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Abstract: Epidemiological evidence suggests that soy consumption is associated with a decreased risk of prostate cancer. 

The isoflavone genistein is found at high levels in soy and a large body of evidence suggests it is important in mediating 

the cancer preventive effects of soy. The mechanisms through which genistein acts in prostate cancer cells have not been 

fully defined. We used gene expression profiling to identify genes significantly modulated by low and high doses of ge-

nistein in LNCaP cells. Significant genes were identified using StepMiner analysis and significantly altered pathways with 

Ingenuity Pathways analysis. Genistein significantly altered expression of transcripts involved in cell growth, carcinogen 

defenses and steroid signaling pathways. The effects of genistein on these pathways were confirmed by directly assessing 

dose-related effects on LNCaP cell growth, NQO-1 enzymatic activity and PSA protein expression. Genistein produces 

diverse effects on gene expression that are dose-dependent and this has important implications in developing genistein as 

a putative prostate cancer preventive agent. 
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INTRODUCTION 

 Prostate cancer incidence and death rates are vastly dif-

ferent between Asian countries, where they are very low, and 
the United States and Northern Europe, where they among 
the highest for all malignancies [1]. Studies of Asian emi-
grants show dramatic increases in prostate cancer rates 

within a generation of arriving in the West suggesting envi-
ronmental factors underlie much of this discrepancy [2]. 
Many studies have implicated diet as the most important 
environmental risk factor and have led to the hypothesis that 

dietary modifications or consumption of critical micronutri-
ents could serve as an important prostate cancer preventive 
strategy [3]. One of the most striking dietary differences is 
the level of soy-based foods consumed in Asian countries 

compared to the West. Soy contains many bioactive com-
pounds, including high levels of isoflavones. Compared to 
Western men, Asians have dramatically higher plasma levels 
of soy isoflavones and other soy components. Epidemiologi-

cal studies have shown significant correlation between 
plasma soy isoflavone concentrations and subsequent risk 
being diagnosed with prostate cancer, developing metastatic 
prostate cancer and dying of prostate cancer [4-7].  
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 The isoflavone genistein has emerged as one of the most 

interesting and intensively studied micronutrients. Genistein 

has been shown to exert a number of effects in cancer cells 

including alteration of steroid hormone signaling, inhibition 

of angiogenesis, inhibition of cancer cell invasion, and sup-

pression of cell growth and proliferation [8-15]. Genistein 

has also been shown to slow the growth of prostate cancer 

xenografts and decrease tumor growth in carcinogen-induced 

and transgenic prostate cancer models [7, 16, 17]. However, 

the effects of genistein can differ depending on dose used 

and cancer type, and high levels of genistein have been 

found to promote growth of estrogen receptor positive breast 

cancers [7]. Therefore, understanding the mechanisms of 

action of genistein at different concentrations could be im-
portant in developing future preventive strategies. 

 We have used gene expression profiling to understand 

signaling pathways activated after treatment of prostate cells 

with candidate preventive agents [18-23]. One challenge in 

interpreting these studies is identifying transcripts that show 

a statistically robust change over a time course after treat-

ment. Selection of genes using an arbitrary cut-off, such as 

2-fold change over the time course, introduces many false-

positive transcripts and misses others that might be important 

but are only slightly below the arbitrary cut-off. Recently, 

we have used a statistical tool, StepMiner, to identify genes 

that show a significant change after treatment of prostate 

cancer cells with sulforaphane [21]. Pathway analysis of 

genes that changed significantly over time revealed that sul-
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foraphane potently induced a number of genes involved in 

carcinogen defenses, and blocked cell growth at G2/M. To 

gain insights into the possible mechanisms of action of ge-

nistein in LNCaP prostate cancer cells, we have performed 
gene expression profiling, StepMiner and pathways analysis. 

MATERIALS AND METHODS 

Cell Culture and Treatment 

 LNCaP cells were grown in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum, penicillin (100 
units/ml) and streptomycin (100 g/ml) in a humidified 
atmosphere at 37°C and 5% CO2. When cells reached 75% 
confluence, they were treated with either 2 M or 15 M 
genistein (Sigma-Aldrich, St. Louis, MO) dissolved in 
DMSO, or DMSO only (controls). Cells were harvested at 
selected times after treatment and prior to reaching conflu-
ency by scraping in TRIzol solution (InVitrogen, Carlsbad, 
CA) and total RNA was isolated according to manufacturer’s 
instructions. 

