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Abstract

Epidemiological studies provide evidence that consumption of cruciferous vegetables, like

broccoli, can reduce the risk of cancer development. Sulforaphane (SFN) is a phytochemical

derived from cruciferous vegetables that induces anti-proliferative and pro-apoptotic responses in

prostate cancer cells, but not in normal prostate cells. The mechanisms responsible for this cancer-

specific cytotoxicity remain unclear. To examine this issue we utilized RNA sequencing and

determined the transcriptomes of normal prostate epithelial cells, androgen-dependent prostate

cancer cells, and androgen-independent prostate cancer cells treated with SFN. SFN treatment

dynamically altered gene expression and resulted in distinct transcriptome profiles depending on
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prostate cell line. SFN also down-regulated the expression of genes that were up-regulated in

prostate cancer cells. Network analysis of genes altered by SFN treatment revealed that the

transcription factor Specificity protein 1 (Sp1) was present in an average of 90.5% of networks.

Sp1 protein was significantly decreased by SFN treatment in prostate cancer cells and Sp1may be

an important mediator of SFN-induced changes in expression. Overall, the data show that SFN

alters gene expression differentially in normal and cancer cells with key targets in

chemopreventive processes, making it a promising dietary anti-cancer agent.
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Introduction

Globally, prostate cancer is the second most frequently diagnosed cancer in men [1]. In the

United States, 1 in 6 men will develop prostate cancer during their lifetime, and prostate

cancer is the second leading cause of cancer-related deaths in men [2]. This high prevalence

translates to a significant societal and financial burden [2]. Previous studies have shown that

increased consumption of cruciferous vegetables reduces the risk of developing prostate

cancer [3, 4]. Sulforaphane (SFN) is an isothiocyanate produced during the consumption of

cruciferous vegetables, like broccoli and broccoli sprouts, when the precursor glucoraphanin

interacts with the enzyme myrosinase [4]. SFN has been shown to have chemopreventive

and cancer suppressive properties in carcinogen-induced and genetic models of cancer

including a model of prostate cancer [4, 5].

Classically SFN has been shown to inhibit the initiation of cancer by blocking damage

caused by carcinogens, through the induction of phase 2 enzymes via Keap1-Nrf2 signaling

and antioxidant response element driven gene expression [6-9]. SFN also inhibits the

activity and/or expression of genes that regulate epigenetic mechanisms including histone

deactylases (HDACs) and DNA methyltransferases (DNMTs) in cancer cells [10-12]. This

is associated with the re-expression of epigenetically silenced tumor suppressor genes like

p21 and Cyclin D2 in prostate cancer cells [10, 11]. Importantly, SFN exhibits cancer-

specific cytotoxic and antiproliferative effects. More specifically, in androgen-dependent

prostate cancer cells (LNCaP), 15 μM SFN treatment induces cell cycle arrest at the G1

phase and only modestly increases apoptosis [10]. In the more aggressive androgen-

independent prostate cancer cells (PC-3), the same SFN treatment arrests cells at the G2/M

checkpoint followed by a potent induction of apoptosis [10]. Normal prostate epithelial cells

(PREC) do not undergo cell cycle arrest or apoptosis in response to this SFN treatment [10].

We currently do not have a full understanding of how SFN produces this notable differential

response in prostate cells.

While multiple chemopreventive properties of SFN have been identified we do not have a

clear understanding of how these mechanisms are inter-connected and if there are any key

mediators that facilitate chemoprevention. While past microarray studies have addressed the

effect of SFN on gene expression, the great majority of the microarray studies were analyzed
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with an Nrf2 bias and/or completed on only a subset of the genes found in the human

genome [6, 8, 9, 13-15]. RNA-sequencing (RNA-seq) is a contemporary sequencing method

that can be used to deeply interrogate transcriptomes to quantify changes in gene expression

with many advantages over microarrays [16-19]. We utilized RNA-seq as an unbiased step

towards identifying how SFN induces anti-proliferative and pro-apoptotic responses in

prostate cancer cells, but not in normal prostate cells. We also characterized the

transcriptomes of normal cells following SFN treatment to gain a more broad understanding

of how normal prostate cells respond to SFN treatment.

