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Abstract

3,3'-Diindolylmethane (DIM) is a potential chemopreventive phytochemical derived from
Brassica vegetables. In this study we characterized the effect of DIM on cell cycle regulation in both
androgen dependent LNCaP and androgen receptor negative-p53 mutant DU145 human prostate
cancer cells. DIM had an antiproliferative effect on both LNCaP and DU145 cells, as it significantly
inhibited [3H]-thymidine incorporation. FACS analysis revealed a DIM mediated G cell cycle arrest.
DIM strongly inhibited the expression of cdk2 and cdk4 protein and increased expression of the cell
cycle inhibitor p27KiP1 protein in LNCaP and DU145 cells. Promoter deletion studies with p27Kipl
reporter gene constructs showed that this DIM-mediated increase in p27XiP1 was dependent on the
Sp1 transcription factor. Moreover, using a dominant negative inhibitor of p38 MAPK, we showed
that the induction of p27XiP1 and subsequent G4 arrest by DIM involves activation of the p38 MAPK
pathway in the DU145 cells. Taken together, our results indicate that DIM is able to stop the cell
cycle progression of human prostate cancer cells regardless of their androgen-dependence and p53
status, by differentially modulating cell cycle regulatory pathways. The Spl and p38 MAPK
pathways mediate the DIM cell cycle regulatory effect in DU145 cells.
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1. Introduction

Prostate cancer is the second most frequently diagnosed cancer in men of the western world
and is the leading cause of cancer mortality in older men [1]. Since early stage prostate cancers
are androgen dependent for their growth and survival, surgical or chemical castration have
been used as the main therapeutic approach against the disease [2]. Initial responsiveness of
the tumor to androgen ablation therapy inevitably gives way to an androgen independent
relapse that ultimately leads to patient mortality. Presently there is no generally effective
treatment for androgen independent prostate cancer, underscoring the need for the development
of novel alternative therapeutic strategies. Dietary and plant-based drugs have been suggested
as possible alternative strategies in anti-cancer treatment. Among various groups of cancer
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chemotherapeutic agents, extensive experimental data have been generated suggesting a role
for dietary indoles in the treatment of various cancers including prostate cancer.

3,3'-Diindolylmethane (DIM), the major in vivo product derived from the acid-catalyzed
condensation of indole-3-carbinol (I13C), is a promising antitumor agent derived from
Brassica vegetables. Several studies have indicated the pre-clinical efficacy of DIM against
various epithelial cancers, including endometrial and mammary tumors [3,4], and the pre-
clinical efficacy of DIM against prostate cancer is currently under investigation. 1I3C and DIM
are currently among the most popular adjunct therapies for recurrent respiratory papillomatosis
(RRP) because of their effectiveness and low level of toxicity [5,6]. The pronounced anticancer
activity of DIM in rodents and humans has generated considerable interest in the modes of
action of this indole. Since loss of cell cycle regulation has been implicated in tumor
proliferation, it is possible that the inhibition of tumor growth by DIM could be partly due to
modulation of the cell cycle.

Cellular proliferation is driven by the periodic association of cyclin dependent kinases (cdks)
with their cyclin partners and controlled by kinase inhibitors. Progression from a quiescent
Go/G; phase to S phase is controlled by cyclin D/cdk4/6 and cyclin E/cdk2 mediated
phosphorylation of pRb, subsequent release of E2F1 and transcription of early S phase genes
[7]. Reduced levels of p27 KiP1 (p27), an inhibitor of cdk2, and increased levels of cdk2 and
cyclin E are indicators of androgen independence and are associated with poor prognosis [8—
10]. Several studies in our laboratories indicate the G; phase as a target for dietary indole
mediated anti-proliferative effects. Both DIM and 13C, have been shown to induce a G; arrest
in human breast cancer cells independent of estrogen receptor status [11,12]. A G4 arrest was
induced by 13C in androgen dependent LNCaP prostate tumor cells, while DIM exhibited
androgen antagonist activity in these cells [13,14].

We report here an investigation of DIM effects in androgen receptor (AR) positive, p53 wild
type LNCaP cells and AR negative, p53 mutant DU145 cells. Both cell lines exhibited growth
inhibition in response to DIM and the effects of DIM on cell cycle events were determined.
Growth inhibition by DIM was accompanied by an arrest in the G4 phase of the cell cycle, a
reduction in pRb phosphorylation, a decrease in cdk2 and cdk4 levels and an increase in p27
levels in both cell lines, regardless of their AR and p53 status. DIM treatment of LNCaP cells
resulted in decreased cyclin E protein levels and an inhibition in cdk2 transcription, results not
observed in DU145 cells. Treatment of DU145 cells with DIM resulted in an increase in p38
mitogen activated protein kinase (MAPK) activation, and the DIM mediated induction of p27
was reversed by inhibition of p38 MAPK, implicating this pathway in the DIM mediated G
arrest. These investigations provide the first evidence that DIM treatment activates the p38
MAPK pathway leading to a G4 arrest in AR negative prostate cancer cells.