Microarray Hybridizations and Data Analysis 

 Gene expression analysis was performed using spotted 
cDNA microarrays manufactured at Stanford University con-
taining 42,000 elements representing 24,164 genes. Total 
RNAs (80 g) isolated from genistein treated and control 
cells were reverse transcribed and the cDNAs were fluores-
cently labeled by incorporation of Cy-5 (genistein 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 [24]. 

 After 14 hours the fluorescence intensities for each spot 
(and background) for both channels of each microarray were 
determined using a GenePix scanner and software as we 
have reported previously. Data files containing fluorescence 
ratios for each spot were entered into the Stanford Microar-
ray Database [25]. The raw data from all experiments is 
available for downloading and has been deposited in GEO 
(GSE24796). 

StepMiner Analysis 

 The StepMiner algorithm analyzes microarray time 
courses by identifying genes that undergo abrupt transitions 
in expression level (steps) over the time course [26]. The 
algorithm iteratively compares mean expression levels im-
mediately prior to a time point to the mean expression levels 
of all subsequent time points and tests for a significant dif-
ference between these sets of expression values. To improve 
detection of early changes in gene expression, we use seven 
replications for the zero hour (no treatment). Time points 
assessed for 2uM genistein and 15uM genistein included 4, 
8, 12, 18, 24, 36 and 48 hours. These time course datasets 
were analyzed using StepMiner [26]. Genes that are signifi-
cantly (p-value < 0.05) up-regulated and down-regulated 
were retrieved using StepMiner. The common significantly 
regulated genes in both time courses were found by inter-
secting the significant genes in both genistein concentrations. 
StepMiner results with a complete listing of significant genes 
are available at http://genepyramid.stanford.edu/microarray/ 
Genestein/ 

Advanced Gene Set Analysis 

 The Unigene clusters ID for the significant genes were 
retrieved separately for the 2 M and 15 M genistein time 
course experiments and significant biological functions, 
networks and pathways were determined using Ingenuity 
Pathways Analysis (Ingenuity  Systems, www.ingenuity. 
com) [27]. Significant biological functions, networks and 
pathways were reported along with p-values. 

Comparison With Cell Cycle Genes 

 The significant genes in each experiment were analyzed 
for enrichment of cell cycle related genes as we have re-
ported previously [18, 20, 21]. The list of cell cycle genes 
with their annotations was downloaded from http://genome-
www.stanford.edu/Human-CellCycle/Hela/data.shtml [28]. 
A hypergeometric test was performed to test the enrichment 
of genes related to different cell cycle phases in each time 
course experiment. 

Cell Growth Assays 

 24 well culture dishes were plated with LNCaP cells  
(5 x 10

4
 cells per well)

 
and the cells were allowed to attach 

for 18 hours. Cells were treated with genistein at concentra-
tions of 1 M, 10 M, 20 M and 50 M for 3 days, during 
which time the cells did not reach confluence. DMSO con-
centration in control wells did not exceed 0.1 %. 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. 

PSA Quantitation 

 Six-centimeter culture dishes were seeded with 7  10
5
 

cells/plate and allowed to adhere for 18 hours in RPMI me-
dia containing 10 % FBS. The cell media in one set of wells 
was changed to 10 % FBS RPMI and in the other set to 10 % 
charcoal stripped serum RPMI. Cells were treated with either 
0.1 % DMSO; 10 M DHT; 15 M Genistein or 15 M  
Genistein plus 10 M DHT. Media was assayed for secreted 
total PSA using a human prostate specific antigen ELISA  
kit (DSL-10-9700; Diagnostic Systems Laboratories, Inc., 
Houston. TX). Values were normalized to total protein of 
cells (without media) cultured in the same well from which 
the medium was taken. All experiments were performed in 
triplicate. 

NADPH Dehydrogenase, Quinone 1 (NQO1) Enzymatic 

Activity Assay 

 After aspirating the media, treated and control cells cul-
tured in a 96-well plate were lysed with 200 l of 0.08% 
digitonin (Sigma-Aldrich)/2 mM EDTA (pH 8.0) at 37°C for 
30 min. NQO1 enzymatic activity was assessed in triplicate 
by the menadione-coupled reduction of tetrazolium dye as 
described previously [29, 30]. Enzymatic activity for each 
sample was normalized to total cell protein in each sample. 

RESULTS 

 Genistein induced significant changes in gene expression 
in LNCaP at 2 μM and 15 μM final concentration in the me-
dia. For genistein 2 μM, StepMiner analysis identified 2033 
genes that showed a significant increase or decrease over the 
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48 hour time course, while 1449 transcripts were signifi-
cantly altered for genistein 15 μM (Fig. 1). Somewhat sur-
prisingly, only 323 transcripts were common to the 2 con-
centrations, suggesting significant dose effects on gene ex-
pression. Most time-dependent changes in gene expression 
occurred by 24 hours for both doses, with very few tran-
scripts increasing or decreasing after that time. 

