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Introduction

Epidemiological and dietary studies have shown an association between high dietary
intakes of vegetables and decreased prostate cancer risk (1). Among vegetables with
anticarcinogenic properties, the cruciferous vegetable family appears to be most effective at
reducing the risk of cancers (2). Indole-3-carbinol (13C), a common phytochemical in the human
diet, is present in almost all members of the cruciferous vegetable family, and it is readily
converted to its dimeric product, 3,3'-diinolylmethane (DIM). 13C and DIM have been found to
inhibit the carcinogenesis in animal experiments and the growth of various cancer cells in culture
(3, 4). The data from our laboratory and others have shown that 13C induces apoptotic
cell death in cancer cells by up-regulation of Bax and p2 1 WAF1, and down-regulation of
Bcl-2 and BclxL (5, 6). We have found that 13C and DIM regulates the expression of genes,
which are critically involved in the control of cell growth, cell cycle, apoptosis, signal
transduction, Phase I and II enzymes, and oncogenesis (7). We have also observed a drastic
reduction in the activated form of the Akt (6), and DNA-binding activity of NF-KB in
prostate cancer cells treated with 13C or DIM (5), suggesting the effects of 13C and
DIM on Akt and NF-icB pathways which are two of the important pathways in cancer
cells. Based on these results, we hypothesize that 13C and DIM function as inhibitors of
NF-KB, which may be due to the inactivation of Akt-related signaling molecules that
are important regulators of NF-KB DNA-binding activity, and ultimately lead to the
induction of apoptotic processes. To test our hypotheses we will investigate how 13C
and DIM inhibit Akt activation leading to apoptotic cell death of prostate cancer cells
and how the Akt and NF-KB pathways may cross-talk during the ultimate demise of
prostate cancer cells induced by I3C and DIM. We will also investigate the effects of
13C and DIM on the NF-YB upstream signaling molecules such as MEKK, MEK, NIK
and IKK, which are known to play important roles in the activation of NF-KB. The
results of this study will provide us with not only the information regarding the
molecular mechanism(s) of action of 13C and DIM in prostate cancer cells, but will also
provide us with molecular markers that may be useful for monitoring effectiveness of
13C and DIM during in vivo animal or human studies. In addition, these results should
identify novel pathways, which could be targeted for the development of molecular
therapeutic approaches for the prevention and/or treatment of prostate cancer in the
future. These results will also provide important molecular evidence, which could be
exploited for sensitization of prostate cancer cells to commonly available
chemotherapeutic agents.
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Body of Report

The original statement of work in the proposal is listed below:

Task-I: We will determine whether treatment of prostate epithelial cells with

13C/DIM elicit responses leading to modulation of NF-K1B and investigate the molecular
mechanism of NF-KB inactivation as proposed under specific aim-1. This investigation will
be conducted using both 13C as well as DIM in androgen sensitive (LNCaP) and androgen
independent (PC-3) prostate cancer cells and the data will be compared to those obtained
from non-tumorigenic prostate epithelial cells (CRL2221). Task I will take 8 months to
complete. Time Period 0-8 months.

Task-2: We will determine whether constitutive activation of Akt (by gene

transfection studies) increases NF-K1B activation in prostate epithelial cells as indicated under
task-I, and thereby inhibits apoptotic processes induced by 13C/DIM. We will conduct
transient transfection experiments followed by establishing stably transfected cells in the
future in order to determine the inhibition of 13C/DIM induced cell death in those cells that
over-express Akt and NF-KB. Task 2 will take 6-12 months to complete. Time Period 8-20
months.

Task-3: Once we complete task-I and 2, we will start working on task 3, which will
have significant number of transfection experiments. Task 3 will determine whether
treatment of prostate epithelial cells with 13C/DIM will elicit responses that may determine
causal association between the inactivation of Akt and NF-K13 with the induction of apoptosis.
Furthermore, we will investigate what signaling pathways are modified by 13C/DIM that
leads to NF-K1B inactivation. We will investigate different kinases that are involved in the
NF-KB pathway, particularly the status of IKK, MAP kinase-MEK, MEKK1 and NIK. In
order to establish cause and effect relationships of these genes with the ultimate effect of
13C/DIM, several transfection experiments are planned which will be very time consuming
and labor intensive. Hence this task will take considerably more time. We expect to complete
this task within 12 months. Time Period 20-32 months.

Task-4: Task-4 will be focused on to complete all data analysis, manuscript writing
and for the development of novel ideas that may be submitted to Federal Agencies for further
continued funding in a larger scale encompassing animal and human investigations to test (a)
whether 13C/DIM could be an effective agent for the prevention and/or for the treatment of
tumors in animal models, (b) whether 13C/DIM pre-exposure of prostate cancer cells will
sensitize these cells to commonly available chemotherapeutic agents, and finally (c) whether
13C/DIM could be an effective agent for the prevention and/or treatment of human prostate
cancer. Task 4 will be completed within the time period of 32-36 months.

In the last annual report, we have provided the evidences to support the research
accomplishments we made last year and indicated that (a) the task-I has been fully completed; (b)
we have completed majority parts of task-2 and plan to complete this task in the second year; (c)
we plan to complete task-3 in the second and third year; and (d) once the tasks 1-3 are all
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completed, we will make progress on task-4 to complete all experiments, data analysis and
manuscript writing during the third year of funding.

We are now reporting the research accomplishments associated with task 2-4 outlined in
the Statement of Work.

Task-2. Our task-2 was to investigate the relationship between Akt and NF-ICB, the effects

of 13C and DIM on Akt and NF-KB pathways, and the effects of 13C and DIM on apoptosis
through regulation of Akt and NF-KB pathways.

A. The effects of DIM.
By immunoprecipitation, kinase assay, and Western Blot analysis, we have found that

DIM inhibited phosphorylation of Akt, which has been known to be a regulator of NF-KB. To
investigate the relationship between Akt and NF-KB, we have conducted transfection
experiments with Akt (wild, mutant, or constitutively activated) expression vector and NF-KB-
Luc vector that contains NF-KB binding and reporter sequences, and measured the activity of
luciferase as well as NF-KB DNA binding activity in transfected prostate cancer cells. We have
also detected the effects of DIM on Akt and NF-iB in transfected and un-transfected prostate
cancer cells. We found that Akt transfection up-regulated activity of NF-KB as demonstrated
by luciferase assay and EMSA. We also found that DIM inhibited the activation of NF-KB
induced by Akt transfection, suggesting that the inhibition of NF-KB by DIM is partly mediated
by Akt pathway.

We have also investigated the pro-apoptotic effect of DIM in PC-3 prostate cancer cells
and Akt transfected PC-3 cells. We found that DIM induced apoptosis in both parental and Akt
transfected PC-3 cancer cells. However, Akt transfection showed inhibitory effect on the
apoptosis induced by DIM, suggesting that the pro-apoptotic effect of DIM is mediated by Akt
and NF-KB pathways. We also investigated the effect of DIM on the expression of genes related
to the control of cell growth and apoptosis.

The results of our study described above have been published in the journal "Frontiers
in Bioscience" (8; please also see Appendices 1). The summary of our results in the form of an
abstract is presented below.

Abstract: Prostate cancer is the second leading cause of cancer related deaths in men in
the United States. 13C and its in vivo dimeric product, DIM, have been found to inhibit the
growth of prostate cancer cells. However, the molecular mechanism(s) by which DIM elicits its
effects on prostate cancer cells has not been fully elucidated. We have previously shown that 13C
induces apoptosis and inhibits the activation of NF-KB pathway, which could be mediated via
Akt signaling pathway. In this study, we investigated whether there is any cross-talk between
Akt and NF-idB during DIM-induced apoptosis in PC-3 prostate cancer cells. We found that DIM
inhibited cell growth and induced apoptosis in PC-3 prostate cancer cells but not in non-
tumorigenic CRL2221 human prostate epithelial cells. DIM also inhibited EGFR expression,
P13K kinase activity, and Akt activation, and abrogated the EGF-induced activation of P13K in
prostate cancer cells. NF-,B DNA-binding analysis and transfection studies with Akt cDNA
constructs revealed that Akt transfection resulted in the induction of NF-KB activity and this was
inhibited by DIM treatment. DIM treatment also showed significant induction of apoptosis in
non-transfected cells compared to Akt and Akt-Myr transfected prostate cancer cells. From these
results, we conclude that the inhibition of Akt and NF-KB activity and their cross-talk is a novel
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mechanism by which DIM inhibits cell growth and induces apoptotic processes in prostate
cancer cells but not in non-tumorigenic prostate epithelial cells.

B. The effects of 13C.
We have also investigated whether 13C have similar effects as DIM on Akt, NF-KB, and

apoptotic pathways. We found the 13C inhibited the growth of PC-3 prostate cancer cells and
induced apoptosis in PC-3 cells in dose- and time-dependent manners (Figure 1 and 2).

0D)100-
B(%): Figure 1: MTT assay showing

so *- the significant inhibition of cell
s.o- growth by 13C in PC-3 cells (C.

SC control; 30, 60, 100. 30, 60,
• i 100 ,uMI3C," *: p<O.05).
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To investigate the molecular mechanism by which 13C inhibited prostate cancer growth
and induced apoptosis, we tested the alteration of Akt and NF-iB, two important regulators of
cell growth and apoptosis, in 13C treated PC-3 prostate cancer cells. We found that 13C inhibited
the phosphorylation of Akt (Figure 3) and the DNA binding activity of NF-id3 (Figure 4).

Figure 3: Western Blot
Day I Day 2 Day 3 analysis showed that B3C

C 30 60 C 30 60 C 30 60 treatment for 48-72 hours
significantly inhibited the

**p*,, m .... - p-Akt phosphorylation of Akt in PC-3
prostate cancer cells. Note that

a Om l m Akt there was no change in the
level of total Akt in 13C-treated

40,0 *W*W* t *mum a 4,,0, •-actin PC-3 cells. (C. control; 30, 60:ac n 30, 60 uM 13C)
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Aj Figure 4: Gel mobility shift assay showing that
the NF-KB DNA binding activity is significantly
inhibited by the treatment of 60 1uM I3C for 72
hours.

To investigate the relationship between Akt and NF-KB in 13C treated PC-3 cells, we
have conducted transfection experiments with Akt (wild, mutant, or constitutively activated)
expression vector and NF-KcB-Luc vector that contains NF-KB binding and reporter sequences,
and measured the activity of luciferase as well as NF-KB DNA binding activity in transfected
PC-3 prostate cancer cells. We have detected the effects of 13C on Akt and NF-KB in
transfected and un-transfected PC-3 prostate cancer cells. We found that Akt transfection up-
regulated activity of NF-KB as demonstrated by luciferase assay (Figure 5) and EMSA (Figure
6). We also found that 13C inhibited the activation of NF-KB induced by Akt transfection
(Figure 5 and 6), suggesting that the inhibition of NF-KB by 13C is partly mediated by Akt
pathway.

S600o UrFigure 5: Luciferase activity in
Untreated transfected PC-3 cells with orI =Treated with 13C

400 without 60 pM B3C treatment.
(Non: no transfection; Akt:
transfected with wild Akt, Mut-

z= 200• Akt: transfected with mutant
"_j Akt; Akt-Myr: transfected with
a constitutively activated Akt,"

0- Emp-v: transfected with empty
Non Akt Mut-Akt Akt-Myr Emp-V Transfection vector; *: p<0.05; n=2)

Figure 6: EMSA and
densitometric analysis of NF-
KB DNA-binding activity in
transfected PC-3 cells with or

s0. without B3C treatment. (Emp-V:
C transfected with empty vector;

25- Akt: transfected with wild Akt,
Akt-Myr: transfected with

0 constitutively activatedAkt.)
Emp-V Enp-V Akt Akt Akt-Myr Akt-Myr Transfection

+ - - + 60 pM 13C
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We have also investigated the pro-apoptotic effect of 13C in PC-3 prostate cancer cells
and Akt transfected PC-3 cells. We found that 13C induced apoptosis in both parental and Akt
transfected PC-3 cancer cells (Figure 7). However, Akt transfection showed inhibitory effect on
the apoptosis induced by 13C, suggesting that the pro-apoptotic effect of 13C is mediated by Akt
and NF-KB pathways.

V Figure 7: Induction of
Untreated apoptosis in 60 pM I3C treated

< 0.4- =Treated with 13C PC-3 cells tested by ELISA.
- (Non.: no transfection; Akt:

. ? o.transfected with wild Akt; Mut-

0.2, Akt: transfected with mutant
Akt; Akt-Myr: transfected with

0o.1. constitutively activated Akt;
Nono Emp-v: transfected with empty
Non Akt Mut-Akt Akt-Myr Ernp-V Transfection vector; *:p<O.05; n=2)

The activation of Akt and NF-KB is believed to be responsible for the resistance to
chemotherapeutic agents, which is the major cause for treatment failure in cancer chemotherapy.
Inhibition of NF-KB or Akt may potentiate the anticancer effect of chemotherapeutic agents. We
have found that 13C inhibited the activation of Akt and NF-KB and induced apoptosis, suggesting
that 13C can sensitize cancer cells to apoptotic death induced by chemotherapeutic agents. By
cell growth inhibition assay, we found that combination treatment with 13C and cisplatin
significantly inhibited the growth of PC-3 prostate cancer cells compared to monotreatment
(Figure 8). These results suggest that 13C can potentiate the anticancer effect of
chemotherapeutic agents through inactivation of Akt and NF-KB.

90'
To .1'1.1. Figure 8. Growth inhibition of PC-3 prostate

- 0 cancer cells exposed to I3C for 24h and then
V 50, cisplatin for 48 h. Combination treatment

=9 40o iwith 13C and cisplatin significantly inhibited
the growth of PC-3 cells compared toS20- :: : :

10 monotreatment.

SControl OM17 nmol/L Cisplatin
M-5 30 pmoltLf3C 130p.mol/LI3C + 17 nmolL Cisplatin

To investigate whether DIM also sensitizes prostate cancer cells to death induced by
chemotherapeutic agents, we also tested the effects of combination treatment with DIM and
Taxotere on the growth of PC-3 prostate cancer cells. We found that the combination treatment
with DIM and Taxotere exerted significantly more growth inhibitory effect on PC-3 cells (Figure
9). We have also done similar experiment using androgen sensitive LNCaP cells which contains
functional androgen receptor (AR) and also secretes PSA. The results of our study have been
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presented in 9 6th AACR Annual Meeting (9; also see Appendices 2). The summary of our
results in the form of an abstract is presented below.

