
306   Articles | JNCI Vol. 101, Issue 5  |  March 4, 2008

                    Prostate cancer is the most commonly diagnosed nondermato-
logic cancer among men in the United States and was expected to 
represent 25% of all newly diagnosed cancers in men in 2008 ( 1 ). 
This percentage may be an underestimate because occult prostate 
cancers are frequently detected at autopsy ( 2 ). The prevalence and 
long latency period of prostate cancer make it an ideal candidate 
for chemoprevention, but its characteristic multiple tumor foci and 
pathological zones ( 3 ) create challenges to meaningful comparison 
of interventions and chemoprevention efforts. 

 The Selenium and Vitamin E Cancer Prevention Trial 
(SELECT) was based on epidemiological and clinical evidence that 
selenium and vitamin E may have protective effects ( 4  –  10 ) and on 
secondary fi ndings from the Nutritional Prevention of Cancer 
study ( 11 , 12 ) and the Alpha-Tocopherol, Beta-Carotene Cancer 
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   Background   Secondary analyses of two randomized, controlled phase III trials demonstrated that selenium and vitamin E 
could reduce prostate cancer incidence. To characterize pharmacodynamic and gene expression effects 
associated with use of selenium and vitamin E, we undertook a randomized, placebo-controlled phase IIA 
study of prostate cancer patients before prostatectomy and created a preoperative model for prostatec-
tomy tissue interrogation.  

   Methods   Thirty-nine men with prostate cancer were randomly assigned to treatment with 200  µ g of selenium, 
400 IU of vitamin E, both, or placebo. Laser capture microdissection of prostatectomy biopsy specimens 
was used to isolate normal, stromal, and tumor cells. Gene expression in each cell type was studied with 
microarray analysis and validated with a real-time polymerase chain reaction (PCR) and immunohis-
tochemistry. An analysis of variance model was fit to identify genes differentially expressed between 
treatments and    cell types. A beta-uniform mixture model was used to analyze differential expression of 
genes and to assess the false discovery rate. All statistical tests were two-sided.  

   Results   The highest numbers of differentially expressed genes by treatment were 1329 (63%) of 2109 genes in 
normal epithelial cells after selenium treatment, 1354 (66%) of 2051 genes in stromal cells after vitamin E 
treatment, and 329 (56%) of 587 genes in tumor cells after combination treatment (false discovery rate = 
2%). Validation of 21 representative genes across all treatments and all cell types yielded Spearman 
 correlation coefficients between the microarray analysis and the PCR validation ranging from 0.64 (95% 
confidence interval [CI] = 0.31 to 0.79) for the vitamin E group to 0.87 (95% CI = 0.53 to 0.99) for the 
selenium group. The increase in the mean percentage of p53-positive tumor cells in the selenium-treated 
group (26.3%), compared with that in the placebo-treated group (5%), showed borderline statistical signifi-
cance (difference = 21.3%; 95% CI = 0.7 to 41.8;  P  = .051).  

   Conclusions   We have demonstrated the feasibility and efficiency of the preoperative model and its power as a hypothesis-
generating engine. We have also identified cell type –  and zone-specific tissue effects of interventions with 
selenium and vitamin E that may have clinical implications.  
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Prevention Study Group trial ( 13  –  15 ) that have linked reduced 
prostate cancer incidence with selenium and vitamin E use, respec-
tively. To identify potential antioxidant therapeutic targets and 
biomarkers for prostate cancer, we undertook a randomized, place-
bo-controlled phase IIA preprostatectomy study that complements 
SELECT. Its aim was to create a model for prostatectomy tissue 
interrogation that could be used to characterize pharmacodynamic 
and gene expression effects associated with selenium and vitamin E 
use. We also studied cell type –  and zone-specifi c tissue effects of 
selenium, vitamin E, and combination treatment with both. Cell 
types included normal, tumor, and stromal cells. The prostate zones 
included the transition, the central, and the peripheral zones. 

