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INTRODUCTION
Androgen deprivation (AD) continues to be one of the most common treatments for
prostate cancer; yet, the mechanisms of action are poorly understood. Normal prostate epithelial
cells are induced into apoptosis in over 80% within 10 days of AD.'"^ In contrast, the apoptotic
response of prostate tumor cells occurs in the minority, with the majority induced into a resting
state. "^'^ In order to take full advantage of AD as a therapeutic modality, the mechanisms
responsible for the diminished apoptotic response of tumor cells must be elucidated. Our data
indicate that MDM2 has a central role in this process; antisense-MDM2 (AS-MDM2) restores
the apoptotic response of prostate cancer cells to AD.
Prostate cancer responds to radiotherapy (RT), which is an important treatment modality
for men without distant metastasis. In those with high-risk features, local relapse is relatively
common. The apoptotic response of prostate cancer cells to radiation is minimal and most cell
death appears to be mitotic. Our data show that MDM2 increases the apoptotic and overall cell
death responses of prostate cancer cells to RT.
The scope of this research is that through manipulating MDM2 expression via ASMDM2 it may be possible to improve the efficacy of RT, AD and the combination. Virtually any
patient, from those with early disease to those with distant metastasis, stand to benefit.
BODY
Task 1. Determine the impact of MDM2 suppression and overexpression on the interaction of
AD and RT in promoting cell death and inhibiting prostate cancer growth in vitro and in
vivo.
a. Complete in vitro apoptosis measurements on LNCaP cells treated in vitro with AS
in combination with AD, RT, and AD+RT. Months 1-6.
b. Baseline cell viability, cell number apoptosis, and clonogenic assays of LNCaPMST. Months 1-6.
c. Time course experiments of AS effects on AD, RT, and AD+RT in LNCaP and
LNCaP-MST cells. Months 7-12.
d. In vivo experiments of the action of AS on LNCaP and LNCaP-MST cells. Months
7-36
We have completed components a-c in Task 1 and the results have been presented at two
meetings ^^' "and published in two papers.'^' '^ To summarize the AD results ^^, AS-MDM2 was
effective at promoting cell death in LNCaP cells by apoptosis using a caspase 3+7 assay and an
Annexin V assay, as compared mismatch (MM) controls. AD alone had little influence on
apoptosis, but when AS-MDM + AD were given together there was a supra-additive
enhancement in apoptosis. When the synthetic androgen R1881 was added to AS-MDM2+AD
the apoptotic responses were significantly reduced. The increase in LNCaP cell killing by
apoptosis translated into an overall increase in cell death, as determined by clonogenic cell
survival assay. The interaction of AS-MDM2 with AD was much less pronounced in LNCaPMST cells, which overexpress MDM2.
AS-MDM2 also resulted in an increase in apoptosis and clonogenic cell survival when
added to LNCaP cells exposed to single fraction RT. ^ Further enhancement in cell death via
apoptosis was consistently observed when AS-MDM2+AD+RT was compared to AD+ASMDM2 or AS-MDM2+RT, although the differences weren't always significant. However, a
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significant increase in cell death by clonogenic survival was observed with AS-MDM2+AD+RT,
as compared to AD+AS-MDM2 or AS-MDM2+RT. These data demonstrate the key role of
MDM2 in the apoptotic responses of the AD and RT, and that the use of AS-MDM2 has
tremendous potential as an adjunct to AD and RT for the treatment of prostate cancer.

1

Table 1

I

Number of PSA
Percentage of PSA
Animal
Non-Failures
Number
Non-Failures*
0%
12
0
AS-MDM2 Alone
25%
1
4
AD Alone
19%
16
3
AS+RT
31%
4
AS+AD
13
31%
5
AS+AD+RT
16
*SerumPSA<1.5 ng/ml at 6 weeks
Section d of Task 1 concerns the preliminary in vivo studies of AS-MDM2 in LNCaP
cells grown in nude mice. These studies are in progress (Table 1) We are currently treating with
AS-MDM2 (25 mg/kg per injection) for 10 days and administering 5 Gy RT as a single fraction
on day 5 in the middle of the AS-MDM2 injections. AD is initiated 3 days prior to the start of the
AS-MDM2. We have begun to increase the AS-MDM2 injections to 15 days to see if the
response is enhanced. Most of the effects that we are seeing preliminarily appear to be between
AS-MDM2 and AD, although the numbers are small. We are also performing tumor volume cell
kinetic studies using small animal MRI.
We have developed micro-MRI techniques for the visualisation of LNCAP tumors grown
orthotpically in the prostates of nude mice. Imaging these tumors presented a series of unique
challenges. Unlike most tumors, they do not appear hyper-intense on T2 weighted images, and
apparently do not exhibit the leaky vasclature that makes tumors easily detected with small
molecule contrast agents. However, by making images of the highest spatial resolution
achievable with our 7-tesla micro-MRI system, we have developed a protocol which permits
clear visualization of the anatomy.
Group

Figure 1. MRI of A Tumor-Bearing Mouse
Shown at left is a sagittal section taken from a
three-dimensional miro-MRI dataset. The tumor is
circled in yellow. As can be seen from the scale bar in
the lower right hand comer, the tumor is
approximately 5 mm in diameter on this section. Also
labelled are the bladder (B), the colon (C), and the
urethra (U). The image represents one section of a
three dimensional data set, with isotropic voxel size
of 0.1mm. Tumor volumes are measured by manually
outling the tumors on a series of slices, and summing
the volumes of the individual slices. The tumors are
identified as anomalous structures that form between
the urethra and colon, and are located slightly inferior
to the bladder. The images were made with a gradient
echo pulse sequence, and the MRI acquitision parameters were TR=200msec, TE=3.3msec, field
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of view = 2.56x2.56x1.128 cm. The animal recieves an injection of Gd-DTPA (2ml Magnevist),
diluted 10:1 in saline) prior
to the scan.
Figure 2. MRI volume and PSA level compared with
In the graph, tumor
weight at necropsy
volume (mm'') and PSA level
(ng/ml, multiplied by a factor
120
of three to facilitate the
<
♦
(0
100
Q.
comparison with our volume
■a
c
measurements) are plotted as
^m 80
■
♦ MRI volume
a function of tumor weight at
60
■ PSA (ng/ml)*3
necropsy for five animals.
■
i
40
These
results demonstrate
§
that
our
non-invasive
20
measurements
of tumor
0
volume agree well with both
0.15
0.05
0.1
PSA
and tumor weight at
Weight at Necropsy (gm)
necropsy, indicating that we
can use MRI for monitoring
tumor response to treatment

If

Task 2. Define the molecular mechanisms underlying the changes in LNCaP cell killing in
response to AD ± RT when MDM2 is suppressed or overexpressed.
a. Western blot analysis of p53, p21, MDM2, bcl-2, bax, E2F-1 and pRB under
conditions of AD and AS given simultaneously. Months 1-12.
b. Western blot analysis of p53, p21, MDM2, bcl-2, bax, E2F-1 and pRB under
conditions of AD given 2 d before AS. Months 13-24.
c. Manipulation of gene expression to further enhance/replace the action of AD, RT, or
AD+RT based on the Western results from the studies in years 1 and 2; for example,
targeting p53 using adenoviral-p53, E2f-1 using adenoviral E2F-1, or bcl-2 using
antisense bcl-2. Months 25-36
A significant proportion of the proposed LNCaP Western blot analyses were included in
the two papers that were described above.'^' '^ The analyses included the protein levels of
MDM2, p53, and p21. AS-MDM2 caused a reduction in MDM2, which was even further
reduced by AD. P53 and p21 increased after AS-MDM2 or RT. We have also looked at bcl-2
and bax levels in response to AS-MDM2, and have not found much of an effect. We are
exploring the use of measuring RNA gene expression in cDNA microarrays to obtain a more
complete understanding of the genes affected by AS-MDM2, AD and RT.
Task 3. Examine the degree and predictive value of MDM2 overexpression in diagnostic archival
tissue specimens from patients treated with RT alone and RT + AD.
a. MDM2 immunohistochemistry analysis of 110 cases from RTOG protocol 86-10.
Months 1-6.
b. Statistical analysis of MDM2 staining results from RTOG protocol 86-10. Months 710.

O

Pollack, Alan.
c. MDM2 immunohistochemistry analysis of cases from RTOG protocol 92-02.
Months 7-30.
d. Statistical analysis of MDM2 staining results from RTOG protocol 92-02. Months
30-36.

Figure 3. Distant Metastasis By MDM2 Expression

1

The
immunohistochemical
staining and analysis of MDM2
Distant Metastasis by i\/IDI\/l2
expression in 109 diagnostic samples
1.0
from patients treated in RTOG 86-10 has
been completed and an abstract on the
Negative
results submitted (American Society of
Positive
0.8
Therapeutic
Radiation
Oncologists
annual meeting, October, 2004). The
0.6
nuclear staining of MDM2 expression
was quantified manually and using an
n
image
analysis
system
(ACIS,
u.
ChromaVision, San Juan Capistrano,
CA). By manual count determination,
MDM2 overexpression (defined as >5%
of tumor cells with nuclear staining) was
seen in 48% of the samples and MDM2
2
3
4
5
6
overexpression
was significantly related
Years Since Randomization
to higher Gleason score. Similar results
14
have been reported by Leite et al.''*
An extensive analysis was performed to determine if MDM2
overexpression was associated with local failure, distant metastasis, cause specific mortality, and
overall mortality in univariate and Cox proportional hazards multivariate analyses. None of these
relationships were significant, but a pattern of increased distant metastasis was observed (Figure
3).
We
then
Table 2
| quantified
the proportion
MDM2
of tumor cells that had
RR*
(95% Cl)
p-value'''
ACIS Count
N
Failures
nuclear staining above
0.88
28
13
1.05 (0.56, 1.96)
<1.0%
background using the
41
80
>1.0%
ACIS image analysis
system. As shown in
26
1.69 (0.98, 2.91)
0.057
<3.0%
59
Table 2, at the 3%
49
28
>3.0%
cutpoint, which was the
82
1.28 (0.70, 2.34)
0.42
<5.0%
39
median value, there was a
26
15
>5.0%
borderline
significant
*RR = relative risk; CI = confidence interval
relationship
between
MDM2 overexpression and distant metastasis; however, MDM2 expression as determined by
ACIS counts was not a significant predictor of distant metastasis or any of the other endpoints
tested in multivariate analysis.
Although the expression of MDM2 was not independently predictive of distant
metastasis, the findings in univariate analysis are encouraging and provide a rationale for
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continued exploration of this marker in a larger cohort of patients treated with RT+AD. With
larger patient numbers, MDM2 overexpression may emerge as a significant covariate. In
addition, MDM2 overexpression may be more discriminating in men with earlier stage prostate
cancer. The patients in RTOG protocol 86-10 were so locally advanced that we rarely see such
patients in the clinic today. We are in the process of staining the samples from RTOG 92-02,
which is comprised of patients that are high risk, but with features more consistent with the
contemporary high-risk patient. There are over 500 cases with tissue for MDM2 staining from
RTOG 92-02, so there will be much greater power to detect a difference.
KEY RESEARCH ACCOMPLISHMENTS
• AS-MDM2 sensitizes LNCaP prostate cancer cells to androgen deprivation, radiation and
the combination. This is the first study to demonstrate such an interaction.
• Apoptosis appears to be the major cell death pathway affected by AS-MDM2.
• MDM2 overexpressing LNCaP-MST cells were more resistant to the sensitizing action of
AS-MDM2, confirming the role of MDM2 in the development of prostate cancer cell
resistance to androgen deprivation.
• AS-MDM2 increases p53 and p21 expression, demonstrating that the negative feedback
pathway was intact.
• MDM2 overexpression is seen in 48% of men with locally advanced prostate cancer
(samples from RTOG protocol 86-10) and is associated with a trend for increased distant
metastasis. This is the only study to examine the relationship of MDM2 expression to
patient outcome after radiotherapy with or without androgen deprivation.
REPORTABLE OUTCOMES
1.
Pollack A, Mu Z, Hachem P, Agrawal S. "Modulation of Prostate Cancer Cell Death in
Response to Androgen Deprivation and Radiation by MDM2. International Conference
on Translational Research 2003, Lugano, Switzerland 3/17/03
2.
Mu Z, Hachem P, Agrawal S, Pollack A. Antisense MDM2 sensitizes prostate cancer
cells to androgen deprivation, radiation, and the combination. Int J Radiat Oncol Biol
Phys 2003;57:S256-257.
3.
Mu Z, Hachem P, Agrawal S, Pollack A. Antisense MDM2 sensitizes prostate cancer
cells to androgen deprivation, radiation, and the combination. Int J Radiat Oncol Biol
Phys 2004;58:336-343.
4.
Mu Z, Hachem P, Sudhir A, Pollack A. Antisense MDM2 Oligonucleotides Restore the
Apoptotic Response Of Prostate Cancer Cells To Androgen Deprivation. The Prostate
2004;In-Press.
CONCLUSIONS
The in vitro results strengthen our initial hypothesis that MDM2 is a key factor in the
apoptotic and overall cell death responses of prostate cancer cells to AD and RT. The in vivo
studies that are in progress seem to support the in vitro findings, at least for an interaction
between MDM2 and response to AD. AS-MDM2 holds promise as a therapeutic strategy for
nearly every group of men with prostate cancer. Those with favorable to intermediate risk
localized disease may benefit from the use of lower doses of RT and consequently reduced side
effects. Those with high-risk localized disease are usually treated with AD+RT and have a
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significant risk of microscopic nodal and distant metastasis; AS-MDM2 would act to enhance the
effect of RT locally and AD systemically.
Nuclear MDM2 overexpression by immunohistochemical staining was found to be
associated with an increased risk of distant metastasis in men enrolled in RTOG protocol 86-10,
although the association was not statistically significant. The participants in this study had very
advanced disease and are not representative of those with high-risk features that are seen more
routinely for treatment today. The lack of a correlation between MDM2 expression and local
failure in archival samples from RTOG protocol 86-10 may also be because this parameter is not
a very reliable indicator of eradication of the disease locally. Even though this study was initiated
in the pre-PSA era, PSA undoubtedly had a role in follow-up. The early identification of failure
by PSA and identification of distant spread would have precluded attempts to confirm local
persistence of disease by prostate biopsy. For these reasons, it is reasonable to pursue the
staining of MDM2 in RTOG protocol 92-02.
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There is one abstract and two papers