Materials and Methods

Culturing and Treatment of Cells

PREC were obtained from Lonza (Basel, Switzerland) and cultured as recommended with

5% CO2 and 37°C in PREC basal media supplemented with PREC growth media

singleQuots (Lonza). LNCaP and PC-3 cells were obtained from American Type Tissue

Collection (Manassas, VA) and cultured as previously described [10]. All cells were

confirmed to be mycoplasma free and have the expected allelic composition (Idexx Radil,

Columbia, MO). Each cell line was treated at 50 – 70% confluent with SFN (LKT

Laboratories, St. Paul, MN) dissolved in dimethylsulfoxide (DMSO) at a 15 μM

concentration, or with an equal volume of DMSO (vehicle control) that was 0.03% of the

total media volume. Adherent cells were harvested at 6 and 24 hours post-treatment. The

concentration of SFN was chosen because μ15 μM of total SFN metabolites has been

observed in the plasma of mice orally dosed with 20 μmol of SFN, and prostates have one of

the highest accumulations of SFN among tissues examined [20]. The time points and

concentration were also chosen based on previous reports showing HDAC inhibition and

cell cycle arrest in prostate cancer cells but not normal prostate epithelial cells [10, 21, 22].

RNA sequencing (RNA-seq)

Cells were treated in triplicate and total RNA was isolated at each time point using a

standard Trizol (Life Technologies) extraction with the exception that samples were allowed

to dry for 1 hour while placed on ice, and then RNA secure reagent was added (Life

Technologies). Contaminating DNA was removed by Turbo DNase treatment (Life

Technologies), and RNA was purified using the RNeasy Mini Kit (Qiagen, Germantown,

MD). RNA quality was measured on an Agilent Bioanalyzer 2100 (Santa Clara, CA) with a

minimum RIN score of 9.6. RNA quantity was determined with a Qubit 2.0 Fluorometer

(Life Technologies). To prepare cDNA libraries, 4 μg of high quality RNA for each sample

was converted into an indexed library using the TruSeq RNA sample Preparation Kit v-2

according to the manufacturer’s protocol (Illumina, San Diego, CA). The quantity of

indexed cDNA was finally quantified using the universal Kapa library quantification kit and

the manufactures protocol (Kapa Biosystems, Wilmington, MA). The samples were

multiplexed, 12 / lane, and sequenced using a single end cluster generation kit (Illumina)

with a 50 cycle v3 sequencing kit (Illumina) on an Illumina HiSeq 2000 machine at the

Center for Genome Research and Biocomputing core facility at Oregon State University.

Reads were aligned to the human genome (GRCh37/hg19) and analyzed for significant

differences in expression with the Tuxedo Suite and GENE-counter [17, 23]. Significant
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differences in gene expression (p <0.05) were determined using either the default parameters

of Cuffdiff or the NBPseq software package, respectively. Differentially expressed genes

were identified based on the criteria of being at the intersect of significant genes identified

using both pipelines and exceeding a threshold of an average of 2 fragments per kilobase of

exon per million fragments mapped (FPKM, Tuxedo suite pipeline), and 20 normalized

reads (GENE-counter) in at least one treatment group. Fold changes that approached infinity

were reassigned as 20. The raw RNA-seq reads and differential gene expression data have

been deposited in NCBI Gene Expression Omnibus and are accessible through GEO Series

accession number GSE48812 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE48812)

Quantitative Real-Time PCR (qPCR)

Cells were treated in triplicate and cDNA was synthesized using 1 μg of total RNA and

SuperScript III First-Strand Synthesis SuperMix (Life Technologies). Real time PCR was

done using primers that amplify all known transcript isoforms of each gene as a single

product of expected size, between 150 and 300bp (Supporting Table S1). Reactions were

performed using Fast SYBR Green Mastermix (Life Technologies) on 7900HT Fast Real-

Time PCR System (Applied Biosystems, Foster City, CA) as previously published [24].

Data were normalized to the expression of β-actin or GAPDH, as indicated in the results,

and analyzed using the standard 2−ΔΔCT method (23).

Software

Graphs were generated using GraphPad Prism software (La Jolla, CA) unless otherwise

indicated. Log2 fold distribution graphs were generated using the matplotlib Python package

with a bin width of 0.1 [25]. Venn images were generated by BioVenn software [26]. Gene-

annotation enrichment analysis was completed using the functional annotation clustering

tool of the DAVID Bioinformatics Resources 6.7 with gene lists where the log2 fold change

exceeded 0.5 or was less than −0.5 [27]. Pathway and network analysis was completed with

MetaCore with all the default parameters (Thomson Reuters, New York, NY). The presence

of Sp1 in each network was scored and Sp1 was considered a major regulator if it regulated

five or more gene targets.

