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Abstract
Background—Prostate cancer is thought to arise as a result of oxidative stresses and induction
of antioxidant electrophile defense (phase 2) enzymes has been proposed as a prostate cancer
prevention strategy. The isothiocyanate sulforaphane, derived from cruciferous vegetables like
broccoli, potently induces surrogate markers of phase 2 enzyme activity in prostate cells in vitro
and in vivo. To better understand the temporal effects of sulforaphane and broccoli sprouts on gene
expression in prostate cells, we carried out comprehensive transcriptome analysis using cDNA
microarrays.

Methods—Transcripts significantly modulated by sulforaphane over time were identified using
StepMiner analysis. Ingenuity Pathway Analysis (IPA) analysis was used to identify biological
pathways, networks and functions significantly altered by sulforaphane treatment.

Results—StepMiner and IPA revealed significant changes in many transcripts associated with
cell growth and the cell cycle, as well as a significant number associated with cellular response to
oxidative damage and stress. Comparison to an existing dataset suggested that sulforaphane
blocked cell growth by inducing G2/M arrest. Cell growth assays and flow cytometry analysis
confirmed that sulforaphane inhibited cell growth and induced cell cycle arrest.

Conclusions—Our data suggests that in prostate cells sulforaphane primarily induces cellular
defenses and inhibits cell growth by causing G2/M phase arrest. Furthermore, based on the
striking similarities in the gene expression patterns induced across experiments in these cells,
sulforaphane appears to be the primary bioactive compound present in broccoli sprouts, suggesting
that broccoli sprouts can serve as a suitable source for sulforaphane in intervention trials.
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Introduction
Consumption of cruciferous vegetables has been associated with a significantly decreased
risk of several malignancies, including prostate cancer, and this reduction has been
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attributed to the isothiocyanate sulforaphane (1-12). Sulforaphane will reduce the incidence,
multiplicity, and rate of development of mammary tumors in dimethylbenz(a)anthracene-
treated rats (13). Its most striking feature, the ability to induce cellular carcinogen defenses,
was the basis for its isolation from broccoli and has been the focus of investigations into its
anticancer activity (14,15). However, sulforaphane can also block cell growth, largely
through effects on cell cycle regulatory proteins, suggesting that it can affect carcinogenesis
through other mechanisms (16).

Growing evidence suggests that prostate cancer, like several other malignancies, arises as a
result of chronic oxidative stress (17,18). Based on these observations, strategies to induce
cellular defenses against oxidative genotoxic stresses, including induction of anti-carcinogen
“phase 2” enzymes, have been proposed as potential means of cancer prevention (19). In a
screen of candidate phase 2 enzyme inducing compounds, we have demonstrated robust
induction of phase 2 enzymes in prostate epithelial cells after treatment with candidate
chemopreventive compounds of diverse chemical classes (20). Of the compounds tested,
sulforaphane emerged as one of the most potent phase 2 enzyme inducing agents in prostate
cells in vitro (21). In addition, oral feeding of sulforaphane to F-344 rats increases
nicotinamide quinone oxidoreductase (NQO1), total glutathione transferase and mu-class
glutathione transferase enzyme activities in prostate tissues in vivo (22).

We have used comprehensive gene expression profiling to provide insights into the
mechanisms of action of several candidate prostate cancer preventive agents (23-25).
Detection of transcripts whose levels changed by 2-fold or more over a time course after
treatment and comparison of transcript profiles to existing gene expression datasets
uncovered unsuspected transcriptional features underlying alterations in cell growth,
apoptosis and androgen signaling. Recently, statistical tools have been developed to analyze
microarray datasets to identify transcripts significantly modulated over a time course. One
unique tool, StepMiner, identifies genes that undergo a significant binary shift in expression
levels over time and identifies the time at which these transitions occur (26). Here we use
StepMiner to identify comprehensive gene expression changes induced in the prostate
cancer cell line LNCaP by two different concentrations of sulforaphane and an aqueous
extract of broccoli sprouts. While some expression changes differ between the experiments,
the core set of transcripts modulated suggests that sulforaphane works largely through
induction of cellular defenses and modulation of cell cycle regulatory genes.