Abstract: Despite initial response to androgen deprivation, patients with prostate cancer
usually develop hormone refractory metastasis and eventually succumb to the disease. Therefore,
new therapeutic strategies are urgently needed to overcome drug resistance for the treatment of
prostate cancer. Epidemiological studies have shown that the consumption of cruciferous
vegetables is associated with reduced cancer risk. 3,3'-diindolymethane (DIM) is an acid
condensation product of 13C, which is present in almost all members of the cruciferous vegetable
family. DIM has been shown to down-regulate AR, suggesting the growth inhibitory effects of
DIM'on hormone related cancers. A formulated DIM (B-DIM, BioResponse) has been shown to
exhibit approximately 50% higher bioavailability. However, no molecular studies have been
reported to date to elucidate the effect of B-DIM on prostate cancer cells. To investigate the
effects of B-DIM on prostate cancer cells, we treated hormone sensitive LNCaP cells and
hormone insensitive PC-3 cells with 0 to 60 ýtM of B-DIM for one to three days. MTT, ELISA,
and Western blot analysis were conducted to test cell growth inhibition, apoptosis, and the
expression of AR and prostate specific antigen (PSA). Microarray analysis was also conducted
to assess global alternations in gene expression profile. We found that B-DIM inhibited the
growth of prostate cancer cells and induced apoptosis in a dose and time dependent manner.
Microarray gene expression analysis showed that B-DIM regulated the expression of genes
which are critical for the control of cell growth and apoptosis. Western blot analysis showed that
B-DIM significantly inhibited AR and PSA protein expression in LNCaP prostate cancer cells.
It has been recently reported that increases in androgen receptor mRNA and proteins are both
necessary and sufficient to convert prostate cancer from a hormone-sensitive to a hormone
refractory stage, suggesting that over-expression of AR is an important factor for acquired
resistance of prostate cancer to hormone ablation therapy. Since our results showed decreased
AR and PSA expression with concomitant inhibition of cell growth and induction of apoptosis by
B-DIM, we suggest that the resistance acquired by prostate cancer cells to androgen ablation
therapy could be reversed by B-DIM treatment. Moreover, we tested our hypothesis whether B-
DIM could sensitize hormone insensitive PC-3 prostate cancer cells to Taxotere. We found that
Taxotere (1 nM) in combination with 50 [tM B-DIM exerted significantly more growth
inhibitory effects compared to Taxotere or B-DIM treatment alone. In conclusion, our results
provide a solid foundation for devising novel therapeutic strategies for the treatment of hormone
or chemo-resistant metastatic prostate cancer by including B-DIM, a non-toxic agent, with other
therapeutic agents.

100-
(%) E-Control

X E-l nM Taxotere Figure 9. Growth inhibition of PC-3
"75-
.I SOIM B-DIM prostate cancer cells exposed to DIM and

50 ! I lnM Taxoter+ Taxotere for 72h significantly inhibited
- growth of PC-3 cells compared with

monotreatmen (*:p<O.05; **:P<O.01).

S25-
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We also investigated the effect of 13C on the expression of genes related to the control of
cell growth, apoptosis, and Akt and NF-id3 signal pathways. The results of our study have been
published in "The Journal of Nutrition" (10; also see Appendices 3). The summary of our
results in the form of an abstract is presented below.

Abstract: Epidemiological and dietary studies have shown an association between
high dietary intake of cruciferous vegetables and decreased prostate cancer risk. Our studies
have shown that indole-3-carbinol (13C), a common phytochemical in cruciferous vegetable, and
its in vivo dimeric product 3,3'-diindolylmethane (DIM) up-regulate the expression of phase I
and phase II enzymes, suggesting increased capacity for detoxification and inhibition of
carcinogens. Studies from our laboratory and others have found that 13C could induce cell cycle
arrest in GI phase by up-regulation of p2 1WARl and p2 7KIP, and down-regulation of CDK6 in
PC-3 prostate cancer cells. 13C treatment also induced apoptosis with down-regulation of Bcl-2
and BcIXL, up-regulation of Bax, translocation of Bax to mitochondria, and cytochrome c release.
In addition, we found by microarray gene expression profiling that 13C/DIM regulates many
genes that are important for the control of cell cycle, cell proliferation, signal transduction and
other cellular processes, suggesting the pleiotropic effects of 13C/DIM on prostate cancer cells.
Moreover, we have recently found that 13C functions as an inhibitor of Akt and NF-KB, which
play important roles in cell survival, and are believed to be potential targets in cancer prevention
and therapy. We have also shown previously that forced over-expression of Akt in prostate
cancer cells by Akt gene transfection, leads to the activation of NF-KB and this process could be
abrogated by 13C/DIM treatment, suggesting that 13C could be a potent agent not only for the
induction of cell death but also may sensitize prostate cancer cells to common chemotherapeutic
agent. Studies have already shown that the inactivation of Akt and NF-KB is responsible for
chemo-sensitization of chemo-resistant cancer cells. Since there is no effective treatment strategy
for hormone dependent, but most importantly, hormone independent and metastatic prostate
cancer, our strategies to sensitize prostate cancer cells to chemotherapeutic agent induced killing
of prostate cancer cells by I3C/DIM is a novel breakthrough, which could be used for devising
novel therapeutic strategies for prostate cancer. In conclusion, the results from our laboratory and
others provide ample evidence for the benefit of 13C/DIM for prevention and/or treatment of
prostate cancer.

Our published review article (11; also see Appendices 4) is also attached to provide
comprehensive results that we have obtained thus far.

Conclusion: The task-2 has been fully completed.

Task-3. Our task 3 was to determine whether treatment of prostate cancer cells with
13C and DIM will elicit responses that may determine causal association between the
inactivation of Akt and NF-KB with the induction of apoptosis. We investigated different
kinases that are involved in the NF-KB pathway, particularly the status of IKK, MAP kinase-
MEK, MEKK1 and NIK. In order to establish cause and effect relationships of these genes
with the ultimate effect of 13C and DIM, we are now conducting several transfection
experiments which are very time consuming and labor intensive. We have spent a lot of time
to standardize the optimal conditions for transfection experiments. We have tested the
transfection efficacy using IKKa, IKKP3, MEKK, and NIK cDNA plasmids so far. We have
measured the expression of IKKa, IKKO3, MEKK, and NIK after transfections with these
plasmids using Western Blot analysis. We have also measured the expression of hIBa, phosphor-
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IidBa, and NF-KB in some samples which were transfected with IKKa, IKKJ3, MEKK, and NIK,
and subsequently treated with or without 13C and DIM. By electrophoretic mobility shift assay
(EMSA), we have also tested the DNA binding activity of NF-KB in some samples which were
transfected with IKKP3 and IKKa, and subsequently treated with or without 13C and DIM. Our
findings from these experiments are presented below.

A. IKKI3 transfection.
In human cells, NF-KB is sequestered in the cytoplasm through tight association with its

inhibitory protein, IKBcL. The activation of NF-KB
occurs through site-specific phosphorylation and
ubiquitination of IKBa by IKB kinase P3 (IKKf3). IKBa
is subsequently degraded by the 26S proteasome. NF-

Akt .147 P2 KB becomes free from IKBa and translocates into
'-• nucleus for binding to NF-KB-specific DNA-binding

sites, regulating target gene transcription (Diagram 1).
Because IKKI3 is the important molecule which
regulates the activity of NF-KB, we have investigated99,-• the effects of 13C and DIM on IKK-NF-KB pathway

Aoptoss by transfection of IKK3 into prostate cancer cells.

Cell Survival2,

Diagram 1: Regulation of NF-rcB and Akt signaling
pathways.

Transcription

We have transfected IKKP3 cDNA into PC-3 prostate cancer cells. The IKKP3 transfected
cells were treated with or without 60 RM 13C or 40 jiM DIM. We found that the expression of
IKKP3 was significantly up-regulated with IKKP cDNA transfection. The transfection efficacy
was equal in all transfection samples because the equal expression of FLAG, which was
expressed by the transfected plasmids, was observed. We also found that 13C or DIM inhibited
the expression of IKKP in PC-3 prostate cancer cells, similar to another chemopreventive agent,
genistein (Figure 10).

-.... -+ 50 gM Genistein
+ - 40 gM DIM Figure 10. Western Blot analysis

- - + - - 60 pM 13C showed that expression of IKK/3 was

- + + + + IKKP transfection significantly up-regulated with IKK/3
cDNA transfection and was down-

-", IKKP3 regulated by I3C and DIM treatment.
Similar results were also seen with

S--FLAG genistein.

........ ___--_ 3-actin
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Since we observed the down-regulation of IKKI3 by 13C and DIM, we tested the levels of
phospho-IKBoc protein, which has been known to be produced from phosphorylation of IKBc by
IKKI3. We found more phospho-IKBcc protein in IKKP3 transfected PC-3 cells compared to
parental cells. Importantly, significant down-regulation of phosphorylated IKBa was observed in
IKKP3 transfected cells treated with 13C or DIM, suggesting that the inhibition of IKB(x
phosphorylation by 13C or DIM may be mediated by the down-regulation of IKKI3 (Figure 11).

-.... - + 50 IM Genistein
- - - + - 40 p.M DIM Figure 11. Western Blot analysis

- - + - - 60 p.M 13C showed that expression ofphospho-lKBa

S+ + + + IKKP transfection was up-regulated with IKK/3 cDNA
__KK___transfeton transfection and was significantly down-

regulated by 13C and DIM treatment.
S..KBx -Similar results were also seen with

genistein.

------- m • f3-actin

We also tested the level of IcBcc protein. We found that the transfection of IKKP3 caused
a slight decrease in the level of IKBox. However, 13C and DIM treatment increased the level of
IKBcx protein, suggesting the lower degree of IKBa phosphorylation after I3C and DIM treatment
(Figure 12), and these results are consistent with results presented in Figure 11.

-. . . . + 50 p.M Genistein Figure 12. Western Blot analysis showed

- - - + - 40 pM DIM that expression of IKBa was down-

+ - - 60 ptM 13C regulated with IKK/3 cDNA transfection
and was up-regulated by I3C and DIM

- + + + + IKKf3 transfection treatment. Similar results were also seen

OWN& No *" Wl --- IkBa with genistein.

........ .... a ctin

Because we observed the inhibitory effects of I3C and DIM on the IKBcX phosphorylation
that activates NF-KB, we measured the levels of NF-xB protein in cytoplasmic and nuclear
extracts, respectively. We found that the level of cytoplasmic NF-KB remained unchanged upon
13C or DIM treatment. However, the level of nuclear NF-KB was significantly decreased after
13C or DIM treatment, suggesting that 13C and DIM inhibited the nuclear localization of NF-1CB
(Figure 13).
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+ 50 jM Genistein Figure 13. Western Blot

- - - + - 40 gM DIM analysis showed that expression

- - + - - 60 gM 13C of nuclear NF-KB was up-

+ + + + IKKP transfection regulated with IKK/3 cDNA
transfection and was down-

.- Nuclear NF-KB regulated by I3C and DIM
treatment. The level of

So m *a - -,,-Cytoplasmic NF-KB cytoplasmic NF-KB remained
unchanged. Similar results were
also seen with genistein.

We also tested the DNA binding activity of nuclear NF-KB by EMSA. We found that 13C
and DIM inhibited the DNA binding activity of nuclear NF-KB in a time-dependent manner in
IKKI3 transfected PC-3 cells, consistent with our Western Blot data (Figure 14).

I Day 2 Day 3 Figure 14. EMSA
Day 1showed that the DNA

NT C I D G C I C I D I G binding activity of NF-

T~ 7 W~KB was down-regulated
S... = •by I3C and DIM

k treatment in IKKfl

transfected cells (NT:
no transfection; C:

_ _.....___ control, I. treated with
60 yIM I3C; D: treated

with 40 pM DIM; G. treated with 50 uM genistein).

These results suggest that 13C and DIM may inhibit the expression of IKKP3 and the
subsequent phosphorylation of IKBcX, resulting the inhibition of nuclear localization and

activation of NF-icB. These effects of 13C and DIM may be causally related to the inhibition of
cancer cell growth and the induction of apoptosis as observed in our earlier results.

B. IKKa transfection.
The activation of NF-KB also occurs through phosphorylation of p100 by IKKa, leading

to the processing of pl00 into small form (p52). This process allows NF-KB (p52-ReIB) to

transfer into the nucleus for binding to NF-KB-specific DNA-binding sites and, in turn,
regulating gene transcription (Diagram 1). Because of the importance of IKKa in the NF-KB
pathway, we have also transfected IKKa cDNA into PC-3 prostate cancers. The IKKa
transfected cells were treated with or without 60 gM 13C or 40 jiM DIM. We found that the
expression of IKKa was significantly up-regulated with IKKa cDNA transfection. We also
found that DIM inhibited the expression of IKKa in PC-3 prostate cancer cells, but no significant
effect was observed with 13C (Figure 15).

14



S+ 50 jM Genistein Figure 15. Western Blot analysis showed

- - - + - 40 jIM DIM that expression of IKKa was significantly

- - + - - 60 p.M 13C up-regulated with IKKa cDNA

- + + + + IKK(x transfection transfection and was down-regulated by
DIM treatment but I3C appears to be
ineffective. Similar results were also seen

*#A* -I-i KKoc with genistein.

K...A. 3-actin

C. MEKK transfection.
It has been known that IKK could be phosphorylated and activated by an upstream kinase,

mitogen activated kinase kinase 1 (MEKKI). Therefore, MEKK is another important molecule
which regulates the activity of NF-KB (Diagram 1). Hence, we have transfected MEKK cDNA
into PC-3 prostate cancers. The MEKK transfected cells were treated with or without 60 ýtM 13C
or 40 jtM DIM. We found that the expression of IKK3 was up-regulated with MEKK cDNA
transfection. We did not observe significant alteration in the expression of MEKK in 13C or DIM
treated PC-3 prostate cancer cells (Figure 16), suggesting that MEKK is not a target of 13C or
DIM. Similarly, MEKK is not a clear target of genistein, which was used as a control.

. . . .- + 50 ptM Genistein Figure 16. Western Blot analysis showed

- - - + - 40 p.M DIM that expression of MEKK was up-regulated
with MEKK cDNA transfection. No

- - + - - 60 p.M 13C significant alteration in the expression of

- + + + + MEKK transfection MEKK was observed by I3C and DIM
treatment in MEKK transfected PC-3 cells.

-'a- MEKK

i = i " -q.w-P-actin

Conclusion: We have completed certain parts of task-3 and plan to complete this task in the
third year.

Task-4. Once the tasks-3 is completed, we will make progress on task-4 to complete all
experiments, data analysis and manuscript writing during the third year of funding.
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Key Research Accomplishments

" Demonstrated the effect of 13C on NF-KB DNA binding activity in PC-3 prostate cancer
cells by EMSA.

" Demonstrated the effects of 13C on phosphorylation of Akt in PC-3 prostate cancer cells
by Western blot analysis.

" Demonstrated the cross-talk between Akt and NF-KB in PC-3 prostate cancer cells by
transfection, luciferase assay, and EMSA.

" Determined the effects of 13C on Akt and NF-KB pathways in Akt transfected PC-3
prostate cancer cells by transfection, luciferase assay, and EMSA.

" Determined the effects of 13C on the induction of apoptosis in Akt transfected PC-3
prostate cancer cells by transfection and ELISA.

" Determined the effects of 13C and DIM on the sensitization of prostate cancer cells to cell
death induced by chemotherapeutic agents, cisplatin and Taxotere.

" Conducted IKKP gene transfection study and investigated the effects and the molecular
mechanisms of 13C and DIM action on the regulation of NF-KB pathway.

" Conducted IKKc gene transfection study and investigated the effects and the molecular
mechanisms of 13C and DIM action on the regulation of NF-KB pathway.

" Conducted MEKK and NIK gene transfection studies and investigated the effects of 13C
and DIM on the regulation of NF-icB pathway.
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1. Li Y, Chinni SR, Sarkar FH. Selective growth regulatory and pro-apoptotic effects of
DIM is mediated by Akt and NF-KB pathways in prostate cancer cells. Front Biosci
10:236-243, 2005

2. Sarkar FH, Bhuiyan MM, Pilder M, Li Y. Down regulation of androgen receptor (AR)
and its target gene (PSA) expressions by B-DIM leads to sensitization of prostate cancer
cells to Taxotere-induced apoptosis. Proc Am Assoc Cancer Res 46:abstr 466, 2005.

