, we found that although AR
could be recruited to the gadd45 promoter, treatment
with nutlin-3 essentially abolished this recruitment
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Fig. 4. Effect of nutlin-3 on transcriptional regulation A: LNCaP
cells seeded in 12 well plates were treated with the indicated doses of
nutlin-3 or DMSO vehicle (V). After 12 hr cells were harvested
and used as in Figure IB for immunoblotting to detect AR, PSA, or
a-tubulin proteins. B: LNCaP cells were treated for 12 hr with DMSO
vehicle, 5 1M nutlin-3 or | iM etoposide then subject to chromatin
immunoprecipitation using the indicated antisera. Irrelevant FRS-2
antibody was used as a control (not shown). Recovered material was
then subject to quantitative real-time PCR using oligonucleotides
corresponding to the PSA, p2l, gadd45, or non-specific (ns) region of
the gadd45 gene, as indicated. PCR was performed in triplicate and
error bars represent standard deviation. C: Quantitative real-time
PCR was used to measure PSA transcript levels in LNCaP cells trea-
ted with nutlin-3 as in Figure 2B. [Color figure can be viewed in the
onlineissue, whichis available at www. interscience.wiley.com.]

(Fig. 4B). In order to address the question of specificity
in our ChIP assay, we examined recruitment of AR and
p53 to a downstream region of the gadd45 gene. We
found only small changes in the levels of recruitment
to this region of DNA, confirming specificity in our
ChIP assay (Fig. 4B). Additionally, ChIP using a non-
specific antibody did not recover significant amounts
of material (data not shown), further confirming the
specificity of our assay.

We next examined expression of the prototypical
AR-responsive gene PSA in response to nutlin-3.
Surprisingly, PSA transcript levels did not respond to
nutlin-3 (Fig. 4C), a result consistent with the lack of
effect of nutlin-3 on PSA protein levels (Fig. 4A).
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DISCUSSION

Previously published data have demonstrated that
nutlin-3 has antitumor activity in LNCaP cell xeno-
grafts in nude mice and that nutlin-3 seems to affect
only cells expressing wild-type p53 [22,23]. Here we
support this antiproliferative function for nutlin-3 by
presenting molecular mechanisms through which
nutlin-3 might operate in prostate cancer cells.

We have compared the effects of the MDM2
antagonist nutlin-3 on three different prostate cancer
cell lines that have distinct p53 and AR status. LNCaP
cells contain wild p53, PC3 cells are p53 null due to a
single base deletion in codon 138 that prevents
expression, and DU145 cells express mutant p53 that
harbors missense mutations in codons 223 and 274 [38].
Additionally, of these three cell lines, only LNCaP cells
express the AR which is involved in prostate growth,
development, and carcinogenesis [39,40].

We found that the proliferation of LNCaP cells
alone was markedly reduced by nutlin-3. Although the
proliferation of PC3 cells was affected to a lesser degree
by nutlin-3, we could not achieve 50% inhibition of
PC3 proliferation using nutlin-3 doses up to 50 pM,
compared to DMSO vehicle (data not shown). Addi-
tionally, we found that the cell cycle of LNCaP cells was
affected by nutlin-3 whereas DU145 and PC3 cells were
not. LNCaP cells underwent a G2/M phase cell cycle
arrest, with a corresponding reduction in the number of
cells in S phase. Consistent with these observations, we
show for the first time that p21 levels are increased in
LNCaP cells in response to nutlin-3, but not in DU145 or
PC3 cells. We also show that nutlin-3 causes apoptosis
only in LNCaP cells which appears to involve
activation of caspase-3 and upregulation of the p53-
responsive gene PUMA.

Because all three of the cell lines express the nutlin-3
target MDM2 but only LNCaP cells express functional
P53 one might assume that wild-type p53 is required
for nutlin-3 to generate its effects on proliferation of
prostate cancer cells. However, we show that nutlin-3
reduces steady-state AR protein levels in LNCaP cells.
This is important because androgen signaling is not
only required for the proliferation of LNCaP cells
but also the development and maintenance of human
prostate tumors. Previous studies have demonstrated
that AR depletion in LNCaP cells results in inhibition of
proliferation [41]. We therefore propose that nutlin-3
might inhibit growth of LNCaP cells through not only
p53 signaling but also by downregulation of androgen
signaling. Increased levels of the MDM2 protein,
which is known to target AR for destruction, could
account for the effects of nutlin-3 on AR levels.
Although we attempted to examine whether nutlin-3
would affect AR-MDM2 or AR-p53 interaction by
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co-immunoprecipitation, the results of these experi-
ments were difficult to interpret due to the fact that
application of nutlin-3 produces substantial changes in
AR and MDM2 levels (data not shown).

A previous study using antisense targeted to MDM2
demonstrated that MDM2 depletion in DU145, PC3, or
LNCaP cells resulted in increased expression of p53-
responsive genes, increased apoptosis, and reduced
proliferation irrespective of p53 status [25]. At first
glance, our data would therefore seem to be contra-
dictory to this study. However, the difference in
findings could arise because of the fact that nutlin-3
specifically inhibits the MDM2-p53 interaction [22]
whereas antisense treatment would abolish all MDM2
functions within the cell. Nevertheless the intriguing
and yet unexplained fact remains that MDM?2 does
play a role in the proliferation of PC3 and DU145 cells,
albeit in a manner that is not affected by nutlin-3.
Some studies have shown that nutlin-3 is effective
against B-cell chronic lymphocytic leukemia -cells
[42,43]. Induction of apoptosis by nutlin-3 in these cells
seems to involve non-transcriptional mechanisms
which might also be worthy of investigation in CaP
cells.

Using ChIP, we demonstrated that the changes
to AR and p53 levels in LNCaP cells in response to
nutlin-3 led to their altered recruitment to chromatin.
We show for the first time that application of nutlin-3
leads to increased recruitment of p53 to p53-responsive
genes. Whilst this is to be expected, we also found that
AR recruitment to the androgen-responsive PSA gene
and two p53-responsive genes was altered. In keeping
with reduced AR protein levels, we found that AR
recruitment to these genes was dramatically reduced.
In the case of PSA this surprisingly, did not seem to
affect the expression of either PSA transcript or protein
levels. This suggests that changes in AR recruitment to
the PSA promoter cannot necessarily be used as an
indication of altered transcription. Additionally, these
findings could indicate that transcriptionally compe-
tent AR does not associate with MDM?2 and is therefore
refractory to MDM2-mediated repression. Interest-
ingly, we show for the first time that AR is recruited
to the p53-responsive gadd45 gene promoter. Nutlin-3
essentially abolished this recruitment, and led to alarge
reduction in AR recruitment to the p21 gene promoter.
This would suggest that nutlin-3 induced upregulation
of p21 and gadd45 involves co-ordinated recruitment
of p53 and loss of AR.

Recent studies have shown that the MDM2 family
member MDMX can dictate the outcome to nutlin-3
treatment [44,45]. No published study has examined
MDMX expression in CaP, which might prove useful in
determining the effectiveness of nutlin-3 or other
MDM?2 antagonists in CaP.
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CONCLUSIONS

The findings presented here suggest that nutlin-3, or
other small molecule MDM2 antagonists should be
further evaluated as therapies against prostate cancers
that retain functional components of the p53 and AR
signaling pathways.
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