Materials and Methods
Cell Culture and Treatment

LNCaP cells were obtained from the ATCC (Manassas, VA) and grown in RPMI 1640
medium supplemented with 10% (vol/vol) fetal bovine serum, penicillin (100 units/ml) and
streptomycin (100 μg/ml) in a humidified atmosphere at 37°C and 5% CO2. When cells
reached 75% confluence, they were treated with either 10 μM or 25 μM L-sulforaphane
(LKT Laboratories, St Paul, MN) dissolved in DMSO, or DMSO only (controls).
Lyophilized three-day-old broccoli sprouts were obtained as a powder (4.35 mg
sulforaphane/gm) (Natural Sprout Company, Springfield, MO) and dissolved in DMSO to a
final sulforaphane concentration of 10 μM that was used to treat the cells. The concentration
of DMSO in media did not exceed 0.01%. Cells treated with sulforaphane, sprout extract,
and DMSO alone were harvested at various times after treatment by scraping in TRIzol
solution (InVitrogen, Carlsbad, CA) and total RNA was isolated according to
manufacturer’s instructions.
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Microarray Hybridizations and Data Analysis
Gene expression analysis was performed using spotted cDNA microarrays manufactured at
Stanford University containing 42,000 elements representing 24,164 genes. Total RNA (80
μg) isolated from sulforaphane treated and control cells was reverse transcribed and the
resulting cDNAs were fluorescently labeled by incorporation of Cy-5 (SFN treated) or Cy-3
(control) labeled dUTP during the reaction. Labeled cDNAs from treated and control cells
matched by time point were mixed and hybridized to the microarrays according to
previously described methods (25). After 14 h the microarrays were washed in SSC, dried
and scanned with a GenePix microarray scanner.

Fluorescence intensities for each channel of the scanned microarrays in both the spots and
background were determined using GenePix software. Artifacts and spots of insufficient
quality on visual inspection were excluded from analysis. Data files containing fluorescence
ratios for each spot were entered into the Stanford Microarray Database, and compiled
experiments were further analyzed with hierarchical clustering software and visualized with
Treeview software (27,28). The raw data from all experiments is available for downloading
and has been deposited in GEO.

StepMiner Analysis
The microarray datasets contain seven replications for the zero hour (no treatment) and eight
time points (2, 4, 6, 8, 12, 18, 24 and 36 hours) for each of the following treatments:
broccoli sprouts, 10uM sulforaphane and 25uM sulforaphane. Three time course microarray
datasets were constructed by appending the seven zero hour microarrays to the beginning of
the time courses for each treatment. These time course datasets were analyzed using
StepMiner (26). The StepMiner algorithm analyzes microarray time courses by identifying
genes that undergo abrupt transitions in expression level, and the time at which the
transitions occur. Genes that are significantly (p-value < 0.05) up-regulated and down-
regulated were retrieved using StepMiner. The common significantly regulated genes in all
three time courses were found by intersecting the significant genes from each time course
experiment.

Advanced gene set analysis
The Unigene clusters ID for the 575 significant genes that were common to all three time
course experiments were retrieved. These genes were then analyzed using Ingenuity
Pathways Analysis (Ingenuity® Systems, www.ingenuity.com) (29). Significant biological
functions, networks and pathways from this analysis were reported along with p-values for
the probability of enrichment of these pathways.

Comparison with cell cycle genes
The significant genes in each experiment were analyzed for enrichment of cell cycle related
genes. The list of cell cycle genes with their annotations was downloaded from
http://genome-www.stanford.edu/Human-CellCycle/Hela/data.shtml (30). A simple
hypergeometric test was performed to test the enrichment of genes related to different cell
cycle phases in each time course experiment.