Sp1 bioinformatics analysis

A previously published model of putative Sp1 binding sites (UCSC Genome Browser, HMR

conserved transcription factor binding sites), was used to identify genes that are likely

regulated by the Sp1 transcription factor [28, 29]. This model was applied to the 2 kb

regions upstream of transcriptional start sites for all protein coding genes in the human

genome (GRCh37/hg19) [30]. A master list of 3,244 intergenic regions that contain at least

one Sp1 binding site, and were on the same strand as the transcription start site, was created

out of the 18,899 protein coding genes, representing 17.16% of the genes in the genome.

This master list was compared to each of the gene lists from the RNA-seq data sets that were

generated via Tuxedo suite using the same UCSC annotation of the genome. The percentage

of genes that contained at least one Sp1 binding site was calculated. Between 22.7% and

25.9% of the genes that were significantly altered by SFN treatment, had at least one Sp1
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putative binding sequence. To compare these percentages to what would be expected at

random, we generated a thousand different lists composed of 3,000 random protein coding

genes and calculated the percentage of genes related to Sp1. The percentages from the

random gene lists were shown to have a normal distribution as determined by the Shapiro-

Wilk normality test with a mean of 17.1%. The percentage of genes that were altered by

SFN treatment, and had an Sp1 binding site, was then statistically tested against what is

expected at random using one sample tests of proportion.

Immunoblot analysis

Nuclear protein was harvested using a nuclear extract kit (Active Motif, Carlsbad CA), as

previously published [31]. Proteins were separated and detected as previously described [10]

with anti-Sp1 (H-225), Sp3 (S-20) (Santa Cruz Biotechnology, Santa Cruz, CA) and USF2

(5E9, Novus Biologicals, Littleton, CO), followed by goat anti-rabbit, or goat anti-mouse

secondary antibodies (Santa Cruz Biotechnology) using standard conditions.

Sp1 gene silencing

LNCaP cells were trypsinized and transfected with 30 nM Sp1-specific siRNA (Ambion

s13319) or an equal concentration of negative control siRNA (Ambion) using siPORT

NeoFX transfection agent (Life Technologies) and seeded in 6-well tissue culture plate.

RNA was collected 48 h post transfection and live cell number was counted using trypan

blue exclusion and a hemacytometer, 5 days post transfection.

Results

SFN Treatment Dynamically Alters Gene Expression and Results in Distinct Transcriptome
Profiles Depending on Prostate Cell Line

We carried out an RNA-seq experiment to assess the effects of SFN on the transcriptome of

normal and prostate cancer cells following 6 and 24 hours of 15 μM SFN treatment. A total

of 573,504,958 reads, of 51 bases in length, were obtained totaling 29.2 giga bases of

sequence. An average of μ15.9 million reads were obtained per sample and μ70% of the

reads unambiguously mapped to a unique region in the human genome. To identify genes

that were differentially expressed as a factor of cell-type, potentially resulting from the

cancerous state, pairwise comparisons were made between normal and cancerous cell lines

treated with the vehicle control. Between 7,362 and 9,698 genes were significantly

differentially expressed in androgen-dependent LNCaP and androgen-independent PC-3

cells as compared to normal PREC cells (Cancer effect, Fig. 1A-B). To characterize the

SFN-dependent effect on gene expression pairwise comparisons were also made between the

SFN and vehicle control treatments within each cell line and time point. An average of 3,158

genes was significantly altered by SFN treatment in each prostate cell line at each time point

(Fig. 1A and 1B). In order to validate the RNA-seq dataset we examined the expression of

known SFN targets NAD(P)H:quinone oxidoreductase 1 (NQO1) and heme oxygenase 1

(HO1) [6, 8-10]. In all cell lines and time points, HO1 and NQO1 were identified as

significantly upregulated by SFN both in the RNA-seq dataset and by qPCR (Supporting

Information Figure S1 and online datasets). We also used qPCR to examine nine additional

genes identified in the RNA-seq dataset. The genes were chosen because they showed either
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the greatest increase or decrease in response to SFN treatment, or are relevant to cancer

development (Supporting Information Figure S2). Among all the genes and conditions

examined by qPCR μ90% of the tests confirmed results identified by RNA-seq.

