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BACKGROUND. Indole-3-carbinol (I3C), a naturally occurring component of Bras-

sica vegetables, such as cabbage, broccoli, and Brussels sprouts, is a promising

anticancer agent for certain reproductive tumor cells. The objective of the current

study was to characterize the cell cycle effects of I3C in human prostate carcinoma

cells.

METHODS. The incorporation of [3H]thymidine and flow cytometry of propidium

iodide–stained nuclei were used to monitor I3C-regulated changes in prostate

carcinoma cell proliferation and cell cycle progression. Western blotting was used

to document expression changes in cell cycle components and prostate-specific

antigen (PSA) levels. The enzymatic activities of cyclin-dependent kinases (CDK)

were tested by in vitro protein kinase assays using the retinoblastoma protein as a

substrate.

RESULTS. I3C suppressed the growth of LNCaP prostate carcinoma cells in a

dose-dependent manner by inducing a G1 block in cell cycle progression. I3C

selectively inhibited the expression of CDK6 protein and transcripts and strongly

stimulated the production of the p16 CDK inhibitor. In vitro protein kinase assays

revealed the striking inhibition by I3C of immunoprecipitated CDK2 enzymatic

activity and the relatively minor down-regulation of CDK4 enzymatic activity. In

LNCaP prostate carcinoma cells, I3C treatment inhibited production of PSA,

whereas combinations of I3C and the androgen antagonist flutamide more effec-

tively inhibited DNA synthesis and PSA levels compared with either agent alone.

CONCLUSIONS. The results of the current study demonstrated that I3C has a potent

antiproliferative effect in LNCaP and other human prostate carcinoma cells. These

findings implicate this dietary indole as a potential chemotherapeutic agent for

controlling the growth of human prostate carcinoma cells. Cancer 2003;98:

2511–20. © 2003 American Cancer Society.
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Prostate carcinoma is the second leading cause of cancer-related
death among men in the United States, after lung carcinoma, and

accounts for approximately one-third of all male cancers.1 Although
the discovery of prostate-specific antigen (PSA),2 a prostate-specific
secretory protein, as an indicator of abnormal cell growth of the
prostate gland2,3 has improved the efficiency of early diagnosis of
prostate carcinoma at the organ-confined stage,4,5 the available treat-
ments are limited. Because the growth of many prostate cancers,
especially early-stage prostate carcinomas, is androgen dependent,
several current therapies target the androgen supply to the tumor.1
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These therapies, such as treatment with the antian-
drogen flutamide and surgical removal of the testes,
which are the predominant androgen-secretory
glands, often lead to an initial inhibition of tumor
development. However, in many cases, the tumors
can overcome the endocrine blockage and resume
proliferation independent of androgen.6 Therefore, an
important goal is to identify new classes of potential
therapeutic compounds for the prevention and treat-
ment of prostate cancer.

Epidemiologic studies show that the consumption
of phytochemical-rich plant foods, including whole
grains, vegetables, and fruits, is highly associated with
a reduced risk for certain cancers, including prostate
carcinoma.7,8 These findings suggest that dietary
plants produce a largely untapped source of com-
pounds with potent antiproliferative and/or anticarci-
nogenic properties.9 One such phytochemical is in-
dole-3-carbinol (I3C), an autolysis product of
glucobrassicin, a naturally occurring component of
Brassica vegetables, such as cabbage, broccoli, and
Brussels sprouts.10,11 High doses of I3C in the diet of
rodents greatly reduced the incidence of certain spon-
taneous and carcinogen-induced reproductive tissue
tumors and other cancer types.12–16 This indole also
tested positive as a chemopreventative agent in sev-
eral short-term bioassays relevant to carcinogen-in-
duced DNA damage, tumor initiation and promotion,
and oxidative stress.17 The topical application of I3C
can inhibit tumor incidence in a mouse skin carci-
noma model,18 suggesting that direct exposure to I3C
has potent chemotherapeutic properties in certain
classes of tumors. We have established that the direct
treatment of cultured human breast carcinoma cells
with I3C potently inhibits the growth of either estro-
gen-responsive or estrogen-independent human
breast carcinoma cells.19,20 I3C mediates this antipro-
liferative effect by inducing a G1 cell cycle arrest
through disruptions in the expression and activity of
specific G1-acting cell cycle components.19 –21 Al-
though several studies have investigated the apoptotic
effects of high concentrations of I3C in prostate car-
cinoma cells,22,23 relatively little is known about the
cell cycle effects that selectively control the antiprolif-
erative and anticancer response of this indole.