10

S256

I. J. Radiation Oncology • Biology • Physics

Volume 57, Number 2, Supplement, 2003

or in combination were evaluated using clonogenic, M.T.T., and cells numeration assays. In addition, cell cycle analysis using
flow cytometry were performed to approach (he mechanism of action of our experimental findings.
Results: Treatment with Letrozol in MCF7-3 (2) shutted down the measured aromatase activity to the control cells level. Cells
numeration assay showed an inhibition of 50 and 75% of the growth of the MCF7-3 (2) when Letrozol is used alone for more
than 6 days at 0.7(xM and 7nM, respectively. M.T.T. assay confirmed these first results. When radiation therapy was used alone,
survival fraction decreased in a dose-dependant manner and survival curves were fitted using a linear-quadratic model. Survival
fractions at 2 Gy (SF2) were 0.65 and 0.53 with radiation alone and radiation plus Letrozol, respectively {p=0.001). At 4 Gy,
survival fractions were also statistically higher with radiation alone (0.56) than with radiation plus Letrozol (0.09, p=0.0001).
Growth of MCF7-3 (2) was decrease by 76% (cells numeration) six days after radiotherapy (2 and 4 Gy) and Letrozol (0.7)xM)
treatment as compared to radiotherapy alone. This growth reduction of the MCF7-3 (2) cells was higher to 85% after twelve
days of the same treatment combination. M.T.T. assay confirmed these results at 2 and 4 Gy in combination with Letrozol
(0.7/iM). After fifteen days of Letrozol (0.7;xM) alone, cell cycle analyses showed a Gl arrest (77%) and a decrease of the S
phase (13%) as compared to control cells, 63% and 27%, respectively. In combination u-eatment, as compared with radiation
alone, we observed a decrease of the radio-induced G2 phase arrest (11% vs 15%), cell redistribution in the Gl phase (72%
vs 62%), and a decrease of the S cell cycle phase (17% vs 23%).
ConcIusion.s: Letrozol is an active cytostatic or cytotoxic agent used alone in breast cancer 0-ansfected cell lines. In combination with
radiation therapy, Le&ozol has been proved to be a powerful radiosensitizer. These radiobiological results are the first pre-clinical
findings of radiosensitization of LeU-ozol and will be further basis for adjuvant therapeutic combination in clinical settings.

216 Antisen.sc MDM2 Sensitizes Prostate Cancer Cells to Androgcn Deprivation, Radiation, and the
Combination
Z. Mu.' P. Hachcm,' S. Agrawal,^ A. Pollack'
'Radiation Oncology, Fox Chase Cancer Center, Philadelphia, PA, ^Hybridan, Cambridge, MA
Purpose/Objective: Anii.scnse MDM2 (AS) sensitizes a variety of tumor cell types, including prostate cancer, to radiation and
chemotherapy. We have previously described that AS enhances the apoptotic response to androgen deprivation (AD) and that this
UTinslatcs into a reduction in overall cell survival, as measured by clonogenic assay. Since AD-l-RT is a key strategy for the treatment
of men with high risk prostate cancer, AS was tested for the ability to sensitize cells to the combination of AD-l-RT.
Materials/Methods: LNCaP cells were cultured in vitro in either complete medium, charcoal stripped androgcn deprived (AD)
medium, or AD medium supplemented with the synthetic androgen R1881 (10-10 M) for 2 to 3 days. AS was then administered
for 18 to 24 hr before RT was given. Processing of the cells after RT was done at 3 hr for Western blots, 24 and 48 hr for trypan
blue dye exclusion, 18 hr for Annexin V staining and flow cytometric analysis, 18 hr for caspases 3-1-7 quantification by
flourometric assay and immediately for clonogenic survival measured 12 to 14 days later. There were 18 treatment groups that
were studied: Lipofectin control (LC), AS, antisense mismatch (ASM), AD, AD-I-R1881, AD-l-AS, AD-fASM,
AD-I-AS-I-RI88I, AD-I-ASM-1-RI881, RT, RT-I-AS, RT-I-ASM, RT-I-AD, RT+AD-I-R1881, RT-f AS-HAD, RT-I-ASM-I-AD,
RT-t-ASM-l-AD-l-R188l, RT-HAS-I-AD-I-RI88I. Statistical comparisons between groups were accomplished with one-way
analysis of variance using the Bonferroni lest, considering all 18 groups.
Results: AS caused a reduction in MDM2 expression and an increase in p53 and p2l expression. Early cell death by trypan
blue was found to be refiective of the apoptotic results by Annexin V and Caspase 3-f7. AS caused a significant increase in
apoptosis over the LC, AD and RT controls. Apoplosis was further increased significantly by the addition of AD or RT to AS.
When AS-I-AD-I-RT were combined there was a consistent increase in early cell death over AS-t-AD and AS-HRTby all of the
assay methods, although this increase was not significant. Overall cell death, as measured by clonogenic assay, revealed
synergistic cell killing of AS+RT (2, 4, and 6 Gy) beyond that of ASM-I-RT and LC (no oligonucleotide) -l-RT, and
AS-I-RT-I-AD over ASM+RT-f-AD, RT-I-AD, ASM+RT-1-AD-f RI88I and AS+RT-I'AD+RI881 (See Figs lA/B).
Conclusions: AS sensitizes cells to AD, RT, and AD-HRT, and shows promise in the treatment of the full range of patients with
prostate cancer. AS has the potential to sensitize the primary tumor to RT and metastasis to AD.

AS Alone
AS'AD
A5tAD«R1l
0.01 -t
0

Radiation Dose (Oy)
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217 Increased Cure Rate of Glioblastoma Using Concurrent Therapy with High Dose Radiation and Arsenic
Trioxidc
S. Ning, S.J. Knox
Radialwn Oncology, Stanford University, Stanford, CA
Purpose/Objective: Patients with glioblastoma (GBM) do extremely poorly despite aggressive therapy with surgery, radiation
therapy and chemotherapy. In an effort to increase the efficacy of therapy for GBM, we studied the efficacy of arsenic Irioxide
(ATO) combined with high dose radiation therapy in GBM cells in vitro and in GBM xenograft tumors in nude mice. Studies
were designed to tal<e advantage of the ROS generating capability of ATO as a potential radiosensitizer, and the use of a large
single dose of radiation (similar toithat used in stereotactic radiosurgery) to breal< down the blood-brain barrier in order to
optimize the potential effects of the ATO intracranially.
Materials/Methods: Human glioblastoma cell line SNB75 cells were irradiated in vitro with doses of 0-15 Gy with or without
ATO. Clonogenic assay was used to generate the radiation survival curves. Antitumor efficacy of the combined therapy was
tested in nude mice bearing established subcutaneous SNB75 tumors. A single dose of 20 Gy radiation was administered locally.
A single dose of ATO at 10 mg/kg was injected i.p. 10 minutes after irradiation.
Results: Human GBM SNB75 cells were irradiated in vitro with doses of 0-15 Gy, with or without ATO. Radiation survival
curves demonstrated that a dose of 0.2 /xM ATO increased radiation-induced cell killing by 2 logs at 10 Gy. ATO at 1 jxM
decreased survival from 4 X 10' following 7-Gy radiation alone to 4 X 10'. A time course experiment demonstrated that the
highest level of cell killing occurred when ATO was administered immediately before or within 2 hours following irradiation.
To test the therapeutic efficacy of this combined treatment regimen in vivo, nude mice with established SNB75 GBM tumors
were treated with a single local tumor dose of 20Gy radiation therapy with or without a single dose of ATO at 10 mg/kg.
Appropriate control groups were included as well. ATO alone did not inhibit or delay tumor growth. 20 Gy radiation therapy
alone inhibited tumor growth by 45 days, with regrowth of tumors thereafter. The combination treatment of radiation therapy
and ATO resulted in complete regression of the tumors in 4 out of 5 mice without tumor regrowth out to 3 months. One mouse
in the combined treatment group had a 90% reduction in tumor size without progression during the 3 months follow up period.
Furthermore, ATO alone and in combination with irradiation did not produce any obvious signs of toxicity (e.g. general
appearance or activity level of the mice and no significant loss of body weight).
Conclusions: These results demonstrate that radiation therapy combined with ATO is an effective treatment for GBM
tumors in mice. These preclinical results are encouraging and provide a rationale for.further study of ATO combined with
radiation for the treatment of GBM and other histological types of brain cancer using a variety of radiation therapy
schemes, with consideration given to the initiation of clinical trials using this therapy in patients with brain tumors in the
near future.