Cell growth Assays
LNCaP cells were cultured with or without sulforaphane in a range of concentrations for 3
days, during which time the cells did not achieve confluency. Cells were harvested by
trypsinization and counted on a hemacytometer using a light microscope. Cell viability was
determined by the trypan blue (0.1% w/v) exclusion assay.
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Cell Cycle Analysis
Percentage of actively growing cells was determined using a propidium iodide (PI) based
fluorescence assay. Briefly, 6×105 cells were plated in 6 cm culture dishes under the
conditions mentioned above. Upon reaching 75% confluence cells were treated with DMSO
alone, 10μM sulforaphane in DMSO, or 25μM sulforaphane in DMSO. After 8 hrs, 18 hrs
and 24 hrs the media were aspirated and the adherent cells were trypsinized. Adherent and
floating cells were collected and suspended in PBS containing 5 mM of EDTA.
Approximately 1-2 × 106 cells were fixed in 70% ice-cold ethanol and left overnight at 4°C.
Cells were collected by centrifugation at 1000 - 1200 rpm and gently suspended in 0.5 ml
PBS plus 0.5 mM EDTA. The RNA was digested with Rnase A (10 μg/ml) for 30 min at
37°C. Before analysis the total volume was brought up to 1 ml and propidium iodide was
added to a final concentration of 40 μg/ml. DNA content per cell was determined using a
Beckman Coulter FACS machine and the data were analyzed with XL System II version 3.0
software (Beckman Coulter, Inc., Fullerton, CA). All experiments were performed in
triplicate with identical results.

Results
Sulforaphane is thought to be primarily responsible for the cancer chemopreventive
activities of cruciferous vegetables, and broccoli sprouts are a rich source of sulforaphane
and precursor glucosinolates. To evaluate the effects of sulforaphane and broccoli sprouts on
gene expression in prostate cells, we used cDNA microarrays to assess global changes in
transcript levels over time for sulforaphane 10 μM, sulforaphane 25 μM and lyophilized
broccoli sprouts reconstituted in DMSO to a sulforaphane concentration of 10 μM.
Transcripts were selected that had fluorescent intensities 1.5 times over the background and
2-fold or greater change in expression level over control in at least 2 experiments at any time
point with 80% good data (not more than 20% of measurements discarded due to poor data
quality for each entry). When genes were grouped by unsupervised hierarchical cluster
analysis, highly similar patterns of expression were seen across each of the 3 experiments
(not shown). Variation of the data selection and filtering criteria yielded highly similar gene
expression patterns across experiments, demonstrating the robustness of the datasets.

Selection of transcripts using arbitrary criteria (e.g. 2-fold over control) can lead to false
positive calls because of noise in one or more samples or because of false negative calls for
transcripts that significantly change but fail to reach the arbitrarily selected threshold.
StepMiner iteratively evaluates time course data for a significant change (or “step”) in
transcript abundance by comparing expression levels of early and late time points.
StepMiner allows automated identification of transcripts with statistically significant
changes and the point at which the change occurs. StepMiner identified 2579 transcripts
altered by sulforaphane 25 μM, 3601 by sulforaphane 10 μM and 1496 altered by broccoli
sprouts. As shown in figure 1, for the 575 transcripts common to the 3 datasets, expression
patterns across the time points were highly similar. The degree of overlap between the
datasets was highest between sulforaphane 10 μM and broccoli sprouts which was not
surprising since the sprout extract was reconstituted to a sulforaphane concentration of 10
μM.