3. Sarkar FH, Li Y. Indole-3-Carbinol and Prostate Cancer. J Nutr 134:3493S-3498S,
2004.

4. Sarkar FH, Li Y. Cell signaling pathways altered by natural chemopreventive agents.
Mutat Res 555:53-64, 2004.
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Conclusions

We have found that 13C and DIM inhibit the phosphorylation of Akt and the activity of
Akt in prostate cancer cells. We have also found that 13C and DIM down-regulate NF-KB DNA
binding activity in prostate cancer cells. The inhibition of NF-KB by 13C and DIM is partly
mediated through the inactivation of Akt. 13C and DIM inhibit phosphorylation of Akt,
inactivate NF-KB, and regulate the expression of genes related to the control of cell growth and
apoptosis, resulting in inhibition of cell growth and induction of apoptosis in prostate cancer
cells. We have also found that 13C and DIM inhibited the expression of IKKP3, the subsequent
phosphorylation of IKBox, and the nuclear localization and activation of NF-KB, resulting in the
inhibition of cell growth and induction of apoptosis in prostate cancer cells. These results along
with our previous findings suggest that 13C or DIM could be potent agent for the prevention
and/or treatment of prostate cancer. The task-I and task-2 have been fully completed. We have
completed certain parts of task-3. We plan to complete task-3 and task-4 in the third year as
originally planned.
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1. ABSTRACT 2. INTRODUCTION

Prostate cancer is the second leading cause of Prostate cancer is one of the most common
cancer related deaths in men in the United States. 13C and cancers in men and the second leading cause of male cancer
its in vivo dimeric product, DIM, have been found to death in the United States (1). However, Asians have
inhibit the growth of prostate cancer cells. However, the relatively low incidence of prostate cancers. Dietary and
molecular mechanism(s) by which DIM elicits its effects on epidemiological studies have shown an association
prostate cancer cells has not been fully elucidated. We have between high dietary intake of vegetables and decreased
previously shown that 13C induces apoptosis and inhibits prostate cancer risk (2, 3). Among vegetables with
the activation of NF-kappaB pathway, which could be anticarcinogenic properties, the cruciferous vegetable
mediated via Akt signaling pathway. In this study, we family including broccoli, cabbage, brussels sprouts, and
investigated whether there is any cross-talk between Akt cauliflower appears to be most effective at reducing the risk
and NF-kappaB during DIM-induced apoptosis in PC-3 of cancers. Indole-3-carbinol (13C), a common
prostate cancer cells. We found that DIM inhibited cell phytochemical in the human diet, is present in almost all
growth and induced apoptosis in PC-3 prostate cancer cells members of the cruciferous vegetable family, and it is
but not in non-tumorigenic CRL2221 human prostate readily converted to its dimeric product, 3,3'-
epithelial cells. DIM also inhibited EGFR expression, P13K diinolylmethane (DIM) (4). There are growing evidences
kinase activity, and Akt activation, and abrogated the EGF- showing that 13C and DIM have the potential to inhibit a
induced activation of P13K in prostate cancer cells. NF- number of common cancers, especially those that are
kappaB DNA-binding analysis and transfection studies hormone-related (5-8).
with Akt cDNA constructs revealed that Akt transfection
resulted in the induction of NF-kappaB activity and this It has been demonstrated that 13C and DIM
was inhibited by DIM treatment. DIM treatment also possess anti-carcinogenic effects in experimental animals
showed significant induction of apoptosis in non- and inhibits the growth of human cancer cells in vitro (5, 7-
transfected cells compared to Akt and Akt-Myr transfected 10). DIM has been found to induce cell cycle arrest at GI
prostate cancer cells. From these results, we conclude that phase with up-regulation of p21WAF1 and down-regulation
the inhibition of Akt and NF-kappaB activity and their of CDK6 (6, 11). It has been reported that DIM increases
cross-talk is a novel mechanism by which DIM inhibits cell the expression of Bax, decreases the expression of Bcl-2,
growth and induces apoptotic processes in prostate cancer and induces apoptosis (12). Because of these effects, the
cells but not in non-tumorigenic prostate epithelial cells. interest in 13C and DIM as cancer chemopreventive and/or
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Regulation of Akt & NF-kappaB pathways by DIM

therapeutic agents has significantly increased in the past 3.2. Cell growth inhibition by MTT assay
years. We have previously shown that 13C up-regulates The PC-3 and CRL-2221 cells were seeded at a
p21 wAFI, Bax, and p2 7 KIPI, and down-regulates BClxL, density of lX10 3/well in 96 well culture dishes. After 24
EGFR, and Akt kinase activity, leading to the hours, the cells were treated with 15, 30, and 60
induction of apoptosis in prostate cancer cells (13, micromole/L DIM for one to three days. Control PC-3 cells
14). We have also reported the gene expression received 0.1% DMSO for same time points. The cells were
profiles of prostate cancer cells exposed to 13C and then incubated with MTT (0.5 gram/L, Sigma, St. Louis,
DIM, showing that 13C and DIM induce the expression MO) at 370C for 4h and with DMSO at room temperature
of genes related to the Phase I and Phase II enzymes and for 1 h. The spectrophotometric absorbance of the samples
regulate the expression of genes involved in the control of was measured by using ULTRA Multifunctional Microplate
cell growth, cell cycle, apoptosis, signal transduction, and Reader (TECAN, Durham, NC) at 595 nm. The experiment
oncogenesis (15). However, the precise molecular was repeated three times and t test was performed to verify
mechanism by which DIM exerts its effect on the induction the significance of cell growth inhibition after treatment.
of apoptosis and the cell signaling pathways, has not been
fully elucidated.

3.3. Histone/DNA ELISA for detecting apoptosis
Akt and NF-kappaB pathways are important cell Cell Apoptosis ELISA Detection Kit (Roche,

signaling pathways involved in the processes of apoptosis, Palo Alto, CA, USA) was used to detect apoptosis in PC-3
carcinogenesis, and tumor progression (16-19). NF-kappaB and CRL-2221 cells with different treatments according to
is a cell survival factor and can be activated by many types manufacturer's protocol. Briefly, the cytoplasmic
of stimuli including TNF-a, EGF, UV radiation, etc. There histone/DNA fragments from PC-3 and CRL-2221 cells
is growing evidence to suggest the role of NF-kappaB in treated with 15, 30, and 60 micromole/L DIM or 0.1%
the protection against apoptosis (18, 20). An in vivo study DMSO (vehicle control) for 24, 48, 72 hours, were
showed that mice lacking NF-kappaB p65/ReIA died extracted and bound to immobilized anti-histone antibody.
embryonically from extensive apoptosis in the liver (21), Subsequently, the peroxidase-conjugated anti-DNA
suggesting anti-apoptotic role of NF-kappaB. Akt can be antibody was used for the detection of immobilized
activated by various growth factors including EGF through histone/DNA fragments. After addition of substrate for
activation of phosphatidylinositol-3 kinase (P13K) (17). peroxidase, the spectrophotometric absorbance of the
Activated Akt functions to promote cell survival by samples was determined by using ULTRA Multifunctional
inhibiting apoptosis through its ability to phosphorylate and Microplate Reader (TECAN, Durham, NC) at 405 nm.
inactivate downstream targets (16, 17). Several reports
have showed that Akt also regulates the NF-kappaB 3.4. Western blot analysis
pathway via phosphorylation and activation of molecules in The PC-3 and CRL-2221 cells were plated on
the NF-kappaB pathway (22-24). Because both Akt and culture dishes and allowed to attach for 24 hours followed
NF-kappaB have been critically involved in the cell by the treatment with 15, 30, or 60 micromole/L DIM for
survival and apoptotic process, in this study, we 48 hours. Control cells were incubated in the medium with
investigated whether DIM could inhibit Akt and NF- 0.1% DMSO using same time points. After incubation, the
kappaB activation leading to apoptosis, and whether cells were lysed in 62.5 millimole/L Tris-HCI and 2% SDS.
Akt and NF-kappaB pathways could cross-talk Protein concentration was then measured using BCA
during apoptotic process induced by DIM. Finally protein assay (PIERCE, Rockford, IL). Cell extracts were
we also investigated whether there is any subjected to 10% SDS-PAGE, and electrophoretically
differential effect of DIM between PC-3 prostate transferred to nitrocellulose membrane. Membranes were
cancer cells and non-tumorigenic CRL2221 prostate incubated with anti-Akt (Santa Cruz Biotech, Santa Cruz,
epithelial cells. CA), anti-phospho-Akt Ser473 (Cell signaling, Beverly,

MA), anti-EGFR (Santa Cruz Biotech, Santa Cruz, CA),

3. MATERIALS AND METHODS anti-BclxL (Santa Cruz Biotech, Santa Cruz, CA), and anti-
Il-actin (Sigma, St. Louis, MO) antibodies, washed with

3.1. Cell culture and reagents TTBS and incubated with secondary antibody conjugated
PC-3 human prostate cancer cells (ATCC, with peroxidase. The signal was then detected using the

Manassas, VA) were cultured in RPMI-1640 media chemiluminescent detection system (PIERCE, Rockford,
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal IL).
bovine serum and 1% penicillin and streptomycin in a 5%
CO 2 atmosphere at 37°C. CRL-2221 human non- 3.5. Reporter gene constructs and transfeetion
tumorigenic prostate epithelial cells (ATCC, Manassas, pLNCX-Akt (normal Akt), pLNCX-Myr-Akt
VA) were cultured in keratinocyte-SFM media (Invitrogen, (constitutively activated Akt), pLNCX-Akt-K179M
Carlsbad, CA) supplemented with EGF (0.2 microgram/L), (dominant negative), and pLNCX (control vector) were
bovine pituitary extract (30 milligram/L), and 1% penicillin generously provided by Dr. Sellers (Dana-Farber Cancer
and streptomycin. DIM (LKT, St. Paul, Minnesota) was Institute, Boston, MA). NF-kappaB-LUC (Stratagene, La
dissolved in DMSO to make 60 millimole/L stock solution. Jolla, CA) contains six repeated copies of the NF-kappaB
Wherever indicated, EGF (Invitrogen, Carlsbad, CA) was DNA-binding site and a luciferase reporter gene. CMV-
added to the media at a final concentration of 100 beta-gal reporter construct transfection was used for
microgram/L. normalization of transfection efficiency. The pLNCX-Akt,
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PC-3 millimole/L CaCI2, 1 millimole/L MgCI2, 0.1 millimole/L
PA1 . sodium orthovanadate, 1% NP-40, and 1 millimole/L
0 so- PMSF) on ice for 20 minutes. After centrifugation, the
sl protein concentration of supernatant was measured by BCAo. 1 1protein assay (PIERCE, Rockford, IL). 600 micrograms of
40. proteins from each sample were used for1[11 . immunoprecipitation with P13K antibody (Upstate,2Charlottesville, 

VA) overnight and protein G-agarose
C Is 30 so C Is 30 so C 15 30 6011M for one hour at 4VC. Then, the samples were collected byA Day 1 Day 2 Day 3 centrifugation, washed with kinase buffer, and subjected to

CRL-2221 P13K kinase assay in kinase buffer (20 millimole/L Tris pH
M) 7.4, 4 millimole/L MgC, 2, 10 millimole/L NaCI), 25
S8o. micromole/L ATP, and 2.4 micrograms of PI(4,5)P 2 as

kinase substrate. PI(3,4,5)P3 was measured by competitive
ELISA.

20- 3.8. Signal quantification and statistical analysis
. C- fThe EMSA gel was scanned, and the signals in

D C y 13 0 0 C 2 s y 3 M the gel were quantified and analyzed with Odyssey
software (LI-COR, Lincoln, NE). Signal in the Western

Figure 1. Effects of DIM on the growth of PC-3 (A) and blots was also scanned and quantified with Molecular
CRL-2221 cells (B) tested by MTe assay. (*:p<0.05; n=3). Analyst software (Bio-Rad, Hercules, CA). Comparisons

were made between control and treatments. Statistical

pLNCX-Myr-Akt, pLNCX-Akt-KI 79M, or pLNCX was analysis was performed using t test between treated and

transiently co-transfected with NF-kappaB-LUC and CMV- untreated samples. P values less than 0.05 were used to

beta-gal into PC-3 cells when they were at -70% confluent indicate statistical significance.

using the LipofectAM1NE (Invitrogen, Carlsbad, CA).
After incubation for 5 hours, the transfected cells were 4. RESULTS
washed and incubated with RPMI-1640 media (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum 4.1. DIM selectively inhibits growth of prostate cancer
overnight followed by treatment with 60 micromole/L DIM cells
for 48 hours. Subsequently, the luciferase activities in the PC-3 prostate cancer cells and CRL-2221 non-
samples were measured by using Steady-GloTM Luciferase tumorigenic human prostate epithelial cells were treated
assay system (Promega, Madison, WI) and ULTRA with 0-60 micromole/L DIM over 3 days and the cell
Multifunctional Microplate Reader (TECAN, Durham, viability was determined by MTT assay. The treatment of
NC). To detect the NF-kappaB activity in transfected PC-3 PC-3 prostate cancer cells with DIM resulted in a dose and
cells, the samples were subjected to NF-kappaB DNA- time-dependent inhibition of cell proliferation (Figure IA).
binding activity measurement using EMSA method as However, only 37.8% growth inhibition was observed in
described below. Cell Apoptosis ELISA Detection Kit was the CRL-2221 non-tumorigenic prostate epithelial cells
also used to detect apoptosis in transfected and parental treated with 60 micromole/L DIM for 3 days compared to
PC-3 cells. 87.8% in PC-3 cells (Figure 1B), suggesting the selective

growth inhibition of prostate cancer cells by DIM.
3.6. NF-kappaB DNA-binding activity measurement Inhibition of cell proliferation observed by MTT could be

PC-3 and CRL-2221 cells were treated with 15, partly due to the induction of apoptosis in prostate cancer
30, and 60 micromole/L DIM for 72 hours. Following cells. We, therefore, investigated whether DIM could
treatment, the nuclear proteins from cells were extracted. selectively induce apoptosis in PC-3 prostate cancer cells.
Ten microgram of nuclear proteins was subjected to
electrophoretic mobility shift assay (EMSA) as described 4.2. DIM selectively induces apoptosis in prostate
previously (25). Competition assay using unlabeled specific cancer cells
competitor (NF-kappaB oligo) was conducted to confirm By ELISA analysis of cytoplamic histone/DNA
the specificity of NF-kappaB DNA-binding activity. fragments, we observed an induction of apoptosis in

prostate cancer cells treated with 15-60 micromole/L DIM
3.7. Immunoprecipitation and P13K kinase assay (Figure 2A). The induction of apoptosis was time- and

The P13K kinase activity of PC-3 cells treated dose-dependent, and was directly correlated with the
with 60 micromole/L DIM for 24 and 48 hours, 60 inhibition of cell growth, suggesting that DIM treatment
micromole/L DIM for 24 and 48 hours followed by EGF may result in the inhibition of cell proliferation through
treatment for 20 minutes, EGF only, or 0.1% DMSO was apoptotic cell death. More importantly, non-tumorigenic
measured by using P13K kinase assay kit (Echelon, Salt CRL-2221 prostate epithelial cells were much less
Lake, UT) according to manufacturer's protocol. Briefly, responsive to DIM treatment than PC-3 cells (Figure 2B),
the cells after treatments were lysed in ice-cold cell lysis suggesting that DIM selectively induced apoptosis in
buffer (137 millimole/L NaCI, 20 millimole/L Tris-HCI, 1 prostate cancer cells.
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PC-3 Cells Treated with DIM 4.3. DIM inhibits P13K and Akt activation and induces
5- apoptoisis through Akt pathway

Since Akt signaling pathway is an important
9 -- signal transduction pathway that plays a critical role in cell

survival and apoptotic processes, we investigated the status
2_ of Akt in PC-3 and CRL-2221 cells treated with 0-60

micromole/L DIM by Western Blot analysis. We did not
find any alterations in the protein expression of un-

C 1s 30 60 C 16 30 60 C 16 30 60 p phosphorylated Akt in DIM-treated PC-3 and CRL-2221

A Day I Day 2 Day3 cells (Figure 4). However, a significant decrease in the

CRL-2221 Cells Treated with DIM phosphorylated Akt protein at Ser473 was observed in DIM
13- treated PC-3 cells compared to control cells, suggesting

inactivation of Akt kinase after DIM treatment (Figure 4).
•2. Treatment of DIM showed dose dependent inhibition of

Akt phosphorylation in PC-3 cells, consistent with the
I induction of apoptosis by DIM. However, the
's. phosphorylated Akt Ser473 protein was undetectable in

4 •CRL-2221 cells treated or untreated with DIM, suggesting
0 --I F rif ' - ' that the inactivation of Akt by DIM is specific in prostate

C 15 30 60 C 16 30 60 C 16 30 60 pAM
B Day I Day 2 Day 3 cancer cells compared to non-tumorigenic prostate

epithelial cells.
Figure 2. Induction of apoptosis in PC-3 (A) and CRL-2221 (B)
cells tested by ELISA. (n=2). Since Akt is activated through the activation of

CRL-2221 PC-3 P13K, we investigated the P13K kinase activity in the PC-3
cells treated with DIM or pre-treated with DIM followed by

EGFR •EGF stimulation. We found that DIM treatment inhibited
SEGFR the activity of P13K (Figure 5), suggesting that DIM could

inactivate Akt through the inhibition of P13K activity. We
________________ :Balso found that EGF treatment alone activated P13K kinase

-400 40000..... BcI"XL activity as expected, and that DIM pretreatment abrogated
the activation of P13K stimulated by EGF (Figure 5).