Prostate carcinomas, as well as many other hu-
man tumors, display specific alterations in the expres-
sion and/or activity of individual cell cycle compo-
nents.24 –27 Extensive studies have shown the loss of
expression or function of p21WAF1/CIP1 and p27KIP1 in
primary prostate tumors as well as in cultured prostate
carcinoma cells.28 –31 Prostate carcinomas (primary or
secondary, androgen sensitive or refractory) also can
exhibit decreased or absent expression or mutation of

the p53 tumor suppressor protein,1 which is a key
transcriptional inducer of p21WAF1/CIP1.32 The in-
creased expression of p16INK4 also was observed in
tumor xenografts that are growth suppressed.33 Alter-
ations in the expression of Rb, CDK2, and G1-acting
cyclins also have been observed in many tumor types,
including androgen-responsive and nonresponsive
prostate carcinoma.25,34 –36 Therefore, chemothera-
peutic agents that target cell cycle components could
be an effective alternative or additive treatment to the
androgen-targeting therapies for prostate carcinoma.
In the current study, we characterized the effects of
I3C, alone and in combination with an androgen an-
tagonist, on the prostate carcinoma cell cycle and
control of PSA production. The results implicate I3C as
a potential chemotherapeutic agent for controlling the
growth of human prostate carcinoma cells.

MATERIALS AND METHODS
Materials
Dulbecco modified Eagle medium (DMEM), fetal bo-
vine serum (FBS), calcium-free and magnesium-free
phosphate-buffered saline (PBS), trypsin-ethylenedia-
minetetraacetic acid, and the antibiotics penicillin
and streptomycin were supplied by BioWhittaker
(Walkersville, MD). [3H]thymidine (84 curies [Ci]/
mmol) and [gamma-32P]adenosine triphosphate (ATP)
(3000 Ci/mmol) were purchased from NEN Life Sci-
ence Products (Boston, MA). I3C was obtained from
Aldrich (Milwaukee, WI) and recrystallized in hot tol-
uene before use. Flutamide was purchased from
Sigma (St. Louis, MO). Antibodies for CDK2, CDK4,
CDK6, p21WAF1/CIP1, p16, and cyclin D2 were pur-
chased from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibodies for cyclin E, cyclin D1, and cyclin D3
were purchased from BD PharMingen (San Diego,
CA), and the anti-PSA antibody was obtained from
Dako (Carpinteria, CA). Mouse monoclonal anti-CDK2
was purchased from BABCO (Berkeley, CA). The
sources of other reagents are either listed in the fol-
lowing sections or were of the highest purity available.

Cell Culture
The LNCaP, MDA-PCa-2b, PC-3, and DU-145 human
prostate carcinoma cell lines were purchased from
American Type Culture Collection (ATCC; Manassas,
VA). The androgen-responsive LNCaP prostate carci-
noma cells originally were derived from a Lymph
Node Carcinoma of the Prostate,37 and MDA-PCa-2b
prostate carcinoma cells were derived from a bone
metastasis of prostate carcinoma.38 Two androgen-
nonresponsive cell lines were used: PC3 cells were
derived from a human prostatic adenocarcinoma met-
astatic to the bone,39 and DU-145 prostate carcinoma
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cells were derived from a human prostate adenocar-
cinoma metastatic to the brain.40 LNCaP, DU-145, and
PC3 cells were grown in DMEM supplemented with 30
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 10% FBS, 60 units/mL penicillin, and 60
units/mL streptomycin. The MDA-PCa-2b cells were
cultured in Kaighn-modified Ham F12 medium with 2
mM L-glutamine that was modified by the ATCC to
contain 1.5 g/L sodium bicarbonate. The medium was
supplemented with 25 ng/mL cholera toxin, 10 ng/mL
epidermal growth factor, 0.005 mM phosphoethano-
lamine, 100 pg/mL hydrocortisone, 45 nM selenious
acid, 0.005 mg/mL insulin, and 20% FBS. All cells were
maintained at 37 °C in humidified air containing 5%
CO2 at a medium-to-high level of confluence, depend-
ing on the time course of the experiment.

Treatments with I3C and Flutamide
I3C and flutamide were dissolved in 99.9% high-per-
formance liquid chromatography grade dimethyl sul-
foxide (DMSO; Aldrich) at concentrations 1000 times
greater than the final medium concentration. In all
experiments, 1 �L of the concentrated agent was
added per milliliter of medium, and for the vehicle
control, 1 �L DMSO was added per milliliter of me-
dium. For the [3H]thymidine incorporation experi-
ments, cells were plated onto 24-well tissue culture
plates and treated with combinations of 100 �M I3C
and/or 5 �M flutamide for 48 hours. The same incu-
bation time and concentration of I3C and/or flut-
amide were used for the Western blot analysis.