2. Materials and methods

2.1. Materials

All laboratory chemicals and SB202190 were purchased from Sigma-Aldrich (St. Louis, MO).
DIM was obtained from LKT Laboratory Inc. (St. Paul, MN). [3H]-thymidine and [y-32P]-
ATP, and ECL reagents were purchased from Perkin-Elmer (Boston, MA). Antibodies to cdk2,
cdk4, cdks, cyclin D1, cyclin E, p21€iPL, secondary antibodies, and recombinant Rb protein
were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to p27KiP1 were from
Biocare Medical (Concord, CA). Anti-phospho-Rb-S807/S811, anti-phospho-p38-Thr180/
Tyrl82, and anti-p38 MAPK, were from Cell Signaling (Beverly, MA).
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2.2. Cell culture

Human prostate carcinoma cell lines LNCaP and DU145 were obtained from American Type
Culture Collection (Manassas, VA). Dulbecco’s modified Eagle’s medium (DMEM) was
purchased from Gibco (Gaithersburg, MD). Fetal bovine serum (FBS) was supplied by Omega
Scientific Inc. (Tarzana, CA). The LNCaP and DU145 cell lines were maintained as previously
described [14]. Cultures used in subsequent experiments were at less than 40 passages.

2.3. Plasmid reporters and expression vectors

The p27 promoter-luciferase reporter constructs p27PF, p27No. 2, and p27No. 12 [15] were a
kind gift from Dr. Toshiyuki Sakai. Cells were collected, transferred to a cuvette, and
electroporated with a Bio-Rad Laboratories (Hercules, CA) gene-pulser using 3ug of plasmid.
After electroporation, the cells were resuspended in media and plated at 1 ml/dish in 12-well
multiplates. The cells were treated with DIM for 24 h. Cells were harvested, and luciferase
activity was determined as previously described [16]. The dominant negative p38 MAPK was
a generous gift from Dr. Roger J. Davis. Cells were transfected with the dominant negative
p38 MAPK as described previously [17].

2.4. Cell growth assay

Cell growth assay was performed as previously described [14]. LNCaP and DU145 cells were
plated in 6-well plates and after 48 h for LNCaP cells and 24 h for DU145 cells, fed with fresh
medium and treated with 0, 10, 30, or 50 uM DIM dissolved in DMSO for 24, 48, and 72 h.
Cells were harvested using trypsin and resuspended in culture medium. Aliquots were diluted
50 fold in Isoton® II (Coulter Corp. Miami, FL) and 500 pL duplicates were counted in a
Z1™ series Coulter Counter® and averaged.

2.5. Thymidine incorporation

Thymidine incorporation assay was performed as previously described [14]. Briefly, cells were
plated in 24-well plates and treated with varying concentrations of DIM for 24 h. At the end
of the treatment, 3 uCi of [3H]-thymidine was added to each well and allowed to incubate at
37°C for 3 h. Medium was removed and cells were washed three times with ice-cold 10%
trichloroacetic acid, 500 uL of 0.3 N NaOH was then added to each well. The lysate was allowed
to incubate for 1 h at room temperature. Aliquots (250 pL) were then transferred into
scintillation vials and the amount of [3H]-thymidine incorporated into DNA was determined
by scintillation counting.

2.6. Cell cycle analysis by flow cytometry

Prostate cancer cells were plated at 10° cells/well in 6-well plates and treated with 0, 10, 30,
or 50 uM DIM in complete medium. Following treatment, cells were washed with phosphate-
buffered saline and hypotonically lysed in 0.5 ml of DNA staining solution (0.5 mg/ml
propidium, 0.1% sodium citrate, 0.05% Triton X-100). Nuclear-emitted fluorescence with
wavelengths of >585 nm was measured with a Coulter® EPICS® XL™ flow cytometer. Ten
thousand nuclei were analyzed from each sample at a rate of 300-500 nuclei/s. The percentages
of cells within the G4, S, and Go/M phases of the cell cycle were determined by analysis with
the Multicycle software MPLUS (Phoenix Flow Systems) in the Cancer Research Laboratory
Microchemical Facility of the University of California, Berkeley.