Comparisons of the transcriptomes in prostate cancer cells to normal cells showed that the

majority of the genes (66%) were differentially upregulated in prostate cancer cell lines

compared to normal cells (Fig. 1C-D). In stark contrast, SFN treatment resulted in a

significant decrease in 64% of genes that were altered. This trend was observed in all

prostate cell lines and at both time points showing that the majority of genes altered by SFN

treatment undergo a decrease in gene expression (Fig 1C-D). A comparison of the cancer

effect and SFN effect frequency plots shows a shift from increased gene expression in

cancer cells to decreased gene expression with SFN treatment (Fig. 1E and 1F). The extent

of changes in gene expression (ie. size of log2 fold values) was also more modest with SFN

treatment as compared to the level of transcript differences found between normal and

cancer cell lines (Fig. 1E-F).

Venn diagrams show that the majority of genes altered with SFN treatment were specific to

each cell line, which likely underlies the differential cellular response observed with SFN

treatment (Fig. 2). There was a core set of genes affected by SFN in all three prostate cell

lines but the number of core genes decreased in number over time, regardless of whether the

genes were induced (from 256 to 147 genes), or repressed in expression (from 447 to 199

genes) (Fig. 2). We also determined the overlap of differentially expressed genes as a factor

of time for each cell line (Supporting Information Figure S3). These data show that the

effect of SFN in the cells is dynamic over time as the proportion of genes that are shared at

both time points never exceeds 40%. In the most extreme example, only 197 genes (μ17%)

were significantly upregulated by SFN treatment at both time points in PREC cells.

SFN Treatment Produced Pleiotropic Chemopreventive Effects in Prostate Cells

To begin characterizing how SFN induces anti-proliferative and pro-apoptotic responses in

prostate cancer cells, but not in normal prostate cells, gene-annotation enrichment analysis

was completed. At the 6 hour time point categories associated with gene regulation, such as

the transcription category, were significantly enriched in all three cell lines treated with SFN

suggesting a general effect of SFN treatment (Fig. 3A-C). The cell cycle category was also

significantly enriched for in all cell lines but interestingly, different cell cycle-related genes

were affected in the three cell lines. More specifically, in each cell line μ100 cell cycle-

related genes were altered by SFN, but only 9 cell cycle genes were consistently increased,

and 17 genes consistently decreased, in all three cell lines (Supporting Information Figure

S4). The selective effects of SFN on distinct gene targets in each cell line likely contribute to

the differential cellular response we observe between the various prostate cell lines. For

example, the categories of apoptosis, chromosome/chromatin, and microtubule cytoskeleton

were significantly enriched in both prostate cancer cell lines at the 6 hour time point but

were absent from the normal prostate epithelial cells treated with SFN (Fig. 3A-C).

Additionally, categories related to development, cell migration and angiogenesis were only

enriched in PC-3 cells, at the 6 hour time point (Fig. 3C). The presence of the apoptosis

category in LNCaP cells at the 6 h time point (Fig. 3B), but absence at the 24 h time point
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(Fig. 3E), corresponds with the cellular response to SFN treatment were a minor amount of

apoptosis is detected with SFN and the predominant phenotype is cell cycle arrest.

To further identify key differences between SFN-mediated gene expression in normal versus

prostate cancer cell lines gene-annotation enrichment analysis was also completed for the 24

hour time point. The 6 gene categories with the greatest significance, cell cycle, chromatin/

kinetecore, response to stress/DNA repair, microtubule cytoskeleton, chromosome

segregation, and nucleotide binding, were shared in PREC and LNCaP cells (Fig. 3D-E).

These categories do not appear in the PC-3 cells at the 24 hour time point, where 9 out of the

10 most enriched categories are unique to PC-3 cells and likely contribute to the apoptosis

associated with SFN treatment in these cells (Fig. 3F). Some of these unique categories

include protein dimerization activity, angiogenesis, apoptosis, response to oxidative stress,

regulation of growth, and cofactor metabolism/glutathione (Fig. 3F).

To further visualize how the SFN-induced changes in gene expression relate to each other

both pathway and network analyses were completed with MetaCore software which contains

a large body of known gene interactions, and well defined canonical pathways in human

cells. Many pathways related to apoptosis and cell survival were significantly altered by

SFN treatment as can be seen in a representative pathway (Fig. 4). Pathways involving cell

cycle, cell signaling, DNA damage, cytoskeleton remodeling, development, immune

response, and transcription, were also significantly enriched for with SFN treatment in

prostate cells. Among the genes we examined in the validation of the RNA-seq dataset there

are multiple genes that also contribute to these pathways including the oxidative stress

induced growth inhibitor (OSGIN1) gene which encodes an oxidative stress response protein

that regulates cell death (Supporting Information Figure S2). Additionally, BMX non-

receptor tyrosine kinase (BMX), cyclin-dependent kinase 2 (CDK2), and polo-like kinase 1

(PLK1) had decreased expression with SFN treatment and regulate signal transduction

pathways and cell cycle respectively (Supporting Information Figure S2).