Flow Cytometric Analyses of DNA Content and
[3H]Thymidine Incorporation
LNCaP cells (4 � 104) were plated onto Corning six-
well tissue culture dishes (Corning, NY) and were
treated with the indicated concentrations of I3C. The
medium was changed every 24 hours. Cells were in-
cubated for 96 hours and hypotonically lysed in 1 mL
of DNA staining solution (0.5 mg/mL propidium io-
dide (PI), 0.1% sodium citrate, 0.05% Triton X-100
[Sigma, St. Louis, MO]). Lysates were filtered using 60
�m Nitex flow mesh (Sefar America, Kansas City, MO)
to remove cell membranes. PI-stained nuclei were
detected using a PL-2 detector with a 575 nm band
pass filter on a Beckman-Coulter (Fullerton, CA) fluo-
rescence-activated cell sorter analyzer with laser out-
put adjusted to deliver 15 megawatts at 488 nm. Ten
thousand nuclei were analyzed from each sample at a
rate of approximately 600 nuclei per second. The per-
centages of cells within the G1, S, and G2/M phases of
the cell cycle were determined by analyzing the histo-
graphic output with the multicycle computer program
MPLUS, provided by Phoenix Flow Systems (San Di-

ego, CA), in the Cancer Research Laboratory Micro-
chemical Facility at the University of California at
Berkeley. For the [3H]thymidine incorporation exper-
iments, the cells were pulse-labeled with 3 �Ci
[3H]thymidine per plate for 2 hours at the indicated
times of indole treatment and washed 3 times with
ice-cold 10% trichloroacetic acid to precipitate the
DNA, followed by neutralization with 0.3 M NaOH.
The radioactivity was quantified by scintillation
counting, and the results from triplicate samples were
averaged and expressed as counts per minute of
[3H]thymidine incorporation per well.

Western Blot Analysis
After the indicated treatments, cells were harvested in
RIPA buffer (150 mM NaCl, 0.5% deoxycholate, 0.1%
NoNidet-p40 (NP-40; Flulta Biochemitra, Switzer-
land), 0.1% sodium dodecyl sulfate [SDS], 50 mM Tris)
containing protease and phosphatase inhibitors (50
�g/mL phenylmethyl sulfonyl fluoride [PMSF], 10
�g/mL aprotinin, 5 �g/mL leupeptin, 0.1 �g/mL NaF,
1 mM dithiothreitol [DTT], 0.1 mM sodium orthovana-
date, and 0.1 mM beta-glycerol phosphate). Equal
amounts of total cellular protein were mixed with
loading buffer (25% glycerol, 0.075% SDS, 1.25 mL 14.4
M 2-mercaptoethanol, 10% bromophenol blue, 3.13%
stacking gel buffer), fractionated by electrophoresis on
10% polyacrylamide/0.1% SDS resolving gels, electro-
phoretically transferred to nitrocellulose membranes,
and prepared for Western blotting as described previ-
ously.19,20 The working concentration for all antibod-
ies was 1 �g/mL and immunoreactive proteins were
detected after 1–3 hours of incubation at room tem-
perature with the appropriate horseradish peroxidase–
conjugated secondary antibodies. Blots were treated
with ECL reagents (NEN Life Science Products), and
all proteins were detected by autoradiography. Equal
protein loading was ascertained by Ponceau-S stain-
ing of blotted membranes.

Cyclin-Dependent Kinase Immunoprecipitation and In
Vitro Kinase Assay
LNCaP cells were harvested in PBS then stored as dry
pellets at �70 °C. For the immunoprecipitation (IP),
cells were lysed for 15 minutes in IP buffer (50 mM
HEPES, pH 7.9; 150 mM NaCl; 0.1% NP-40) containing
protease and phosphatase inhibitors (50 �g/mL
PMSF, 10 �g/mL aprotinin, 5 �g/mL leupeptin, 0.1
�g/mL NaF, 1 mM DTT, 0.1 mM sodium orthovana-
date, 0.1 mM beta-glycerol phosphate). Samples were
diluted to 500 –700 �g protein in 0.5 ml IP buffer and
then precleared for 1 hour at 4 °C with 20 �L of a 1:1
slurry of protein-G Sepharose beads (Pharmacia Bio-
tech, Uppsala, Sweden) in IP buffer and 1 �g rabbit
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immunoglobulin G. After centrifugation at 14,000 � g
for 5 minutes at 4 °C to remove the beads, the pre-
cleared supernatant was added to 20 �L of a 1:1 slurry
of protein-G Sepharose beads, 5 �g of specific anti-
body was added to each sample, and the sample was
incubated on a rocking platform at 4 °C for 4 hours.
The beads then were washed five times with IP buffer
and twice with kinase buffer (50 mM HEPES, 10 mM
MgCl2, 5 mM MnCl2, 0.1 �g/mL NaF, 10 �g/mL beta-
glycerol phosphate, and 0.1 mM sodium orthovana-
date). One-half of the immunoprecipitated sample
was checked by Western blot analysis to confirm the
IP and to compare the protein loading of each sample.
The enzymatic activity of immunoprecipitated CDK2
and CDK4 was determined as previously de-
scribed.19,20