A#** **-actin Because the activation of Akt and P13K could be mediated
S0 30 60 0 30 60 pM DIM through EGFR pathways, we measured the expression of

A 0EGFR by Western Blot analysis. We found that DIM
inhibited EGFR expression in a dose-dependent manner in

CRL-2221 CRL-2221 PC-3 cells only and showed no inhibition of EGFR in CRL-

2221 cells (Figure 3), corresponding with the selective

effect of DIM on Akt activation in PC-3 cells.

Furthermore, we transfected Akt cDNA into PC-

o 30 60otM 0 30 6o iM 3 cells and measured the degree of apoptosis in transfected
cells with and without DIM treatment. We found that DIM

Pnot only induced apoptosis in PC-3 parental cells but also

z in Akt transfected PC-3 cells although to a lesser extent as
expected (Figure 6). More importantly, we found that

,9 .,transfection of constitutively activated Akt (pLNCX-Myr-
Akt) and wild-type Akt (pLNCX-Akt) inhibited apoptosisB Or• 0 30 60 •M o o 01s t induced by DIM compared to mutant Akt and empty vector

Btransfectants, suggesting that the induction of apoptosis by

Figure 3. Western blot (A) and densitometric analysis (B) DIM is partly mediated by active Akt and that the

of BclxL and EGFR in PC-3 and CRL-2221 cells treated overexpression of Akt leads to resistance to DIM-induced

with DIM. apoptosis.

By Western Blot analysis, we also found that 4.4. DIM selectively inhibits NF-kappaB activation in

DIM inhibited the expression of BcIXL, an anti-apoptotic PC-3 cells

protein in PC-3 cells (Figure 3). However, there was no Nuclear extracts from control and DIM-treated

significant effect on BclXL in DIM-treated CRL-2221 cells, PC-3 cells were subjected to NF-kappaB DNA-binding

and these results were correlated with minimal apoptosis in activity as measured by EMSA. Autoradiography revealed

DIM-treated CRL-2221 cells. Next, we investigated that 30-60 micromole/L DIM significantly inhibited NF-

whether PI3K/Akt and NF-kappaB signaling pathways are kappaB DNA-binding activity in PC-3 cells compared to

involved in the apoptotic processes induced by DIM in untreated control (Figure 7). However, no such effect was

prostate cancer cells. observed in DIM-treated CRL-2221 cells, suggesting the
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CRL-2221 PC-3 selective inhibitory effect of DIM on NF-kappaB DNA-
S..... i p-Akt binding activity in prostate cancer cells. In order to further

explore the inhibitory effects of DIM on Akt and NF-

. Akt kappaB pathways, we conducted transfection experiments
as described under Materials and Methods. Luciferase

M 44 •P .. ....... "111100711M 0-actin assay showed a significant increase in luciferase activity in
PC-3 cells co-transfected with pLNCX-Myr-Akt and NF-

A 0 15 30 60 0 15 30 60 tM DIM kappaB-Luc, and also in PC-3 cells co-transfected with
pLNCX-Akt and NF-kappaB-Luc (Fig 8). Moreover, DIM

CRL-2221 significantly abrogated the induction of luciferase activity

caused by pLNCX-Myr-Akt and pLNCX-Akt transfections
o ,(Figure 8).

o To confirm these results, we also examined the
,• NF-kappaB DNA-binding activity in PC-3 cells transfected

with pLNCX-Myr-Akt or pLNCX. We observed an
PC.31 PC-3 increase in NF-kappaB DNA-binding activity in PC-3 cells

transfected with pLNCX-Myr-Akt (Figure 9). We also
found that DIM abrogated the activation of NF-kappaB

o DNA-binding activity caused by pLNCX-Myr-Akt
B 6 A . transfection (Figure 9). Collectively, these results provide

Figure 4. Western blot (A) and densitometric analysis (B) evidence for a potential cross-talk between Akt and NF-
of total Akt and p-Akt in PC-3 and CRL-2221 cells treated kappaB pathways during DIM induced cell growth
with DIM. inhibition and apoptosis in prostate cancer cells.

t• 5. DISCUSSION
S1.5- :_=5

DIM, the major in vivo product of dietary 13C,
[ .::has been shown to inhibit cell growth and induce apoptosis

1.0- in breast, cervical and prostate cancer cells (5-7, 11),
* II [I suggesting its chemopreventive and/or therapeutic effects

- : on cancer cells. However, the precise molecular
0. =-mechanisms by which DIM inhibits cell growth and

0.0: E LI::1J:]:induces apoptosis have not been fully elucidated.

0.0 I Additionally, the effect of DIM on non-tumorigenic
C E D1 D1/E D2 D21E epithelial cells remains unknown. Here, we demonstrated

Figure 5. Relative P13K activity in PC-3 cells treated with DIM. that DIM significantly and selectively inhibited cell growth
(C: control; E: treated with EGF; DI: treated with 60 and induced apoptosis in PC-3 prostate cancer cells, while
micromole/L DIM for 24 hours; DI/E: treated with 60 CRL-2221 non-tumorigenic cells showed much less
micromole/L DIM for 24 hours followed by EGF treatment, D2: response to DIM. These results provide evidence for
treated with 60 micromole/L DIM for 48 hours; D2/E: treated selective effects of DIM on cell growth and apoptosis in
with 60 micromole/L DIM for 48 hours followed by EGF cancer cells. To discover the molecular mechanisms
treatment). responsible for the induction of apoptosis by DIM, we
4 075- investigated the effects of DIM on Akt and NF-kappaB;z • Untreatedz, wpathways, which have been known to play important roles
- TreedwithOMM- in cell survival and apoptotic cell death processes.

w .0.50-
It has been known that Akt signaling pathway can

o * be activated by various growth and survival factors such as
_EGF, PDGF, insulin, etc, through activation of P13K (16,

G 0.2F- 17). PD3K activation leads to the production of

phosphatidylinositol-3,4,5-trisphosphate (PI-3,4,5-P3),
which interacts with Akt PH domain. This interaction
subsequently causes conformational changes in Akt,

Transfection Non AM MuI-Akt Ak't-My Emp-V resulting in the exposure of two main phosphorylation sitesFigre6.InductiNon ofapptoi itanetd an IM tred in Akt. Akt is then activated by phosphorylation at Thr308Figure 6. Induction of apoptosis in transfected and DIM treated by Phosphoinositide-dependent protein kinase I (PDK1) or
PC-3 cells tested by ELISA (Non: no transfection; Akt. at Ser473 by PDK2. Activated Akt functions to promote
transfected with pLNCX-Akt; Mut-Akt: transfected with cell survival by inhibiting apoptosis through its ability to
pLNCX-Akt-K179M; Akt-Myr: transfected with pLNCX- phosphorylate and inactivate several targets including Bad,
Myr-Akt; Emp-V: transfected with empty vector, pLNCX;*:p<0.05; nE-2). Forkhead transcription factors, and caspase-9, all of which

are involved in apoptotic pathway (26, 27). In the apoptotic
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* inhibit the activation of P13K through decrease in growth
factor binding. By P13K kinase assay, we found that DIM

""inactivated P13K and abrogated the activation of P13K

E_ =L R =. .Rcaused by EGF, suggesting that DIM could inhibit Akt
0o W 0 0 0 t : 0 0 activity by inactivation of P13K. Subsequently, we found

no changes in the expression of un-phosphorylated Akt in
DIM treated PC-3 cells. However, DIM decreased the level
of phosphorylated Akt, which is the activated form of Akt.

"p50-p65 This could subsequently increase the activated Bad binding
p50-p50 to Bcl-2 and BclxL. We found that DIM inhibited the

* pSO-p50 •expression of BCIXL, suggesting an increase in the ratio of

Bad/BclxL, which could promote cancer cell to apoptotic
PC-3 CRL-2221 cell death. Indeed, we observed significant induction of

Figure 7. NF-kappaB DNA-binding activity in DIM treated PC- apoptosis in DIM treated PC-3 prostate cancer cells, and
3 and CRL-2221cells tested by EMSA. (Cold probe: Unlabeled lesser apoptosis in Akt transfected PC-3 cells compared to
NF-kappaB oligonucleotide was used as specific parental PC-3 cells. These results suggest that the inhibition
competitor in DNA-binding reaction). of PI3K/Akt signaling pathway by DIM is one of the

= 750- mechanisms by which DIM induces apoptosis in prostate

SUntreated cancer cells.
S0 Treate With DIM

It has been well known that NF-kappaB plays an
._ 600- important role in the apoptotic process (18, 20). Thus, DIM

may induce apoptosis by modulating multiple components
* =in the Akt and NF-kappaB pathways. In this study, we

'.a 250 found that DIM selectively inhibited NF-kappaB DNA-
260- • binding activity in PC-3 prostate cancer cells. The

inactivation of NF-kappaB DNA-binding activity may be
& [ another mechanism by which DIM induces apoptosis in

0 PC-3 cells. It has been reported that the activity of NF-
Transfection Non Akt Mut-Akt Akt-Myr Emp-V kappaB may be regulated by a variety of factors including

Figure 8. Luciferase activity in transfected PC-3 cells with Akt (22, 24). Akt has been shown to enhance the

or without D1¶vl treatments (Non: no transfection; Akt: degradation of the IkappaB and induce NF-kappaB

transfected with pLNCX-Akt; Mut-Akt: transfected with activation (32). The ability of Akt to regulate NF-kappaB
pLNCX-Akt-KI79M; Akt-Myr: transfected with pLNCX- activity may be through direct interaction with the IKK,
Myr-Akt; Emp-V: transfected with empty vector, pLNCX; supported by the observation that Akt is associated with the
*:p<0.05; n-2). IKK complex in vivo (33). It has been demonstrated that

100- Akt can phosphorylate and activate IKK at a critical

oUntreated Li regulatory site, Thr23, and subsequently activate NF-
n .Treted with IM kappaB (24). In this study, we transfected Akt to PC-3

80- prostate cancer cells and tested the effect of Akt on NF-

* kappaB DNA-binding activity by EMSA and luciferase
" 60- assay. Our results showed that Akt regulated NF-kappaB

activation, and this observation is in accordance with our
" 40- published data (25). Importantly, we found that DIM

abrogated the NF-kappaB activation stimulated by Akt
20 itransfection, suggesting that the inhibition of NF-kappaB

20- activity by DIM is partly mediated through Akt signaling
pathway. Hence, the inactivation of DNA-binding activity
of NF-kappaB by DIM appears to be responsible for DIM-

Transfection Non Non Akt-Myr Akt-Myr Emp-V Emp-V induced apoptosis in PC-3 prostate cancer cells.

Figure 9. EMSA and densitometric analysis of NF-kappaB
DNA-binding activity in transfected PC-3 cells with or NF-kappaB has been described as a major culprit
without DIM treatments (Non: no transfection; Akt-Myr: in cancer (34), and Akt has been known as a key molecule
transfected with pLNCX-Myr-Akt; Emp-V: transfected in cell survival (16, 17). Because of their importance in the
with empty vector, pLNCX; *:p<0.05; n=2). control of cell survival and apoptotic cell death, both Akt

and NF-kappaB have been believed to be very attractive
process, dephosphorylated Bad (activated form of Bad) therapeutic targets for cancer therapy (33, 35-37).
translocates to mitochondria, where it heterodimerizes via Therefore, our results indicate that the inhibition of Akt and
its BH3 domain with anti-apoptotic BCL family members NF-kappaB activity could be easily achievable by DIM
such as Bcl-2 and BcIXL, promoting the onset of apoptosis treatment, which inhibits cell growth and induces apoptosis
(28-31). In this study, we found that DIM treatment caused in PC-3 prostate cancer cells, suggesting that DIM may be
the down-regulation of EGFR, suggesting that DIM could a useful agent for the prevention and/or treatment of
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growth, Akt and NF-kappaB activation, and induces Spl-mediated activation of p21(WAF1/CIPI) expression.
apoptosis in PC-3 prostate cancer cells, makes it a potent Carcinogenesis 23,1297-1305 (2002)
chemopreventive and/or therapeutic agent against prostate 12. Hong C., G.L.Firestone & L.F.Bjeldanes: Bel-2
cancer. Our results warrant further animal and human family-mediated apoptotic effects of 3,3'-diindolylmethane
investigations in order to fully appreciate the value of DIM (DIM) in human breast cancer cells. Biochem Pharmacol
in human health. 63,1085-1097 (2002)

13. Chinni S.R., Y.Li, S.Upadhyay, P.K.Koppolu &
6. ACKNOWLEDGEMENT F.H.Sarkar: Indole-3-carbinol (13C) induced cell growth

inhibition, GI cell cycle arrest and apoptosis in prostate
This work was partly funded by grants from the cancer cells. Oncogene 20,2927-2936 (2001)

Department of Defense (DOD Prostate Cancer Research 14. Chinni S.R. & F.H.Sarkar: Akt inactivation is a key
Program DAMD17-03-1-0042 awarded to FHS) and the event in indole-3-carbinol-induced apoptosis in PC-3 cells.
National Cancer Institute, NIH (IR01CA108535-01 Clin Cancer Res 8,1228-1236 (2002)
awarded to FHS) and an AICR post-doctoral fellowship 15. Li Y., X.Li & F.H.Sarkar: Gene expression profiles of
(AICR # 0013103 awarded to SRC). 13C- and DIM-treated PC3 human prostate cancer cells

determined by eDNA microarray analysis. J Nutr
7. REFERENCES 133,1011-1019 (2003)