218 Inhibition of HU177 Cryptic Epitope Within Collagen Enhances the Antiproliferative Effects of Ionizing
Radiation in B16 Melanoma
S. Lvmberis. J.M. Roth, R. Diaz, D.Y. Rodriguez, A. Zelmanovich, M.L. Devitt, P.C. Brooks, S.C. Formcnti
New York University Medical Center, New York, NY
Purpose/Objective: Proteolytic remodeling of the extracellular matrix (ECM) plays a critical role in regulating both
angiogencsis and tumor invasion. A panel of monoclonal antibodies against cryptic epitopes of collagen, selectively exposed
during extracellular matrix (ECM) remodeling, has been generated by subtractive immunization. One of these cryptic epitopes,
termed HU177, is expressed selectively during proteolysis or denaturation of collagen. We previously reported that radiation
therapy modulates the exposure of the HUI26 cryptic epitope recognition but it does not hinder the exposure of HU177 (JJROBP
2002;54(4):1194-I201). In several preclinical models, treatment with monoclonal antibody (Mab) directed to the HU177
epitope was shown to inhibit both angiogencsis and tumor growth in vivo. We sought to examine the effects of Mab HU177
on BI6 murine melanoma tumor growth in vivo and to evaluate whether blocking the HUI77 cryptic epitope can enhance the
effects of ionizing radiation in vitro.
Materials/Methods; a) In vivo Murine Model: BALB/C mice were injected subcutaneously into the right flank with
IX10' syngeneic B16 melanoma cells. Thirty-eight mice were randomly assigned to the following four groups: control(no
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ANTISENSE MDM2 SENSITIZES PROSTATE CANCER CELLS TO
ANDROGEN DEPRIVATION, RADIATION, AND THE COMBINATION
ZHAOMEI MU, M.D.,* PAUL HACHEM, B.S.,* SUDHIR AGRAWAL, D.PHIL.,"^ AND
ALAN POLLACK, M.D., PH.D.*
*Depai1ment of Radiation Oncology, Fox Chase Cancer Center, Philadelphia, PA; ^Hybridon, Inc., Cambridge, MA
Purpose: Antisense MDM2 (AS) sensitizes a variety of tumor cell types, including prostate cancer, to radiation
and chemotherapy. We have previously described that AS enhances the apoptotic response to androgen
deprivation (AD) and that this translates into a reduction in overall cell survival, as measured by clonogenic
assay. Because AD + radiation (RT) is a key strategy for the treatment of men with high-risk prostate cancer,
AS was tested for the ability to sensitize cells to the combination of AD+RT.
Methods and Materials: LNCaP cells were cultured in vitro in either complete, androgen deprived (AD), or
AD+R1881 (synthetic androgen) medium for 2-3 days before AS was administered. Radiation at 5 Gy was given
18-24 h later. Processing of the cells after RT was done at 3 h for Western blots, 24 and 48 h for trypan blue dye
exclusion, 18 h for Annexin V staining by flow cytometric analysis, 18 h for Caspase 3+7 quantification by
fluorometric assay, and immediatfly for clonogenic survival measured 12-14 days later. There were 18 treatment
groups that were studied: lipofectin control, AS, antisense mismatch (ASM), AD, AD+R1881, and RT in all
possible combinations. Statistical comparisons between groups were accomplished with one-way' analysis of
variance using the Bonferroni test, considering all 18 groups.
Results: AS caused a reduction in MDM2 expression and an increase in p53 and p21 expression. Early cell death
by trypan blue was found to be reflective of the apoptotic results by Annexin V and Caspase 3+7. AS caused a
significant increase in apoptosis over the lipofectin control, AD, and RT controls. Apoptosis was further increased
significantly by the addition of AD or RT to AS. When AS, AD, and RT were combined, there was a consistent
increase in early cell death over AS+AD and AS+RT by all of the assay methods, although this increase was not
significant. Overall cell death measured by clonogenic assay revealed synergistic cell killing of AS+RT beyond
that of ASM+RT and RT alone, and AS+RT+AD beyond that of AS+RT, AS+RT+AD+R1881,
ASM+RT+AD, and ASM+RT+AD+R1881.
Conclusion: AS sensitizes cells to AD, RT, and AD+RT and shows promise in the treatment of the full range of
patients with prostate cancer. AS has the potential to sensitize the primary tumor to AD+RT and metastasis to
AD. © 2004 Elsevier Inc.
Antisense, MDM2, Androgen deprivation, Radiation, Prostate cancer.
INTRODUCTION
The combination of androgen deprivation (AD) plus radiation (RT) has become the standard for patients with highrisk prostate cancer. Despite the documentation of a survival
improvement from this combination over RT alone in some
series (1-3), there are still questions regarding the long-term
efficacy over AD alone (4). An understanding of the molecular events that occur in the response of cells to AD and
RT could lead to novel strategies that enhance cell killing in
response to these agents, thereby allowing for the potential

to reduce toxicity through reduced exposure. It may be
possible even to replace AD and RT altogether with less
morbid alternative biologic therapies. Our approach has
been to manipulate the apoptotic pathway.
Recently, we focused on MDM2 as a target for enhancing
the apoptotic response of LNCaP cells to AD. The rationale
was that MDM2 is overexpressed in 30-40% of prostate
cancers (5, 6), MDM2 regulates p53 expression through a
negative feedback loop (7), and p53 has been implicated in
the apoptotic response of prostate epithelial cells to AD
(8-12). An effective method for ablating MDM2 expression
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is through antisense MDM2 (AS) (13-16). Prior studies
from our group have shown that AS+AD results in increased apoptosis over that seen by AS, AD, antisense
mismatch (ASM), or ASM+AD (17). The pattern of increased early apoptotic cell death was mirrored in clonogenic survival assays, suggesting that overall cell death of
LNCaP cells was significantly enhanced by the addition of
AS to AD. Because AS has been shown to sensitize cells to
RT and chemotherapy in a number of cell lines, it was
hypothesized that AS will sensitize prostate cancer cells not
only to AD and RT given individually, but also to AD+RT.
Wild-type p53-expressing human LNCaP cells were chosen for the investigation of the effects of AS on AD-I-RT.
METHODS AND MATERIALS
Antisense oligonucleotides
The oligonucleotides were provided by Hybridon, Inc.
(Cambridge, MA). The antisense MDM2 oligonucleotide
(AS) and its mismatch control oligonucleotide (ASM) are
20-mer mixed-backbone oligonucleotides with following
sequence (AS; 5'-UGACACCTGTTCTCACUCAC-3') and
(ASM; 5'-UGTCACCCTTTTTCATUCAC-3'). They were
stored as frozen aliquots at —20°C.
,
Cell culture system
LNCaP cells were obtained from the American Type Culture Collection and cultured in Dulbecco's modified Eagle's
medium-F12 medium, containing 10% fetal bovine serum, 1%
L-glutamine, and 1% penicillin-streptomycin (complete medium [CM]), as described previously (18). Cells were typically
cultured in complete medium before the culture conditions
were altered. Androgen deprivation was achieved by culturing
the cells in medium containing 10% charcoal-stripped serum
(AD medium). Androgen was replaced by adding the synthetic
androgen R1881 (NEN Life Science Products, Boston, MA) at
1 X 10"'° M to AD medium (18).
Western blot analyses
Protein levels of MDM2, p53, p21, Bcl-2, Bax, E2F1,
pRb, and )3-actin were analyzed after different treatments.
Cells were cultured in complete, AD, or AD-I-R1881 medium for 3 days and incubated with 200 nM of AS or ASM
in 4 mL culture medium for 24 h in the presence of 7 /u.g/mL
lipofectin (Invitrogen, Carlsbad, CA). Three hours after
7-irradiation to 5 Gy (RT) using a '^^Cs irradiator (Model
81-14R, J.L. Shepherd & Associates, San Fernando, CA),
cells were lysed in a lysis buffer (50 mM Tris-HCI, pH 6.8,
2% sodium dodecyl sulfate [SDS] with protease inhibitor
cocktail set I [Calbiochem, San Diego, CA]) and were
sonicated for 30 s on ice. Protein concentration was determined using the BCA protein assay reagent kit (Pierce,
Rockford, IL). Identical amounts of protein were fractionated by SDS-PAGE electrophoresis and transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA).
The membranes were then incubated in blocking buffer
(phosphate-buffered saline containing 0.1% Tween 20 and
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5% nonfat milk) for 1 h at room temperature and were
washed twice with the washing buffer (phosphate-buffered
saline containing 0.1% Tween 20) for 5 min. The membranes were then incubated with the appropriate primary
antibody: anti-MDM2 monoclonal antibody (mAb) at
1:1000; anti-p53 mAb at 1:1000; anti-p21 mAb at 1:1000;
anti-Rb mAb at 1:1000, anti-/3 actin at 1:5000 dilution or
anti-E2Fl mAb at 1:1000 dilution (all antibodies from Calbiochem, San Diego, CA), anti-Bcl-2 mAb at 1:1000
(DAKO A/S, Carpinteria, CA), or anti-Bax polyclonal IgG
at 1:1000 dilution (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA) overnight at 4°C. Membranes were washed and
then incubated with 1:2000 diluted sheep anti-mouse IgG or
donkey-rabbit IgG horseradish peroxidase-conjugated secondary antibody (Amersham Pharmacia Biotech, Piscataway, NJ) for 1 h at room temperature. After the washes
were repeated, the proteins of interest were detected by the
enhanced chemiluminescence reagents according to the
manufacturer's directions (Amersham, Aylesbury, UK).
Trypan blue cell viability assay
Early overall cell viability was assessed by trypan blue dye
exclusion. Cells were seeded at 5 X 10"* cells/well in 24-well
plates and cultured in complete, AD, or AD-I-R1881 medium
for 2-3 days. Cells were then transfected with 200 nM of AS
or ASM in the presence of lipofectin (7 JLCg/mL). After 24 h,
cells were irradiated to 5 Gy. The percentage of dead cells was
measured by trypan blue dye exclusion at 24 and 48 h after
treatment; typical cumulative cell death rates after AS treatment were 37% and 52%. From these data, the 48-h time point
was chosen to be representative.
Measurements of apoptosis
Apoptosis was confirmed by Annexin V staining and
Caspase 3-1-7 activity assays. LNCaP cells (2 X 10^) were
cultured in complete, AD, or AD+R1881 medium for 2-3
days. Cells were then incubated with 200 nM AS or ASM in
the presence of lipofectin (7 /i.g/mL) for 18 h. Cells were
then irradiated to 5 Gy. After 24 h, all cells (floating and
attached) were harvested by trypsinization and labeled with
Annexin V-PE and 7-amino-actinomycin D (7-AAD)
(Guava Technologies Inc., Burlingame, CA) according to
the manufacturer's instructions and analyzed by flow cytometry on a GuavaPC personal flow cytometer (Guava
Technologies Inc., Burlingame, CA).
Caspase 3+7 activity was measured using a fluorometric
substrate, Z-DEVD-Rhodamine (The Apo-ONE Homogeneous Caspase-3/7 Assay kit; Promega, Madison, WI). Cells
were cultured for 2-3 days in CM, AD medium, or
AD+R1881 medium and then incubated with AS or ASM for
18 h. Different times for AS exposure and the delay in performing the assay after RT were tested, and 18-h times were
found to be representative, without excessive activity. Cells
were then irradiated to 5 Gy. After 18 h, a total of 5 X 10"* cells
in 100 juL culture medium were mixed with 100 ;xL of
Homogeneous Caspase-3/7 reagent in 96-well plates and incubated at room temperature for 18 h. Substrate cleavage was
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Table 1. Western blot analyses of the effects of AD and/or RT
on densitometry measurements of the expression of key proteins
in the apoptotic pathway
Group

n*

CM+RTCM

AD+RTAD

p53
p21
Bcl-2
Bax
MDM2
E2F1
pRb

5
3
5
3
4
3
2

6.8
3.0
0.9
0.5
11.8
1.1
0.9

2.8
9.5
1.1
0.7
26.8
1.9
0.9

± 2.0
± 0.3
± 0.1
± 0.2
±3.3
±0.2
±0.1

± 0.6
± 2.5
±0.1
± 0.1
± 7.5
±0.3
± 0.2

AD+R1881+RT-^
AD+R1881
4.5
7.7
0.6
1.1
13.9
1.9
0.8

± 1.6
± 1.1
± 0.1
±0.1
± 5.2
± 0.8
± 0.3

* n = number of Western blot analyses done.
Note: The relative changes in band density measured by densitometry are shown as mean ± SEM.