2.7. Western blotting

After the indicated treatments, cells were harvested in lysis buffer (250 mM NacCl, 0.1% Triton
X-100, 50 mM Tris/HCI, pH 7.3) containing protease and phosphatase inhibitors (50 ug/ml
PMSF, 10 pg/ml aprotinin, 5 ug/ml leupeptin, 0.1 ug/ml NaF, 1 mM dithiothreitol (DTT), 0.1
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mM sodium orthovanadate and 0.1 mM -glycerophosphate). Equal amounts of total cellular
protein were mixed with loading buffer (25% glycerol, 0.075% SDS, 1.25 ml of 14.4 M 2-
mercaptoethanol, 10% bromphenol blue, 3.13% stacking gel buffer) and fractionated by
electrophoresis on 15% polyacrylamide, 0.1% SDS resolving gels. Rainbow marker purchased
from Amersham (Piscataway, NJ) was used as the molecular weight standard. Proteins were
electrically transferred to Immobilon-P membranes (Millipore, Billerica, MA) and blocked
with 5% non-fat dry milk in 1X Western wash buffer (10 mM Tris-HCI, pH 8.0, 150 mM NacCl,
0.05% Tween 20). Blots were subsequently incubated with antibodies against cdk2, cdk4, cdké,
cyclin D1, cyclin E, p21€iPL and p27KiPL, followed by appropriate peroxidase —conjugated
secondary antibody. Blots were visualized using ECL™ reagents from GE Healthcare
(Piscataway, NJ), and fluorescence was detected using BioMax MR film from Kodak
(Rochester, NY). Equal protein loading was determined by Ponceau S staining of blotted
membranes, and reprobing of the membranes with anti-tubulin antibody.

2.8. Kinase assay

Prostate cancer cells were treated and lysed as described above and 500 ug of protein lysate
was pre-cleared with protein A/G-plus agarose beads (Santa Cruz Biotechnology). cdk?2 protein
was immunoprecipitated using anti-cdk2 antibodies (5 pug) and protein A/G-plus agarose beads.
Beads were washed three times with lysis buffer and once with kinase assay buffer (50 mM
HEPES, 10 mM MgCl,, 5 mM MnCly, 0.1 ug/mL NaF, 10 ug/mL betaglycerol phosphate, and
0.1 mM sodium orthovanadate). One-half of the immunoprecipitated sample was checked by
Western blot analysis to confirm the IP and to compare the protein loading of each sample.
The enzymatic activity of immunoprecipitated cdk2 was determined as previously described
[11].

2.9. Real-Time Quantitative Reverse Transcription —=PCR Analysis

Following treatment, total RNA was isolated according to the manufacturer’s protocol using
the Aurum Total RNA Mini Kit from Bio-Rad. Reverse transcription was performed with 1
ug of total RNA using the iScript™ cDNA synthesis kit (Bio-Rad). Real-time PCR was
performed using SYBR Green Supermix with an iCycler® thermal cycler (Bio-Rad). Primers
used to amplify p27 were: forward, 5-TTCTTTTCACTTCGGGCTGT3-3, and reverse, 5-
CACAAAACATGCCACTTTGG-3. The data were collected and analyzed using the
comparative Ct (threshold cycle) method using B-actin as the reference gene.

2.10. Statistical Analysis

Unless indicated differently, the results are presented as means + S.D. of at least three
independent experiments. They were analyzed using the two-sided Student’s t-test (*P < 0.05)

3. RESULTS

3.1. DIM inhibits proliferation of LNCaP and DU145 human prostate carcinoma cells

To assess the effects of DIM on cell growth, AR positive, p53 wildtype LNCaP cells were
treated with 10, 30, and 50 uM concentrations of DIM for 24, 48, and 72 h. Treatment with
DIM significantly inhibited the proliferation of the LNCaP human prostate carcinoma cell line
in concentration- and time-dependent manners. Untreated LNCaP cells increased in cell
number from 5.98x10° cells at 24 h to 8.26x10° cells at 48 h and 9.81x10° cells at 72 h (Fig.
1A). The number of LNCaP cells decreased following treatment with 10 uM DIM to
5.24x10° cells following 24 hours, and was 4.72x10° cells following 48 h, and 7.33x10° cells
after 72 h. Treatment with 10 uM DIM resulted in a corresponding 12% inhibition of cell
proliferation following 24 h, a 43% inhibition following 48 h, and a 25% inhibition following
72 h compared to untreated control. Treatment of LNCaP cells with 30 uM DIM resulted in
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4.14x10° cells at 24 h, 4.41x10° cells at 48 h and 3.86x10° cells following 72 h. These numbers
correspond to a 31% inhibition of cell growth following 24 h, a 50% inhibition of cell growth
at 48 h, and a 61% inhibition of cell growth at 72 h. Finally, following 50 uM DIM treatment,
the number of LNCaP cells was 4.08x10° at 24 h, 4.00x10° at 48 h, and 3.31x10° at 72 h.
These numbers correspond to a 32% inhibition of cell proliferation following 24 h, a 52%
inhibition at 48 h, and a 66% inhibition at 72 h compared to untreated cells.