SFN treatment also decreased the expression of a subset of genes that were upregulated in

cancer cells (Fig 1E and 1F), and these genes encompassed a broad range of cellular

functions which can be involved in cancer development and progression. More specifically,

we examined the genes that were increased in prostate cancer cells, relative to normal PREC

cells, and were also decreased by SFN in the prostate cancer cells. At the 6 hour time point,

744 genes meet these criteria in LNCaP cells, and 609 genes in PC-3 cells. When these gene

lists were compared 117 common genes were increased in cancer cells and decreased by

SFN treatment in both cell lines. A similar number of genes also meet these criteria at the 24

hour time point. The top 5 functional gene categories that were enriched with the genes

increased in prostate cancer cells and decreased by SFN in both cancer cell lines, were

nucleotide binding, tube development, chordate embryonic development, transcription, and

chromatin binding at the 6 hour time point, and cellular response to stress, DNA replication,

cell cycle, oxidation reduction, and organelle envelope at the 24 hour time point.

Sp1 is a Mediator of SFNs Effects in Prostate Cells

Beyond nrf2, little is known about what additional genes can act as key mediators that

translate the initial signals from SFN treatment into chemopreventive effects. To address this
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issue MetaCore network analysis was used to generate an unbiased analysis of the data. This

consisted of generating 30 gene networks that connected the greatest number of genes

significantly altered by SFN treatment. Network analysis was undertaken for each cell line

and time point of SFN treatment. The transcription factor Sp1 was present in an average of

90.6% of the networks and was considered a major regulator in 83.3% of networks (Table

1). Since Sp1 is a highly prevalent transcription factor we determined if Sp1 binding sites

were over represented in the promoters of the genes that were significantly altered by SFN

treatment. Between 22.7% and 25.9% of the genes that were significantly altered by SFN

treatment, had at least one putative Sp1 binding sequence, and this was consistently and

significantly higher (p < 0.0001) than what was found at random (Supporting Information

Figure S5B). Networks involving c-Myc, NF-kB, c-Src, HNF4α, and G protein coupled

receptors, were also noted as altered by SFN treatment but they were detected with a much

lower frequency (data not shown). A representative network shows Sp1 at the center, and 10

Sp1 target genes with SFN-induced alterations in gene expression (Supporting Information

Figure S5A). This network contains many genes relevant to cancer prevention including

Cyclin E2, CDK4, CDC25A, E2F1 and p21. These genes are also a small subset of the

genes that make up the cell cycle gene ontology found in figure 3B. Overall, the results from

the bioinformatics approaches support the possibility that Sp1 related transcription is being

altered under the condition of SFN treatment.

There is evidence that Sp1 can play an important role in cancer progression as Sp1 has been

shown to be upregulated in several types of cancers and is associated with poor prognosis

[32]. Since Sp1 could potentially regulate up to 25% of the genes altered by SFN treatment

we examined Sp1 expression. Sp1 mRNA levels were significantly decreased in all three

prostate cell lines with 24 hour SFN treatment (Fig. 5A). We confirmed these results in

LNCaP cells by qPCR, where 24 hour SFN treatment was associated with μ50% decrease in

Sp1 mRNA levels (data not shown). Sp3 mRNA levels were only significantly decreased in

PREC cells with 24 hours of SFN exposure (Fig. 5A). At the protein level, 24 hours of SFN

treatment significantly decreased (μ65%) the amount of nuclear Sp1 protein in prostate

cancer cells (Fig. 5B). Nuclear Sp3 protein levels were not significantly altered by SFN

treatment in LNCaP cells but were decreased in PC-3 cells following 24 hour SFN treatment

(data not shown).