  Patients and Methods 
  Clinical Trial Design, Patient Selection, and Evaluation 

 We conducted a 2 × 2 factorial, randomized, placebo-controlled, 
double-blind phase IIA trial of selenium and vitamin E in patients 
with clinically organ-confined prostate cancer. From February 1, 
2001, through April 30, 2002, 48 patients were enrolled consecu-
tively to ensure a final sample size of 40 patients because of the 
likelihood that some patients would not start the treatment regi-
men or undergo prostatectomy after enrollment. Entry criteria 
required histologically confirmed adenocarcinoma of the prostate, 
clinical stage T1c or T2, low- or intermediate-grade disease 
(Gleason score of 7 or less) on initial biopsy examination, a pros-
tate-specific antigen level of less than 10 ng/mL, a life expectancy 
of at least 10 years, a performance status of less than 2 (Zubrod 
scale), no history of thyroid disease, and scheduled radical prostate-
ctomy. Taking more than 50  µ g of selenium and/or 300 IU of 
vitamin E daily for more than 3 days consecutively within 1 month 
before registration prompted exclusion. Patients were randomly 
assigned to treatment by use of a computerized random number 
generator. Treatments were administered during the 3- to 6-week 
period from the time of enrollment until prostatectomy and 
included one of the following four daily oral regimens: 200  µ g of 
 l -selenomethionine (selenium), 400 IU of all-rac-alpha-tocopheryl 
acetate (vitamin E), a combination of 200  µ g of  l -selenomethionine 
and 400 IU of vitamin E, or placebo. These agents and their doses 
were identical to those used in the SELECT. All patients also 
received a multiple vitamin and 250 mg of vitamin C each day. 

 Patients were removed from the study    if they had any toxic 
effect that was greater than grade 1 according to the National 
Cancer Institute Common Toxicity Criteria scale. No dose modi-
fi cation was allowed. 

 This trial was approved by the institutional review board of The 
University of Texas M. D. Anderson Cancer Center in Houston, 
Texas. All patients gave written informed consent, in keeping with 
the policies of the institution, acknowledging the study ’ s investiga-
tional nature, and were enrolled by physicians.  

  Blood and Tissue Collection 

 For selenium analysis, pretreatment and posttreatment blood 
samples from all four treatment groups (selenium, vitamin E, both, 
or placebo) were collected into 7-mL Vacutainers containing diso-
dium EDTA (product 369736; Becton Dickinson, Franklin Lakes, 
NJ). Plasma was isolated by centrifugation (2000 g  at 4°C for 

15 minutes), placed into 7-mL trace element – free Vacutainers 
(product 369735; Becton Dickinson), and stored at 4ºC until they 
were shipped to Texas A&M University (College Station, TX) for 
determination of selenium levels. For vitamin E analysis, blood 
samples from all four treatment groups were collected in 10-mL 
Vacutainers containing sodium heparin (product 366480; Becton 
Dickinson). After centrifugation (2000 g  at 4°C for 15 minutes), 
aliquots of supernatant were stored at  � 80°C until analyzed. 

 After prostatectomy, core biopsy tissue samples were obtained 
from the surgical specimens by use of a Multiple Biopsy Device 
(Engineered Medical Systems, Indianapolis, IN), which has an 
18-gauge 20-cm biopsy needle and so simulates the clinical biopsy 
technique. Core biopsy samples were either snap frozen or fi xed in 
formalin and embedded in paraffi n. For histological examination, 
the prostatectomy specimens were embedded entirely in paraffi n as 
previously described ( 16 ). Briefl y, after the apex of the prostate was 
separated and sectioned radially, the remaining gland was sec-
tioned with a commercial meat slicer at 4.0-mm intervals in a 
transverse plane perpendicular to the posterior surface. Each cross 
section was subdivided into portions to fi t four to six standard cas-
settes, and a schematic map of the cross sections was prepared as 

  CONTEXT AND CAVEATS 

  Prior knowledge 

 Selenium and vitamin E have been associated with reduced inci-
dence of prostate cancer in secondary analyses of two randomized, 
controlled phase III trials.     

  Study design 

 In this randomized, double-blind phase IIA chemoprevention trial, 
39 men with prostate cancer were treated with 200  µ g of selenium, 
400 IU of vitamin E, both, or placebo for 3 to 6 weeks before sur-
gery. The gene expression profile of each cell type and of each 
treatment group was determined.  