Similarly, the effects of DIM on cell growth of AR negative, p53 mutant DU145 cells were
assessed by treatment with 10, 30, and 50 uM concentrations of DIM for 24, 48, and 72 h.
Untreated DU145 cells increased in cell number from 2.26x10° cells at 24 h to 4.82x10° cells
at 48 h and 8.40x10° cells at 72 h (Fig. 1B). The number of DU145 cells decreased following
treatment with 10 uM DIM to 2.07x10° cells following 24 hours, and was 4.33x10° cells
following 48 h, and 7.59x10° cells after 72 h. Treatment with 10 uM DIM resulted in a
corresponding 8%, 10% and 10% inhibition of cell proliferation following 24, 48, and 72 h of
treatment, respectively. Similarly, treatment of DU145 cells with 30 uM DIM resulted in
1.89x10° cells at 24 h, 3.33x10° cells at 48 h and 5.95x10° cells following 72 h. These numbers
correspond to a 16%, 31%, and 29% inhibition of cell growth following 24, 48, and 72 h
respectivley. Following 50 uM DIM treatment, the number of DU145 cells was only
1.70x10° at 24 h, 2.17x10° at 48 h, and 2.49x10° at 72 h, corresponding to a 25%, 55%, and
70% inhibition at 24, 48, and 72 h respectively. Inhibition of DU145 cell proliferation by DIM
was significantly different from control after only 24 h of treatment with 50 uM DIM.
Treatment of DU145 cells with 30 uM DIM resulted in a significant decrease in proliferation
after 48 h of exposure. This effect on proliferation remained significant after 72 h treatment
with 30 uM DIM. The drug concentrations used in the present study were within the range
used previously to document cellular effects of DIM [4,11,18,19]; 10 uM DIM is within the
range of levels achievable through dietary intake [14]. In both cell lines proliferation was
significantly inhibited following 24 h treatment with 50 uM DIM. These results indicate a
growth inhibitory effect of DIM in human prostate carcinoma cells irrespective of their AR or
p53 status.

3.2. DIM inhibits DNA synthesis in LNCaP and DU145 cells

To further characterize the growth inhibitory effects of DIM in human prostate carcinoma cells,
the effect of DIM on DNA synthesis was determined by measuring thymidine uptake. DIM
treatment showed a strong concentration-dependent inhibitory effect on thymidine uptake in
both the LNCaP and DU145 cells. Treatment of LNCaP cells with 10 uM DIM for 24 h resulted
in a 64% inhibition of DNA synthesis, 30 uM DIM led to a 93% inhibition, and 50 pM DIM
led to a 96% inhibition of DNA synthesis (Fig. 1C). DNA synthesis in DU145 cells was
inhibited by 21% after 24 h treatment with 10 uM DIM, treatment with 30 uM DIM led to a
61% inhibition of DNA synthesis and 50 uM DIM resulted in an 89% inhibition (Fig. 1D). All
concentrations used significantly inhibited DNA synthesis in both LNCaP and DU145 cells.

3.3. DIM induces a strong G arrest in prostate cancer cells

Based on the growth and DNA synthesis inhibitory responses of DIM in LNCaP cells, we next
examined its effect on cell cycle progression. As shown in Fig. 1E, DIM induced a G; arrest
in LNCaP cells. DIM treatment for 24 h resulted in accumulation of 54-78% of cells in G;
phase compared with control showing 44%. The observed increase in G4 cell population was
accompanied by a decrease in the number of cells in both S phase as well as G,-M phase.
Treatment of cells with DIM decreased proportion of S phase cells from 40% to 11%. The
percentage of cells in G,-M phase decreased from 17% to 10% upon treatment with DIM.

Similar DIM treatments were administered to DU145 cells and cell cycle distribution analysis
was performed to compare with the effects observed in LNCaP cells. A similar trend inGy
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arrest was demonstrated, with a DIM concentration-dependent effect at 24 h treatment of
DU145 cells as observed in LNCaP cells (Fig. 1F). DIM treatment resulted in an accumulation
of 36-70% of cells in G, phase compared to 29% in controls. The percentage of DU145 cells
in S phase decreased from 49% in controls to 19% in 50 uM DIM treated cells. The proportion
of cells in G,-M phase decreased from 22% in control to 12% in DIM treated cells. Thus, DIM-
mediated growth inhibition of both LNCaP and DU145 cells correlated with G4 phase cell
cycle arrest.

3.4. Effect of DIM on cell cycle regulatory molecules in LNCaP and DU145 cells

Based on the observation that DIM induces a G1 arrest in LNCaP and DU145 cells, we assessed
by Western blot analysis the effect of DIM on cell cycle regulatory molecules that play
important roles in G1-S cell cycle progression. As shown in Fig. 2A, DIM treatment induced
a decrease in the protein level of cdk2 in AR positive-p53 wildtype LNCaP cells that was
clearly visible after 24 h of treatment. The DIM effect was maintained after 72 h of treatment.
The DIM-treated LNCaP cells also exhibited a decrease in protein levels of cdk4 and cyclin
D1 that were visible after only 6 h of treatment. DIM also strongly inhibited cyclin E after 72
h in LNCaP cells. The DIM mediated downregulation of cdk2 and cdk4 was also observed in
DU145 cells (Fig. 2B), but no cyclin inhibition was visible in DU145 cells. These results
indicated that DIM-mediated cell cycle arrest in LNCaP and DU145 cells is associated with a
decrease in protein levels of cell cycle regulatory molecules involved in cell cycle progression.
However, cell cycle proteins are differentially regulated in AR negative-p53 mutant DU145
cells, as cyclin E down regulation is absent; while both cell types are arrested in G;.