quantified fluorometrically at 485-nm excitation and 538-nm
emission. Fluorescence was measured on a fluorescent plate
reader (LabSystems Inc., Franklin, MA). For a control, caspase
3+7 activity was inhibited by adding Ac-DEVD-CHO (Promega, Madison, WI) to the ceil culture before the assay.
Radiation treatment and clonogenic assqy
Cells were cultured in complete, AD, or AD-f-R1881
medium for 2-3 days and then incubated with 200 nM AS
or ASM in the presence of iipofectin (7 jug/mL). After 24 h,
cells were irradiated to 2, 4, and 6 Gy. Immediately after
irradiation, cells were trypsinized and serially diluted, and
known numbers of cells were replated into 100-mm dishes.
The plates were incubated for 12-14 days and stained with
0.25% methylene blue. The colonies were counted using an
automated counter (Imaging Products International, Inc.,
Chantiliy, VA). The clonogenic survival results were corrected for differences in plating efficiency from the various
culture conditions. The dilutions for clonogenic assay were
done in triplicate, and the results were averaged together
(intraexperimental averages). The data shown in the clonogenic survival table represent the average from multiple
experiments (interexperimental average).
RESULTS
Western blot analyses
MDM2 was identified as a potential target to enhance the
response of prostate cancer cells to AD and RT through an
investigation of the changes induced by these conditions in
the expression of a variety of proteins involved in the
apoptotic pathway. Table 1 displays the changes of MDM2,
p53, p21, bcl-2, bax, E2F1, and pRb protein levels to AD ±
RT, as determined by densitometry measurements of the
resultant bands from Western blot analyses. The ratios of
the band densities are shown. The average of 4 experiments
of MDM2 revealed an 11.8-fold and a 26.8-fold increase in
expression of MDM2 for CM+RT over CM and AD+RT
over AD alone, respectively. When R1881 was added, the
ratio of AD+RT over AD alone fell back to nearly the level
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of the CM+RT over CM ratio. The changing level of
MDM2 in response AD and RT was reflective of the
changes in apoptosis under these conditions (18, 19). For
these reasons, combined with the findings that p53 influences the apoptotic response of prostate epithelial cells to
AD (8, 9), MDM2 was targeted using an antisense strategy.
Figure 1 displays representative Western blots showing that
AS almost completely abrogated radiation-induced MDM2
expression in either complete, AD, or AD-1-R1881 medium,
whereas ASM had little effect. The level of p53 increased after
AS or RT treatment; ASM also increased the level of p53, as
well as p21, but to a lesser degree. The mechanism for the
slight increase in p53 levels after exposure to ASM is unclear,
although in other Western blots, MDM2 seemed to be elevated
from ASM treatment. The level of p21 was not increased by
RT treatment, but was increased by AS treatment. AD alone
had little effect on the protein levels of MDM2, p53, or p21.
The expression of MDM2 seemed to be slightly higher for
AS-I-AD+RT as compared to AS-I-AD, AS-t-RT, and
AS-I-AD+R1881+RT. There was no obvious change in bcl-2
or bax expression by Western blot analysis in response to AS,
AD, or RT (not shown).
Early cell death after AS ± AD ± RT treatment
The ability of AS to enhance the response of LNCaP cells
to AD and/or RT was first evaluated using trypan blue dye
exclusion. The cells were exposed to 200 nM AS, with or
without AD, for 24 h, followed by y-irradiation (5 Gy). A
summary of three experiments measuring cell death 48 h
after radiation is shown in Table 2. Eighteen treatment
groups were analyzed together using analysis of variance.
The statistics for the group comparisons are shown relative
to the group above. Additional comparisons showed that AS
resulted in significantly less cell death than AS+AD or
AS+RT; these latter groups had about the same level of cell
death. When R1881 was added to AS+AD, there was a
reduction in cell death back to the level of AS. When AS
was added to AD+RT, cell death was enhanced over all of
the other groups, but the differences beyond that seen with
AS+AD and AS+RT were not significant.
Direct measurements of apoptosis were performed to
determine the contribution of apoptosis to early overall cell
death that was quantified above by trypan blue staining.
Apoptosis was measured directly by Annexin V binding.
Cells were cultured in either complete, AD, or AD+R1881
medium for 48 h and then incubated with 200 nM AS or
ASM for 18 h, followed by y-irradiation (5 Gy). Twentyfour hours after irradiation, cells were prepared for Annexin
V-PE and 7-AAD staining. Table 3 shows that early apoptosis (Annexin V-PE-positive and 7-AAD-negative) was
higher from AS+AD (36.6% apoptosis) and AS+RT
(32.7%) treatments over either AS (22.2%), AD (6.7%), or
RT (3.9%) treatments given individually. These findings
were significant (Table 2). However, there was no significant difference between AS+AD or AS+RT and
AD+AS+RT, although the level of apoptosis was consistently higher in the AD+AS+RT group.
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Fig. 1. Western blot analyses of LNCaP cells grown for 2-3 days in CM, AD, or AD+R1881 medium. AS or ASM was
administered at 200 nM; 24 h later, RT at 5 Gy was given. The cells were harvested 3 h later, and the protein was
extracted for analysis of MDM2, p53, p21, and j3-actin levels. (A) Without RT; (B) With RT.

The pattern of apoptotic cell death observed by the
Annexin V assay was very similar to that from the
Caspase 3 + 7 assay. As shown in Table 4, Caspase 3+7
activity was increased from AS+AD or AS+RT as compared to AS, AD or RT treatments given singly. There
was no significant increase in apoptosis from
AS + AD+RT over that from AS + AD or AS+RT.

Caspase 3+7 activity was inhibited by the addition of
R1881 to AS+AD to approximately the levels of AS
alone. Moreover, the addition of specific caspase inhibit
tor Ac-DEVD-CHO (data not shown) reduced caspase
3+7 activity. These results suggest that AS accentuates
LNCaP tumor cell apoptosis to AD and RT through p53
by activating caspase 3+7.
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Table 2. Trypan blue quantification of early cell death
Treatment

Mean

SEM

Lipofectin control
AS^
ASM
AD
AD+AS\*
AD+ASM
AD+R188]
AD+AS+R1881^
AD+ASM+R1881
Lipofectin control+RT
AS+RT"
ASM + RT
AD+RT*
AD+AS+RT'
AD+ASM + RT
AD+R1881+RT
AD+R1881+AS + RT'
AD+R1881+ASM + RT

10.8
52.0
24.8
21.3
71.0
31.8
15.5
57.0
30.0
21.8
69.5
30.8
26.3
82.3
39.3
19.3
69.0
35.8

0.5
3.4
1.4
1.4
3.9
1.9
2.1
5.6
3.9
2.2
3.4
3.7
2.2
3.5
4.2
1.1
4.1
6.7
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Table 3. Annexin V quantification of early apoptosis

P*

Treatment

Mean

SEM

—
<0.0001
<0.0001
1.000
<0.0001
<0.0001
0.226
<0.0001
<0.0001
1.000
<0.0001
<0.0001
1.000
<0.0001
<0.0001
0.02
<0.000I
<0.000I

Lipofectin control
AS^
ASM
AD
AD+AS«
AD+ASM
AD+R1881
AD+AS+R1881^
AD+ASM+R1881
Lipofectin control+RT
AS+RT"
ASM+RT
AD+RT*
AD+AS+RT'
AD+ASM+RT
AD+R1881+RT
AD+R1881 + AS+RT'
AD+R1881+ASM+RT

3.4
22.2
7.4
6.7
36.6
12.1
5.7
28.6
10.7
3.9
32.7
9.6
7.2
40.4
16.2
5.3
34.3
12.2

0.7
0.5
0.4
0.8
1.2
1.1
1.1
2.0
1.4
0.8
1.4
1.6
1.0
2.5
3.0
1.1
1.8
2.1

P*
<0.0001
<0.0001
LOOO
<0.0001
<0.0001
0.225
<0.0001
<0.0001
0.219
<0.0001
<0.0001
1.000
<0.0001
<0.0001
0.0001
<0.0001
<0.0001

Abbreviations: AS = antisense MDM2; ASM = antisense mismatch; AD = androgen deprivation; RT = radiation therapy; SEM
= standard error of the mean.
* Compared to group above, one-way ANOVA, Bonferroni test.
Tlie average of 4 experiments is shown.
* AD+AS vs. AS{p = 0.039); AD+AS ys. AD+AS+RI881
(p = 0.855).
* AD + AS vs. AS + RT (p = 1.000); AD+AS vs. AD+RT (p <
0.0001).
'AD+AS vs. AD+AS+RT (p = I.OOO); AS+RT vs. AD+
AS+RT (p = 1.000); AD+AS+RT vs. AD+R1881+AS + RT
(p = 1.000).

Abbreviations: AS = antisense MDM2; ASM = antisense mismatch; AD = androgen deprivation; RT = radiation therapy; SEM
= standard error of the mean.
* Compared to group above, one-way ANOVA, Bonferroni test.
The average of 4 experiments is shown.
+ AD+AS vs. AS (p < 0.0001). AD+AS vs. AD+AS+R1881
(p = 0.018).
* AD+AS vs. AS+RT (p = 1.000); AD+AS vs. AD+RT (p <
0.0001).
« AD+AS vs. AD+AS+RT (p = 0.106); AS+RT vs. AD+
AS+RT (p < 0.0001); AD+AS+RT vs. AD+R1881+AS+RT
(p = 0.964).

Overall cell death by clonogenic cell survival assay
Clonogenic ceil survival experiments were performed to
determine whether the added, but not significant, early cell
Icilling from apoptosis due to AS+AD+RT translates into a
significant increase in overall cell killing, i.e., the cell killing
manifested over time. The early cell death measurements by
trypan blue and the apoptosis markers may not be representative of all cell death occurring over time. Figure 2 shows the
clonogenic assay results for LNCaP cells grown for 2-3 days
in CM and then treated with lipofectin alone, AS, or ASM for
24 h before RT. The cells were then replated immediately after
RT at 2,4, or 6 Gy. The results show LNCaP radiosensitization
by AS at all RT dose levels, over the CM and ASM controls.
Figure 3 reveals that radiosensitization was further enhanced
when AD was added to AS and that this effect was reduced by
R1881 supplementation. The radiosensitizing action of
AS+AD was much greater than the minor effect observed
from ASM+AD.

risk patients remains rather poor. An understanding of the
mechanisms of the interaction between AD and RT could
lead to novel therapies that dramatically alter the failure
profile.
Prior studies have indicated that p53 may have a role in
the apoptotic response of prostate epithelial cells to AD
(20). The results, however, have not been conclusive (21,
22). Little is known about why most prostate cancers
respond to AD preferentially with a shift from cell proliferation to quiescence in the setting of minimal increases in apoptosis (23-28). There must be a key regulatory defect in the apoptotic pathway that preferentially
shunts cells into quiescence instead of apoptosis. The
data presented here point to MDM2. Of all of the proteins
in the apoptotic pathway examined, MDM2 expression
levels fluctuated in tandem with previously defined
changes in apoptosis in response to AD+RT. We recently
reported that in LNCaP cells grown in vitro (18) and in
R3327-G Dunning rat prostate tumors grown in vivo (19),
when AD precedes RT by 3 days, a supra-additive apoptotic response, over AD or RT given individually, is
evidenced. Although supra-additive apoptosis was observed, the extent of the supra-additive response was
rather minimal. The general lack of apoptosis seen in the
response of prostate cancer cells to AD or RT alone, and

DISCUSSION
Androgen deprivation and RT are central to the treatment of prostate cancer patients with high-risk prostate
cancer. Even with the gains seen from this combination
over single-modality therapy, the outcome of such high-
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Table 4. Caspase 3+7 quantification of early apoptosis
Treatment

Mean

SEM

P*

Lipofectin control
AS^
ASM
AD
AD+AS"
AD+ASM
AD+R188]
AD+AS+R1881 +
AD+ASM+R1881
Lipofectin control+ RT
AS+RT"
ASM+RT
AD+RT*
AD+AS + RT'
AD+ASM+RT
AD+RI881+RT
AD+R188I+AS + RT'
AD+RI881+ASM + RT

114
335
199
73
504
215
109
349
170
89
547
259
112
610
302
90
491
218

16
19
25
20
7
13
29
20
33
10
46
27
15
35
15
21
50
38

<0.000I
0.169
0.333
<0.0001
<0.0001
1.000
<0.0001
0.006
1.000
<0.0001
<0.0001
0.071
<0.000I
<0.0001
<0.0001
<0.0001
<0.0001

_

Abbreviations: AS = antisense MDM2; ASM = anlisense mismatch; AD = androgen deprivation; RT = radiation therapy; SEM
= standard error of the mean.
* Compared to group above, one-way ANOVA, Bonfcrroni test.
The average of 3 experiments is shown.
+ AD+AS vs. AS (p = 0.014); AD+AS ys. AD+AS+R1881
(p = 0.039).
* AD+AS vs. AS+RT (p = 1.000); AD+AS vs. AD+RT (p <
0.0001).
'AD+AS vs. AD+AS + RT (p = 1.000); AS+RT vs. AD+
AS + RT (p = 1.000); AD+AS+RT vs. AD+RI881+AS+RT
(p = 0.571).

the modest short-lived increase in apoptosis from the
combination, suggest that apoptosis is being suppressed.