  Contribution 

 This study provided a proof-of-principle that prostate biopsy speci-
mens can serve as a source of tissue for molecular interrogation. 
Differential gene expression related to selenium and/or vitamin E 
treatments was identified that was cell type specific and tissue 
zone specific and that may have clinical implications.  

  Implications 

 This preoperative model can be used to investigate differential 
gene expression associated with other treatments for prostate 
cancer.  

  Limitations 

 The study period was only 3 to 6 weeks long and contained only 39 
patients. The expression of biomarkers that are modulated after a 
short intervention may not correlate with a clinical endpoint in 
large clinical trials. Sampling errors caused by the presence of 
multifocal tumors and by the diverse nature of the tumors can lead 
to errors in identification of biomarkers and false-negative find-
ings. A large chemoprevention trial of selenium and vitamin E 
showed no evidence of a preventive effect, and so any supplement-
induced changes noted in gene expression are not likely to predict 
for prevention efficacy. 

  From the Editors    
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described previously ( 17 ). Each tumor focus was outlined. The 
total number of tumor foci, the zone of origin, the Gleason score, 
and the pathological stage of each tumor focus were noted.  

  Apoptotic Index 

 Prostatectomy specimens were fixed in neutral-buffered formalin 
and then embedded in paraffin blocks from which 4- µ m sections 
were cut and stained with hematoxylin – eosin. Both mitosis and 
apoptosis were scored by microscopic examination at 400× magni-
fication. The morphological features used for histological identifi-
cation of apoptotic bodies have been described and illustrated 
elsewhere ( 18 ). Briefly, in apoptosis, cells shrink, chromatin con-
denses and marginates against the nuclear membrane, and nuclear 
budding results in the formation of discrete membrane-bound 
apoptotic bodies. Cells displaying any of these morphological fea-
tures were scored as being apoptotic. Five fields of non-necrotic 
areas were randomly selected in each histological section, and the 
numbers of apoptotic bodies and mitotic cells per 100 nuclei in 
each field were counted and then expressed as the percentage of 
apoptotic or mitotic cells.  

  Proliferation Index 

 Ki67 expression was used to determine the proliferation index. 
Briefly, unstained sections of formalin-fixed, paraffin-embedded 
prostate tissue were baked in an oven overnight at 60°C and then 
deparaffinized in xylene and an alcohol series. Endogenous peroxi-
dase activity in tissue sections was blocked by incubation in a solution 
of 3% H 2 O 2  in methanol for 5 minutes at room temperature, fol-
lowed by washing in water. For antigen retrieval, slides were heated 
for three 45-minute periods in a 500 W microwave in 10 mM sodium 
citrate (pH 6.0), with a 20-minute cooling period at room tempera-
ture in between each treatment and after the last treatment. 

 Slides were then incubated with mouse anti-human Ki67 poly-
clonal antibody (MIB1; Dako, Glostrup, Denmark; 1:100 dilution) 
in Chemmate antibody dilution buffer (Ventana Medical Systems, 
Tuscon, AZ) for 60 minutes at room temperature. Biotinylated anti-
mouse antibody (LSAB kit; Dako) was applied for 30 minutes at 
room temperature, followed by incubation with streptavidin peroxi-
dase (LSAB2 system; Dako   ) for 16 minutes at room temperature. 
The slides were then rinsed in phosphate-buffered saline and stained 
with diaminobenzidine chromogen solution (ResGen; Invitrogen, 
Carlsbad, CA), and the color reaction was observed under a light 
microscope. Sections were then counterstained with hematoxylin. 
Negative-staining controls were slides not incubated with primary 
antibody. Positive controls included tonsil tissue specimens with 
proliferating cells that exhibited brown staining. Five fi elds of pros-
tate cancer and fi ve fi elds of normal prostate were randomly selected 
in each case. In each fi eld, the number of Ki67-positive nuclei was 
recorded as number per 100 nuclei. A total number of 500 nuclei 
were scored, and the number of Ki67-positive nuclei was recorded 
and expressed as a percentage.  