RESULTS
Antiproliferative Effects of I3C in Human Prostate
Carcinoma Cell Lines
As an initial test to determine whether I3C can directly
regulate the growth of human prostate carcinoma
cells, LNCaP cells were cultured at subconfluence and
treated with several concentrations of I3C for 48
hours. Cell proliferation was monitored by pulse la-
beling the cells with [3H]thymidine during the last 2
hours of indole treatment. Analysis of [3H]thymidine
incorporation revealed strong dose-dependent inhibi-
tion of DNA synthesis with half-maximal response at
approximately 60 �M I3C (Fig. 1A), compared with the
DMSO vehicle–treated control cells. Quantitation of
the resulting number of cells using a Coulter cell
counter confirmed that I3C strongly reduced the rate
of LNCaP cell growth (data not shown). Concentra-
tions of I3C greater than 200 �M had a toxic effect on
the prostate tumor cells, whereas 100 �M I3C maxi-
mally inhibited the growth of LNCaP cells without
affecting viability. Therefore, 100 �M I3C was used
routinely in subsequent experiments.

Analysis of DNA synthesis over a 144-hour time
course revealed that 100 �M I3C reduced the rate of
[3H]thymidine incorporation to nearly 50% of the level
observed in the control group of LNCaP prostate car-
cinoma cells after 24 hours of treatment. Only 48
hours of exposure to this indole caused the maximal
inhibition of [3H]thymidine incorporation, with the
rate of DNA synthesis remaining low for the next 96
hours (Fig. 1B). After 72 hours of I3C treatment, one
set of cells was cultured in the absence of indole. Fig.
1B also shows that the rate of [3H]thymidine incorpo-
ration increased after indole withdrawal, indicating
that 100 �M I3C had no affect on cell viability. Trypan
blue exclusion, the lack of cells with a sub G1 DNA
content, and no changes in overall cellular morphol-

ogy (data not shown) further confirmed that treatment
with 100 �M I3C did not alter LNCaP cell viability or
result in an apoptotic response.

LNCaP cells are androgen-responsive and highly
tumorigenic prostate carcinoma cells.35,41 To deter-

FIGURE 1. Dose- and time-dependent inhibition of prostate carcinoma cell

DNA synthesis. (A) LNCaP cells were plated on 24-well tissue culture dishes

and treated with the indicated concentrations of I3C (see structure) for 48

hours. During the last 2 hours of indole treatment, cells were pulse-labeled

with [3H]thymidine, and the incorporation into DNA was determined by acid

precipitation and quantified by scintillation counting. The reported values are

averages from triplicate samples. (B) LNCaP cells were treated with 100 �M

indole-3-carbinol (I3C) or with the dimethyl sulfoxide vehicle control for a

144-hour time–course. After 72 hours of I3C treatment (open arrow), the

I3C-containing medium in a subset of the cell cultures was replaced with

medium containing only the vehicle control (I3C released). The time–course

continued for an additional 72 hours. At the indicated time points for each

condition, the cells were labeled with [3H]thymidine for 2 hours and the

incorporation into DNA was determined by acid precipitation. The reported

values are averages from triplicate samples. K: thousand; cpm: counts per

minute.
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mine whether I3C can inhibit the growth of different
classes of human prostate carcinoma cells, the effects
of I3C on the rate of DNA synthesis were compared in
both androgen-responsive (LNCaP and MDA-PCa-2b)
and androgen-nonresponsive (PC-3 and DU-145) hu-
man prostate carcinoma cells. Both DU-145 and PC-3
cells exhibit relatively high rates of proliferation,
whereas LNCaP and MDA-PCa-2b cells are slow-grow-
ing cell lines. The rate of [3H]thymidine incorporation
was determined at the indicated times over a 72-hour
time course of I3C-treated (I3C) or vehicle control
(DMSO) cells. As shown in Figure 2, I3C inhibited the
DNA synthesis of both androgen-responsive (AR�)
prostate cell lines, whereas only one of the androgen
receptor–negative cell lines (DU-145) experienced
growth-inhibition by I3C. The growth of PC-3 re-
mained unresponsive to indole treatment. These re-
sults suggest that indole treatment will be able to
inhibit the growth of a wide range of human prostate
carcinoma cell types and, potentially, many distinct
classes of prostate tumors. The following experiments
will focus on the androgen-responsive LNCaP prostate
carcinoma cells because of their relatively rapid
growth and wide use in the field as a model cell line for
androgen-responsive prostate carcinoma.