I

Under the conditions of AD+RT, the relative levels of
MDM2 increase, as compared to AD alone or
AD+RT+R1881. In light of the increase in apoptosis levels
observed herein when MDM2 expression is suppressed, it
seems that the increase in MDM2 in response to AD+RT is
due to feedback regulation, such that MDM2 dampens what
would otherwise be a very pronounced apoptotic response
in normal prostate epithelial cells. Because overexpression
of MDM2 is seen in 30%-40% of prostate cancers, the
action of MDM2 on response to AD and/or RT has significant clinical implications.
Previously we found that the suppression of MDM2,
through the use of antisense MDM2 oligonucleotides
(AS), not only induces significant levels of apoptosis in
LNCaP cells by itself, but also results in a pronounced
enhancement in apoptosis when combined with AD (17).
Those findings have been substantiated and extended in
this communication. The main question posed here was
whether AS sensitizes cells to the combination of
AD+RT when all of the other possible treatments are
considered. Antisense MDM2 has been shown to sensitize tumor cells to radiation (13). Radiosensitization in
terms of the apoptotic response by AS was confirmed in
LNCaP cells. Both AD + AS and RT+AS displayed
greater levels of apoptosis than the sum of the individual
treatments. When all three treatments were combined,
there was a consistent, albeit insignificant, increase in
apoptosis seen over AD+AS or RT+AS. Because apoptosis was measured at a single point in time and may not
be reflective of overall cell killing, clonogenic cell survival assays were performed.
By clonogenic assay, AS has been shown previously to
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Fig. 2. Clonogenic assays of LNCaP cells cultured in CM alone or with AS or ASM (200 nM) added for 24 h before
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significantly reduce clonogen survival when added to
AD, as compared to each treatment applied individually.
We show here that AS is also a potent radiosensitizer.
Moreover, a further reduction of clonogen survival was
evidenced when AS + AD + RT were given together, as
compared to the controls (Fig. 3). The reduction in clonogenic cell survival was significant, and seemed to be
greater than that observed by apoptosis alone. This could be
related to the technical difficulty in summing apoptosis over
time, which we did not attempt to do, or to other effects on cell
survival, such as mitotic cell death. In either case, the data

substantiate the critical role of MDM2 in the response of
prostate cancer cells to AD and RT.

CONCLUSION
In summary, MDM2 is emerging as a central regulatory component in the cell death response of prostate
cancer cells to AD and RT and has the potential to be
manipulated therapeutically with AS. The hypothesized
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mechanism for AS action is alteration of p53 expression
via effects on MDM2 (the LNCaP cell line used is wild
type for p53), although p53-independent effects may also
contribute (7, 29). By enhancing the cell death response
to AD, AS should improve cure rates by promoting cell
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death in micrometastatic deposits, as well as reduce the
number of clonogens at the primary site. The reduction in
clonogens from AD+AS, when combined with the radiosensitizing effects of AS, makes this strategy ideal for the
man with high-risk prostate cancer.
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Antisense MDM2 Oligonucleotides Restore the
Apoptotic Response of Prostate Cancer Cells to
Androgen Deprivation
Zhaomei Mu/ Paul Hachem/Sudhlr iAigrawal,^ and Alan Pollack^*
'Department of Radiation Oncology, Fox Chase Cancer Center, Philadelphia, Pennsylvania
^Hybridon, Inc., Cambridge, Massachusetts
;.

BACKGROUND. Early in the malignant;transformation of prostate epithelial cells, the
apoptotic response to androgen deprivation (AD) is lost and the principle response is A slowing
of cell growth. In this study, we tested whfether interruption of MDM2 function using antisense
MDM2 oligonucleotide (AS) affects the apojptotic response of prostate cancer cells to AD.
METHODS. Wild type LNCaP cells and MDM2-overexpressing (LNCaP-MST) cells were
treated with AS alone or in cohibination with AD. Protein levels of MDM2, p53, and p21 were
determined by Western blotting. Cell viability was measui-e by trypan blue sfaiiiing. Apoptotic
cell death was confirmed by cell morphologicalchahges, annexin V/propidiurrt iodide staining
and caspas^-3 +7 activity. Overall cell'survival was quantified by clonogenic assay.
RESULTS. AS inhibited MDM2 expression to a'greater extent in LNCaP cells, as compared to
LNCaP-MST cells. AS enhanced the expression of p53 and p21 in both cell lines. The growth
inhibitory and cell death effects of AS +AD were generally greater than-AS alone in LNCdP
cells. Treatment of LNCaP cells with AS + AD for 72 hr caused a significant increase in cell deafh
(66%) over AD.albne (13%), AS alone (33%),!or AD +,.AS + R1881 (34% with synthetic androgen
replacement) that was attributableinainfy to:ap6ptosisXlonogenic sill-vival reflected the same
pattern.
'' I'v's^
'.".'..'
,;r ''j'ti^J'-y!.
^''■■-::'
CONCLUSIONS, biir results suggest that the apoptotic Response of prostate cancer to AD is
strongly influenced by MDM2 expression; AntisenSe^MDM? has broad potential as a theirapeutic agent to sensitize pfostate cancer cells to AD therapyby enhancing apoptotic cell death.
Prostate 9999:1-10, 2004., 0 2004 Wiky-Liss,inc.
' "
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rNTRODUCTION
Androgen deprivation (AD) is the most common
treatment for advanced prostate cancer; Although
this therapy successfully results in dramatic regression of prostate tumors, the responses are generally
Abbreviatlon.s: AD, androgen deprivation; AS, ahti:ME)M2 antisense; RT, radiation therapy; CM, completed medium; AD rrtediutn;
charcoal stripped serum containing medium; R1881, synthetic .
androgen; LNCaP, human prostate cancer cell line that has wildtype expression of 1VIDM2; LNCaP-MST, stably-transfecled LNCaP '
cells which overexpress MDM2^he contents are solely the responsibility of the authors and do not necessarily represent the official
views of the National Cancer Institute or the US Department of
Defense'^_^
Grant sponsor: National Cancer Institute; Grant number: CA-06927;

'^

12004 Wiiey-LIss, Inc

temporary, and eventually progression to androgen
independence occurs in the vast majority of cases [1].
AD is effective at causing tumor shrinkage by promoting apoptosis and a shift to quiescence [2,3]. Although
normal prostate epithelial cells exhibit an extensive
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apoptotic response to AD [4], it appears that this
response is appreciably reduced or lost early in malignant transformation [5-9]. The main effect of AD in
these cases is a reduction in cell proliferation. If the
apoptotic response of prostate cancer to AD could be
restored through manipulation of the intracellular
molecular milieu, it may be possible to enhance and
prolong clinical responses, and perhaps ultimately
patient survival.
MDM2 is an oncogene and the gene product is a key
protein in the apoptotic pathway which binds to p53,
E2F-1, and pRb, as well as other proteins [10]'. It' i^'
induced by p53, binds to p53 with high affinity, and is a
pivotal negative regulator of p53 action. The MDM2
gene is amplified in a variety of human tumors [11],
including prostate cancer [12-15]. The expression of
MDM2 is increased ih prostate cancer patients with
high risk local-regional disease [16] and with the
development ofhormone refractory disease [9]. MDM2
is also a target for cancer therapy. Suppression of MDM2
using anti-MDM2 antisense (AS) sensitizes tumor cells
to radiation [17] and chemotherapy [18-21].
Little is known about the molecular mechanisms
that govern prostate cancer response to AD. Although
functional p53 protein is iiot essential for the apoptotic
response of normal prostate epithelial cells to castration
[22,23], abnormal or suppressed p53 expression has
been associated with resistance to AD [24-26]. Since
MDM2 ablates p53 functiori/we hypothesized that
MDN42 may contribute to the rnodulation of the
apoptotic response to AD. In this study, the role of
MDM2 was examined by suppressing MDM2 e>!pression with a second generation afitisense oligonucleotide (AS). The effects of AS were tested on wild type
LNCaP and MDM2-overexpressing (LNCaP-MST)
cells.
MATERIALS AND METHODS
Antisense Oligonucleotides

The antisense MDM2 20-mer mixed-backbone oligonucleotide (AS; 5'-UGACACCTGTTCTCACUGAC3') and its mismatch control oligonucleotide (ASM; 5'- UGTCACCCllTnCATUCAC-3') were obtained from
Hybridon, Inc. (Cambridge, MA). They were stored as
frozen aliquots at -20''C.
'■ r.

were altered. AD was achieved by culture in 10%
chafcoal-stripped seriim containing medium (AD
medium). Replacement of androgen was done by
adding the synthetic androgen R1881 (NEN Life
Science Products, Boston, MA) at 1 x 10~'° M to AD
medium [27].
To establish stable transfectants of MDM2 in LNCaP
cells, cells were seeded at 1 x 10* cells per 10 cm dish
for 24 hr and transfected with the pCMV-mdm2
expression plasmid by lipofectamine according to the
•manufacturer's procedure (Invitrogen, Carlsbad, GA).
Neorhycih-riSistant cells were selected in the presence
of 800 ng/ml Gerteticin (G418, Life Technologies,
Gaithersburg, MD) 48 lir kfter transfection. Expression
pf.MDM2 was tested by Wfestern blot analysis of cells
' •obtained from a single colony!".;
Western Blot Analysis

Cells (1 X 10^/dish) were incubated with 200 nM of
AS or ASM in 4 ml culture medium for 24 hr in the
presence of 7 |.ig/ml lipofectin (Invitrogen). Cells were
■lysed in a lysis buffer (50 mM Tris-Hcl, pH 6.8, 2%
■isbdium dodecyl sulfate (SDS) with protease inhibitor
eOcktail set I (Calbiochem, San Diego> CAjj^'and were^
sonicated. Protein concentration was determined using
,the BCA protein assay reagent kit (Pierce, Rockford, IL).
Equal amounts of proteih' (50 jig) were separated
by SDS-PAGE. After electrophoresis, proteins were
; transferred to polyvinylidene difluoride (PVDF) mem. Branes (Millipore, Bqdfbi-d, MA). The meiVibranes were
; ;incilbaied:With blocking buffer (PBS cotitaining 0.1%
TWeeri-20 'and 5% hon-fat milk) for 1 hr at room
temperature and were washed twice in washing buffer
(PBS containing 0.1% Tween-20) for5 min. Membranes
were immunoprobed with either anti-MDM2 monoclonal antibody (mAb) at 1:1,000, anti-p53 mAb at
1:1,000, anti-p21 mAb at 1:1,000, or anti-P actin at
1:5,000 dilution. (Calbiochem), incubating overnight
at 4''C. Membranes were then washed and incubated with 1:2,000 diluted sheep antifliouse IgG horseradish peroxidase conjugated Secondary antibody
"(Amersham Life Science) for 1 hr at room temperature.
After washing, the proteins were detected by the
enhanced chemiluminesceiice reagents according the
manufacturer's direction (Amersham, Aylesbury, UK).