16. Chang F., J.T.Lee, P.M.Navolanic, L.S.Steelman,
1. Jemal A., T.Murray, A.Samuels, A.Ghafoor, E.Ward & J.G.Shelton, W.L.Blalock, R.A.Franklin & J.A.McCubrey:
M.J.Thun: Cancer statistics, 2003. CA Cancer J Clin 53,5- Involvement of PI3K/Akt pathway in cell cycle
26 (2003) progression, apoptosis, and neoplastic transformation: a
2. Cohen J.H., A.R.Kristal & J.L.Stanford: Fruit and target for cancer chemotherapy. Leukemia 17,590-603
vegetable intakes and prostate cancer risk. J Natl Cancer (2003)
Inst 92,61-68 (2000) 17. Vara J.A., E.Casado, J.De Castro, P.Cejas, C.Belda-
3. Verhoeven D.T., R.A.Goldbohm, G.van Poppel, Iniesta & M.Gonzalez-Baron: PI3K/Akt signalling pathway
H.Verhagen & P.A.van den Brandt: Epidemiological and cancer. Cancer Treat Rev 30,193-204 (2004)
studies on brassica vegetables and cancer risk. Cancer 18. Kucharczak J., M.J.Simmons, Y.Fan & C.Gelinas: To
Epidemiol Biomarkers Prev 5,733-748 (1996) be, or not to be: NF-kappaB is the answer--role of Rel/NF-
4. Broadbent T.A. & H.S.Broadbent: 1. The chemistry and kappaB in the regulation of apoptosis. Oncogene 22,8961-
pharmacology of indole-3-carbinol (indole-3-methanol) and 8982 (2003)
3-(methoxymethyl)indole. [Part II]. Curr Med Chem 5,469- 19. Bharti A.C. & B.B.Aggarwal: Nuclear factor-kappa B
491 (1998) and cancer: its role in prevention and therapy. Biochem
5. Chen D.Z., M.Qi, K.J.Auborn & T.H.Carter: Indole-3- Pharmacol 64,883-888 (2002)
carbinol and diindolylmethane induce apoptosis of human 20. Beg A.A. & D.Baltimore: An essential role for NF-
cervical cancer cells and in murine HPV16-transgenic kappaB in preventing TNF-alpha-induced cell death.
preneoplastic cervical epithelium. J Nutr 131,3294-3302 Science 274,782-784 (1996)
(2001) 21. Beg A.A., W.C.Sha, R.T.Bronson, S.Ghosh &
6. Firestone G.L. & L.F.Bjeldanes: Indole-3-carbinol and 3-3'- D.Baltimore: Embryonic lethality and liver degeneration in
diindolylmethane antiproliferative signaling pathways control mice lacking the ReIA component of NF-kappa B. Nature
cell-cycle gene transcription in human breast cancer cells by 376,167-170 (1995)
regulating promoter-SpI transcription factor interactions. J 22. Romashkova J.A. & S.S.Makarov: NF-kappaB is a
Nutr 133,2448S-2455S (2003) target of AKT in anti-apoptotic PDGF signalling. Nature
7. Nachshon-Kedmi M., S.Yannai, A.Haj & F.A.Fares: 401,86-90 (1999)
Indole-3-carbinol and 3,3-diindolylmethane induce apoptosis 23. Gustin J.A., O.N.Ozes, H.Akca, R.Pincheira,
in human prostate cancer cells. Food Chem Toxicol 41,745- L.D.Mayo, Q.Li, J.R.Guzman, C.K.Korgaonkar &
752 (2003) D.B.Donner: Cell type-specific expression of the IkappaB
8. He Y.H., M.D.Friesen, R.J.Ruch & H.A.Schut: Indole-3- kinases determines the significance of phosphatidylinositol
carbinol as a chemopreventive agent in 2-amino-l-methyl-6- 3-kinase/Akt signaling to NF-kappa B activation. J Biol
phenylimidazo[4,5-b]pyridine (PhIP) carcinogenesis: Chem 279,1615-1620 (2004)
inhibition of PhIP-DNA adduct formation, acceleration of 24. Ozes O.N., L.D.Mayo, J.A.Gustin, S.R.Pfeffer,
PhUP metabolism, and induction of cytochrome P450 in female L.M.Pfeffer & D.B.Donner: NF-kappaB activation by
F344 rats. Food Chem Toxicol 38,15-23 (2000) tumour necrosis factor requires the Akt serine-threonine
9. Ge X., S.Yannai, G.Rennert, N.Gruener & F.A.Fares: kinase. Nature 401,82-85 (1999)
3,3'-Diindolylmethane induces apoptosis in human cancer 25. Li Y. & F.H.Sarkar: Inhibition of nuclear factor
cells. Biochem Biophys Res Commun 228,153-158 (1996) kappaB activation in PC3 cells by genistein is mediated via

242



Regulation of Akt & NF-kappaB pathways by DIM

Akt signaling pathway. Clin Cancer Res 8,2369-2377 Wayne State University School of Medicine, 715 Hudson
(2002) Webber Cancer Research Center, 110 E Warren, Detroit,
26. Cardone M.H., N.Roy, H.R.Stennicke, G.S.Salvesen, MI 48201, USA. Tel: 313-966-7279, Fax: 313-966-7558,
T.F.Franke, E.Stanbridge, S.Frisch & J.C.Reed: Regulation E-mail: fsarkar@med.wayne.edu
of cell death protease caspase-9 by phosphorylation.
Science 282,1318-1321 (1998) http://www.bioscience.org/cgrrentlvoll 0.htbr
27. Brunet A., A.Bonni, M.J.Zigmond, M.Z.Lin, P.Juo,
L.S.Hu, M.J.Anderson, K.C.Arden, J.Blenis &
M.E.Greenberg: Akt promotes cell survival by
phosphorylating and inhibiting a Forkhead transcription
factor. Cell 96,857-868 (1999)
28. Yang E., J.Zha, J.Jockel, L.H.Boise, C.B.Thompson &
S.J.Korsmeyer: Bad, a heterodimeric partner for Bcl-XL
and Bcl-2, displaces Bax and promotes cell death. Cell
80,285-291 (1995)
29. Pastorino J.G., M.Tafani, R.J.Rothman,
A.Marcinkeviciute, J.B.Hoek, J.L.Farber &
A.Marcineviciute: Functional consequences of the
sustained or transient activation by Bax of the
mitochondrial permeability transition pore. J Biol Chem
274,31734-31739 (1999)
30. Datta S.R., H.Dudek, X.Tao, S.Masters, H.Fu,
Y.Gotoh & M.E.Greenberg: Akt phosphorylation of BAD
couples survival signals to the cell-intrinsic death
machinery. Cell 91,231-241 (1997)
31. Rusinol A.E., D.Thewke, J.Liu, N.Freeman, S.R.Panini
& M.S.Sinensky: AKT/protein kinase B regulation of BCL
family members during oxysterol-induced apoptosis. J Biol
Chem 279,1392-1399 (2004)
32. Kane L.P., V.S.Shapiro, D.Stokoe & A.Weiss:
Induction of NF-kappaB by the Akt/PKB kinase. Curr Biol
9,601-604 (1999)
33. Factor V., A.L.Oliver, G.R.Panta, S.S.Thorgeirsson,
G.E.Sonenshein & M.Arsura: Roles of Akt/PKB and IKK
complex in constitutive induction of NF-kappaB in
hepatocellular carcinomas of transforming growth factor
alpha/c-myc transgenic mice. Hepatology 34,32-41 (2001)
34. Haefner B.: NF-kappa B: arresting a major culprit in
cancer. Drug Discov Today 7,653-663 (2002)
35. Hideshima T., D.Chauhan, P.Richardson, C.Mitsiades,
N.Mitsiades, T.Hayashi, N.Munshi, L.Dang, A.Castro,
V.Palombella, J.Adams & K.C.Anderson: NF-kappa B as a
therapeutic target in multiple mycloma. J Biol Chem
277,16639-16647 (2002)
36. Orlowski R.Z. & A.S.Baldwin, Jr.: NF-kappaB as a
therapeutic target in cancer. Trends Mol Med 8,385-389
(2002)
37. Biswas D.K., S.C.Dai, A.Cruz, B.Weiser, E.Graner &
A.B.Pardee: The nuclear factor kappa B (NF-kappa B): a
potential therapeutic target for estrogen receptor negative
breast cancers. Proc Natl Acad Sci U S A 98,10386-10391
(2001)
38. Rahman K.M., O.Aranha & F.H.Sarkar: Indole-3-
carbinol (13C) induces apoptosis in tumorigenic but not in
nontumorigenic breast epithelial cells. Nutr Cancer 45,101-
112 (2003)

Key Words: DIM, Akt, NF-kappaB, Apoptosis, Prostate,
Cancer

Send correspondence to: Fazlul H. Sarkar, Ph.D.
Department of Pathology, Karmanos Cancer Institute,

243



96th Annual Meeting
April 16-20, 2005

Anaheim/Orange County, CA

Print this Page for Your Records Close Window

Abstract Number: 466

Presentation Title: Down regulation of androgen receptor (AR) and its target gene (PSA) expressions by B-DIM
leads to sensitization of prostate cancer cells to Taxotere-induced apoptosis.

Presentation Start/End Sunday, Apr 17, 2005, 8:00 AM -12:00 PM
Time:

Board Number: Board #23

Author Block: Fazlul H. Sarkar, M Mahbubur Bhuiyan, Michael Pilder, Yiwei Li. Wayne State Univ. School of
Med., Detroit, MI

Despite initial response to androgen deprivation, patients with prostate cancer usually develop hormone refractory metastasis
and eventually succumb to the disease. Therefore, new therapeutic strategies are urgently needed to overcome drug
resistance for the treatment of prostate cancer. Epidemiological studies have shown that the consumption of cruciferous
vegetables is associated with reduced cancer risk. 3,3'-diindolymethane (DIM) is an acid condensation product of 13C, which is
present in almost all members of the cruciferous vegetable family. DIM has been shown to down-regulate AR, suggesting the
growth inhibitory effects of DIM on hormone related cancers. A formulated DIM (B-DIM, BioResponse) has been shown to
exhibit approximately 50% higher bioavailability. However, no molecular studies have been reported to date to elucidate the
effect of B-DIM on prostate cancer cells. To investigate the effects of B-DIM on prostate cancer cells, we treated hormone
sensitive LNCaP cells and hormone insensitive PC-3 cells with 0 to 60 pM of B-DIM for one to three days. MTT, ELISA, and
Western blot analysis were conducted to test cell growth inhibition, apoptosis, and the expression of AR and prostate specific
antigen (PSA). Microarray analysis was also conducted to assess global alternations in gene expression profile. We found that
B-DIM inhibited the growth of prostate cancer cells and induced apoptosis in a dose and time dependent manner. Microarray
gene expression analysis showed that B-DIM regulated the expression of genes which are critical for the control of cell growth
and apoptosis. Western blot analysis showed that B-DIM significantly inhibited AR and PSA protein expression in LNCaP
prostate cancer cells. It has been recently reported that increases in androgen receptor mRNA and proteins are both
necessary and sufficient to convert prostate cancer from a hormone-sensitive to a hormone refractory stage, suggesting that
over-expression of AR is an important factor for acquired resistance of prostate cancer to hormone ablation therapy. Since our
results showed decreased AR and PSA expression with concomitant inhibition of cell growth and induction of apoptosis by B-
DIM, we suggest that the resistance acquired by prostate cancer cells to androgen ablation therapy could be reversed by B-
DIM treatment. Moreover, we tested our hypothesis whether B-DIM could sensitize hormone insensitive PC-3 prostate cancer
cells to Taxotere. We found that Taxotere (1 nM) in combination with 50 pM B-DIM exerted significantly more growth inhibitory
effects compared to Taxotere or B-DIM treatment alone. In conclusion, our results provide a solid foundation for devising novel
therapeutic strategies for the treatment of hormone or chemo-resistant metastatic prostate cancer by including B-DIM, a non-
toxic agent, with other therapeutic agents.
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Detroit, M1, 48201

ABSTRACT Epidemiological and dietary studies have revealed an association between high dietary intake of
cruciferous vegetables and decreased prostate cancer risk. Our studies have shown that indole-3-carbinol (13C),
a common phytochemical in cruciferous vegetables, and its in vivo dimeric product 3,3'-diindolylmethane (DIM)
upregulate the expression of phase I and phase II enzymes, suggesting increased capacity for detoxification and
inhibition of carcinogens. Studies from our laboratory and others have found that 13C can induce G1 cell-cycle
arrest and apoptosis in prostate cancer cells. In addition, we found, by microarray gene expression profiling, that
13C and DIM regulate many genes that are important for the control of cell cycle, cell proliferation, signal
transduction, and other cellular processes, suggesting the pleiotropic effects of 13C.and DIM on prostate cancer
cells. We recently found that 13C functions as an inhibitor of Akt and nuclear factor KB (NF-KB), which play
important roles in cell survival and which are believed to be potential targets in cancer therapy. Studies have
already shown that the inactivation of Akt and NF-KB is responsible for chemosensitization of chemoresistant
cancer cells. Because there is no effective treatment strategy for hormone-dependent and, most importantly,
hormone-independent and metastatic prostate cancer, our strategies to sensitize prostate cancer cells to a
chemotherapeutic agent by 13C and DIM is a novel breakthrough that could be used for devising novel therapies
for prostate cancer. In conclusion, the results from our laboratory and from others provide ample evidence for the
benefit of 13C and DIM for the prevention and the treatment of prostate cancer. J. Nutr. 134: 3493S-3498S, 2004.

KEY WORDS: * 13C * prostate cancer * prevention * treatment

Prostate cancer is one of the most common cancers in men their native countries may have a role in protecting against
and is the second leading cause of male cancer death in the hormone-related cancers. It has been estimated that more
United States (1). An estimated 220,900 new cases and than two-thirds of human cancers can be prevented by mod-
28,900 deaths from prostate cancer cells occurred in 2003 (1). ification of lifestyle, including dietary modification. The con-
However, men in Asia have a much lower incidence and sumption of fruits, soybeans, and vegetables has been associ-
mortality of prostate cancer than do men in North America ated with reduced risk of several types of cancers (6-8).
and Europe (2,3). The differences in the cancer incidence Epidemiological and dietary studies have shown an association
among ethnic groups are believed to be due to different life- between high dietary intake of vegetables and decreased pros-
styles and environmental factors. Asians who emigrated from tate cancer risk (7,8). Indole-3-carbinol (13C), 4 a phytochem-
their native countries to the United States and adopted West- ical common in cruciferous vegetables, inhibits carcinogenesis
ern lifestyles typically experienced an increasing incidence of in animal experiments and growth of various cancer cells in
hormone-related cancers (4,5), suggesting that the diet in culture (9-11). 13C and its in vivo dimeric product 3,3'-

diindolylmethane (DIM) have received much attention in
recent years as cancer preventive agents.