 To gain insights into the function effects of genistein on 
cellular functions and pathways, we used Ingenuity Path-
ways Analysis to analyze gene expression data for enrich-
ment of classes of transcripts [27]. Given the significant dif-
ferences in the genes modulated by the different doses of 
genistein, we analyzed each dose separately. Not surpris-
ingly, in cells treated with 2 M genistein the differentially 
expressed transcripts were enriched most significantly in 
gene and protein expression cellular functions (Table 1). In 
addition, transcripts associated with the cell cycle were sig-
nificantly modulated. Intriguingly, genistein 2 μM produced 
effects in steroid (estrogen and glucocorticoid) signaling, and 
inositol metabolism. At the higher dose, genistein displayed 
somewhat different effects on cellular functions with altera-
tion of transcripts associated with cell growth, cell death and 

DNA damage (Table 2). Genistein 15 μM also induced cell 
stress and activated xenobiotic defense pathways including 
aryl hydrocarbon receptor signaling and Nrf2- stress re-
sponse pathways. Based on these analyses we investigated 
the effects of genistein on cell growth, cellular defense 
pathways and steroid hormone signaling. 

Effects of Genistein on Prostate Cancer Cell Growth 

 For both doses, genistein modulated transcripts associ-
ated with cell proliferation and the cell cycle. Previous work 
has shown that genistein can inhibit prostate cancer cell 
growth in vitro and in vivo [7, 14, 16]. To confirm that genis-
tein inhibited cell growth in LNCaP cells used in gene ex-
pression analysis, we cultured cells in the presence of genis-
tein and determined cell count after 3 days (Fig. 2). Genis-
tein showed a clear dose effect on cell growth, with demon-
strable inhibition starting at doses of 1 μM and visible cell 
death at concentrations greater than 50 μM. To gain a better 
understanding of the pathways involved in inhibition of 
LNCaP growth, we compared the genes identified by Step-
Miner to a set of genes that vary periodically as synchro-
nized cells move through the cell cycle [28] (Fig. 3). Typi-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Heatmap of gene expression of the 323 genes modulated significantly over the time course by genistein 2 μM and 15 μM as identi-

fied by StepMiner analysis. Each time point is represented in a column and individual transcripts are displayed in rows. 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). To the right, a Venn diagram illustrates the total number of transcripts identified as sig-

nificantly changed over time by StepMiner analysis for genistein 2 μM and 15 μM with the corresponding overlap between the datasets. A 

complete list of significant genes for each concentration is available at http://genepyramid.stanford.edu/microarray/Genestein/ 
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cally, there is enrichment of highly expressed transcripts in 
the particular phase of the cell cycle in which growth arrest 
occurs. We performed a hypergeometric test to evaluate 
whether enrichment for transcripts was observed for either of 
the concentrations of genistein (Table in Fig. 3). In the case 
of genistein, we observed no enrichment of transcripts for 
any phase of the cell cycle, implying that genistein causes 
global suppression of LNCaP cell growth.  

Genistein Induces Carcinogen Defenses 

 Normally, exogenous and endogenous reactive species 
are detoxified by a series of enzymatically catalyzed oxida-
tion (Phase 1) and reduction (Phase 2) reactions [31]. Induc-

tion of phase 2 enzymes has been long associated with pro-
tection against carcinogenesis [32]. Many phase 2 enzymes 
are regulated transciptionally by the Nrf2 signaling pathway 
[33], and this pathway was identified as modulated signifi-
cantly by the IPA analysis. Genistein significantly up-
regulated many known phase 2 enzyme transcript levels in-
cluding glutathione transferases (GSTA4, GSTM1), malic 
enzyme (ME1), and NADPH Dehydrogenase, Quinone 1 
(NQO1) (see Fig. 1). Within 4 hours of treatment, genistein 
15 μM induced transcript levels of the gamma-
glutamylcysteine synthetase regulatory subunit GCLM, 
which catalyzes the rate-limiting step of glutathione synthe-
sis (confirmed by qPCR at 4, 18, 36 and 48 hours after 
treatment, not shown). To evaluate the effects of genistein on 

Table 1. Cellular Functions and Pathways Significantly Modulated by Genistein 2 μM 

Cellular Function p-value Adjusted p-value* 

Gene expression <0.0005  0.05 

Cell cycle <0.0005  0.05 

Protein synthesis 0.0005  0.006 

Post-translational modification 0.002  0.03 

RNA post transcriptional modification 0.002  0.02 

Canonical pathways 

Estrogen receptor signaling 0.001  

Inositol metabolism 0.008  

Inositol phosphate metabolism 0.01  

Glucocorticoid receptor signaling 0.02  

Nicotinate and nicotinomide metabolism 0.02  

*P-values corrected for multiple hypothesis testing.  