Cell Culture and Transfection

Cell Growth and Cell Viability

LNCaP cells were cultured in Dulbecco's modified
Eagle's medium (DMEM)-F12 medium, containing
10% fetal bovine serum (FBS), 1% L-glutamine, and
1% penicillin-streptomycin (complete medium, GM),
as described previously [27]. Cells were typically
cultured for 24 hr in CM before the culture conditions

For the cell growth experiments, cells were plated in
24-well plates at 2.5 x 10'' cells/well and cultured in
CM for 24 hr. The medium was then changed and
replaced with either CM, AD medium, or AD + R1881
medium. Simultaneous with the medium change,
20 nM of AS or ASM was added into medium in the

^fl»*?S-i^
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presence of lipofectin (7 ng/ml). The number of viable
cells was counted at 24 hr intervals.
For the cell viability assay, 5 x 10'' cells/well were
seeded in 24-well plates. Cells were treated with
200 nM of AS or ASM and the percentage of dead cells
measured by trypan blue dye exclusion at various
times.
Confirmation of Apoptosis

-^ y -(/p

Two methods were used to confirm apoptotic cell
death. LNCaP cells were cultured in either CM; AD
medium, or AD + R1881 medium for 48 hr. Cells were'
then incubated with 200 nM AS or ASM in 4 ml of
medium for. 48 hr in the presence of lipofectin (7 |.ig/
ml). Cell morphological changes were examined by
light microscopy.
Annexin V staining was used to determine the
proportion of apoptotic cells. After incubation with
200 nM AS or ASM, all cells (floating and attached)
were harvested by trypsinization, labeled with annexin
V-PE and 7-amino-actinomycin D (7-AAD) (Guava
Technologies, Inc., BUrlingame, CA) according to the
manufacturer's instructions and analyzed by flow
cytometry on a GuavaPC personpl flow cybmeter.
Caspase-3 + 7 activity was measured using a fluoro>TM^
metric substrate, Z-DEVD-Rliodamine (The Apo-ONE""
Homogeneous Caspase-3/7 Assay kit; Promega>
Madison, Wl). Cells were cultured in CM, AD, of
AD + R1881 medium for 2 days and then incubated
with AS or ASM (200 nM) for 30 hr. A total of
5 X lO"* ceils in 100 [d culture mfedium were mixed, with
100 nl of Homogeneous CaspaSe-3/7 reagent in 96-well
plates and incubated at room temperature for 18 hr.
Substrate cleavage was quantified fluorometrically at
485 excitation and 538 nm emission. Fluorescence was
measured on a fluorescent plate reader (LabSystems,
Inc., Franklin, MA). As a control, caspase-3 + 7 activity
was inhibited in some cells by adding AC-DEVD-CHO
(Promega) to the culture before the assay.
Clonogenic Assay

.; ■

Clonogenic assays were performed as described'
previously [28]. In brief, cells were culttirfed in CM, AD
medium, or AD + R1881 medium for 48 hr and then
incubated with AS or ASM at various concentrations
for 24 hr in presence of Iijpofec'tin.(7 ng/ml). The cells
were trypsinized, serially diluted, and known num'-; ■
bers of cells replated into 100 mm dishes. The' plates^
were incubated for 12-14 days and stained with
0.25% methylene blue. The number of colonies was
determined using an automated counter (Imaging
products International, Inc., Chantilly, VA). The clonogenic survival results were corrected for differences in
plating efficiency from the various culture conditions.
The dilutions for clonogenic assay were done in

triplicate and the results were averaged together
■ (iritra-experiment averages). The data shown in the
clonogenic survival table represent an average from
multiple experiments (inter-experiment averages).
RESULTS

-^ '^

f^

Effect of AS on MDM2, p53, and p2l Protein Levels \

To evaluate the effects of MDM2 suppression and |
overexpression on^p)> stable transfectants of LNCaPy
cells that overexpressiiurnan MbM2 were established.
As displayed in Figure 1, expression of MDM2 was
increased substantially in LNCaP-MST cells, compared
to parental LNCaP cells.
The effects of AS on MDM2, p53, and p21 expression
in both LNCaP and LNCaP,-MST cells were measured.
Figure 1 shows that AS d^cteased the expression of
MDM2 and increased the expression of both p53
and p21 in a dose-dependent manner in LNCaP and
LNCaP-MST cells. There appears to be less of a reduction of MDM2 expression with high concentrations of
AS (500 hM) in LNCaP-MST cells; although, this could
be related to preferential cell death and loss of the
subpopulation of cells with low MDM2 levels. Treatment with ASM appeared to have a slight stimulatory
effect on MDM2 expression and little effect on p53 and
p21 protein levels, even at 500 nM.
Shidies were then performed to determine the action
of AS on LNCaP and LNCaP-MST cells grown in vitro
K^^^ryAxo-^&i^ deprived (AD) mediutn. After 2 days of
cuffure in either CM, AD medium; or AD + R1881
medium, cells wete incubated with 200 nM AS or ASM
in the presence of lipofectin for 24 hr. As illustrated in
Figure IC, AD alone caused a reduction in MDM2, p53,
and p21 protein levels in LNCaP cells. When AS was
combined with AD, MDM2 expression in LNCaP cells
was further reduced and the expression of p53 and p21
remained high. When R1881 was added to LNCaP cells
treated with AD, there was little alteration in MDM2,
p53, and p21 levels from the addition of AS or ASM,
over that seen with AD alone. Figure ID shows that AD
caused slight reductions in MDM2 and p53 levels, and a
larger reduction in p21 expression in LNCaP-MST cells.
Treatment of LNCaP-MST cells with AS + AD further
reduced MDM2 levels, while the expression of p53
and p21 remained high. When R1881 was added to
• LNCaiH^MSt cells treated with AD, there was little
alteration in MDM2, p53 and p21 levels from the
addition of AS or ASM, over that seen with AD alone.
LNCaP and LNCaP-MST Cell Growth and
Viability After AS ± AD Treatment

Previous studies have shown that the growth of
LNCaP cells is inhibited considerably when cultured in
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AD mediumand is partially reversed by adding tW .
synthetic androgen R1881 back to AD medium [12l.©7j
To evaluate whether AS combined with AD resulted in
enhanced LNCaP cell growth inhibition over AS or AD
given individually, different dosesof AS (10-200 hM)
were first tested. Cell growth inhibition was dosedependent (data not shown). LNCaP cells were then
treated with 20 nM AS or ASM with Or without AD for
4 days. The findings depicted in Figilre 2A illustrate
that the replication of LNCaP cells was completely

A.

suppressed after exposure tO AS +AD; the conibination resulted in more growth inhibition than the
individual treatments v^ith AS or AD (P< 0.001, one
way analysis of variance, Bonferronl test at day 3 of
cultUt-fe). The synthetic? androgen R1881 partially
restored the growth of LNCaP cells treated with
AS + AD such that cell number at day 3 was higher
with R1881 added, as compared to AS + AD alone
(P = 0.00l, Bonfefroni test). The growth inhibitory
effects of AS, AD, and AS + AD were less overall in
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Fig. 2. LNCaP (A) and LNCaP-MST (B) cell growth inhibition in vitro by AS or ASM in combination with AD or AD + RI88I. Cells were cultured in complete medium (CM) for 24 hr, then the medium was changed and the cells cultured further in CM, AD, or AD + RI88I medium.
Simultaneously 20 nM AS or ASM was added to medium in presence of lipofectin.The number of viable cells were counted at the indicated times.
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LNCaP-MST cells; although the general pattern for,
the individual and combined treatments was similar,
(Fig. 2B).
:s

, TABLE ll. Effect of Antisense i(ilDM2 on LNCaP-MSTCell
1 D^ath Meaiufed by Trypan Eilue Dye Uptake

Treatment
Cell Death From AS db AD

The early overall cell death response of LNCaP cells
to AS, AD and the combination was first examined
using trypan blue dye uptake. The cells were exposed
to 200 nM AS with or without AD for different periods
of time. A summary of three experiments measuring
LNCaP cell death after 72 hr is shown in Table I. Cell
dea^h from AS + AD was significantly enhanced (66%)
over that of ASM + AD (22%), AS alon'e^%), or AD
alone (13%). The cell killing effect of AS + AD was
significantly reversed to 34% when, the! synthetic'
androgen RlSSl'i^Vas added. Table ildis|f)la'ys the ceir'',
death effects, of AS, AD and the combination on'.'
. ),i p
^LNCAP-MST tells. While there was a significant'
li -nS' increase in^cell death from AS + AD over AS or AD ;
alone, and this effect was reversed by R1881, the extent; ;
of these differences was less than was seen in the
LNCaP line. The proportions of cells dying after
incubation of LNfCaP and LMCaP-MST cells'in Hpo-,;
fectin cinly or ADalbhe wereconlparablefr. V :£ ■
;;(''?:
Figure 3 shows' thfe'early cell death response bft'i:
LNCaP cells to AD alonfe/ASM + AD, and AS + AD irif'"
terms of the morphological effects, which are suggestive of apoptosis. These effects included decreased
cell density, elongation and shrinkage of cells by 24 hr,
rounding of some cells, and—l«st~aneh«Ea^ and
detachment from the culture surface by 48 hr. These
morphological changes were more pronounced from
AS + AD than from AD alone ot ASM + AD.
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TABLE I. Effect ofAntisenseMDM2 on LNCaP Cell Death
Measured by Trypan Blue Dye Uptake

r

Treatment

Mean

SEM'

Lipofecti^n control'i
AS (Antisense MDM2)
ASM (mismatch control) •
AD (androgen deprivation) .
AD 4- AS"
AD + ASM
AD + R1881
AD + AS + R1881
AD+ASM + R1881

5.8
32.8
15.7
13.5
66.0
21.8
7.5
34.0
16.5

.0.7 .
1.5 ~

—

■

■■

<0.0001
O.iVr <0.0001
0.3 ' ■ 1.000
<0.0001
1.5
2.7
<0.0001
1.3
<0.0001
0.8
<0.00D1
0.8
<0.0001

Percentage of cell death measured by trypan blue dye uptake
after 3 days of culture. The data shown represent the average
values (±SEM) from three independent experiments.
"Compared to grouD,«tiove, one way Anova, Bonferroni test.
••Other-comparisfer^)AD + AS versus AD + AS + R1881
T7^<a0001); AD + AS^ersus AS (P < 0.0001).

6o t-y* <>vJ/<9''-?

Lipofectioin control
AS (antisense MDM2)
ASM (mismatch control)
AD (androgen deprivation)
AD + AS"
AD + ASM
AD + R1881
AD + AS + R1881
AD + ASM + R1881

Mean

SEM

6.3
19.0
12.3
12.3
32.0
17.0
10.0
19.0
13.7

0.9
4.6
0.9
1.5
1.2
0.6
1.2
0.6
0.9

—
0.003
0.604
1.000
<0.0001
<0.0001
0.456
0.081
1.000

Percentage of cell death rrie&sured by trypan blue dye uptake
'after 3 days of culture. The data shown represent the average
,i values (±SEM) from three independent experiments.
•Compared to group above, one Way Anova, Bonferroni test.
••Other comparisons: AD + AS .versus AD + AS + R1881
{P = 0.002); AD + AS versus AS (P = 0.002).

Direct measurements of apoptosis were performed
to determine the contribution of apoptosis to early
ovei-all cell death from AS±AD. Apoptosis was measured directly by annexin.,y binding,;;The cells were
i: cultured in either coiiipilfete, ADl.Vor AD + R1881
{medium for 48 hr ahd fhen incubated with AS or
' ASM for 48 hr. Tablelll displays the results of annexin
V staining in LNCaP cells, revealihg that the cells
undergoing early apoptosis (annexin-'V-PE-positive
and 7-AAD-negative) increased to 26.5% after AS + AD
AD treatment, relative to 17.5 and 8.5% for AS and AD
given individually. The difference was significant for
AS + AD versus AD alone, but not for AS + AD versus
AS alone (Table III). Table IV shows that a similar trend
was observed for the effect of AS on i:he apoptosis of
LNCaP-MST cells; however, the addition of AD to AS
did not result in an enhanced response over AS alone.
The lack of sensitization of LNCaP-MST cells to
AS + AD could be related to the greater amount of
apoptosis seen with AS alone (Table I"V), as compared
to LNCaP cells (Table III). A similar pattern was
apparent in the caspase-3 + 7 experiments (Tables 'V
and VI).

^<icr^^^•l5^5^•ss■^^^-

Caspase-3 + 7 aafivity is another marker of apoptosis
that was used to swlsbtwFvtiate-the annexin V findings.
The caspase data reflected that obtained with annexin V
staining. After AS exposure, caspase-3 + 7 activity was
higher in LNCaP-MST cells (Table VI) than in LNCaP
cells Table V). In LNCaP cells, AS + AD resulted in
significantly elevated caspase-3 + 7 levels, compared to
AS and AD applied individually (Table V). Moreover,
caspase-3 + 7 activity was inhibited by the addition of
R1881 to AS + AD to approximatley the levels of AS
alone. The addition of specific caspase inhibitor AcDEVD-CHO (data not shown) reduced caspase-3+ 7
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AD 24 hr

AD+ASM

AD48hr

AD+ASM 48 hr

24 hr

AD+AS 24 hr

AD+AS 48 hr

Fig. 3. MorpholbgyofLNCaPcellsaftertreatmentfor24and48ht'withA.SprASM(200nM),andADorAD + fll88IThece
underlightmicr6scopymagnificationof200x.
: '■
'
••
'

activity. In LNCaP-MST cells, AS caused a significant
increase in apoptosis over ASM and the lipofecHn
control, but the addition of AD to AS did not result in a
further increase in apoptosis (Table VI). These results
suggest that AS restores LNCaP tumor cell apoptosis to
AD through p53 by activating caspase-3 + 7, and that
the overexpression of MDM2 inhibits or delays this
action. The data also indicate that elevated MDM2

levels; as seen in LNCaP-MST cells, result in a more
■pronounced apoptotic response to AS, arid that under
siich conditions the addition of AD does not result in
more apoptosis.