Because of the pronounced effect of DIM on cdk2 and cdk4 protein expression in LNCaP cells
and DU145 cells, we raised the question of whether DIM treatment affected the
phosphorylation of their in vivo substrate, pRb. Since DU145 cells do not express pRb, these
investigations were only carried out in LNCaP cells using an antibody specific to pRb
phosphorylated at Thr180/182. Consistent with cdk2 and cdk4 downregulation, DIM strongly
inhibited pRb phosphorylation beginning at 24 h; pRb phosphorylation was absent at 48 and
72 h following treatment (Fig. 2C). Thus DIM treatment led to a time dependent decrease in
pRb phosphorylation in LNCaP cells. To functionally test whether DIM had an effect on cdk2,
we examined cdk2-mediated phosphorylation of exogenous pRB ex vivo. pRb phosphorylation
by immunoprecipitated cyclin E/cdk2 complexes from LNCaP cells was strongly inhibited by
DIM in a concentration dependent manner (Fig. 2D). This result is consistent with the large
decrease of cdk2 protein observed in LNCaP cells after DIM treatment.

3.5. DIM increases p27 protein expression

The cdk inhibitor p27 plays an important role in the regulation of G;-S transition by binding
to and inhibiting kinase activity of cyclin E/cdk2, thus preventing entry of cells into S phase.
To gain further insights into the mechanism of DIM-mediated G1 phase arrest, we determined
its effect on p27 protein levels by immunoblotting. As shown in Fig. 2A, DIM treatment
resulted in the increase of p27 protein level in LNCaP cells, which was clearly evident at the
24 h timepoint. p27 protein levels were also increased in DU145 cells, shown in Fig. 2B. This
effect was evident at the 24 and 48 h time points in both cell lines, independently of their AR
and p53 status. DIM had no effect on p21 protein levels in either cell line and there was no
consistent change in p53 expression in LNCaP cells (Fig. 2A, B).

3.6. DIM increases p27mRNA

The observed induction of p27 protein and downregulation of cdk2 and cdk4 protein in LNCaP
and DU145 cells led us to investigate early transcriptional regulation of these cell cycle
regulators by DIM. Results presented in Fig. 3 show the effect of DIM treatment on p27, cdk2,
and cdk4 mRNA levels in LNCaP (Fig. 3A, B, C), and DU145 (Fig. 3D, E F) cells. DIM
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treatment resulted in a significant 1.5-fold increase in p27 (Fig. 3A) mRNA in AR positive
LNCaP cells following 3 h DIM treatment, and this induction increased to over 2-fold after 18
h. DIM treatment of AR negative DU145 cells resulted in a statistically significant 2-fold
increase in p27 mRNA as rapidly as 1 h after treatment (Fig. 3D). This induction was
maintained following 3 h exposure to DIM, followed by a progressive decrease to control levels
by 18 h of exposure. These results indicate that the DIM-mediated induction of p27 protein is
mediated by an increase in p27 gene transcription. Transcript levels of cdk2 were decreased
significantly by 70% following 18 h of DIM treatment in LNCaP cells (Fig. 3B), whereas DIM
did not affect transcript levels of cdk2 in AR negative, p53 mutant DU145 cells (Fig. 3E). Cdk4
transcription was not affected by DIM in either cell line after 18 h of treatment (Fig. 3C and
3F).

3.7. The DIM-induced increase in p27 expression is mediated by Sp1l

Since dietary indoles are known to influence transcription of G4 cell cycle mediators by
modulating the activity of the Sp1 transcription factor in breast cancer cells [11,20], we sought
to determine whether Sp1 is involved in the DIM-mediated cell cycle regulation of prostate
cancer cells. For these studies we used DU145 cells which exhibit a rapid and strong p27
induction following DIM treatment. The DU145 cells were transiently transfected with a series
of progressive 5’ promoter deletion mutants of p27 as illustrated in Fig. 4. p27PF is a full length
p27 promoter luciferase reporter, p27#2 is a deletion mutant of p27 promoter containing two
Spl boxes. The p27#12 construct is a short deletion mutant of the p27 promoter depleted of
the two Spl boxes. Luciferase activity was measured in control cells and cells treated with
increasing concentrations of DIM for 24 h. DIM treatment of transfected DU145 cells resulted
in a significant induction of p27 promoter luciferase activity in the full length and 549bp
promoter fragment constructs. The deletion of two Sp1 promoter sites, however, completely
ablated the DIM response. Although we can not exclude the possibility that other sequences
in the p27 promoter are also required, these data suggest that the Sp1 sites may be essential for
DIM-induced p27 induction in prostate cancer cells as it was reported for regulation of p21 in
breast cancer cells [11].