1 Published in a supplement to The Journal of Nutrition. Presented as part of 13C is produced from naturally occurring glucosinolates
the International Research Conference on Food, Nutrition, and Cancer held in contained in a wide variety of plants, including members of
Washington, DC, July 15-16, 2004. This conference was organized by the Amer- the family Cruciferae and particularly members of the genus
ican Institute for Cancer Research and the World Cancer Research Fund Inter-
national and sponsored by BASF Aktiengesellschaft; Campbell Soup Company; Brassica. 13C is biologically active, and it is easily converted in
The Cranberry Institute; Danisco USA Inc.; DSM Nutritional Products, Inc.; Hill's
Pet Nutrition, Inc.; Kellogg Company; National Fisheries Institute; The Solae
Company; and United Soybean Board. An educational grant was provided by The
Mushroom Council. Guest editors for this symposium were Helen A. Norman, Vay 4 Abbreviations used: ATF, activating transcription factor; CBFB, core binding
Liang W. Go, and Ritva R. Butrum. factor beta; CDK, cyclin-dependent kinases; CDKI, CDK inhibitor; DIM, 3,3'-

2 This work was partly funded by grants from the Department of Defense diindolylmethane; EGF, epidermal growth factor; 13C, indole-3-carbinol; IKK, IKB

(DOD Prostate Cancer Research Program DAMD17-03-1-0042 awarded to kinase; MIG, mitogen inducible gene; MAPK, mitogen-activated protein kinase;
F.H.S.), NIH (1R01CA108535-01 awarded to F.H.S.), and Puschelberg Founda- NF-KB, Nuclear factor KB; NF-YC, nuclear factor YC; PARP, poly(ADP-ribose)
tion (F.H.S.). polymerase; P13K, phosphatidylinositol-3 kinase; PDK1, phosphoinositide-de-

I To whom correspondence should be addressed. pendent protein kinase 1; ST16, suppressor of tumorigenicity 16; TFDP, tran-
E-mail: fsarkar@med.wayne.edu. scription factor Dp.
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vivo to DIM, which is also biologically active (12). Vegetables found to be dose and time dependent. 13C at 60 /mol/L and
of the genus Brassica contribute most to our intake of glucosi- DIM at 30 jimol/L significantly inhibited PC3 cell growth.
nolates and include all kinds of cabbages, broccoli, cauliflower, This growth inhibition could be due to cell-cycle arrest, which
and Brussels sprouts. All glucosinolates share a common basic ultimately results in the cessation of cell proliferation. By flow
skeleton containing a glucose group, a side chain, and a cytometry analysis, we found that 13C induced G1 cell-cycle
sulfonated oxime moiety but differ in the side chain. Glucosi- arrest in PC3 prostate cancer cells (29), in accord with the
nolates with an indole side chain form indoles. The most report showing that 13C induces G1 cell-cycle arrest in breast
prevalent glucosinolate with an indole side chain is glucobras- cancer cells (32).
sicin, which is predominant in brassica vegetables. When Because the induction of cell-cycle arrest in prostate cancer
hydrolysis occurs, glucobrassicin forms an unstable isothiocya- cells by 13C could be mediated via regulation of the expression
nate that degrades to 13C (13). Under the acidic conditions of of genes involved in the control of the cell cycle, we further
the stomach, 13C undergoes extensive and rapid self-conden- examined the status of cyclins, cyclin-dependent kinases
sation reactions to form DIM (13,14) (Fig. 1). (CDK), and CDK inhibitors (CDKI) in 13C-treated PC3

Because of its anticarcinogenic effects in experimental an- prostate cancer cells. By Western blot analysis, we found that
imals (11,15,16) and humans (17-19), 13C has received spe- 13C downregulated the expression of CDK6 and upregulated
cial attention as a possible chemopreventive agent (13). 13C the expression of p21 WAFrand p2 7 KIP1 in a dose-dependent
has also been found to inhibit the growth of various cancer manner (29). We immunoprecipitated cyclin Dl and cyclin E
cells (20-23) and possibly to inhibit breast cancer invasion complexes, and detected CDK6, p2 1wAl , and p2 7KIP1 in the
and migration (24,25). Because of its pleiotropic effects, stud- complexes. The results showed that 13C decreased CDK6
ies on 13C as a cancer chemopreventive agent have increased binding to cyclin D1 and increased p21WAF1 and p2 7 KIPI

significantly in recent years. However, the molecular mecha- binding to cyclin D1 and cyclin E complexes (29), suggesting
nisms by which 13C exerts its tumor suppressive effects on the inhibition of cell-cycle progression. We also found that
prostate cancers have not been fully elucidated. In this article, 13C inhibited the CDK6 kinase activity (29), which plays
we summarized our data regarding the inhibitory effects of 13C important roles in G1 regulation. These findings were consis-
and DIM on prostate cancer cells and provided a comprehen- tent with results showing cell-growth inhibition and cell-cycle
sive view on the molecular mechanisms of cancer prevention arrest induced by 13C, suggesting that 13C inhibits the growth
and treatment by 13C and DIM. of prostate cancer cells through regulation of genes related to

the control of cell proliferation and the cell cycle. Reports

B3C inhibits cell growth and induces cell-cycle arrest in from other laboratories also showed that 13C inhibited the
prstate cancer cells expression of CDK6 and induced G1 arrest in breast cancerpros cells (32,33). The upregulation of p21WAF1 and p2 7 KIP1 and

13C inhibits the growth of breast, prostate, colon, and the downregulation of CDK6 may be one of the molecular
cervical cancer cells (9,20,26-28). Data from our laboratory mechanisms by which 13C inhibits prostate cancer cell growth
showed that 13C and DIM inhibited the growth of PC3 pros- and induces cell-cycle arrest (Fig. 2).
tate cancer cells (29-31). The inhibition of cell growth was

B3C induces apoptosis in prostate cancer cells

13C induces apoptotic cell death in breast cancer cells
S-glucose (27,34). We conducted the DNA ladder assay, the poly(ADP-

Indole-- S Glucobrassicin ribose) polymerase (PARP) assay, and the flow cytometric
analysis with 7-amino actinomycin D (7AAD) staining to
detect apoptosis in PC3 prostate cancer cells treated with 13C.
By using these different techniques, we found that 13C at

Hydrolysis & 60-100 jmol/L induced apoptosis in PC3 prostate cancer cells
(29). DNA ladder formation and PARP cleavage were obh

degrade served in prostate cancer cells treated with 13C for 48 h. Flow
cytometry analysis revealed that the number of apoptotic cells

••14OH increased up to 58.49% with I3C treatment at 100 (3mol/L for
"48 h and reached up to 80% with longer 13C treatment (30).
These results clearly demonstrated that 13C induces apoptosis

13C in prostate cancer cells, which is consistent with studies in
breast cancer cells (27,34).

H To find the molecular mechanisms by which I3C induces
apoptosis, we investigated the alteration of protein expression

Self-condensation under of genes related to the apoptotic pathway. Bax, Bcl-2, and
BclxL play important roles in determining whether cells will

acidic condition undergo apoptosis (35,36). Bax promotes apoptotic cell death,
whereas Bcl-2 and BclxL protect cells from apoptosis. The ratio
of Bax to Bcl-2 rather than Bcl-2 alone was reported to be an
important factor for determining whether cells survive or

DIM undergo apoptosis (37). By Western blot analysis, we found
decreases in Bcl-2 and BClxL protein expression in PC3 pros-
tate cancer cells treated with 13C at 60 /mol/L for 48 h and

H H longer (29,30). However, the expression of Bax was upregu-
lated after I3C treatment for 24 h. The ratio of Bax to Bcl-2

FIGURE 1 Molecular structure and metabolism of 13C and DIM. was significantly increased after 24 h of I3C treatment corre-
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sponding to a significant increase in apoptotic cells after 13C 45). In human cells, NF-KB is sequestered in the cytoplasm
treatment for 48 h. Similar results were also observed in through tight association with its inhibitory protein, IKB. The
13C-treated breast cancer cells in our laboratory (38,39). activation of NF-KB occurs through site-specific phosphoryla-
These results suggest that upregulation of Bax and downregu- tion of IKB by IKB kinase (IKK). IKB is subsequently degraded
lation of Bcl-2 and BclXL may be one molecular mechanism by by the 26S proteasome. NF-KB becomes free from IKB and
which 13C induces apoptosis (Fig. 2). translocates into the nucleus for binding to NF-KB-specific

Bax translocation from cytosol into mitochondria also plays DNA-binding sites, regulating target gene transcription.
important roles in the induction of apoptosis (40). The trans- IKK-a also phosphorylates histone H3 and regulates the acti-
location of Bax from cytosol into mitochondria targets the vation of NF-KB-directed gene expression. NF-KB can be
mitochondrial intermembrane contact sites, causing the mito- activated by many types of stimulators (43-46), including
chondrial permeability transition, loss of mitochondrial poten- carcinogens [TNF, 9,10-dimethyl- 1,2,-benzanthracene
tial, release of cytochrome c, subsequent activation of caspases, (DMBA), cigarette smoke condensate, etc.], tumor promoters
and DNA fragmentation, resulting in apoptosis (40,41). To (phorbol myristate acetate, etc.), stress (pH, hypoxia, heavy
further explore the mechanism of 13C-induced apoptosis, we metals, hydrogen peroxide, etc.), endotoxin (LPS, etc.), apo-
investigated Bax localization, mitochondrial potential, and ptosis inducers (chemotherapeutic agents, cytokines, etc.),
cytochrome c in both MCF10A nontumorigenic cells and infection (bacterial, viral, etc.), and cytokines [IL-1, IL-17,
MCF10CAla cancer cells treated with 13C (42). By using IL-18, epidermal growth factor (EGF), etc.]. Activated NF-KB
immunostaining and confocal imaging techniques, we ob- controls the expression of genes that are involved in control-
served the translocation of Bax from the cytosol into the ling cell proliferation, differentiation, apoptosis, inflammation,
mitochondria in both cell lines treated with 13C. However, stress response, angiogenesis, tumor promotion and metastasis,
the loss of mitochondrial potential and the release of cyto- and other cellular and physiological processes (43-45). Be-
chrome c induced by 13C were only observed in MCF10CAla cause of its critical effects on tumor development and progres-
breast cancer cells. No such effects or significant apoptosis sion, NF-KB has been described as a major culprit and a
were observed in MCF10A nontumorigenic cells, suggesting therapeutic target in cancer (43,46,47). Inhibition of NF-KB
that 13C-induced loss of mitochondrial potential is a more activation is generally believed to suppress tumorigenesis and
important event for the release of cytochrome c and induction the progression of tumors.
of apoptosis in cancer cells. We also observed that DIM We used an electrophoretic mobility shift assay to investi-
selectively induces apoptosis in PC3 prostate cancer cells but gate whether 13C treatment inhibits NF-KB DNA binding
not in CRL-2221 nontumorigenic cells, suggesting that 13C activity in PC3 prostate cancer cells (29). PC3 cells were
and DIM may be the ideal agents for the prevention and the treated with 13C at 60 limol/L for 48 h or TNF-a at 50 [tg/L
treatment of prostate and other cancers. for 15 min. Nuclear extracts were harvested from samples,

incubated in binding buffer with 32P-labeled NF-KB consensus
c3C inhibits the nuclear factor icB pathway in prostate oligonucleotide, and subjected to 8% nondenatured polyacryl-
cancer cells amide gel. Autoradiography of the dried gel showed that

The nuclear factor KB (NF-KB) pathway plays an important TNF-a treatment stimulated NF-KB activation as expected;
role in many physiological processes in cellular signaling (43- however, 13C at 60 limol/L significantly inhibited NF-KB
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DNA binding, corresponding to inhibition of cell proliferation ment with 13C and cisplatin significantly inhibited the growth
and induction of apoptosis by 13C in PC3 prostate cancer cells, of PC-3 prostate cancer cells compared with monotreatment
These results suggest that inhibition of NF-KB pathway by 13C (Fig. 3). These results suggest that 13C and DIM can poten-
may be another molecular mechanism by which 13C inhibits tiate the anticancer effect of chemotherapeutic agents through
cell proliferation and induces apoptosis (Fig. 2). inactivation of Akt and NF-KB.

13C inhibits Akt pathway in prostate cancer cells B3C and DIM regulate gene expression profiles in prostate
cancer cells

The Akt signaling pathway is another important signal
transduction pathway in human cells and plays a critical role To explore the precise molecular mechanisms by which I3C
in controlling the balance between cell survival and apoptosis and DIM exert their pleiotropic effects on prostate cancer
(48-50). This pathway can be activated by various growth and cells, we used the high-throughput gene chip, which contains
survival factors, such as EGF, platelet-derived growth factor, 22,215 known genes, to determine the alternation of gene
insulin, etc., through activation of phosphatidylinositol-3 ki- expression profiles of PC3 prostate cancer cells exposed to 13C
nase (P13K) (48). P13K activation leads to the production of or DIM (31). By microarray analysis, we found that both 13C
phosphatidylinositol-3,4,5-trisphosphate, which interacts with and DIM regulated many genes related to cell proliferation,
the Akt PH domain. The interaction subsequently causes Akt cell-cycle control, apoptosis, signal transduction, oncogenesis,
conformational changes, resulting in exposure of 2 main phos-
phorylation sites in Akt. Akt is then activated by phosphor-
ylation at Thr308 by phosphoinositide-dependent protein ki- 100-
nase 1 (PDK1) or at Ser473 by PDK2 (48). Activated Akt g0-
promotes cell survival by inhibiting apoptosis through its abil- ,_ • 80-
ity to phosphorylate and to inactivate several targets, includ- x 9 70 :
ing Bad, Forkhead transcription factors, and caspase-9 (50), all r= 00
of which are involved in the apoptotic pathway. More impor- ro 50 :
tantly, Akt also activates the NF-KB pathway through phos- 40
phorylation of molecules in the NF-KB pathway (51), suggest- 30.
ing its role in promoting cell survival. Because of its 20
importance in cell survival, Akt is also believed to be a target ..
in cancer therapy. 0.. ......

To investigate whether 13C-induced cell-growth inhibition M-J Control M17 nmol/L Cisplatin
and induction of apoptosis occurs through the Akt pathway, MO 30 limoltLI3C =301utmolL 13C + 17 nmol/L Cisplatin
we examined Akt status in PC3 cells treated with 13C at
30-100 [mol/L by Western blot analysis (30). We did not find
any change in the level of total Akt protein expression after 100-
13C treatment. However, we observed a decrease in the phos- ' ::
phorylated Akt protein at Ser473 and Thr308 in the 13C- ,- 80go
treated PC3 cells compared with control cells, suggesting -70
inactivation of Akt kinase after 13C treatment. Immunopre- 60-
cipitation and Akt kinase assay showed that 13C downregu- " 50
lated Akt kinase activity in PC3 cells, consistent with the data a40
from Western blot analysis. We also examined the Akt status .o.30 i
in the PC3 cells pretreated with 13C followed by EGF stimu- 20 ...
lation. We found that EGF upregulated Akt kinase activity; . 20 :
however, 13C pretreatment abrogated EGF-induced activation
of Akt. These data clearly demonstrated that 13C inhibits Akt 0
activation both with and without stimulation. From the gene En Control M17 nmol/L Cisplatin
expression profiles of 13C-treated PC3 cells, we also found M 30 prmoliL 13C 30 ptimol/L 13C + 17 nmol/L Cisplatin
downregulation of P13K expression (31), corresponding to our
results, showing 13C-induced inactivation of Akt kinase ac- 100
tivity. Inhibition of Akt activity with downregulation of Bcl-2 ....-
and BcIXL may result in the inhibition of survival signals and C= 0o-
may also induce apoptotic signals. Thus, the inhibition of Akt :
pathways by 13C may be another molecular mechanism by
which 13C induces apoptosis in prostate cancer cells (Fig. 2). 60 :

S 50We also showed that forced overexpression of Akt in pros- o 40
tate cancer cells by Akt gene transfection leads to the activa- CL40
tion of NF-KB (52). The activation of Akt and NF-KB is 30 :::::::.

believed to be responsible for the resistance to chemothera- 20.
peutic agents, which is the major cause for treatment failure in I" 10
cancer chemotherapy. Inhibition of NF-KB or Akt can poten- 0LE
tiate the anticancer effect of chemotherapeutic agents (53,54). =- Control M17 nmollL Cisplatin
We found that 13C inhibited the activation of Akt and NF-KB M 30 ;Lmol/L 13C = 30 p.mol/L 13C + 17 nmol/L Cisplatin
and induced apoptosis, suggesting that 13C can sensitize can-
cer cells to apoptosis induced by chemotherapeutic agents. By FIGURE 3 Growth inhibition of PC-3 prostate cancer cells ex-
cell growth inhibition assay, we found that combination treat- posed to 130 and cisplatin for 72 h (repeated 3 times).
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Abstract