Sulforaphane produced a distinct, robust change (≥ 2-fold) in transcript levels for many
genes that began within 4 hours of treatment and persisted for at least 24 hours. The most
striking increases in transcript levels were observed in genes associated with electrophile
defense (phase 2 enzymes) and included NQO1, leukotriene B4 dehydrogenase (LTB4DH),
malic enzyme (ME1), thioredoxin reductase (TXNRD1), glutathione s-transferase mu
(GSTM1), microsomal glutathione S-transferase (MGST1) superoxide dismutase (SOD1)
and peroxiredoxin (PRDX1). Changes in transcript levels for NQO-1, γ-glutamylcysteine
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synthase (GCLM) and microsomal glutathione S-transferase seen in the microarray
experiments were consistent with our previous results showing sulforaphane-induced
transcript levels by northern blot analysis and parallel increases in NQO1 enzymatic activity
and cellular glutathione levels (21). In addition, we confirmed increased expression of
LTB4DH and GCLM and decreased expression of JUN in sulforaphane treated cells by
quantitative RT-PCR and noted similar degrees of change in expression compared to the
microarray experiments (not shown).

To better understand the effects of sulforaphane on prostate cancer cells we used Ingenuity
Pathway Analysis (IPA) to test for enrichment of transcriptional networks, pathways and
functions using the 525 genes modulated in common between the 3 experiment sets. Cell
cycle regulation was the most significantly enriched network showing alterations in gene
expression (Figure 2 at the top), and the second most altered function identified. Pathway
analysis also confirmed that the cell cycle, particularly G2/M damage checkpoint regulation,
showed significant alteration in the genes common to the 3 experiments. Not surprisingly,
the most highly significantly enriched pathway involved Nrf2 signaling, known to be the
principle regulatory element involved in induction of phase 2 enzyme gene expression.
Consistent with this observation was significant enrichment of free radical scavenging under
function and pathway enrichment for glutathione and glutamate metabolism, all likely
reflecting induction of the phase 2 enzyme response. Aryl hydrocarbon metabolism was also
significantly affected by sulforaphane, although many of these genes were down-regulated.
IPA analysis did not reveal other major networks, pathways or functions that provided
additional insights into the mechanisms of action of sulforaphane.

Based on the significant enrichment of transcripts involved in cell growth and cell cycle
regulation, we investigated the effects of sulforaphane on cell cycle regulatory genes by
comparing the genes modulated by sulforaphane to a set of genes found to vary cyclically as
synchronized HeLa cells pass through the cell cycle (Figure 3). Sulforaphane showed
significant enrichment for transcripts in G1/S and S phase and, in general, levels of these
transcripts showed decreased expression over time after treatment with sulforaphane. In
transcripts associated with G2 and G2/M phases, many transcripts showed increased
expression over time after sulforaphane treatment, particularly in broccoli sprout extract and
sulforaphane 25 μM. In the Whitfield dataset, increased expression of transcripts associated
with particular phases of the cell cycle was observed in cells arrested at that phase in the cell
cycle (30). Since sulforaphane showed increased expression for many transcripts associated
with G2/M we hypothesized that it inhibits cell growth and acts by inducing cell cycle arrest
in G2/M.

To test whether sulforaphane affects cell growth, we tested the effects of serial increases in
sulforaphane concentrations in the media on cell number after 72 hours of growth. As seen
in Figure 4A, increasing concentration of sulforaphane was associated with decreased cell
number. We observed no increase in the number of apoptotic cells until sulforaphane
concentrations in the media exceeded 25 μM, implying that the decrease in cell number was
due to growth inhibition. To further evaluate the effects of sulforaphane on cell growth, we
performed flow cytometry on LNCaP cells after treatment with sulforaphane (Figure 4B).
By 8 hours after treatment sulforaphane and broccoli sprouts produced a significant decrease
in the number of cells at G0/G1 or S phase and a significant increase in the number of cells
in G2. A similar pattern was observed at 24 hours after treatment, implying that
sulforaphane inhibits cell growth by inducing G2/M cell cycle arrest, leading to depletion of
the number of cells in G0/G1 and S phases.