3.8. DIM activates the p38 MAPK pathway in DU145 cells

Because DIM treatment led to a robust p27 induction in DU145 cells and because p27 has been
reported to be under the influence of p38 MAPK in androgen independent prostate cancer cells
[21], we chose to pursue the mechanism of this induction in DU145 cells. Since DIM has been
reported to activate the p38 MAPK pathway [22] and since the association of Sp1 with p38
MAPK has been reported to activate the p21 promoter [23], we hypothesized that the observed
DIM-mediated induction of p27 may be mediated through p38 MAPK. As shown in Fig. 5A,
we demonstrated that p38 MAPK phosphorylation increased following 24 h treatment of
DU145 prostate cancer cells with 50 uM DIM, while the total expression levels of p38 MAPK
were not affected, indicating an increase in p38 MAPK activation. To assess the specificity of
p38 MAPK activation by DIM, JNK phosphorylation level was investigated as an example of
another MAPK pathway. The level of hyperphosphorylated JNK was not changed by DIM
treatment (Fig. 5A), emphasizing the specificity of DIM activity. The known selective
pharmacological inhibitor of p38 MAPK, SB202190 [24], was able to reverse the induction of
p27 by DIM (Fig. 5B), indicating that p38 MAPK may be a key target of DIM. The p27 up-
regulation by DIM is lost when p38 MAPK is inhibited. To further characterize the involvement
of p38 MAPK in the DIM regulation of the cell cycle, DU145 cells were transiently transfected
with dominant negative p38 MAPK known to inhibit p38 MAPKactivity [17] (Fig. 5C). The
result was a reversal of p27 induction by DIM as expected. Thus inhibition of p38 MAPK
activity by two separate methods was sufficient to reverse the DIM mediated p27 induction in
AR negative, p53 mutant DU145 cells.
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3.9. Inhibition of p38 MAPK activity reverses the DIM mediated G4 arrest in DU145 cells

These studies suggest that DIM treatment leads to a G4 arrest in both AR positive p53 wild-
type LNCaP and AR negative p53 mutant DU145 human prostate cancer cells, and that DIM
exerts this effect by a p38 MAPK-mediated induction of p27 in the DU145 cells. To confirm
the latter, we further sought to determine if inhibition of p38 MAPK activity could lead to
reversal of the DIM-mediated G, arrest. As shown in Fig. 6, treatment of cells with DIM in
combination with the p38 MAPK inhibitor SB202190 was able to reverse the effect of DIM
on DU145 cell cycle distribution. The inhibitor alone had no significant effect on cell cycle
distribution in control cells. Treatment of AR negative DU145 cells with 10 uM DIM resulted
in an 85% accumulation of cells in G1; the proportion of cells in G; decreased to 82% upon
treatment with p38 MAPK inhibitor. 30 uM DIM treatment led to an accumulation of 88% of
cells in G4, inhibitor reduced this proportion to 85%. Treatment of cells with 50 uM DIM
resulted in 87% in G, phase. Addition of SB202190 led to an accumulation of 80% of cells in
G1. While addition of p38 MAPK inhibitor had no significant effect on proportion of cells in
G4, in each case addition of inhibitor in combination with DIM resulted in a statistically
significant reduction in proportion of cells in G, compared to DIM treatment alone. 50 uM
DIM treatment resulted in a reduction in S phase cell cycle distribution from 13% in controls
to 5% in treated cells. The addition of p38 MAPK inhibitor restored S phase content cells to
11%. In each case the addition of SB202190 led to a statistically significant increase in S phase
distribution compared to DIM treatment alone. These results indicate that the observed DIM-
mediated G, arrest in AR negative p53 mutant DU145 cells may be a direct result of p38 MAPK
activation.

4. Discussion

At present there is no effective therapy for androgen independent prostate cancer, and there is
therefore a pressing need for new therapeutic approaches. Androgen independent prostate
cancer is associated with the loss of the cdk2 inhibitor p27 [9], and the upregulation of cdk2
suggesting that therapies restoring p27 and inhibiting cdk2 may be useful approaches to restore
cell cycle arrest and thus inhibit proliferation. Although DIM is an androgen receptor antagonist
[14], its regulation of cell cycle in androgen dependent cells and efficacy against androgen
independent prostate cancer has not been investigated. Here we show for the first time that
DIM treatment inhibits prostate cancer cell proliferation regardless of androgen responsiveness
and p53 status. We found that DIM profoundly inhibited progression of prostate cancer cells
into S phase, and further identified that DIM treatment causes a G4 cell cycle arrest. The results
of this study clearly demonstrate that DIM induces a Gy phase-specific cell cycle arrest with
the induction of p27 and the degradation of the G4 phase-specific cell cycle regulatory proteins
cdk2 and cdk4 and that DIM has a therapeutic potential in both androgen dependent and
androgen independent prostate cancer. We further demonstrated that the induction of p27 in
AR negative, p53 mutant DU145 cells was mediated through the p38 MAPK pathway and that
inhibition of p38 MAPK activity was sufficient to prevent the DIM mediated G4 arrest in
DU145 cells.