Epidemiological studies have indicated a significant difference in the incidence of cancers among ethnic groups, who have
different lifestyles and have been exposed to different environmental factors. It has been estimated that more than two-thirds of
human cancers, which are contributed by mutations in multiple genes, could be prevented by modification of lifestyle including
dietary modification. The consumption of fruits, soybean and vegetables has been associated with reduced risk of several types of
cancers. The in vitro and in vivo studies have demonstrated that some dietary components such as isoflavones, indole-3-carbinol
(13C), 3,3'-diindolylmethane (DIM), curcumin, (-)-epigallocatechin-3-gallate (EGCG), apigenin, etc., have shown inhibitory
effects on human and animal cancers, suggesting that they may serve as chemopreventive agents. Experimental studies have also
revealed that these components regulate the molecules in the cell signal transduction pathways including NF-KB, Akt, MAPK,
p53, AR, and ER pathways. By modulating cell signaling pathways, these components, among other mechanisms, activate cell

death signals and induce apoptosis in precancerous or cancer cells, resulting in the inhibition of cancer development and/or
progression. This article reviews current studies regarding the effects of natural chemopreventive agents on cancer-related cell
signaling pathways and provides comprehensive knowledge of the biological and molecular roles of chemopreventive agents in
cancer cells.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction been studied as a chemopreventive agent in several
cancer models [11,17]. Beneficial effects attributed to

It has been known that most human cancers are green tea, such as its anticancer and antioxidant prop-
induced by environmental factors including chemi- erties, are believed to be mainly mediated by EGCG
cal, radioactive and biological factors that exist in [4,18]. Apigenin, one of the flavonoids, is widely
our living environment. There are significant differ- distributed in many fruits and vegetables, and has been
ences in the cancer incidence and mortality among shown to possess anti-inflammatory and anticancer
ethnic groups, who have different lifestyles and have effects [19,20]. It is becoming clear that these dietary
been exposed to different environmental factors [1]. components exert their pleiotropic effects on cancer
It has been estimated that more than two-thirds of cells, affecting cell survival and physiological behav-
human cancers could be prevented by modification iors. However, the precise molecular mechanisms of
of lifestyle including dietary modification [2]. The actions of these components have not been fully eluci-
consumption of fruits, soybean and vegetables has dated, although the data from published literature does
been associated with reduced risk of several types indicate that these components regulate transcription,
of cancers [3-5]. The experimental in vitro and in translation and activation of the molecules in the cell
vivo studies have demonstrated that some dietary signal transduction pathways. Among the cell sig-
components such as isoflavones, indole-3-carbinol naling pathways, NF-KB, Akt, MAPK, p53, AR, and
(13C), 3,3'-diindolylmethane (DIM), curcumin, (-)- ER pathways are more important signaling pathways
epigallocatechin-3-gallate (EGCG), apigenin, have in- related to cancer development and progression. This
hibitory effects on human cancers [6-13] suggesting article reviews current studies regarding the effects of
that they may serve as chemopreventive agents. natural chemopreventive agents on these cancer-related

The dietary components as chemopreventive agents cell signaling pathways and provides comprehensive
have received much attention among the public and knowledge of the biological and molecular roles of
the medical community. Soy isoflavones including chemopreventive agents in cancer cells.
genistein, daidzein, and glycitein, mainly derived from
soybean have been found to inhibit cancer growth in
vivo and in vitro [14-16]. 13C and its in vivo dimeric 2. Effects of chemopreventive agents on NF-KB
product DIM, produced from naturally occurring glu-
cosinolates in the family Cruciferae, have shown the It has been well accepted that nuclear factor-KB
inhibition of cancer cell growth through the modulation (NF-KB) signaling pathway plays important roles in
of genes that are related to the control of cell prolifer- the control of cell growth, apoptosis, inflammation,
ation, cell cycle, apoptosis, signal transduction, onco- stress response, and many other physiological pro-
genesis, and transcription regulation [8,9]. Curcumin, cesses [21-25]. There are several important molecules
a natural compound present in turmeric and possessing such as NF-KB, IKB, IKK, within NF-KB signaling
both anti-inflammatory and antioxidant effects, has pathway (Fig. 1). However, NF-KB is the key protein
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SStimulus (growth factors, mitogens, stress, etc) to its target DNA and thereby inhibit the transcription
of target gene. Similar results in human lung epithelial
cells and myeloid cells have been reported by other
investigators [34,35]. It is important to note that the

0 0V rl ý_e*-K &- concentration ofgenistein used in experimental study is
k o, "-achievable in humans. The study reported by Busby et

Genistein al. has shown that up to 27.46 ± 15.38 [LM of genistein
13CGenstn in human plasma can be achieved after receiving genis-

tein supplement at a dose of 16.0 mg/kg [36], suggest-

5ing the bioavailability of genistein from supplement.
13c \1 It has been found that oxidative stress activates

,, DIM fso 8 . NF-KB DNA binding activity [37,38]. Because soy
Ap s isofiavones have been known as antioxidants, their

inhibitory effects on oxidative stress may be mediated
;: -a Ithrough inhibition ofNF-KB DNA binding activity. We

Cell Survival investigated whether soy isoflavone supplementation
could inactivate NF-KB in vivo and reduce oxidative
damage in lymphocytes in human volunteers [39]. We
found that when human volunteers received 50 mg

Trans o of soy isoflavone supplements Novasoy TM (ArcherDaniels Midland Company, Decatur, IL, USA; con-
Fig. 1. Akt, NF-KB, and MAPK signaling pathways and the effects taining genistein, daidzein, and glycitein at a 1.3:1:0.3
of genistein, 13C, and DIM on the pathways. ratio) twice daily for 3 weeks, TNF-ot failed to activate

NF-KB activity in lymphocytes harvested from these

volunteers, while lymphocytes from these volunteers
in the pathway, and has been described as a major cul- collected prior to soy isoflavone intervention showed
prit and a therapeutic target in cancer [26-29]. The activation of NF-KB DNA binding activity upon
data from experimental studies have demonstrated that TNF-ot treatment in vitro. These results demonstrated
genistein, 13C, curcumin, EGCG, and apigenin inhibit that soy isoflavone supplementation had a protective
activation of NF-KB in different cancer cell lines, sug- effect against TNF-et induced NF-KB activation in
gesting the inhibitory effects of these agents on cancer humans. We further measured the levels of 5-OHmdU,
cells [8,20,30-33]. a modified DNA base that represents endogenous

Our laboratory examined NF-KB DNA-binding status of cellular oxidative stress, in the peripheral
activity in genistein treated PC3 and LNCaP prostate blood lymphocytes of human volunteers before and
cancer cells by electrophoresis mobility shift assay after supplementation with NovasoyTM. The mean
(EMSA) [31]. The results showed that 50 pLM genis- value of 5-OHmdU before supplementation was 156.7
tein significantly inhibited the NF-KB DNA-binding ± 25.72 and it was decreased to 60.83 ± 12.61 (P
activity in both cell lines. Furthermore, genistein < 0.01) after 3 weeks of soy supplementation. These
pretreatment also abrogated the activation of NF-KB results provide evidence showing that soy isoflavones
stimulated by H 2 0 2 or TNF-cx. Immunochemistry and function as antioxidants and inhibit NF-KB activation,
confocal microscopic analysis also showed that TNF-a suggesting that these effects of soy isoflavones may
treatment significantly increased nuclear staining of the be responsible for its cancer chemopreventive activity.
NF-KB p50 and p65 subunits, however, 24h pretreat- It has been known that NF-KB could be acti-
ment of cells with genistein prior to TNF-a stimulation vated by phosphorylation and degradation of IKB [40].
blocked p50 and p65 nuclear translocation. These IKB could be phosphorylated by activated IKB kinase
results clearly demonstrate that genistein inhibits the (IKK), and IKK could be phosphorylated and activated
translocation of NF-KB subunits to the nucleus, sug- by mitogen activated kinase kinase 1 (MEKK1), one of
gesting that genistein may reduce the NF-KB binding the molecules in MAPK pathway [41-43]. We found
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that genistein treatment reduced the amount of phos- vated by phospholipid binding and phosphorylation at
phorylated IKB, demonstrating that genistein inhibits Thr308 by PDKI or at Ser473 by PDK2 [50]. Activated
the phosphorylation of IKB and ultimately prevents the Akt functions to promote cell survival by inhibiting
translocation of NF-KB to the nucleus. Moreover, we apoptosis through inactivation of several pro-apoptotic
found that genistein treatment did not alter the protein factors including Bad, Forkhead transcription factors,
expression of MEKKI; however, it did inhibit MEKK1 and caspase-9 [51-53]. Recent studies have also shown
kinase activity in prostate cancer cells. These results that Akt regulates the NF-KB pathway via phosphoryla-
suggested that genistein could inhibit MEKK1 kinase tion and activation of molecules in the NF-KB pathway
activity, which could be responsible for the decreased [54,55] (Fig. 1). Like NF-KB, Akt has also been be-
phosphorylation of IKB and, thereby, result in the in- lieved to be an attractive target for cancer prevention
activation of NF-KB (Fig. 1). or treatment [56].

Our laboratory also investigated whether 13C treat- The data from our laboratory showed that genis-
ment could modulate NF-KB DNA binding activity in tein inhibit both Akt and NF-KB pathways [57]. We
PC3 prostate cancer cells by EMSA [8]. The results found no alteration on the total Akt protein expression
showed that 60 jiM 13C significantly inhibited NF-KB in genistein treated PC3 cells; however, decreases in
DNA binding activity with induction of apoptosis in the phosphorylated Akt protein at Ser473 and the Akt
PC3 prostate cancer cells, suggesting that inhibition of kinase activity were observed in genistein-treated PC3
NF-KB signaling pathway may be one of the molecular cells, suggesting the inactivation of Akt after genistein
mechanisms by which 13C induces apoptosis in cancer treatment. We also found that genistein pretreatment
cells (Fig. 1). abrogated the activation of Akt by EGF. To further ex-

Other chemopreventive agents also show their in- plore the inhibitory mechanism of genistein on Akt and
hibitory effects on NF-KB pathway. It has been reported NF-KB pathways, Akt expression construct (pLNCX-
that curcumin inhibited IKK, suppressed both consti- Akt) was transiently co-transfected with NF-KB-Luc
tutive and inducible NF-KB activation, and potentiated reporter construct into PC3 prostate cancer cells. Lu-
TNF-induced apoptosis [30]. Curcumin also showed ciferase assay showed an increased luciferase activity
strong antioxidant and anticancer properties through in PC3 cells co-transfected with pLNCX-Akt and NF-
regulating the expression of genes that require the ac- KB-Luc. However, genistein inhibited the luciferase ac-
tivation of activator protein 1 (AP 1) and NF- KB [44]. tivity in PC3 cells co-transfected with pLNCX-Akt and
It has been reported that EGCG treatment resulted in a NF-KB-Luc, and abrogated the activation in PC3 cells
significant dose- and time-dependent inhibition of ac- co-transfected with pLNCX-Akt and NF-KB-Luc fol-
tivation and translocation of NF-KB to the nucleus by lowed by EGF stimulation. These results were further
suppressing the degradation of IKBQ in the cytoplasm confirmed by examining NF-KB DNA-binding activity
[45,46]. EGCG also showed to inhibit activation of IKK in transfected cells using EMSA, which showed similar
and phosphorylation of IKBa [32,47]. It has been found results to those oftransfection and luciferase assay. We
that EGCG had a concurrent effect on two important also observed similar results in MDA-MB-231 breast
transcription factors p53 (stabilization of p53) and NF- cancer cells [58]. These results suggest that genistein
KB (negative regulation of NF-KB activity), causing a exerts its inhibitory effects on NF-KB pathway through
change in the ratio of Bax/Bcl-2 in a manner that fa- Akt pathway, and that down-regulation of NF-KB and
vors apoptosis [13]. Apigenin treatment also resulted Akt signaling pathways by genistein may be one of
in down-modulation of the constitutive expression of the molecular mechanisms by which genistein inhibits
NF-KB/p65 [33]. cancer cell growth and induces apoptosis (Fig. 1).

To explore the effect of 13C on Akt pathway, we
examined Akt status in PC3 cells treated with 30, 60,

3. Effects of chemopreventive agents on Akt and 100 p.M 13C by Western blot, immunoprecipita-
tion, and kinase assays [59]. We found a decrease in

Akt plays critical roles in mammalian cell survival the phosphorylated Akt protein at Ser473 and Thr308
signaling and has been shown to be activated in vari- in 13C treated PC3 cells, suggesting inactivation of Akt
ous cancers [48,49]. It has been known that Akt is acti- after 13C treatment. These results were confirmed by
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Akt kinase assay, which showed a decrease in the Akt pression [65]. MAPKpathway consists of a three-tiered
kinase activity in 13C treated PC3 cells. We also found kinase core where a MAP3K activates a MAP2K that
that 13C pretreatment abrogated the activation of Akt activates a MAPK (ERK, JNK, and p38), resulting in
by EGF. From the gene expression profiles of PC3 cells the activation of NF-KB, cell growth, and cell survival
exposed to 13C, we found down-regulation ofP13K ex- [66,67] (Fig. 1).
pression, consistent with our results showing inactiva- We have utilized the high-throughput gene chip,
tion of Akt kinase by 13C [9]. These data demonstrated which contains 22,215 known genes, to determine the
that 13C inhibited Akt signaling pathway, which may alternation of gene expression profiles of PC3 prostate
result in the inhibition of survival signals and the in- cancer cells exposed to 13C or DIM [9]. From microar-
duction of apoptotic signals (Fig. 1). ray data, we observed down-regulation in the expres-

Similar to our results about the effect of genistein sion of MAP2K3, MAP2K4, MAP4K3, and MAPK3
on Akt, Kumar et al. have reported that an analogue of by 13C and DIM treatment, suggesting the inhibitory
curcumin, 4-hydroxy-3-methoxybenzoic acid methyl effects of I3C and DIM on MAPK pathway. The down-
ester (HMBME), targeted the Akt signaling pathway, regulation of the important molecules in MAPK path-
inhibited the proliferation ofhuman and mouse prostate way may result in the inhibition of cancer cell survival
cancer cells and induced apoptosis [60]. Transfection (Fig. 1).
experiment showed that overexpression of consti- The ability of curcumin to modulate MAPK
tutively active Akt reversed the HMBME-induced signaling pathway might contribute to the inhibition
growth inhibition and apoptosis, demonstrating the of inflammation by curcumin. Salh et al. reported
direct role of Akt signaling in HMBME-mediated that curcumin is able to attenuate experimental colitis
growth inhibition and apoptosis. HMBME also de- through a reduction in the activity of p38 MAPK [68].
creased the level of phosphorylated Akt, inhibited Akt The reported effects of EGCG on MAPK pathway
kinase activity, and reduced DNA-binding activity of are controversial. EGCG showed strong inhibition of
NF-KB [60]. Several reports by other investigators also tyrosine kinase and MAPK activities in transformed
suggest that curcumin has molecular targets within NIH-pATM ras fibroblasts, without affecting the ki-
the Akt signaling pathways, and the inhibition of Akt nases in the normal cells [69]. Katiyar et al. reported
activity may facilitate inhibition of proliferation and that treatment of H 2 0 2 resulted in phosphorylation
induction of apoptosis in cancer cells [61,62]. of ERK1/2, INK, and p38 in human epidermal ker-