 

Table 2. Cellular Functions and Pathways Significantly Modulated by Genistein 15 μM 

Cellular Function p-value Adjusted p-value* 

Cell cycle <0.0005 0.05 

DNA replication, recombination, repair <0.0005 0.05 

Cell death <0.0005 0.05 

Cellular development <0.0005 0.05 

Cell growth and proliferation <0.0005 0.05 

Canonical pathways 

BRCA1 in DNA damage response 0.0001  

Aryl hydrocarbon receptor signaling 0.0003  

p53 signaling 0.0005  

Nrf2-mediated stress response 0.003  

CCR3 signaling 0.004  

*P-values corrected for multiple hypothesis testing. 
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Fig. (2). Relative number of live cells after treatment for 72 hours with genistein. Depicted are mean numbers of live cells ± standard error of 

3 replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Comparison of genes modulated as cells pass through the cell cycle from Whitfield et al. [28] to the transcript profiles significantly 

altered by genistein 2 μM and 15 μM. Data are shown for each of the five cell cycle time courses (114 total arrays), and two genistein time 

courses (21 total arrays). The blue bars above each column represent S phase and the arrows indicate mitoses as estimated by flow cytometry 

or BrdU labeling. The cell cycle data were acquired by arresting cell growth by double thymidine (Thy-Thy) or nocodazole (Thy-Noc) block, 

followed by release of blockade (shake) so that the cells pass synchronously through the cell cycle. In cell cycle each time course, RNA was 

collected for points (typically every 1–2 h) for 30 h (Thy-Thy1), 44 h (Thy-Thy2), 46 h (Thy-Thy3), 36 h (Thy-Noc), or 14 h (Shake) after the 

synchronous arrest, at the intervals indicated. The genistein time courses are shown at the right for comparson. Over the time course, the ma-

jority of transcripts in the genistein experiments show decreased expression, consistent with decreased cell growth. Transcripts modulated 

significantly by genistein are broken down by phase in the cell cycle where they normally show increased expression in the table at the right. 

Compared to the complete cell cycle dataset, genistein at either concentration did not show enrichment for any phase in the cell cycle by a 

hypergeometric test. 
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phase 2 enzyme activity, we assessed NQO1 activity using 
the menadione-coupled reduction of tetrazolium dye that has 
been used widely as a biochemical assay of global phase 2 
enzyme activation [34]. Even at relatively low doses, genis-
tein induced a dose-dependent increase in NQO-1 activity in 
LNCaP cells (Fig. 4). 

 

 

 

 

 

 

 

Fig. (4). Fold-induction of NQO1 enzymatic activity over a range 

of concentrations for LNCaP after treatment with genistein as 

measured by the menadione-coupled reduction of tetrazolium. Ab-

sorbance at 260 nm wavelength is normalized to total protein and 

bars represent standard deviations. Points represent A260 ± stan-

dard error of 3 replicates (P<0.001 for genistein treated vs. control 

by Wilcoxon rank sum test with continuity correction). 

Genistein Modulates Androgen Signaling 

 Pathway analysis identified estrogen and glucocorticoid 
signaling as pathways significantly modulated in LNCaP 
cells by treatment with genistein 2 μM. To determine whether 
androgen signaling pathways were influenced by genistein 
treatment, we compared the transcripts identified by Step-
Miner to a set of transcripts we have identified previously as 
significantly modulated by treatment of LNCaP cells with 
androgens [35] (Fig. 5). Genistein 2 μM appeared to induce 
somewhat mixed effects on androgen signaling with in-
creased expression of several genes known to be repressed 
by androgen, and decreased expression of genes known to be 
induced by androgen (Table 3). On the other hand, genistein 
15 μM appeared to induce expression changes opposite those 
of androgen. For instance, genes suppressed by both andro-
gen and genistein were quite few (n=4, P=0.8, standard hy-
pergeometric test), while the number of genes decreased by 
androgen but increased by genistein was highly significant 
(n=28, P < 1 X 10

7
, standard hypergeometric test). Genes 

normally induced by androgen were uncommonly induced 
by genistein (n=44, P=0.06, standard hypergeometric test) 
but a significantly number of androgen-induced genes were 
suppressed by genistein (n=68, P < 1 X 10