Because SFN decreased the expression of Sp1, and to a lesser extent Sp3, we next asked if

Sp1/Sp3 could act as a transcriptional mediator through which SFN may induced changes in

expression relevant to chemoprevention. To address this question we used Metacore to

examine what genes that were significantly altered by SFN treatment are upstream and

downstream of the Sp1/Sp3 complex. Among all genes significantly altered by SFN in

LNCaP cells, 38 genes were upstream of Sp1 including p53, NFκB, c-Myc, E2F1 and

BRCA1 (Supporting Information Figure S6A). Downstream of Sp1 were 232 genes that

were significantly altered by SFN treatment in LNCaP cells and this network also contained

many genes highly relevant to cancer like EGFR, p21, and cyclin D1 (Supporting

Information Figure S6B). When these 232 genes downstream of Sp1/Sp3 were examined by

gene-annotation enrichment analysis the top 5 functional gene categories were regulation of

apoptosis, cellular response to stress, cell cycle, transcription, and response to organic
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substance. This shows that some of the Sp1/Sp3 target genes that are affected by SFN have a

documented link to cellular pathways that are important in cancer. Taken together the data

suggests that Sp1 could be an important mediator through which SFN induces

chemoprevention. To directly test this possibility we attempted to overexpress Sp1 in

prostate cancer cells, with the intention of treating them with SFN and examining

chemoprevention. Unfortunately overexpressing Sp1 in prostate cancer cells was cytotoxic.

As an alternative approach, we significantly down regulated Sp1 expression in LNCaP cells

with siRNA (Fig. 5C). Decreasing Sp1 mRNA expression was sufficient to significantly

slow the growth of LNCaP cells (Fig. 5D). This data suggests that the SFN-induced decrease

in Sp1 levels in prostate cancer cells may play a role in decreasing cancer cell proliferation

and thus could contribute to chemoprevention.

Discussion

The genomic scale of RNA-seq facilitated a global analysis of the effect of SFN on gene

expression at an unprecedented level. We show that SFN has broad chemopreventive actions

in prostate cells and identified for the first time, both common and distinct effects of SFN

depending on the cell line (normal, early or late-stage prostate cancer). We also show that

the transcriptional response of prostate cells to SFN treatment is highly dynamic over time

and this result is consistent with findings in rodents [9, 13]. Furthermore, our unbiased

analysis of gene networks consistently identified that the transcription factors Sp1 and Sp3

may be important mediators of the SFN effect in prostate cells. We also showed that Sp1,

and to a lesser extent Sp3, are downregulated by SFN treatment and suppression of Sp1

expression decreased prostate cancer cells proliferation.

One of our goals was to understand how SFN induces chemoprevention in normal prostate

cells. The RNA-seq approach revealed that the expression of thousands of genes was

significantly altered by SFN in normal prostate cells. Consistent with previous microarray

studies that implicated the nrf2 pathway in SFN induced chemoprevention, we found that

the nrf2 target genes HO1 and NQO1 were upregulated with SFN treatment [6-9, 13-15].

Furthermore, the response to oxidative stress category was found in our gene-annotation

enrichment analyses of advance prostate cancer cells. Beyond the expected Nrf2 target

genes, SFN also altered genes associated with the chromatin, kinetochore, and microtubule

cytoskeleton structures. We also found significant enrichment of genes related to cell cycle,

transcription, nucleotide binding, proteolysis, and signaling in normal cells. These results are

supported by previous microarray studies on non-cancerous cells, where functional

categories identified with SFN treatment included cell cycle/proliferation, metabolism, and

transcription [14, 33]. Taken together, these data suggest that SFN has a broad pleitropic

effect in normal cells and future work can delineate what role these categories of genes play

in SFN-induced chemoprevention. Furthermore, a strength of the unbiased RNAseq

approach is that we also identified that SFN induced changes in many additional processes

and pathways, in prostate cancer cells, beyond those explored in detail here. This includes

SFN-induced changes in genes associated with epigenetics and chromatin structure, long

intergenic non coding RNAs, and changes in alternative splicing of RNA. Future work can

determine if these processes also contribute to SFNs ability to prevent and suppress prostate

cancer.
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We expected SFN treatment to produce distinct transcriptomes in each of the cell types

tested which represent various states of cancer progression. This is because SFN treatment

results in different cellular endpoints that range from no visible change in normal cells, to

apoptosis in advanced prostate cancer cells [10, 34, 35]. We do not have a complete

understanding of why SFN has this specificity. Interestingly, we found that the cell cycle

category was enriched for with SFN treatment in all three cell lines but a direct comparison

of the gene lists revealed that the data was mostly cell line-dependent. Thus, overall SFN

consistently alters the expression of cell cycle related genes but the specific effect was

dependent on the cell line and presumably the state of cancer progression. We also paid

particular attention to differences in the transcriptional response that may contribute to the

robust induction of apoptosis in PC-3 cells [10]. Previous studies have shown that SFN

targets genes in the Akt pathway that are dysregulated in prostate cancer, and this could

contribute to the increased susceptibility of cancer cells to SFN [34, 35] , but this pathway

alone cannot account for all of SFN effects in PC-3 cells [35]. Here we show that SFN

treatment produced a significant increase in the expression of the apoptosis related genes