I3C Induces a G1 Block in Cell Cycle Progression in
Human LNCaP Prostate Tumor Cells
To assess the cell cycle effects of I3C, LNCaP cells were
treated with several concentrations of I3C for 96 hours

and then were hypotonically lysed in the presence of
PI to stain the nuclear DNA. Flow cytometry profiles of
nuclear DNA content revealed that I3C induced a G1
cell cycle arrest of these human prostate carcinoma
cells. As shown in Figure 3, in the absence of I3C, the
LNCaP cells grow as an asynchronous population in
all phases of the cell cycle. Increasing concentrations
of I3C caused a significant enhancement in the num-
ber of cells displaying a G1 phase level of DNA con-
tent, from 50 –55% of the untreated cell population to
75– 80% of the cell populations treated with 120 �M
I3C. Consistent with the [3H]thymidine incorporation
results, I3C caused a corresponding decrease in the
number of S-phase cells, from 17–20% in the absence
of indole to 7–10% cells treated with the higher con-
centrations of I3C (Fig. 3). The relative number of cells
with a G2/M DNA content remained approximately
the same at all concentrations of I3C. These results
suggest that I3C inhibited the proliferation of LNCaP
cells by inducing a G1 block in cell cycle progression.

Selective Effects of I3C on the Expression of G1-Acting
Cell Cycle Components
To identify potential downstream targets of I3C, the
expression of G1-acting cell cycle components was

FIGURE 2. Effects of indole-3-carbinol (I3C) on the growth of androgen-

responsive (AR�) and -nonresponsive (AR�) prostate carcinoma cell lines.

LNCaP, MDA-PCa-2b, PC-3, and DU-145 human prostate epithelial carcinoma

cells were treated for the indicated times with 100 �M I3C and pulse

radiolabeled for 2 hours with [3H]thymidine. The level of DNA synthesis was

monitored by acid precipitation of radiolabeled material. The reported values

are averages from triplicate samples. cpm: counts per minute.

FIGURE 3. Dose-dependent effects of indole-3-carbinol (I3C) on the cell

cycle phase distribution of LNCaP cells. LNCaP cells were plated onto 6-well

culture plates at 200,000 cells per well. Forty eight hours after plating, the cells

were treated with the indicated concentration of I3C for 96 hours and then

hypotonically lysed in a prodidium iodide–containing solution to stain the DNA.

The nuclei were analyzed for DNA content by flow cytometry using a Beckman-

Coulter (Miami, FL) fluorescence-activated cell sorter as described in the

Materials and Methods section. The percentages of cells within the G1, S, and

G2/M phases of the cell cycle were determined for each sample and graphically

represented the bar graphs. Each data point is the average from three

independent samples.
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evaluated during a time course of I3C treatment. LN-
CaP cells were treated with or without 100 �M I3C for
the indicated time periods (Fig. 4), and the levels of G1
CDKs, cyclins, and CDK inhibitors were evaluated by
Western blot analysis. Among the three G1-acting
CDKs (CDK2, CDK4, and CDK6), only CDK6 protein
levels were strongly down-regulated in response to
I3C treatment. The level of CDK6 is maximally re-
duced within 24 hours of indole treatment (Fig. 4); this
reduction was accounted for by the down-regulation
of CDK6 transcripts (data not shown). Importantly, no
significant effect was observed on the expression of
the two other G1-acting CDKs (CDK2 and CDK4). I3C
did not consistently alter the level of any of the G1-acting
cyclins (cyclin D1, cyclin D2, cyclin D3, or cyclin E),
although in most experiments, a small increase in cyclin
E and a minor decrease in cyclin D3 levels were ob-
served. The Western blot analysis also revealed that I3C
stimulated the production of the CDK2/CDK4 inhibitors,
p21WAF1/CIP1 (Fig. 4) and p27KIP1 (data not shown), after
only 72 hours of indole treatment in which the cells
reached their maximal growth arrest. It is noteworthy
that the production of p16, which inhibits either CDK4
or CDK6 activity, was strongly up-regulated by 48 hours

of I3C treatment. Therefore, of all of the tested cell cycle
components, only the down-regulation of CDK6 and the
stimulation of p16 protein levels changed early enough
to coincide with the inhibition of DNA synthesis (Fig. 1).
These results suggest a functional relation between CDK
activity and the I3C-mediated cell cycle arrest of prostate
carcinoma cells.