8
, standard hyper-

geometric test). Several genes associated with proliferative 
effects of androgen (e.g. TMPRSS2, NKX3A) were sup-
pressed by genistein and suppression of NKX3A suppression 
was confirmed by qPCR (not shown). To further assess the 
effects of genistein on androgen signaling, we assayed pros-
tate specific antigen levels in the media of cultured LNCaP 
cells (Fig. 6). Genistein 15 μM suppressed PSA protein lev-
els in the media both in androgen depleted (Charcoal 
stripped) and normal media, as well as in the presence of 
high levels of androgen produced by simultaneous treatment 
with dihydrotestosterone (DHT) 10 μM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Androgen-responsive genes modulated by Genistein. The 

left heatmap shows 2 separate time courses of androgen-responsive 

transcripts identified by DePrimo et al. [35] by treating LNCaP 

cells with R1881 at 1 nM. On the right are the corresponding tran-

script levels after treatment with genistein 2 μM and 15 μM for 

which there was a significant change in expression over the time 

course at one of the concentration levels. The heterogeneous ap-

pearance of the heatmaps corresponds to the mixed effects of genis-

tein on androgen responsive genes and is most pronounced at genis-

tein 2 μM. At genistein 15 μM, many transcripts upregulated by 

androgen are suppressed significantly based on a standard hyper-

geometric test (see text). 

DISCUSSION 

 Genistein significantly alters expression levels of many 
transcripts in the prostate cancer cell line LNCaP. Further-
more, the profile of transcripts altered in response to genis-
tein differs significantly between a relatively low dose  
(2 μM) and a much higher dose (15 μM), although we did 
find many transcripts in common between the 2 doses. The 
many gene expression differences between these doses are 
not surprising given the differing effects we observed on cell 
growth, phase 2 enzyme induction and androgen signaling of 
different doses of genistein on LNCaP cells. These findings 
argue for caution in extrapolating gene expression findings 
to prostate tissues in vivo. Investigation of the potential 
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Table 3. Androgen Regulated Genes Modulated Significantly by Genistein 

Clone ID Genes Down-Regulated by  

Androgen (Ref.35) 

2uM Genistein up-Regulated Genes 

(Fold Change) 

15uM Genistein up-Regulated Genes 

(Fold Change) 

IMAGE:78294 UGT2B15 - 5.31 

IMAGE:1461664 BCHE - 2.62 

IMAGE:773138 CAMK2N1 2.35 2.52 

IMAGE:289978 UBL4A - 2.42 

IMAGE:299737 ATP2B1 1.56 2.11 

IMAGE:565379 GRB10 - 2.07 

IMAGE:813584 SESN1 - 2.04 

IMAGE:379709 LRRN1 - 2.03 

IMAGE:357531 NUCB2 - 1.96 

IMAGE:731469 PLEKHB1 - 1.94 

IMAGE:815794 NUCB2 - 1.9 

IMAGE:503602 CAMK2N1 2.27 1.89 

IMAGE:284701 FOLH1 - 1.73 

IMAGE:376516 LRBA - 1.66 

IMAGE:838689 SLC44A1 2.03 1.65 

IMAGE:767346 C14orf4 - 1.65 

IMAGE:796323 ADD3 - 1.59 

IMAGE:139009 FN1 - 1.53 

IMAGE:1881469 OCLN 1.93 1.52 

IMAGE:430928 BARD1 1.45 1.51 

IMAGE:276902 COLEC12 - 1.47 

IMAGE:26883 PKIB 1.48 1.47 

IMAGE:609155 LRRN1 1.33 1.46 

IMAGE:322461 ENPP5 - 1.46 

IMAGE:245531 HIBADH - 1.45 

IMAGE:298128 DDEF2 - 1.44 

IMAGE:236412 C14orf4 - 1.33 

IMAGE:786288 SLC20A2 - 1.3 

IMAGE:502369 PDCD5 2.14 - 

IMAGE:135688 GATA2 1.78 - 

IMAGE:813854 PURA 1.76 - 

IMAGE:1535156 NUDT4 1.69 - 

IMAGE:149809 GATA2 1.69 - 

IMAGE:740914 CTBP1 1.5 - 

IMAGE:2548606 CTBP1 1.42 - 
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Table 3. contd…. 