  Determination of Selenium Levels 

 Selenium levels were determined in blood samples that were col-
lected from all 39 prostate cancer patients before and after treat-
ments. Posttreatment blood was collected within 24 hours of 
surgery. Archived blood samples were stored at 4°C until they 

were shipped to Texas A&M University (College Station, TX) for 
analysis. For selenium analysis, plasma samples were digested with 
ultrapure nitric acid in a microwave oven (OI Model MDS; OI 
Analytical, College Station, TX) under high pressure (160 pounds 
per square inch) at 180°C. After samples cooled to room tempera-
ture, ultrapure hydrogen peroxide was added, and the samples 
were reheated to 90°C under atmospheric pressure to digest lipids. 
Samples were then cooled to room temperature, diluted to 20 mL 
with deionized water, and transferred to polyethylene bottles for 
storage until subsequent analysis. 

 Reducing selenium (VI) to selenium (IV) required that 5-mL 
digest samples be moved to polypropylene vessels. After the addi-
tion of 5 mL concentrated HCl (Baker Instra-Analyzed grade; 
J. T. Baker, Phillipsburg, NJ) to these samples, they were heated 
in a graphite heating block (CPI International, Santa Rosa, CA) for 
60 minutes at 95°C. Deionized water was then added to samples 
after they were cooled to room temperature to a fi nal concentra-
tion of 3 M HCl. For quality control, each batch of 20 or fewer 
samples included one blank and one sample to which known 
amounts of Se were added, one procedural blank (ie, a blank 
treated as a sample through preparation and analysis to evaluate 
contamination), one duplicate sample, and one sample of certifi ed 
reference material, which were processed through the digestion 
and selenium reduction steps with the samples. Blank and proce-
dural blank controls differ in that a known amount of Se is added 
to the blank, whereas a procedural control contains no Se. 
Calibration standards were prepared from commercial standards 
obtained from CPI International. 

 An A P S Analytical Millennium Excalibur atomic fl uorescence 
spectrometer (Deerfi eld Beach, FL) was used to measure selenium 
levels in the samples and standards. Briefl y, samples were mixed 
1:1 with a solution of 0.7% (mass/volume) sodium borohydride in 
0.1 M sodium hydroxide through fl ow injection analysis. A gas – 
liquid separator was used to transfer selenium hydride to an argon 
gas stream, and an air – hydrogen fl ame decomposed it to free Se 
atoms (Se 0 ). A boosted hollow cathode lamp and a solar blind 
detector were used to identify selenium by its atomic fl uorescence. 
Concentrations of selenium, reported as parts per million (wet 
weight), were determined from the peak area of the fl uorescence 
signal by use of unweighted linear regression analysis.  

  Determination of Vitamin E Levels 

 Vitamin E levels were determined in pretreatment and posttreat-
ment plasma samples from all 39 patients in all treatment groups 
(selenium, vitamin E, both, or placebo) by simultaneously measur-
ing both alpha-tocopherol and gamma-tocopherol by use of high-
performance liquid chromatography (HPLC), as described 
previously by Sowell et al. ( 19 ). Posttreatment blood was collected 
within 24 hours of surgery. In brief, 200  µ L of serum was added to 
10  µ L of 10%  l -ascorbic acid, followed by the addition of 200  µ L 
of an internal standard (retinyl butyrate at 7.5  µ g/mL), and the 
mixture was vortex-mixed for 10 – 15 seconds. Next, 1 mL of hexane 
was added, and the mixture was vortex-mixed for another 5 minutes 
and then centrifuged for 10 minutes at 1800 g  at room temperature. 
The upper hexane layer was collected, and the extraction was 
repeated two more times; the three upper layers were pooled and 
dried in a SpeedVac (Savant Instruments, Inc., Farmingdale, NY) 
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without heating. The dried sample was dissolved in 150  µ L of 
mobile-phase solution (acetonitrile and ethanol, 50% and 50% by 
volume, in 0.01% triethylamine; Fisher Scientific, Fairlawn, NJ) 
and vortex-mixed for 10 seconds. The dissolved extract was filtered 
and then subjected to HPLC analysis with a Waters HPLC system 
equipped with 717 antosamples, a 996-photodiode array detector 
(Waters, Milford, MA), and a Customsil octadecylsyline C18 
diameter, 150 × 4.6 – mm column (Phenomenex, Torrance, CA) 
that with 5- µ m particles has a mobile-phase flow rate of 1.0 mL/min 
under isocratic conditions. For both alpha- and gamma-tocopherols, 
chromatograms were obtained for any HPLC-purified samples 
with an absorbance at 300 nm. The concentration of alpha- or 
gamma-tocopherol was quantified by comparing the peak height of 
the analyte in the experimental sample to that of the corresponding 
alpha- or gamma-tocopherol standard. The concentration of vita-
min E was presented as individual tocopherol isoforms.  