Inhibition of the Immunoprecipated CDK-2 Enzymatic
Activity in I3C-Treated LNCaP Cells
The control of G1 CDK enzymatic activity is critical for
regulating cell cycle progression.26,27 The activity of
specific CDKs is regulated, in part, by the composition
of the holoenzyme, which includes the appropriate
cyclin and/or CDK inhibitory proteins. Therefore,
even though the levels of CDK2 and CDK4 remain
unaltered after I3C treatment, we evaluated the poten-
tial effects of I3C on CDK2 and CDK4-specific enzy-
matic activities. Because one of the key endogenous
substrates for the G1 CDKs is the Rb protein, we de-
termined the ability of CDK2 and CDK4 to phosphor-
ylate Rb in vitro. LNCaP prostate carcinoma cells were
treated with or without 100 �M I3C for the indicated
times; and CDK2 or CDK4 then was isolated from each
total cell extract using a low-stringency IP with the
corresponding antibodies. For the kinase assays, one-
half of each immunoprecipitated sample was incu-
bated with the carboxy-terminal domain of Rb fused
to glutathione S-transferase and [�-32P]ATP. The
amount of phosphorylated Rb was monitored by elec-
trophoretic fractionation of the reaction products and
the phosphorylated protein was visualized by autora-
diography. The other half of the immunoprecipitated
samples was analyzed by Western blot to confirm the
efficiency and specificity of each IP. The kinase activ-
ity of the CDK2 protein complex immunoprecipitated
from I3C-treated samples exhibited a distinct decrease
compared with the untreated samples as early as after
18 hours of I3C treatment (Fig. 5). This relatively rapid
change in CDK2 activity occurred in the absence of
any noticeable changes in the levels of either the cy-
clins or CDK inhibitors that normally regulate or at-
tenuate CDK2 enzymatic activity. In contrast to kinet-
ics observed for CDK2, the enzymatic activity of CDK4
is reduced after 48 hours of I3C treatment, which is a
time point at which an increase in the p16 CDK inhib-
itor protein is correlated with the overall growth arrest
of the LNCaP cells.

I3C Inhibits Production of PSA from LNCaP Prostate
Carcinoma Cells
PSA is a secreted serine/threonine protease. Its expres-
sion level is correlated with the development of prostate
neoplasias and provides a marker for the effectiveness of

FIGURE 4. Western blot analysis of the expression of G1-acting cell cycle

proteins throughout a time course of indole-3-carbinol (I3C) treatment. LNCaP

cells were plated onto 100-mm culture plates at 60–70% confluence. Three

days after plating, the cells were treated with 100 �M I3C (�) or with the

dimethyl sulfoxide vehicle control (�) and harvested at the indicated time

points. Total cell extracts were electrophoretically fractionated in sodium

dodecyl sulfate–polyacrylamide gels, and Western blots were probed with

specific antibodies to the indicated cell cycle proteins. The same cell extracts

were used for all analyses. For cyclin-dependent kinase 6 (CDK6) and cyclin

D1, 40 �g of total protein was applied per gel lane, whereas each of the other

samples contained 10–20 �g of total cellular protein. For a given cell cycle

protein, equal gel loading was confirmed using Ponceau S staining of the

Western blot membrane.
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anti–prostate carcinoma treatments.42 Therefore, a key
biologic issue is whether I3C can alter PSA production in
LNCaP cells concomitant with its potent antiproliferative
effects. LNCaP cells were treated with or without I3C
over a 72 hour time course, and Western blots of total
cellular extracts were probed with anti–PSA-specific an-
tibodies. I3C strongly inhibited cellular PSA production,
which was clearly observable by 24 hours of indole treat-
ment (Fig. 6). As a control, CDK2 production remained
generally constant over the 72-hour time course.