Clone ID Genes up-Regulated by  

Androgen (Ref.35) 

2uM Genistein Down-Regulated  

Genes (Fold Change) 

15uM Genistein Down-Regulated  

Genes (Fold Change) 

IMAGE:731044 GLRX2 - 6.82 

IMAGE:451871 EXTL3 - 4.9 

IMAGE:277414 MAF 1.85 4.72 

IMAGE:487793 MAF - 4.12 

IMAGE:283114 BTG1 - 3.91 

IMAGE:204483 ATAD2 - 3.32 

IMAGE:1009808 NKX3-1 - 3.22 

IMAGE:757435 NKX3-1 - 3.14 

IMAGE:280375 ATAD2 - 3.1 

IMAGE:258649 ALDH1A3 2 2.9 

IMAGE:511233 TMEPAI - 2.86 

IMAGE:841141 TMEPAI 1.61 2.73 

IMAGE:809824 TMEPAI - 2.57 

IMAGE:259374 MCCC2 - 2.39 

IMAGE:970649 CENPN - 2.27 

IMAGE:308231 MYO1B - 2.27 

IMAGE:267495 GNPNAT1 3.39 2.26 

IMAGE:814798 ALDH1A3 - 2.21 

IMAGE:188232 KLF4 - 2.17 

IMAGE:915446 TMPRSS2 - 2.16 

IMAGE:121798 FAM105A - 2.14 

IMAGE:416833 FKBP5 1.86 2.12 

IMAGE:81229 EMP2 - 2.1 

IMAGE:195903 AHSG - 2.06 

IMAGE:448036 CENPN 2.16 2.05 

IMAGE:839374 EXTL2 - 2.02 

IMAGE:1007581 TMPRSS2 - 2.01 

IMAGE:324672 ELL2 - 1.95 

IMAGE:811899 F2RL1 - 1.92 

IMAGE:249603 STK39 - 1.91 

IMAGE:321386 IQGAP2 - 1.89 

IMAGE:593185 ABCC4 - 1.83 

IMAGE:2018084 STK39 - 1.82 

IMAGE:2515861 ELL2 1.92 1.81 

IMAGE:486676 LCP1 - 1.8 

IMAGE:268837 C1orf21 - 1.77 

IMAGE:625234 KDELR3 1.74 1.76 
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Table 3. contd…. 

Clone ID Genes up-Regulated by  

Androgen (Ref.35) 

2uM Genistein Down-Regulated  

Genes (Fold Change) 

15uM Genistein Down-Regulated  

Genes (Fold Change) 

IMAGE:83156 HEBP2 2.11 1.75 

IMAGE:1048810 BRP44 - 1.74 

IMAGE:61626 LOC56902 - 1.73 

IMAGE:377048 MYO1B - 1.71 

IMAGE:627401 TNFAIP8 - 1.7 

IMAGE:565235 SMS - 1.68 

IMAGE:134719 ZBTB10 - 1.68 

IMAGE:293569 C1orf21 - 1.66 

IMAGE:594482 TBRG1 - 1.64 

IMAGE:342211 MBOAT2 1.23 1.64 

IMAGE:344589 LCP1 - 1.59 

IMAGE:292515 UAP1 - 1.59 

IMAGE:2551468 GUCY1A3 - 1.59 

IMAGE:320797 EXTL2 - 1.58 

IMAGE:310493 ACSL3 - 1.58 

IMAGE:306066 ELOVL7 - 1.57 

IMAGE:412949 TBRG1 - 1.56 

IMAGE:1855393 ZBTB10 - 1.54 

IMAGE:755238 ABCA5 - 1.52 

IMAGE:1569107 PAK1IP1 - 1.51 

IMAGE:138265 IL1R1 - 1.5 

IMAGE:809858 COPS7A - 1.48 

IMAGE:767469 ANKH - 1.47 

IMAGE:795498 ABHD2 - 1.43 

IMAGE:773478 TNK2 - 1.43 

IMAGE:625875 ERO1L - 1.4 

IMAGE:1520937 ANKH - 1.4 

IMAGE:292236 ABHD2 - 1.39 

IMAGE:111812 C15orf23 - 1.39 

IMAGE:428431 PKIB - 1.37 

IMAGE:510060 PCF11 - 1.29 

IMAGE:998080 TMED2 18.34 - 

IMAGE:447404 INTS10 7.83 - 

IMAGE:435611 SLC33A1 2.84 - 

IMAGE:755765 PGM3 2.61 - 

IMAGE:263227 C19orf42 2.54 - 

IMAGE:2323631 PGM3 2.52 - 
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Table 3. contd…. 