TABLE III. Effect of Antisense MDM2 oh LNCaP Cell
Apoptosis Measured by-the AnnexinV-Assay

TABLE IV. Effect of Antisense MDM2 on LNGaP-MSTCell
ApdptosIs Measii»-ed by the Annexin V-Assay

Treatment

Treatment

Lipofecticfri control
AS (antisense MDM2);.
ASM (mismatch control)
AD (androgen deprivation)
AD + AS"
AD + ASM
AD + R1881
AD+AS + R1881
AD + ASM + R1881

Mean
4.9
17.5

8.3
8.5
26.5
13.0

5.4
15.2

8.5

SEM
1.3
1.2 •

0.9
1.6
2.7
2.2
1.0
4.2
2.1

—
"^^0.02
,\ 0:264
V Ail.boo.
<O:0O0l0.012
0.826
0.174
1.000

LNCaP cells were treated for 48 hr with AS-MDM2 (200 nM)
alone or in combination with AD±R1881 and the percentage of
apoptotic cells measured by flow cytomefric analysis of annexin
V-PE and 7-AAD staining. The data shown represent the average
values (±SEM) from three independent experiments.
'Compared to group above, one way Anova, Bonferroni test.
"Other comparisons: AD + AS versus AD + AS + R1881
(P = 0.061); AD + AS versus AS alone (P = 0.32).

Overall Cell Death by ClonogeniC Assay

Cloribgenic survival experiments were performed to
determinie whether the added early cell killing from

Lipofectifin control
,/AS (antisense MDM2)
,'■'ASM (mismatch control)
'AD (androgen deprivation)
AD + AS"
AD + ASM
AD + R1881
AD + AS + R1881
AD + ASM + R1881

Mean
3.8
35.0 ,'
16.8
10.3
35.3
21.8
7.3
32.4
20.0

SEM
0.7
1.6
1.7
1.8
3.6
3.6
1.3
3.4
2.0

—
<0.0001
0.002
1.000
<0.0001
0.035
0.018
<0.0001
0.073

LNCal^Y'^^lls were treated for 48 hr with AS-MDM2 (200 nM)
alone or in combination with AD ± R1881 and the percentage of
apoptotic cells measured by flow cytometric analysis of annexin
V-PE and 7-AAD staining. Tlie data shown represent the average
values (±SEM) from three independent experiments.
'Compared to group above, one way Anova, Bonferroni test.
"Other comparisons: AD + AS versus AD + AS + R1881
(P = 1.000); AD + AS versus AS alone (P = 1.000).
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TABLE V. Effect of Antisense MDM2 on LNCaP Cell^
Caspase-3 + 7 Activity

'-ipd-e C//A)

Treatment

Mean

SEM

Lipofecti^n control
AS (antisense MDM2)
ASM (mismatcli control)
AD (androgen deprivation)
AD + AS"
AD + ASM
AD + R1881
AD+AS + R1881
AD + ASM + R1881

85
357
181
48
635
121
115
430
235

9
29
29
7
64
26
13
36'
6

r.ooo
<0.0001
0.007

apoptosis due to AS +AD translates into a significant
increase in overall cell killing. LNC^P and LNGaP-MST
cells were cultured in CM, AD, or AD + R1881 medium
for 2 days prior to exposure to AS for 24 hr before
plating for clonogenic survival. As shown in Table VII,
the percentages of LNCaP cells surviving were 59.7%
for AS alone, 27.2% for AS + AD, and 54.7% for
AS + AD + R1881. The difference between AS and
AS + AD was significant. The percentage of LNCaP
cells surviving after AS + AD + R1881 was reduced to

TABLE Vli Effect of Antisense MDM2 on LNCaP-MST Cell
Caspase-3 4-7 Activity

Mean

SEM

Lipofecti^n control
AS (antisense MDM2)
ASM (mismatch Control)
AD (androgen deprivation)
AD + AS"
AD + ASM
AD + R1881
AD+AS + RI881
AD + ASM + R1881

211
966
617
231
879
357
234
697
345

12
:19
24
22
55
55
4.9
82
41

that seen with AS alone. For the LNCaP-MST cell line,
;nd significant difference was observed between AS
i and AS + AD treattnent. •
DISCUSSION

<0.0001
0.020
0.186
<0.0001
<0.0001

Caspase-3+ 7 activity Was measured by fluorometric assay,
LNCaP cells were cultured for 2 days with or witKbUt'AD
(±R1881) and then for 30 hr with 200 nM AS or ASM: The data.',
shown represent the average values (±SEM) from three
independent experiments.
•Compared to group above, one way Anova, Bonferroni test.
"Other comparisons: AD + AS versus AD + AS + R1881
(P = 0.004); AD + AS versus AS alone (P < 0.0001).

Treatment

7

<0.0001
0.001
<0.0001

<6.oooi
<0.0001
1.000
<0.0001
<0.0001

Caspase-3+ 7 activity was measured by fluorometric assay.
LNCaP-MST cells were cultured for 2 days with or without AD
(±R1881) and then for 30 hr with 200 nM AS or ASM. The data
shown represent the average values (±SEM) from three
independent experiments.
•Compared to group above, one way Anova, Bonferroni test.
"Other comparisons: AD-I-AS versus AD +AS-t-R1881
(P = 0.251); AD -I- AS versus AS alone (P = 1.000).

Although AD is quite effective at reducing prostate
cancer tumor burden and causing dormancy, an
improvement in patient survival from AD treatment
as a single agent has not been conclusively established.
. Early in the malignant transformation of prostate
epithelial cells>, the apoptotic response to AD is dramatically reduced br lost, and the principal response is a
slowing of cell growth and reduction in cell prolife..ration [5-9]. Previously'we found that R3327-G rat
i'prostate tumors grown in'vivo have a pronounced
shift to quiescence in respdnse to AD, with a minimal
increase in apoptosis [3]. The human tumor LNCaP line
responds similarly [27]. We hypothesized that if the
apoptotic response of prostate cancer to AD could be
restored through alterations in the molecular milieu,
'■it may be possible to enhance overall tumor cell death.
Such a strategy could then prolong clinical responses
and perhaps ultimately patient survival. The oncogene
MDM2 was selected as A target because it contributes
'significantly to the control of p53'function and preliminary western blot studies (not shown) revealed that
MDM2 expression was tied to the apoptotic response of
LNCaP cells to the combination of AD -f RT.
. ■ MDM2 is a key protein in the apoptotic pathway that
fimctions by negatively regulating p53 transcription
directly and indirectly through effects on nuclear
trahSpdrt and p53 degradation. As a result, MDM2
intei^fereS'with normal growth control by preventing
apoptosis' [29]/iPrevious studies have shown that the
suppression of MDM2 expression by AS increases the
apoptotic response of some tumor cells to radiation or
chemotherapy [15,17-21].
In the results presented here, AS specifically inhibited MDM2 expression in both LNCaP and MDM2
overexpressing LNCaP-MST cells. In parallel with this
inhibition, p53 and p21 expression were enhanced.
These increases were expected since MDM2 is a
feedback regulator of p53. The incubation of cells in
AD medium resulted in a decrease in MDM2 expression (LNCaP > LNCaP-MST). When the cells were
cultured in AD medium with AS, there was a further
abrogation of MDM2 expression in both cell lines.
The suppression of MDM2 under the conditions of
AS-f AD resulted in proportionally increased tumor
cell growth inhibition in vitro and significantly
enhanced cell death responses (LNCXP > LNCaP- '^•^'^^'i
MST cells).
The major relative differences in the LNCaP and
LNCaP-MST cell death responses were seen when
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TABLE VII. Effects of AS on LNCaP and LMCaP-MST Gell! Clpnogenic Survival When
Cultured in Complete, Androgen Deprived (AD) oriAD-l-RIEiSI Medium

% Clonogenic survival
LNCaP
Treatment

MiSEM

ASM
AS
AD + ASM
AD + AS"
AD + ASM + R188J
AD + AS + R1881

85.4 ±0.9
59.7 ±7.5
64.2 ±3.0
27.2 ±5.7
77.8 ±1.1
54.7 ±2.6

V■

■'-

LNCaP-MSl
P*
—
0.015
1.000
0.001- . ■
<0.0001
0.033

M±SEM

P*

88.7 ±2.4
67.6 ±9.4
70.9 ± 7.0
55.0±11.2
83.5 ±3.1
61.5 ±12.4

—.
1.000
1.000
1.000
0.518
1.000

'Compared to group above, oneway Anova, BohfSrroni test, done separately for the si>c LNCaP
and six LNCaP-MST groups, the data sKdwri represent flie mean (M) values (±SEM) from three
independent experiments.'
"Other LNCaP comparisons (n = 6 groups): AD4AS versus AD + AS4-R1881 (P = 0.009);
AD + AS versus AS alone (P < 0.002). Other LNCaP-MST comparisons (n = 6 groups): AD + AS
versus AD4-AS + R18S1 (P= 1,000); AD + AS versuS AS alone (P = 1.000).

AS was combined WitlvAD. There was little disparity
after treatment with lipofectin or AD alone in trypan
blue uptake or apoptosis between LNCa,P and LKCaPMST cells. However, the LNCaP an^ LNCaP-MST
lines responded differently to AS, AS + AD, and
AS + AD + R188]. Overall early cell death by trypan
blue uptake in LNCaP-MST cells incubated with
AS + AD was greater than AS alone (Table II), but
was half fhdt Seen in LNCaP cells (.Table I). In contrast,
the apoptotic response of LNCaP-MST cells to AS aldiie
was greater than that of LNCaP cells; yet, there was no
additional cell death from the combination of AS + AD.
Wild type LNCaP cells had less of an apoptotic response to AS alone and a supra-additive response to
AS + AD (Tables III-VI).
The discrepancy irrthe features of the trypan blue
and apoptotic responses of LNCaP-MST cells to AS and
AS + AD may be related to the intrinsic differences in
the assays. Trypan blue uptake was measured over
3 days and included death from necrosis and apoptosis.
The apoptosis assays were run over a shorter peri6d of
time and represent more of a snapshot of this form
of cell death. Since cell death is a dynamic process,
wherein cell death and disintegration may not be
constant over time, some variation between assays is
expected. Nonetheless, the early high apoptotic
response of LNCaP-MST cells to AS and the laCk of
any added effect from AD was notable; this pattern was
confirmed in both the annexin V and caspase-3 + 7
assays. One explanation is that the condition of MDM2
overexpression, which negatively affected p53 expression, created an enhanced sensitivity to MDM2
suppression by AS, resulting in higher levels of apoptosis than that seen in wild type LNCaP cells.