DIM treatment induced a Gy arrest in both androgen dependent p53 wildtype LNCaP and

androgen independent p53 mutant DU145 cells. However, the cell cycle modulator profile was
differentially regulated in the two cell lines. The downregulation of cyclin E protein levels was
present only in LNCaP cells. Since androgens have been shown to regulate cyclin E expression
in coronary smooth muscle cells [25], it is possible that the lack of AR in DU145 is the reason
cyclin E regulation is absent in these cells. The lack of regulation of cyclin E protein levels by
DIM in DU145 cells suggests this cyclin is not essential towards induction of G1 arrest in these
cells. The inhibition of cdk2 transcription by DIM is another difference between the AR-

positive, p53 wildtype LNCaP and AR-negative, p53 mutant DU145 cells. Cdk2 transcription
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is known to be regulated by androgen in LNCaP cells [26], suggesting that DIM inhibition of
cdk2 transcription in LNCaP cells is mediated through the AR. The observed differences in
the mechanism of G1 arrest in LNCaP and DU145 cells may be attributable to the different
genetic makeup of these two cell lines.

Members of the Rb family of proteins are known critical downstream targets of G4 specific
cyclin/cdk complexes [7]. In the hypophosphorylated state, the Rb proteins associate with and
inhibit the activity of E2F family transcription factors, which are involved in the transcription
of key cell cycle regulatory proteins. Upon growth stimulus, the Gi—specific cyclins/cdks
phosphorylate Rb, causing the release of E2F factors and progression into S phase. Consistent
with the DIM mediated inhibition of cdk2 and cdk4 protein expression, we showed that DIM
also inhibited phosphorylation of pRb by cdk4 and cdk2 and inhibited the kinase activity of
cellular cdk2 in LNCaP cells.

The p27 protein is a tumor suppressor protein that arrests cell cycle progression by binding to
active cdk-cyclin complexes thereby inhibiting their activities [7]. In this study, we showed
that DIM treatment induced the expression of p27 in AR positive, p53 wildtype LNCaP and
AR negative, p53 mutant DU145 cells. This increased expression occurred at the transcriptional
level and activated the p27 gene promoter. Because DU145 cells lack a functional p53 allele,
this DIM-mediated induction of p27 is independent of p53. This is similar to the p53-
independent induction of p27 expression in hepatoma cells described previously [27]. We also
observed an inhibition of DIM mediated p27 expression when Sp1 sites were removed from
the p27 promoter. This observation is consistent with many previous observations of
transcriptional regulation by indoles mediated through Sp1, reviewed by Firestone et al. [28].
Since DIM has previously been described to influence the transcription of another cdk inhibitor,
p21, via Sp1 activation in breast cancer cells [11] and since Sp1 has been found to be involved
inthe p38 MAPK mediated activation of p21 expression [23], it is likely that the DIM-mediated
induction of p27 expression is mediated through the Sp1 transcription factor and p38 MAPK.
Interestingly, the DIM-induced G, arrest was accompanied by increased expression of p27,
and not p21, in both LNCaP and DU145 cells, providing evidence for clear differences in p38
MAPK signaling in breast and prostate cancer cells.

The MAPK superfamily is known to play a vital role in eukaryotic cell proliferation,
differentiation, and apoptotic responses to a wide range of extracellular stimuli [29]. Several
studies have documented the involvement of the p38 MAPK pathway in the regulation of cell
cycle progression, specifically the G4 phase [30,31]. In addition, p27 expression has been
reported to be regulated at the transcriptional level through activation of the p38 MAPK
pathway in androgen independent PC-3 cells [21]. Our results demonstrate that the DIM-
mediated activation of the p38 MAPK pathway leads to the transcriptional up-regulation of
p27 in AR positive LNCaP and AR negative DU145, thus DIM-mediated activation of p38
MAPK acts as a sensor for the transcriptional up-regulation of p27 and suggests a possible
molecular link between p38 MAPK signal transduction and the p27 transcriptional induction
in prostate cancer. Interestingly, the effects of DIM on p27 expression specifically and on
G arrest in general in AR negative DU145 were reversed by inhibition of p38 MAPK activity,
demonstrating p38 MAPK as key target for regulation of the cell cycle by DIM in AR negative
prostate cancer cells.