Clone ID Genes Down-Regulated by  

Androgen (Ref.35) 

2uM Genistein up-Regulated Genes 

(Fold Change) 

15uM Genistein up-Regulated Genes 

(Fold Change) 

IMAGE:592594 LRIG1 2.35 - 

IMAGE:731261 WDR41 2.22 - 

IMAGE:489106 AGPAT5 2.05 - 

IMAGE:212180 SLC33A1 2.01 - 

IMAGE:359835 SAT 1.98 - 

IMAGE:1468220 ELL2 1.95 - 

IMAGE:126829 DNAJC3 1.8 - 

IMAGE:505584 C19orf42 1.74 - 

IMAGE:487348 DNM1L 1.72 - 

IMAGE:772220 PDIA5 1.7 - 

IMAGE:814353 PMAIP1 1.59 - 

IMAGE:152289 PKIB 1.55 - 

IMAGE:810328 PDIA3 1.53 - 

IMAGE:198694 LRRC28 1.52 - 

IMAGE:504536 UBE2J1 1.5 - 

IMAGE:884789 LRRFIP2 1.48 - 

IMAGE:795543 PRDX4 1.44 - 

IMAGE:248258 GTF2E2 1.44 - 

IMAGE:788655 PPAPDC1B 1.43 - 

IMAGE:347546 ERO1L 1.42 - 

IMAGE:2253160 NFIA 1.42 - 

IMAGE:70203 GUCY1A3 1.41 - 

 

 

 

 

 

 

 

 

 

 

 
Fig. (6). Genistein decreases the amount of total secreted PSA by cultured LNCaP cells. LNCaP cells grown in either 10% FBS serum or 10% 

charcoal stripped serum with RPMI media were supplemented with DMSO (0.1 %); DHT (10 μM); genistein (15 μM); or a combination of 

DHT (10 μM) and genistein (15 μM). PSA levels in medium with charcoal stripped serum (CSS, no androgen) are significantly below those 

of normal fetal bovine serum (FBS, containing androgen) (DMSO columns, P<0.001). Genistein decreases total secreted PSA in the presence 

of FBS (compare DMSO to genistein, P<0.01). Genistein decreases PSA in the presence of DHT 1 nM in both CSS and FBS (P=0.02 and 

P<0.001, respectively). Depicted are mean media PSA levels ± standard error of 3 replicates. 
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effects of genistein in human prostate tissues should be car-
ried out in the context of precise measurements of genistein 
and its active metabolites in tissues. While serum levels of 
genistein in Asian men and men supplemented with soy 
compounds have been found to be 0.5-0.7 μM, prostate tis-
sues appear to concentrate genistein to achieve levels that 
equal or slightly exceed the 2 μM concentration we used in 
the current study [36, 37].  

 At physiologically relevant doses we found significant 
modulation of transcripts associated with the cell cycle. Our 
findings on androgen and inositol phosphate pathway modu-
lation and induction of oxidative defenses are consistent with 
several others who have studied genistein in prostate cancer 
cells [10, 13, 38-43]. We provide a more comprehensive 
view of cell cycle regulated genes by capturing all signifi-
cantly altered transcripts using StepMiner and in direct com-
parison to a set of genes discovered empirically to vary 
throughout the cell cycle. Most of the transcripts we ob-
served showed decreased expression, and we did not observe 
enrichment of transcripts in any particular phase of the cell 
cycle. Previously we have observed that enrichment of tran-
scripts associated with a particular phase in the cell cycle 
was associated with arrest in that phase [18, 20, 21]. Based 
on gene expression profiling, genistein does not appear to 
provoke cell cycle arrest, but does inhibit cell growth in a 
dose dependent fashion.  

 Genistein also alters a number of transcripts associated 
with response to genotoxic stress. At 15 μM, genistein sig-
nificantly increases expression of many transcripts involved 
in response to and repair of DNA damage, including mem-
bers of the BRCA1 and p53 signaling pathways. Intrigu-
ingly, genistein has been shown previously to not be directly 
genotoxic by the Ames test [7]. In addition, it does not in-
duce cancers in several species of animals maintained for 
extended periods on high doses of genistein in their diet [7]. 
Therefore, it is possible that genistein is able to invoke the 
stress response through signaling pathways without being 
mutagenic. Furthermore, genistein induced expression of 
many genes responsible for carcinogen metabolism, includ-
ing those regulated by the aryl hydrocarbon receptor (phase 
1 and phase 2 genes) as well as those induced exclusively by 
Nrf-2 signaling (phase 2). Even at low doses of genistein we 
were able to show induction of NQO1 enzymatic activity, a 
surrogate of phase 2 enzyme activation [34]. Global induc-
tion of carcinogen defense enzymes has been correlated with 
protection against carcinogen-induced tumors in a variety of 
model systems [32]. In agreement with our findings, Ra-
schke et al. have shown that genistein induces as set of phase 
2 enzymes in the prostate cancer cell line LAPC-4 and at-
tenuates hydrogen peroxide-induced DNA damage [10]. 
Phase 2 enzyme induction might be particularly relevant to 
prostate cancer prevention. Loss of expression of the impor-
tant phase 2 enzyme GSTP1 (pi-class glutathione trans-
ferase) occurs early in prostate carcinogenesis and is associ-
ated with hypermethylation of deoxycytidine residues in a 
CpG island in the GSTP1 gene promoter [44-46]. Therefore, 
genistein could prevent prostate cancer through compensa-
tion for GSTP1 loss by global induction of carcinogen de-
fenses [3].  