Bhamre et al. Page 5

Prostate. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
StepMiner and Ingenuity Pathway Analysis demonstrate that sulforaphane induces
transcriptional changes primarily in cellular (carcinogen) defenses and cell cycle regulation
in the prostate cancer cell line LNCaP. Particularly striking is the significant induction of
phase 2 enzymes that encode for diverse enzymes involved in reduction of electrophiles.
Genome-wide approaches have shown that sulforaphane produces similar broad induction of
phase 2 enzymes in a variety of cell lines in vitro and tissues in rodents in vivo (31-35). The
similarity in the precise transcripts induced and significant degree of induction suggests that
regulation of these transcripts is highly conserved between species and tissues. In agreement
with the IPA analysis, many of the genes induced are regulated by nrf-2, demonstrated by
the attenuation of induction in mice engineered to lack nrf-2 expression (33,34,36).
Therefore, sulforaphane is highly effective at inducing cellular defenses and is capable of
inducing these changes in various tissues (including the prostate) in vitro and in vivo.

Since prostate cancer loses expression of a critical phase 2 enzyme (GSTP1) early in its
development, phase 2 enzyme induction represents an attractive approach to prostate cancer
chemoprevention (37). The robustness and breadth of carcinogen defense induction by
sulforaphane, and the demonstration that induction within prostate tissues follows oral
administration of sulforaphane in rats identify it as an important candidate preventive agent
(22). Broccoli sprouts contain high levels of sulforaphane and its precursor glucosinolates,
and have been used as a source of sulforaphane in intervention trials (38,39). In our time
course experiments, lyophilized broccoli sprouts produced gene expression changes that
were largely similar to those produced by a comparable dose of pure sulforaphane. Indeed,
the similarity of the expression changes induced by sulforaphane and broccoli sprouts
suggests that sulforaphane is the primary active micronutrient in broccoli sprouts and that
broccoli sprouts are an acceptable means of administering sulforaphane in clinical trials.

Gene expression profiling also implicates inhibition of cell growth through cell cycle arrest
as a second important feature of sulforaphane’s activity in prostate cells. After exposure to
sulforaphane, transcripts associated with G2/M phase of the cell cycle were up regulated
while those associated with other phases of the cell cycle decreased. This likely reflects a
relative increase in the proportion of cells in G2/M due to cell cycle arrest by cells in that
phase of the cell cycle. Other groups have demonstrated cell cycle arrest by sulforaphane at
G2/M in prostate cancer cells. Several potential mechanisms have been implicated in
causing cell cycle arrest including generation of reactive oxygen species, activation of JNK
signaling, Chk2-mediated phosphorylation of Cdc25C, inhibition of histone deacetylase and
decreased expression of cyclin D1 (16,40-46). Administration of sulforaphane will inhibit
the growth of the prostate cancer cell line PC-3 in xenografts (47). While it is possible that
growth inhibition in vivo is due to induction of apoptosis, accumulating evidence suggests
that inhibition of cell growth is an important feature of sulforaphane’s activity in vivo.

It is notable that sulforaphane does not appear to modulate transcript levels in other critical
pathways, making its transcriptional effects distinct from other candidate preventive agents.
For example, androgen signaling is central to prostate cancer biology and we have shown
previously widespread changes in androgen modulated transcripts in LNCaP cells treated
with methylselenic acid, selenomethionine and resveratrol (23-25). Sulforaphane did not
appear to significantly affect androgen signaling pathways based on Ingenuity Pathway
Analysis or manual inspection of target genes. While the 2 selenium compounds and
resveratrol increased expression of a few canonical phase 2 enzyme transcripts, none
produced the broad induction apparent after sulforaphane treatment. Finally, all of the
compounds influenced expression of genes modulated during the cell cycle, although
different sets of genes are modulated, corresponding to the distinct phase of the cell cycle in
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which each compound induces arrest. Viewed as a whole, these data suggest that each of the
4 compounds we have analyzed induces unique effects in LNCaP cells and suggests that
combining agents with distinct and complimentary effects on carcinogenesis might be an
effective approach to prostate cancer progression.