Several studies have suggested that the hormone refractory, advanced prostate cancer
phenotype is associated with many cellular changes, such as the deregulation of cell cycle
progression and cell survival signaling, and the inactivation of p53 [10], changes like those
present in DU145 cells. Therefore, the findings presented here could be clinically significant
considering that DIM treatment induces the p53-independent up-regulation of p27 leading to
a Gy. arrest. Moreover, conventional treatments, such as taxane-based chemotherapies, are
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currently found to be an ineffective treatment for patients with advanced disease. Therefore,
the identification of novel targets and new treatment regimens are critical for the future control
of advanced prostate cancer. The results of our studies suggest the activation of the p38 MAPK
pathway as a potential target for the therapeutic treatment of androgen refractory prostate
tumors.

In conclusion, the findings presented here demonstrate the anti-cancer potential of DIM in
prostate. The ability of DIM to induce a cell cycle arrest in the AR positive, p53 wildtype
LNCaP and AR negative, p53 mutant DU145 human prostate cancer cell lines strongly suggests
that DIM should be considered for further efficacy studies. We have identified p38 MAPK
activation leading to p27 induction in AR negative cells as a new cellular pathway for this
interesting compound that possesses several useful biological activities, including significant
antiproliferative activity. The results of the study presented here provide a strong basis for the
further development of DIM as a novel agent that, alone or in combination with other
compounds, may be useful for androgen refractory prostate cancer therapy and/or prevention.
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recurrent respiratory papillomatosis
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fluorescence-activated cell sorter
MAPK

mitogen-activated protein kinase
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retinoblastoma protein
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cyclin-dependent kinase
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Fig. 1. Inhibition of prostate cancer cell proliferation and cell cycle by DIM

LNCaP (A) and DU145 (B) cells were treated with 0, 10, 30, or 50 uM DIM for 24, 48 and 72
h. Cell numbers were counted Values were expressed as mean = SD. LNCaP (C) and DU145
(D) cells were treated as indicated for 24 h. DNA synthesis was determined by measuring
thymidine uptake. Values were expressed as mean = SEM. LNCaP (E) and DU145 (F) were
treated with 0, 10, 30, or 50 uM DIM for 24 h. Cells were stained with propidium iodide. Flow
cytometric analysis was performed for cell cycle distribution. Values were expressed as mean
+ SD. Asterisks denote a significant difference compared with control at a level of P< 0.05.
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Fig. 2. Effect of DIM on G cell cycle regulators in human prostate cancer cells

Cells were treated with 50 uM DIM for indicated times. LNCaP (A) and DU145 (B) cells were
collected, total cell ysates prepared and subjected to SDS-PAGE followed by western
immunoblotting. Membranes were probed with indicated antibodies and visualized by ECL
detection system. LNCaP (C) cells were treated for indicated times with 50 uM DIM, cells
were collected and lysates prepared. Western blotting was performed using an antibody specific
to pRb phosphorylated at Thr180/182 or an antibody specific to total pRb protein. LNCaP (D)
cells were treated with indicated concentrations of DIM for 24 h and immunoprecipitated cdk?2
phosphorylation of pRb was measured ex vivo by kinase assay. Results are representative of
data collected from at least three experiments.
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Fig. 3. Transcriptional regulation of cell cycle regulators by DIM

LNCaP (A,B,C) and DU145 (D,E,F) cells were treated with 50 uM DIM for indicated times,
harvested, RNA isolated and reverse transcription performed. Quantitative PCR was performed
on RT samples using primers for indicated genes. Values were expressed as mean + SD.
Asterisk indicates significant difference compared with control at a level of P < 0.05.
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Fig. 4. Activation of p27 promoter by DIM

DU145 cells were transfected with the p27 promoter luciferase constructs illustrated. Cells
were treated with 0, 10, 30, or 50 uM DIM for 24 hours, harvested, and luciferase assay
performed. Values were expressed as mean + SD. Asterisk indicates significant difference
compared with control at a level of P <0.05.
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Fig. 5. DIM activates p38 MAPK pathway in DU145 cells

(A), DU145 cells were treated with or without 50 uM DIM for 24 hours, after which total
lysates were prepared and Western blotting conducted. Membranes were probed with indicated
antibodies and visualized by ECL detection system. (B), DU145 cells were treated with or
without 50 uM DIM and the p38 MAPK inhibitor SB202190 (SB) and subjected to Western
blot analysis as in A. (C), DU145 cells transfected with or without dominant negative p38
MAPK (dnp38), were treated with 50 uM DIM and subjected to Western blot analysis as in A.
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Fig. 6. The DIM-mediated cell cycle arrest of DU145 is p38 MAPK dependent

DU145 cells were treated with DIM in the absence (solid bars) and presence (dashed bars) of
the p38 MAPK inhibitor SB202190 for 24 hours and subjected to FACS analysis to determine
percent cell cycle distribution. Results are expressed as mean + SD (%). Asterisk indicates
significant difference from untreated cells P < 0.05. Double asterisk indicates significant
difference from respective DIM-dose treated cells in the absence of p38 MAPK inhibitor with
P <0.05.
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