Bid, Smac/Diablo, and ICAD only in PC-3 cells (Fig. 4). It also increased the expression of

cytochrome c, c-IAP1, and HSP27 in PC-3 cells while it decreased expression in PREC

cells. More upstream, SFN also induced a cell line specific transcriptional response for the

genes FasR and BRE which also regulate apoptosis. More broadly, the gene categories

related to development, cell migration, extracellular matrix, and angiogenesis were only

enriched for in PC-3 cells. These genes and gene categories likely contribute to the selective

induction of the pro-apoptotic response in aggressive prostate cancer cells.

Sp1 and Sp3 are transcription factors that enhance or repress the expression of genes

involved in cell cycle progression and oncogenesis [36]. Sp1 levels are elevated in many

different cancers and decreasing Sp1 levels is associated with decreased angiogenesis, and

increased cancer cell death [36]. In prostate cancer patients, increased levels of Sp1 and Sp3

protein in the cancer, helped to predict the recurrence of the disease [37]. Previously, siRNA

against Sp1 has been shown to decrease proliferation of DU145 prostate cancer cells [38].

We confirm those findings here in the LNCaP cell line and show that Sp1 protein, and to a

lesser extent Sp3 protein, is decreased in SFN treated prostate cancer cells. We further show

that the Sp1/Sp3 complex may integrate important upstream signals produced by SFN

treatment (like alterations in the expression of NFκB, CDK2, c-Myc, and heat shock

proteins) and translate this to downstream changes in gene expression in genes like GCLc,

EGFR, p21 and the androgen receptor (Supporting Information Figure S6). As transcription

factors Sp1 and Sp3 could directly regulate the expression of up to 25% of the genes that

were altered following SFN treatment (Supporting Information Figure S5). This is a large

portion of the genes that are influenced by SFN treatment and suggests that Sp1 may be an

important mediator by which SFN induces chemoprevention. This is supported by a recent

study in keratinocytes where Sp1 was shown to directly regulate the expression of p21

following SFN treatment [39].

While this is the first genomics scale study suggesting a role for Sp1 in SFN induced

chemoprevention, there is a growing body of evidence that supports Sp1 as a target of

natural chemopreventive phytochemicals in cancer cells [32]. Treatment of prostate cancer

cells with the natural products epigallocatechin gallate, betulinic acid, artemisinin, and
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phenethyl isothiocyanate is also associated with inhibition of Sp1 activity and/or expression

[40-43]. In these studies, inhibition of Sp1 is associated with inhibition of the cancer

promoting genes survivin, CDK4, VEGF and the androgen receptor. Disruption of Sp1 and

Sp3 binding to the promoters of p21, TERT and CDK6 has also been suggested as important

chemopreventive mechanisms for the phytochemicals indole-3-carbinol, 3,3’-

diindolylmethane, and butyrate in other cancer cell lines, often with an interconnection

related to epigenetic modifications associated with the treatments [44-46]. Taken together,

these data show that Sp1 is a common target of chemopreventive phytochemicals.

There are many mechanisms of action for SFN that contribute to chemoprevention including

the well characterized Nrf2 pathway [6-9]. Our data show that SFN alters the expression of

thousands of genes in a dynamic and cell type specific manner. This specificity likely

contributes to the important differences in the cellular response to SFN treatment in normal

and cancerous prostate cells. Furthermore, SFN reduces the expression of the transcription

factor, Sp1, which may be an important mediator by which SFN induces a transcriptional

response. This opens the door to a wide range of new scientific questions ranging from

possible relationships between Sp1 and epigenetic targets of SFN to interconnections

between Sp1 and Nrf-2 pathways. Overall the data presented here, and previous reports,

show that SFN can target multiple steps in the carcinogenesis pathway and this makes it a

promising cancer preventing agent.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DMSO dimethylsulfoxide