 Genistein also modulated expression of transcripts asso-
ciated with steroid hormone signaling. We observed that 

estrogen signaling was significantly modulated in response 
to 2 μM genistein, as was glucocorticoid signaling. Genistein 
has been shown to have estrogenic effects in breast cancer 
model systems and estrogens have been used in the treatment 
of prostate cancer [7]. Genistein has also been shown to have 
mixed effects on androgen signaling and we observed both 
androgen promoting and inhibiting effects of genistein with 
regards to transcript levels. Other laboratories have noted 
similar modulation of androgen signaling pathways in pros-
tate cancer cells [12]. Although PSA transcript levels were 
not altered significantly in our dataset, PSA protein was de-
creased in the media of LNCaP cells. While it is possible that 
PSA transcript levels account for this decreased expression, 
genistein has been reported to also act post-transcriptionally 
to decrease PSA levels [13]. Regardless, since androgen sig-
naling is central to prostate carcinogenesis [47], any modula-
tion of this pathway could play a role in prostate cancer pre-
vention or progression.  

 While we have focused on the effects of genistein on cell 
growth, carcinogen defenses and steroid hormone signaling, 
our data and findings from many other studies suggest that 
genistein might act through multiple pathways. For example, 
loss of PTEN gene expression occurs commonly in prostate 
cancer leading to up-regulation of phosphoinositide-3-kinase 
(PI3K) signaling pathways [48]. At 2 μM genistein, inositol 
and inositol phosphase pathways were significantly modu-
lated by genistein. Of note, genistein has been shown previ-
ously to suppress mTOR signaling [49], and mTOR is an 
important downstream target of the PI3K signaling pathway 
that is being evaluated as a therapeutic target.  

 Given the number of pathways modulated by genistein,  
understanding its effects in prostate cancer prevention will  
prove challenging. It is likely that the large numbers of genes  
modulated are downstream from important regulatory path- 
ways that are affected by genistein, as suggested by our  
pathway analysis. Whether these are the most important  
pathways or mechanisms of action of genistein is unknown.  
In addition, transcriptome profiling can potentially miss  
important mechanisms of action that are modulated post-  
transcriptionally. For example, genistein has been reported to  
reduce cell viability and induce apoptosis, and many signal- 
ing events in apoptosis (caspase activation, cytochrome C  
release, changes in mitochondrial membrane potential) are  
not reflected in changes in transcript levels [50]. Adding  
to the complexity is the importance of the concentration of  
genistein on transcript profiles. It is likely that genistein  
metabolism will differ between individuals in a population,  
and this will directly affect genistein tissue levels and activ- 
ity. In addition, the optimal dosing schedule and timing of  
exposure in the lifetime of the individual could influence  
genistein activity. For instance, it is possible that exposure to  
during puberty, when the prostate is undergoing androgen-  
induced growth, might be critical, or that life-long inter- 
mittent induction of carcinogen-defense enzymes could  
be more important in mediating the protective effects of  
genistein [51]. Future epidemiologic and basic investiga- 
tions, as well as intervention trials in men at risk for prostate  
cancer, will be required to address these challenges. 

 In summary, genistein induces dose-dependent altera-
tions in transcript profiles in human prostate cancer cells in 
vitro. The altered expression profiles point to growth inhibi-
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tion, activation of carcinogen defenses and steroid signaling 
pathways as important targets of genistein as a candidate 
prostate cancer preventive agent. Furthermore, additional 
pathways, such as PI3K signaling appear to be modulated by 
physiologically relevant levels of genistein. Investigation of 
gene expression alterations in prostate tissues after supple-
mentation, such as in men prior to prostate surgery, could 
help identify the most relevant mechanisms of genistein ac-
tion in vivo. 
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