Effects of Combinations of I3C and Flutamide on LNCaP
Cell DNA Synthesis and Expression of G1-Acting Cell
Cycle Proteins, and Production of Prostate Specific
Antigen PSA
LNCaP prostate carcinoma cells are highly androgen
responsive.35,41 When they are cultured in medium
supplemented with 10% FBS, there are enough ste-
roids and other proliferative factors to support the
near-maximal proliferation of these cells in the ab-
sence of added exogenous androgens. Under these
culture conditions, treatment with flutamide, an an-
drogen antagonist that is used as a therapeutic agent
for prostate carcinoma,43 inhibits the growth of LNCaP
cells. In treated cells, flutamide is converted into its
more active 2-hydroxylflutamide metabolite.44 Be-
cause LNCaP cells respond to I3C or flutamide, these
cells were treated with the indicated combinations of
100 �M I3C and 5 �M flutamide for 48 hours. Treat-
ment with either I3C or flutatmide alone strongly in-
hibited the incorporation of [3H]thymidine, whereas a
combination of both reagents led to more effective

growth inhibition, which virtually abolished DNA syn-
thesis (Fig. 7). In parallel sets of cells, the expression
levels of specific cell cycle proteins that are responsi-
ble for progression through G1 and/or transition into
S phase were monitored by Western blot analysis of
total cell extracts. I3C and flutamide had different
effects on the expression levels of the tested cell cycle
proteins (Fig. 7). I3C selectively decreased the level of
CDK6 protein and increased the level of the p16 CDK
inhibitor, whereas flutamide had no effect on either of
these cell cycle proteins under our cell culture condi-
tions. In addition, a combination of I3C and flutamide
had the same effects as I3C alone on CDK6 and p16
production. The minor induction of p21WAF1/CIP1 that
is observed after 48 hours of I3C treatment appears to
be reproducibly disrupted in the presence of flut-
amide. The expression levels of the other cell cycle
proteins tested, such as CDK2, CDK4, cyclin D1, and
cyclin E, were not affected by either I3C or flutamide.

Western blot analysis of both cell extracts and the
secreted fractions revealed that treatment with I3C or
flutamide alone strongly down-regulated the level of
both cellular and secreted PSA (Fig. 7B). Consistent
with the effects on LNCaP cell proliferation, a combi-
nation of I3C and flutamide inhibited the production
of secreted and cellular PSA to a greater extent (Fig.
7B). Our results demonstrated that although I3C and
flutamide have different effects on the expression of
cell cycle proteins, both reagents have striking effects
on PSA production, suggesting a common regulatory
step in the indole and antiandrogen pathways. These
studies suggest that a combination of I3C and flut-
amide, which together have a potent antiproliferative
effect on LNCaP cells, may represent an effective pros-
tate carcinoma therapeutic.

DISCUSSION
Our results have established a direct link between the
regulation of cell cycle control by the dietary indole
I3C and the selective disruption in expression and
activity of G1 cell cycle components. The I3C-medi-
ated G1 cell cycle arrest of LNCaP cells is accompanied
by a rapid reduction in CDK6 expression, an increase
in the level of the p16 CDK inhibitor, and a strong
inhibition in CDK2 enzymatic activity. Although a spe-
cific target protein that binds to either I3C or its cel-
lular metabolite has not been identified, we propose
that the direct binding of the indole to an existing
cellular component initiates the signaling cascade that
induces the G1 cell cycle arrest. We further speculate
that the regulated changes in CDK6 expression, p16
production, and CDK2 activity that occur before the
maximal growth arrest are likely to be direct conse-
quences of the I3C signaling pathway in prostate car-

FIGURE 5. Effects of indole-3-carbinol (I3C) on the in vitro kinase activity of

cyclin-dependent kinase 2 (CDK2) and CDK4 in LNCaP cells. LNCaP cells were

plated and treated with (�) or without (�) 100 �M I3C as described in Figure

3 and harvested at the indicated time points. Either CDK2 or CDK4 was

immunoprecipitated from total cell extracts, and equal aliquots of immunopre-

cipitated material were assayed for in vitro kinase activity using the COOH

terminus of the Rb protein as a substrate. The kinase reactions were electro-

phoretically fractionated, and the level of [32P]Rb was visualized by autora-

diography. The efficiency of immunoprecipitation (IP) for each sample was

confirmed by Western blot analysis using antibodies specific to either CDK2 or

CDK4.
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cinoma cells. We also observed a delayed and rela-
tively modest inhibition of CDK4 enzymatic activity
that is first observed at a time point (48 hours) of I3C
treatment when the level of p16 is elevated and the
levels of the p21WAF1/CIP1 and p27KIP1 CDK inhibitors
begin to increase. This time frame was correlated with
the overall reduction in the LNCaP cell proliferative
state by I3C, suggesting that these changes may be
more important to maintenance of the growth-ar-
rested state than to mediation of the antiproliferative
effect.