'When the synthetic androgen R1881 was added back
to the AD medium and LNCaP cells exposed to AS
(AS + AD + R1881), cell death was reduced to approximately the levels seen with AS alone. The supraadditive cell death from AS + AD was clearly related to
an interaction that appeared to result in the restoration
of the apoptotic response to AD. More importantly, the
same supra-additive effect was observed by clonogenic
■ silrvival assay.
Wild type LNCaP cells displayed a supi'a-additive
/redilitlbrt in clonogenic survival to AS + AD, when
compared to AS ol" At) given individually; The effect of
AS + AD was feveris^d by adding R1881. Such a supraadditive decrement in clonogenic survival was not seen
with LNCaP-MST cells. Thus, the blunted response of
LNCaP-MST cells to AS + AD over that of AS alone
was observed in both apoptotic (Tables IV and VI)
'and clonogenic survival (Table VII) dsSays; although,
a'significant increase in cell death frbrh AS + AD over
AS alone was seen for trypan blue dye uptake (Table II).
As mentioned above, the trypan blue uptake and
apoptosis assays measure early cell death response.
Clonogenic survival sums cell death effects over time
and is the more important assay. Thus, MDM2 proved
to be central to the response of both cell lines to AD.
MDM2 suppression in the setting of wild type LNCaP
cells appeared to restore the cell death response to AD
that was lost during transformation. MDM2 overexpression in LNCaP-MST cells resulted in a significant
reduction in the interaction of AS with AD, confirming
that MDM2 is an important determinant of the cell
death response of prostate cancer cells to AD.
The molecular mechanisms that govern the response
of androgen sensitive prostate cancer cells to AD alone
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are unclear. There is primarily indirect evidence that,
abnormal p53 expression may contribute to the devel- '^
opment of androgen insensitivity; this evidence is
derived mainly from analyses of tumor tissue from
patients with androgen insensitive prostate cancer
[24,25,30]. Burchardt et al. [26] have shown more
directly that the suppression of p53 function, using
antisense p53, resulted in LNCaP tumor cell growth in
castrated nude mice that did not occur when p53 was
expressed. In addition, there are data suggesting that
p21 is an important determinant of prostate cancer
androgen insensitivity [31 -33]. Antisense MDM2 has a
downstream effect on p21 throiigh p53. Recent data
also suggest that antisense MDM2 promotes apoptosis
in vitro and tumor growth inhibition in vivo independent of p53 status [15,34,35]. Thus, MDM2 eippears to ,■'
have p53 dependent and independent pathways that '
promote tumor resistance to treatments such as radia-r*'
tion, chemotherapy, and as shown in this report, AD.
In conclusion, our data reveal for the first time that
MDM2 expression has a key role in the early (apoptotic)
and overall (clonogenic) cell death response of prostate
cancer to AD. The supra-additive cell killing from
AS + AD was reversed by andrpgen replacement,
suggesting that AS restored the apoptotic response of
LNCaP cells. The clinical implications are considerable.
Antisense MDM2 should impact on the full spectrum of
patients with prostate cancer. Patients with advanced
metastatic disease would have more pronounced and
probably lasting responses to AD. Intermediate and
high risk prostate cancer patients with clihically
localized (no overt evidence of metastasis) stand to
benefit from more complete eradication of inicrometastatic disease from the additioniof AS to sensitize cells
to AD and local disease from the addition of AS to sensitize cells to radiation. Patients with early disease
treated with radiodierapy might gain from the use of AS
to lower radiation doses needed for cure. The applica- '
tion of AS to the combination AD + RT is currently
under investigation.
REFERENCES
1. Wilding G. Endocrine control of pro.';tate cancer; Cancer Surv
1995;23:43-62.
2. Joon DL, Hasegn wa M, Sikes C, Khoo VS, Terry NH, Zagars GK,
Meistrich ML, Pollack A. Supraadditive apoptotic response of
R3327-G rat prostate tumors to aridrogeii ablation and radiation.
IntJRadiatOncolBiolPhys 1997;38:1071-1077. '
' ' "
3. Pollack A, Joon DL, Wu CS, Sikes C, Hasegawa M, Terry NH,
White RA, Zagnrs GK, Meistrich ML. Quiescence in R3327-G
rat prostate tumors after androgen ablation. Cancer Res 1997;
57:2493-2500.
4. English HF, Kyprianou N, Isaacs JT. Relationship between
DNA fragmentation and apoptosis in the programmed cell
death in the rat prostate following castration. Prostate 1989;15:
233-250.

5.
.
^
6.

7.

8.

9.
:y
10.

Murjihy WM, Soloway MS, Barrows GH. Pathologic changes
associated willi androgen deprivation Iherapy for prostate
canc&r. Cancer i99.1;68:821-828.
Brandstrom A, Westin P, Bergh A, Cajander S, Damber JE.
Castration induces apoptosis in the ventral prostate but not
in an androgen-sensitive prostatic adenocarcinoma in the rat.
Cancer Res 1994;54:3594-3601.
Westin P, Bergh A, Damber JE. Castration rapidly results in a
major reduction in epithelial cell numbers in the rat prostate,
but not in the highly differentiated Dunning R3327 prostatic
adenocarcinoma. Prostate 1993;22;65-74.
Stattin P, Westin P, Damber JE, Bergh A. Short-term cellular
effects induced by castration therapy in relation to clinical
outcome in prostate cancer. Br J Cancer 1998;77:670-675.
Agus DB, Cordon-Cardo C, Fox W, Drobnjak M, Koff A,
Golde DW, Scher HI. Prostate cancer cell cycle regulators:
Response to androgen withdrawal and development of androgen independence. J NatI Cancer Inst 1999;91:1869-1876.
Daujat S, Neel H, Piette J. MDM2: Life without p53. Trends Genet
2001;17:459-464.

11. Momand J, Jung D, Wilc7.ynski S, Niland J, The MDM2 gene
amplification database. Nucleic Acids Res 1998;26:3453-3459.
12. Ittmann M, Wieczorek R, Heller P, Dave A, Provet J, Krolewski J.
Alterations in the p53 and MDM-2 genes are infrequent in
clinicrtlly localized, stage B prostate adenocarcinomas. Am J
Pathol 1994;145:287-293.
13. Gtio X, Porter AT, Honn kV. Involvement of the multiple
tumor suppressor genes and 12-lipoxygenase in human prostate
cancer. Therapeutic implications. Adv Exp Med Biol 1997;407:
41-53.
14. Osman I, Drobnjak M, Fazzari M, Ferrara J, Scher F-II, CordonCardo C. Inactivation of the p53 pathway in prostate cancer:
Impact on tumor progression. Clin Cancer Res 1999;5:2082. .. 2088.
15. Zhang Z, Li M> VVang H, Agrawal S, Zhang R. Antisense
therapy targeting MDM2 oncogene in prostate cancer: Effects
. oil, proliferation, apoptosis, multiple gene expression, and
' 'cherriotherSpy. ProcNatl Acad Sci USA 2003;100:11636-11641.
16. teite k, Franccl M, Strougi M, ^ip'. Abnormal expression or^if
MbM2'lii'p'rostate carcinoma. Mod Pathot 2001;14:428-436.
,. 17. GrunbaUm U, Meye A, Bache M, Bartel.F, Wurl P, Schmidt H,
Dunst J, Taubert H. Transfection with mdm2-antisense or
wtp53 results in radiosensitization and an increased apoptosis
of a soft tissue sarcoma cell line. Anticancer Res 2001;21:
2065-2071.-18. Tortora G, Caputo R, Damiano V, Bianco R, Chen J, Agrawal S,
Bianco AR, Ciardiello F. A novel MDM2 anti-sen.se oligonucleotide has anti-tumor activity and potentiates cytotoxic drugs
acting by different mechanisms in human colon cancer. Int J
Cancer 2000;8S:804-809.
19. Agrawal S, Kandimalla ER, Yu D, Hollister BA, Chen SF,
Dexter DL, Alford TL, Hill B, Bailey KS, Bono CP, Knoerzer DL,
Morton PA. Potentiation of antitumor activity of irinotecan
; ■ by chemically modified oligonucleotides. Int J Oncol 2001;18:
1061-1069.
20. Wang H, Nan L, Yu D, Agrawal S, Zhang R. Antisense antiMDM2 oligonucleotides as a novel therapeutic approach to
human breast cancer: In vitro and in vivo activities and
mechanisms. Clin Cancer Res 2001;7:3613-3624.
21. Wang H, Wang S, Nan L, Yu D, Agrawal S, Zhang R. AntLsense
anti-MDM2 mixed-backbone oligonucleotides enhance therapeutic efficacy of topoisomera.se I inhibitor irinotecan in nude

vi/&jrWU-^ ^-j;
y A^-es^^^M^J ^t
/
tfi? C^^f.

,-<^i-/>e,.'!^./- y^ii

9

/
f^i^'im^^y^A. - ./,
^/•••

■g

^.^

<r
10

Mu et al.
mice bearing human cancer xenografts: In vivo aclivily and
mechanisms. IntJ Oncol 2002;20:745-752.

22. Berges RR, Furuya Y, Remington L, English HF, Jacl<s T,
Isaacs JT. Cell proliferation, DNA repair, and p53 function are
not required for programmed death of prostatic glandular
cells induced by androgcn ablation. Proc Natl Acad Sci USA
1993;90:8910-8914.
23. Colombel M, Radvanyi F, Blanche M, Abbou C, Buttyan R,
Donehower LA, Chopin D, Thiery JP. Androgen suppressed
apoptosis is modified in p53 deficient mice. Oncogene 1995;10:
1269-1274.
24. McDonnell TJ, Navone NM, Troncoso P, Pisters LL, Conti C,
von Eschenbach AC, Bri.sbay S, Logothetis CJ. Expression
of bcl-2 oncoprotein and p53 proteih accumulation in bone
marrow metastases of androgen independent prostate cancer.
J Urol 1997;157:569-574.
25. Apakama I, Robinson MC, Walter NM, Charlton RG, Royds JA,
Fuller CE, Neal DE, Hamdy FC. bcl-2 overexpre.ssiori combined
with p53 protein accumulation correlates with Hormoherefractory prostate cancer. BrJ Cancer 1996;74:1258-1262.
26. Burchardt M, Burchardt T, Shabsigh A, Glinfar M, Chen MW,
Anastasiadis A, d'e la Taille A, Kiss A, Buttyan R. Reduction of
wild type p53 function confers a hormone resistant phcnotype on LNCaP prostate cancer cells. Prostate 2001;48:225-23n.
27. Pollack A, Salem N, Ashoori F, Hachem P, Sangha M,
von Eschenbach AC, Meistrich ML. Lack of prostate cancer
radiosensitization by androgen deprivation. Int J Radiat Oncol
BiolPhys 2001;51:1002-1007.
>'
28. Colletier PJ, Ashoori F, Cowen D, Meyn RE, Tofilon P, Meistrich
ME, Pollack A. Adenoviral-mediated p53 transgene expression
01: PE: Please provide history dates.
02: Au please check the placement of this information.
03: Au please provide the names of all the authors.

sensitizes both wild-type and null p53 prostate cancer cells
in vitro to radiation. InfJ Radiat Oncol Biol Phys 200D;48:15D71512.
29. Chen J, Wu X, Lin J, Levine AJ. mdm-2 inhibits the G, arrest
and apoptosis functions of the p53 tumor suppressor protein.
Mol Cell Biol 1996;16:2445-2452.
30. Palmberg C, Rantala I, Tammela TL, Helin H, Koivisto PA.
Low apoptotic activity in primary prostate carcinomas without
response to hormonal therapy. Oncol Rep 2000;7:1141-1144.
31. Omar EA, Behlouli H, Chevalier S, Aprikian AG. Relationship of
p21(WAF-I) protein expression with prognosis in advanced
prostate cancer treated by androgen ablation. Prostate 2001;49:
191-199.
32. Wang LG, Ossowski; L, Ferrari AC. Overexpressed androgen
receptor linked to p21WAFl silencing may be responsible fo'r
androgen independence arid resistance to apoptosis of a prostate
,'■ ■ cancer cell line. Cancer Res 2001;61:7544-7551.
3^;. Fiza/.i K, Martinez LA, Sikes CR; Johnston DA, Stephens LC,
,; :
McDonnell TJ, Logothetis CJ, Traprrian J, Pisters LL, Ordonez
:;' NG, Troncoso P, Navone NM. The association of p21 ((WAF-1 /
■ CIPl)) with progression to androgen-independent prostate
; cancer. Clin Cancer Res 2002;8:775-781.
34. Wang H, Yu D, Agrawal S, Zhang R. Experittiental therapy of
human prostate cancer by inhibiting MDM2 expression with
novel hiixed-backbonc antisense oligonucleolides: In vitro and
in vivo activities and mechanisms. Prostate 2003;54:194-2n5.
35. Wang H, Nan L, Yu D, Lindsey JR, Agrawal S, Zhang R. Antitumor efficacy of a novel antisense anti-MDM2 mixed-backbone
oligonucleotide in human colon cancer models: p53-dependent
and p53-independent mechanisms. Mol Med 2002;8:185-199.