It is unclear whether the transcriptional programs induced by sulforaphane in LNCaP cells in
vitro are similar to those induced in vivo. However, the observation that oral feeding of
sulforaphane to mice can induce phase 2 enzyme activity and broadly affect phase 2 enzyme
transcript levels in several tissues suggests that such effects will occur in vivo (31-34).
Furthermore, we have demonstrated that oral feeding of sulforaphane can increase the
specific activities of NQO-1, total GST and mu-class GST in the prostate tissues of F344
rats (22). While plasma levels of sulforaphane can reach as high as 1-5 μg, they are well
below the doses used in this study. However, Zhang et al. have demonstrated that
sulforaphane is concentrated intracellularly after conjugation with glutathione (48).
Sulforaphane glutathione conjugates are still capable of inducing a phase 2 enzyme
response. Whether sulforaphane is concentrated in the prostate is unknown, and it will be
important to assess tissue levels of sulforaphane to better understand its pharmacokinetics
and whether induction is possible in man (49).

In summary, StepMiner and Ingenuity Pathway Analysis allowed identification of genes,
networks, functions and pathways significantly modulated over a time course after treatment
of LNCaP cells with sulforaphane. Sulforaphane induced broad expression of transcripts
involved in cellular defenses and modulated transcripts associated with progression through
the cell cycle. Broccoli sprouts induce many of the same transcripts as pure sulforaphane
implying that sulforaphane is the primary active compound in broccoli sprouts, and that they
are appropriate for use in intervention trials. These data provide additional insights and
rationale that suggest sulforaphane should be investigated as a candidate prostate cancer
chemopreventive agent.
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Figure 1.
StepMiner analysis of 575 transcripts modulated in common by broccoli sprouts,
sulforaphane 10 μM and sulforaphane 25 μM. Individual transcripts are displayed in rows
while experiments are represented in columns. Red indicates relative induction of transcripts
while green represents relative decrease in expression levels, while the degree of color
saturation corresponds to the degree of change (key to the right of the heat map). At the top
of the cluster, genes induced include many phase 2 enzymes. To the right, a Venn diagram
illustrates the total number of transcripts identified as significantly changes over time by
StepMiner analysis with the corresponding overlaps between any two and all three of the
datasets.
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Figure 2.
At top, the cell cycle regulatory network identified by Ingenuity Pathway Analysis as the
most significantly altered network by sulforaphane in the 575 genes from the StepMiner
analysis. Gene names in bold correspond to transcripts significantly modulated by
sulforaphane. Below are cellular functions most highly enriched in the StepMiner gene set
(left) and cell pathways significantly modulated (right) in sulforaphane-treated LNCaP cells.
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Figure 3.
Comparison of genes modulated as cells pass through the cell cycle from Whitfield et al to
the transcript profiles significantly altered by broccoli sprouts, sulforaphane 10 μM and
sulforaphane 25 μM. Over the time course, the majority of transcripts associated with G1/S
and S phases show declining expression, while many associated with G2 and G2/M show
increasing expression. Hypergeometric test confirms enrichment of transcripts in G1/S and
S, with corresponding decreased gene expression levels.
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Figure 4.
Effects of sulforaphane on cell growth and cell cycle distribution of LNCaP cells.
A) Relative number of cells after treatment for 72 hours with sulforaphane. Loss of cell
viability was observed at concentrations of 25 μM and above.
B) Flow cytometry analysis of the relative number of cells in each of the phases of the cell
cycle after 8 and 24 hours of sulforaphane treatment at either 10 or 25 μM. Significant
changes in the relative proportion of cells is indicated. Sulforaphane treatment resulted in
increased numbers of cells in G2/M and a relative decrease in the number of cells in G1 and
S phases.
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