In most instances, the enzymatic activity, but not
the expression, of the G1-acting CDKs is regulated by
antiproliferative factors.45 Only a limited number of
studies have shown that an alteration in the level of
CDK6 and its corresponding activity is correlated with
the transformed or proliferative state of the cells. For
example, tumor-specific amplification of CDK6 has
been observed in human gliomas.46 It is noteworthy
that previous reports have demonstrated that I3C in-
hibited CDK6 expression in both estrogen-responsive
and nonresponsive human breast carcinoma cells.19,21

Those observations, in combination with our studies
involving LNCaP prostate carcinoma cells, suggest
that the selective inhibition of CDK6 gene expression
may be a hallmark of the cellular mechanism operat-
ing in reproductive tumor cells that allows these cell
types to respond to I3C. In breast carcinoma cells, we
have discovered that I3C treatment alters the function
of Sp-1 transcription factors at the specific indole-
regulated composite element in the CDK6 promoter,21

and we currently are attempting to determine whether
I3C has a similar response in human prostate carci-
noma cells. It is conceivable that the similarities in the
developmental origins of mammary and prostate tis-
sue,2 both arising from the mesoderm, may account
for the existence of analogous indole signaling path-
ways, common I3C target proteins, and/or similar
downstream transcription factors that control CDK6
gene expression.

A key distinction between the prostate and breast
carcinoma cell responses to I3C is the stimulation in
p16 protein production observed in the LNCaP cells.

Because p16 associates with CDK6, it is possible that
the decrease in CDK6 protein levels caused an in-
crease in free p16 levels in the cell and, therefore,
altered its turnover rate. The increase in p16 could
contribute to the modest inhibition of CDK4 activity
observed starting at 48 hours of I3C treatment. There-
fore, in prostate carcinoma cells, several G1-acting cell
cycle components are regulated simultaneously by
I3C at different cellular levels of regulation. It is likely
that this combination of regulatory mechanisms me-
diates the antiproliferative effects of this indole.

LNCaP prostate carcinoma cells, which initially
were isolated from a lymph node carcinoma of the
prostate, are highly androgen responsive.41 This ste-
roid-responsive property allowed the direct compari-
son of the growth inhibitory effects of I3C with those
of the androgen antagonist, flutamide. Our results es-
tablished that the antiproliferative cascades activated
by I3C and flutamide can cooperate to induce a more
stringent growth arrest of the prostate carcinoma cells
treated with a combination of both compounds com-
pared with treatment with either agent alone. There-
fore, it is tempting to consider that these agents could
potentially be used in combination as a new therapy
for androgen-responsive prostate carcinoma. The ad-
vantage of such a combination, especially using flut-
amide at suboptimal doses, is the potential to over-
come certain physiologic limitations observed with
high concentrations of the antiandrogen in traditional
androgen ablation therapy.47

The cooperative effects of I3C and flutamide on
prostate carcinoma cell growth suggest the existence
of common gene targets of their respective signaling
pathways. One such target gene is the PSA, a secreted
protein that is used as a biomarker for the advance-
ment and treatment of prostate carcinoma.48 Treat-
ment with either I3C or flutamide down-regulated the
levels of cellular and secreted PSA, whereas treatment
with both agents virtually ablated the expression of
this gene. Most prostate tumors are androgen respon-
sive, and expression of PSA protein in prostate tissue
has been shown to be correlated with fluctuating an-
drogen levels during male development.49 In LNCaP

FIGURE 6. Effects of indole-3-carbinol (I3C) on prostate-specific

antigen (PSA) production in LNCaP cells. LNCaP cells were plated

onto 100 mm culture plates at 60–70% confluence. Three days after

plating, the cells were treated with 100 �M I3C (�) or with the

dimethyl sulfoxide vehicle control (�) and harvested at the indicated

time points. Total cell extracts were electrophoretically fractionated

in sodium dodecy sulfate–polyacrylamide gels, and Western blots

were probed with specific antibodies to either the PSA or, as a

control, to CDK2.
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cells, I3C strongly inhibited the transcription of the
PSA gene (unpublished data). It is conceivable that the
inhibitory effects of I3C on PSA levels may be either
independent of or linked to the cell cycle arrest of
LNCaP cells. Our results with cultured prostate carci-
noma cells suggest that some caution should be taken
in using only PSA as a biomarker for patients with
prostate carcinoma who ingest significant amounts of
I3C-containing vegetables concurrent with their anti-
androgen treatment.

The current study has provided the necessary first
experimental steps that are crucial for the eventual
development of indoles, alone or in combination with
known anti–prostate carcinoma treatments, in new in
vivo chemotherapeutic strategies with reduced side
effects for the control of prostate carcinoma. I3C rep-
resents an intriguing potential therapeutic agent for
reproductive cancers. A key future direction will in-
volve the elucidation of the precise I3C-activated sig-
naling pathway that mediates the antiproliferative ef-
fects of dietary indoles.
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