Recent report has shown that EGCG from green tea atinocytes [70]. When these cells were pretreated with
inhibits VEGF-induced angiogenesis in vitro through EGCG, H2 02 -induced phosphorylation of ERK1/2,
suppression of VE-cadherin phosphorylation and inac- JNK, and p38 was found to be significantly inhibited.
tivation of Akt molecule, suggesting inhibitory effect These findings demonstrate that EGCG has the poten-
of EGCG on Akt signaling pathway [63]. Masuda et tial to inhibit oxidative stress-mediated phosphoryla-
al. also found that treatment with EGCG inhibited the tion of MAPK signaling pathways. Maeda-Yamamoto
constitutive activation of the Akt, EGFR, and Stat3 in et al. also reported that EGCG inhibited the phospho-
both YCU-H891 head and neck squamous cell carci- rylation of extracellular signal-regulated kinases 1 and
noma and MDA-MB-231 breast carcinoma cell lines 2 (ERK1/2), and suppressed p38 MAPK activity in hu-
[64]. man fibrosarcoma HT 1080 cells [71]. However, EGCG

has also been found to activate all three MAPKs (ERK,
JNK and p38) in a dose- and time-dependent manner in

4. Effects of chemopreventive agents on MAPK human hepatoma HepG2-C8 cells [72]. In breast can-
cer cell line T47D, catechin (containing approximately

In addition to NF-KB and Akt pathways, MAPK has 53% of EGCG) showed to phosphorylate JNK/SAPK
received increasing attention as a target molecule for and p38. The phosphorylated JNK/SAPK and p38 in-
cancer prevention and therapy. It has been reported that hibited the phosphorylation of cdc2, and regulated the
activation of the MAPK pathways may cause the induc- expression of cyclin A, cyclin B 1, and cdk proteins,
tion of phase II detoxifying enzymes, and inhibition of thereby causing G2 arrest [73]. It is possible that ac-
MAPK pathways may inhibit AP- 1-mediated gene ex- tivation of MAPK by low concentration of EGCG re-
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suits in induction of ARE-mediated gene expression, induced stabilization of p53, which caused an up-
whereas higher concentration of EGCG causes activa- regulation in its transcriptional activity, thereby result-
tion of MAPKs such as JNK leading to apoptosis [72]. ing in the activation of its downstream targets such as

p21WAF1 and Bax and the induction of apoptosis. In a
human liver cancer cell line, EGCG also significantly

5. Effects of chemopreventive agents on p53 increased the expression of p53 and p2lWAF1 protein,
and this contributed to cell cycle arrest [81].

p53 is a tumor suppressor and transcription factor. Several studies examined the potential effects of
It is a critical regulator in many cellular processes 13C and DIM on the proliferation and induction of
including cell signal transduction, cellular response to apoptosis in human prostate cancer cell lines with
DNA-damage, genomic stability, cell cycle control, different p53 status. They found that induction of apop-
and apoptosis. As a tumor suppressor, functional tosis by 13C was p53-independent [82]. Also, induction
p53 activates the transcription of downstream genes of p2lWAFI expression by DIM was independent of
such as p21WAFv and Bax to induce the apoptotic estrogen-receptor signaling and p53 [83].
process, inhibiting the growth of DNA damaged cells
or cancer cells [74-76]. The status of p53 is thought
to be an important mediator in the cellular response to 6. Effects of chemopreventive agents on AR
chemotherapy [77].

In order to investigate whether genistein inhibits It has been found that androgen receptor (AR)
proliferation and induces apoptosis through p53 path- signaling pathway plays important roles in the car-
way in non-small cell lung cancer (NSCLC) cells, we cinogenesis and cancer progression through regulation
measured cell growth inhibition, apoptosis, and gene of transcription of androgen-responsive genes [84]
expression related to apoptosis in genistein treated (Fig. 2). Several chemopreventive agents including
H460 cells, which harbor wild type p53, and H322 genistein, 13C, DIM, and curcumin, have been found
cells that possess a mutation in the p53 gene (codon
248, CGG to CTG, Arg to Leu) [78,79]. Genistein was
found to inhibit both H460 and H322 cell growth in C

a dose-dependent manner. DAPI staining, poly(ADP-
ribose) polymerase (PARP) cleavage, and flow cy-
tometric apoptosis analysis showed that genistein at
30 RiM caused cell death via a typical apoptotic path-
way in both cell lines. Western blot analysis revealed C (r)s'•

that the expression of Bax and p21WAFt was up-
regulated in both H460 and H322 cells treated with ER

genistein. More importantly, significant up-regulation Genistein

of p53 was detected in genistein-treated H460 cells, strogen

while no change in p53 expression was observed in Anrgen Ee
ctH322 cells that underwent the same genistein treat- '

ment. Theses results suggest that genistein induces Androgen E ERNA Polymorase

apoptosis in NSCLC cells through p53 independent A ]
pathway and, thus, may act as an anticancer agent re- ER-regulated gene

gardless of the status of p53 in cancer cells. N p A Polymerase

Similar results have been observed in prostate can-
cer cells treated with EGCG. By using Western blot A

analysis, Gupta et al. found that EGCG treatment re- AR-regulated gene (PSA, etc)
sulted in a dose-dependent increase of p53 in LNCaP
cells (carrying wild-type p53), but not in DU145 cells Fig. 2. AR and ER signaling pathways and the effects of genistein

(carrying mutant p53 ) [80]. They also found that EGCG on the pathways.
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to regulate the molecules in AR signaling pathway in human prostate cancer cells. Gupta et al. also re-
when they were used to inhibit growth of cancer cells. ported that apigenin treatment resulted in a significant

Prostate specific antigen (PSA), one of the decrease in AR protein expression along with a de-
androgen-responsive genes, is a clinically important crease in intracellular and secreted forms of PSA in
marker used to monitor diagnosis, progression, and LNCaP cells [33].
prognosis of patients with prostate cancer. By using The effects of curcumin on cell growth, activation
Western, Northern blots and EMSA analysis, we found of signal transduction, and transforming activities in
that genistein at low concentration (<10 K.M) transcrip- both androgen-dependent and -independent cell lines
tionally down-regulated AR, decreased nuclear protein have been evaluated. Nakamura et al. have found that
binding to androgen-responsive element (ARE) and, curcumin down-regulates transactivation and expres-
thereby, inhibited the transcription and protein expres- sion of AR and AR-related cofactors (AP-1 and NF-
sion of PSA in androgen-sensitive LNCaP cells [85,86] KB), and reduces colony forming ability in soft agar
(Fig. 2). However, higher concentrations (10-50 RM) [89]. A number of curcumin analogues was evaluated
of genistein were needed to significantly inhibit PSA as potential androgen receptor antagonists against two
secretion in androgen-insensitive VeCaP cells without human prostate cancer cell lines, PC-3 and DU-145, in
alternations in the AR expression and ARE binding the presence of androgen receptor (AR) and androgen
activity. These results suggest that genistein may be receptor coactivator, ARA70 [90]. The results showed
a powerful agent in the inhibition of PSA. We fur- that some curcumin analogues possessed potent anti-
ther transfected a PSA promoter-reporter construct into androgenic activities and were superior to hydroxyflu-
LNCaP and VeCaP cells followed by treatment with tamide, which is the currently available anti-androgen
or without genistein (0.5-50 RM) in the presence of for the treatment of prostate cancer. Structure-activity
media with or without R1881, a synthetic androgen. relationship (SAR) studies demonstrated that some
We found that genistein inhibited PSA synthesis in moieties seem to be important factors related to the anti-
prostate cancer cells through both androgen-dependent androgenic activity. These results suggest that these
and androgen-independent pathway, suggesting that compounds may serve as a new class of anti-androgen
genistein may act as a chemopreventive and/or ther- agents to control androgen receptor-mediated prostate
apeutic agent for prostate cancer irrespective of an- cancer growth.
drogen responsiveness. Fritz et al. found that dietary
genistein down-regulated expression of AR in the rat
prostate at concentrations comparable to those found 7. Effects of chemopreventive agents on ER
in humans on a soy diet [87]. Down-regulated AR ex-
pression may be responsible for the lower incidence Many environmental chemicals have been found
of prostate cancer in populations on a diet containing to be estrogenic and have been shown to stimulate
high levels of phytoestrogens. Another chemopreven- the growth of ER-positive human breast cancer cells
tive agent EGCG also showed a dose-dependent inhibi- [91,92]. Because it is difficult to avoid human exposure
tion of cell growth in both androgen-insensitive DU 145 to environmental estrogens, it is important to develop
and androgen-sensitive LNCaP cells [80]. dietary strategies to prevent the stimulated growth of

Similar to our results about the effects of genis- breast tumors by environmental estrogens. Isoflavone
tein on AR pathway in prostate cancer cells, Le et has a close similarity in structure to estrogen, and has
al. also reported that DIM inhibited cell prolifera- been known as phytoestrogen. Because of the structural
tion, endogenous PSA transcription, and intracellular similarity to estrogen, isoflavones have been believed to
and secreted PSA protein expression induced by di- exert their effects through ER signaling pathway. How-
hydrotestosterone (DHT) in LNCaP cells [88]. They ever, experimental study has found that isoflavones at
found that DIM inhibited androgen-induced androgen different concentration may exhibit different effects
receptor (AR) translocation into the nucleus. Results [93]. Genistein at concentrations < 1 piM may induce
of receptor binding assays indicated that DIM was a breast cancer cell proliferation by estrogenic agonistic
strong competitive inhibitor of DHT binding to the AR, properties, while genistein at concentrations >5 p.M
suggesting that DIM is a strong androgen antagonist may prevent hormone-dependent growth of breast can-
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cer cells by potential estrogen-antagonistic activity, not estrogen dependent [17]. These results suggest
Fritz et al. found that dietary genistein down-regulated that curcumin may exert its chemopreventive effects
expression of ER-ax and -P in rat at concentrations corn- through ER-dependent or -independent pathway.
parable to those found in humans on a soy diet [87]. Because both genistein and curcumin showed in-
Recent studies from Chen et al. [94] showed that genis- hibitory effects on ER-positive and -negative breast
tein at 50 and 100 pRM significantly arrested the growth cancer cells, the inhibitory effects of a combination of
of MCF-7 cells at G2/M phase and down-regulated curcumin and genistein were studied in ER-positive
mRNA expression of ERa, suggesting that the in- human breast cancer cells (MCF-7 and T47D) and
hibitory action of genistein on human breast cancer ER-negative MDA-MB-231 cells [103]. The results
cells appears to be partially mediated by the alteration showed that combination of curcumin and genistein
of estrogen receptor-dependent pathways. However, significantly inhibited the growth of ER-positive cells.
experimental studies also showed that isoflavones ex- For ER-negative MDA-MB-231 cells, the IC50 for cur-
ert their inhibitory effects on ER-negative MDA-MB- cumin was 17 ptM, which was reduced to 11 I M in
231 breast cancer cells [95] and hormone-independent the presence of 25 ViM genistein. Curcumin and genis-
cancer cells [78,79,96-99]. These results suggest tein also induced drastic changes in the morphological
that isoflavones may exert their effects through ER- shape of both ER-positive and -negative cells. These
dependent (Fig. 2) or independent pathway. results suggest that combination of natural plant com-

13C has been known to be a negative regulator of pounds may have stronger preventive and therapeutic
estrogen. When cells were treated with 13C and genis- effects against the growth of breast cancers.
tein, a synergistic effect of 13C and genistein was ob- EGCG has been found to bind to ERa and ERP3,
served on the increase in GADD (growth arrest and and elicit ER-mediated gene expression in vitro. It has
DNA damage) expression, the induction of apopto- been found that EGCG at higher dose is anti-estrogenic
sis, and the decrease in gene expression driven by for ERot, however, it is estrogenic for ERa and also for
ERct in MCF-7 breast cancer cells [100]. 13C signifi- ERI3 at lower doses [104]. The in vitro and in vivo
cantly repressed the transcriptional activity of ERa, the studies have demonstrated that polyphenolic catechins
estradiol-activated ERa signaling, and the expression (EGCG and ECG) from green tea bind to ERa and ERP3,
of the estrogen-responsive genes, pS2 and cathepsin-D and inhibited breast cancer cell proliferation and tumor
[101]. These results suggest that anti-tumor activities growth, but only EGCG elicited ER-mediated gene ex-
of 13C are associated not only with its regulation of pression [105], suggesting that polyphenolic catechins
estrogen activity and metabolism, but also its modu- may exert their chemopreventive effects through ER-
lation of ER transcription activity. However, 13C has dependent or independent pathway.
also been found to inhibit the expression of CDK6 and
induces a G1 cell cycle arrest of human breast cancer
cells, independent ofestrogen-receptor signaling [102]. 8. Summary and perspectives

The effects of curcumin on ER signaling pathway
have been investigated in ER-positive human breast The data from in vivo human and animal studies
cancer line MCF-7 and ER-negative human breast and in vitro experiments clearly indicate that natural
cancer line MDA-MB-231 [103]. The results showed chemopreventive agents exert their inhibitory effects
that curcumin inhibited the proliferation of both on carcinogenesis and tumor progression. These effects
ER-positive and ER-negative cells. The antiprolifer- have been believed to be mediated through the regula-
ative effect of curcumin was estrogen dependent in tion of cell signaling pathways including NF-KB, Akt,
ER-positive MCF-7 cells. It has been reported that MAPK, p53, AR, and ER pathways. As we discussed
curcumin inhibited the expression of ER downstream earlier, there are cross-talks between these pathways.
genes including pS2 and TGF-oa in ER-positive MCF-7 Natural chemopreventive agents could exert their ef-
cells, and this inhibition was dependent on the presence fects on these pathways separately or sequentially. By
of estrogen [17]. However, curcumin also exerted modulating cell signaling pathways, chemopreventive
strong anti-invasive effects in vitro in ER-negative agents activate cell death signals and induce apoptosis
MDA-MB-231 breast cancer cells, and this effect was in precancerous or cancer cells, resulting in the inhibi-
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tion of cancer development or progression. It appears [9] Y Li, X. Li, F.H. Sarkar, Gene expression profiles of 13C- and

that the effects of these chemopreventive agents are not DIM-treated PC3 human prostate cancer cells determined by

affected by the endogenesis molecular status such as eDNA microarray analysis, J. Nutr. 133 (2003) 1011-1019.
p53 mutations and ER status of cancer cells. However, [10] T. Choudhuri, S. Pal, M.L. Agwarwal, T. Das, G. Sa, Curcumin

induces apoptosis in human breast cancer cells through p53-

the regulation of cell signaling pathways by natural dependent Bax induction, FEBS Lett. 512 (2002) 334-340.

chemopreventive agents is important event in the pre- [11] A. Mukhopadhyay, C. Bueso-Ramos, D. Chatterjee, P. Pan-

vention of cancers. More in depth in vitro and in vivo tazis, B.B. Aggarwal, Curcumin downregulates cell survival

experiments are needed to fully elucidate the molecu- mechanisms in human prostate cancer cell lines, Oncogene 20
(2001) 7597-7609.

lar mechanisms of action ofchemopreventive agents in [12] S. Gupta, T. Hussain, H. Mukhtar, Molecular pathway for

future studies. (-)-epigallocatechin-3-gallate-induced cell cycle arrest and

apoptosis of human prostate carcinoma cells, Arch. Biochem.
Biophys. 410 (2003) 177-185.
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