DNMTs DNA methyltransferases

FPKM fragments per kilobase of exon per million fragments mapped

HDACs histone deacetylases

HO1 heme oxygenase 1

LNCaP androgen-dependent prostate cancer cells

NQO1 NAD(P)H:quinone oxidoreductase 1

Nrf2 nuclear factor (erythroid-derived 2)-like 2

PC-3 androgen-independent prostate cancer cells

qPCR quantitative Real-Time PCR
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RNA-seq RNA sequencing

SFN sulforaphane
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Figure 1. Genome-wide effects of cancer and SFN on the expression of mRNAs
The cancer cancer effect was determined by comparing the mRNA levels found in LNCaP

and PC-3 cells compared to normal PREC cells. The SFN effect was determined in each of

the three cell lines by direct comparison of mRNA levels of samples treated with 15 μM

SFN compared to their respective vehicle control at the same time point. A-B) Bars

represent the number of genes that were significantly altered by prostate cancer development

or by SFN treatment at the 6 or 24 hour time points. C-D) Data represent the percentage of

genes that had a significant increase (white), or decrease in expression (grey) at the indicated

time points at the C) 6 h and D) 24 h time points. E-F) Frequency plots of the amplitude of

the changes in gene expression, expressed as log2 fold change, which was significantly

altered under the indicated comparisons. Data are from the 6 hour time point although

similar log2 fold distributions were also observed at the 24 hour time point (data not shown).
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Figure 2. Comparison of SFN-induced changes expression in normal prostate epithelial cells and
prostate cancer cells
Venn diagrams showing the number and overlap of the genes whose mRNA expression

levels were significantly altered in PREC, LNCaP, and PC-3 cells with 6 or 24 hours of SFN

treatment.
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Figure 3. Gene ontologies show global effects of SFN in normal and prostate cancer cells
DAVID analysis of protein coding transcripts significantly altered by 6 (A-C) and 24 hour

(D-F) SFN treatment in PREC (A,D), LNCaP (B,E), and PC-3 (C,F) cells. Bars indicate the

number of genes that fall into the gene category, and numbers in parenthesis indicate if this

category was represented multiple times when creating a top ten list. All gene categories

shown are significantly enriched for, and the position of the category indicates the degree of

significance. The category at the top of the y-axis is the most significant, and the category at

the bottom of the y-axis is less significant.
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Figure 4. SFN alters expression of genes related to apoptosis
Representative image of an apoptosis pathway that was significantly enriched for in prostate

cells treated with SFN for 24 hours. Significant and SFN-induced changes in gene

expression are indicated by thermometers to the right of the gene name. Numbers in the

thermometers indicate the cell line (1=PREC, 2=LNCaP, and 3=PC-3) in which SFN

induced a significant change in expression. Colors of thermometers indicate a decrease

(blue) and increase (red) in gene expression, and the scale of the thermometer indicates the

log2 fold change.
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Figure 5. SFN-induced decrease in Sp1 mRNA and protein expression levels
A-B) Prostate cells were treated with 15 μM SFN or DMSO for 24 hours. A) Sp1 and Sp3

mRNA expression levels as determined by the GENE-counter pipeline and expressed as

reads per kilobase of transcript per million mapped reads (RPKM) where n =3. B)

Densitometry results of Western blots for nuclear Sp1 and Sp3 protein levels normalized to

USF2 and representative blots of Sp1, Sp3, and USF2 expression. Data represent an average

of at least 10 replicates per treatment group, obtained from at least 3 independent

experiments. C-D) LNCaP cells were treated with the indicated siRNA in quadruplicate and

assayed for (C) Sp1 mRNA levels 48 h post transfection and (D) cell proliferation 5 days

post transfection. B-D) Bars are indicative of the mean ± SEM and * , **, and *** indicates

significant differences between the control and treatment group as calculated by either (A)

GENE-counter or (B-D) an unpaired, two-tailed t test, where p < 0.05 , p < 0.01 and p

<0.001 respectively.
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Table 1

Sp1 Prevalence In SFN Networks

PREC
6 hr

LNCaP
6 hr

PC-3
6 hr

PREC
24 hr

LNCaP
24 hr

PC-3
24 hr

Contain Sp1 26/30
(86.7)

26/30
(86.7)

28/30
(93.3)

29/30
(96.7)

25/30
(83.3)

29/30
(96.7)

Sp1 as Major
Regulator

25/30
(83.3)

24/30
(80)

26/30
(86.7)

27/30
(90)

24/30
(80)

24/30
(80)

(Numbers in parenthesis indicate a percentage of the networks for each category)
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