  RNA Preparation and Microarray Hybridization 

 Cancer, stromal, and non-neoplastic epithelial cells were dissected 
from 5- µ m serial sections of fresh-frozen prostate tissue by use of 
laser-pulse capture microdissection (30  µ m diameter) and a PixCell 
laser capture microscope (Arcturus Engineering, Mountain View, 
CA, or P.A.L.M. Microlaser Technologies, Bernried, Germany). 
RNA was prepared from captured cells after lysis in a buffer of 
100 mM Tris – HCl, 500 mM lithium chloride, 10 mM EDTA, 1% 
lithium dodecyl sulfate, and 5 mM dithithreitol, and vortex-mixing 
for 4 minutes at room temperature. The lysate was centrifuged 
(12   000 g  for 15 minutes) at 4°C, and the supernatant was mixed 
with oligo-d(T) Dynabeads (Invitrogen) to bind mRNA. Incubation, 
washing, and elution steps were performed as described by the 
manufacturer’s protocol. The extracted RNA was amplified 
according to the kit manufacturer’s protocol (RiboAmp RNA 
Amplification kit; Molecular Devices, Sunnyvale, CA). Double-
stranded cDNA was prepared from total RNA by use of the 
SuperScript Choice System for cDNA synthesis (Gibco – BRL Life 
Technologies, Carlsbad, CA), according to the manufacturer’s 
instructions. Biotin-labeled complementary RNA was transcribed 
from the cDNA by use of the Enzo BioArray HighYield RNA 
transcript labeling kit (Enzo Life Sciences, Farmingdale, NY) and 
purified by use of an RNeasy spin column (Qiagen, Valencia, CA) 
and ethanol precipitation. The purified complementary RNA was 
dissolved in nuclease-free water and fragmented with fragmenta-
tion buffer (Enzo BioArray HighYield RNA transcript labeling 
kit), and the fragments were hybridized to the GeneChip Hu133A 
microarray (Affymetrix, Santa Clara, CA), both procedures accord-
ing to the manufacturer’s protocol. Microarrays were subsequently 
washed and stained in an Affymetrix GeneChip Fluidics station as 
described in the manufacturer’s protocol and then scanned with an 
Affymetrix GeneChip Scanner 3000, which provides an image of 
the microarray and stores high-resolution fluorescence intensity 
data. The original CEL files that were generated after scanning 
were submitted to ArrayExpress (accession number  E-MEXP-
1327 , at  http://www.ebi.ac.uk/microarray-as/ae/ ).  

  Oligonucleotide Microarray Data Analysis 

 Genes were represented by 22   283 probe sets spotted on the 
Hu133A array (Affymetrix). The expression levels of genes were 

determined from hybridized probe set intensities by use of a 
positional-dependent nearest-neighbor model ( 20 ) that uses probe 
sequence information to estimate probe binding affinities. Genes 
that were absent or ubiquitously expressed at low levels and genes 
with little variation across samples were excluded from further 
analysis because variation in gene expression at low levels is not 
reproducible. The excluded low-intensity genes had a median 
logarithmic expression level of more than 5.35 in at most three 
array experiments. We also excluded genes with SD in logarithmic 
expression levels across tested samples of less than 0.07 (ie, 40% of 
the SD of log expression levels across experiments from all genes). 
Our analysis proceeded with the remaining 13   158 genes, after 
9125 genes were excluded.  

  Pathway Analysis 

 To prioritize genes for further study, we subjected to pathway analy-
sis the data for the differentially expressed genes from the microar-
ray hybridization experiments with a false discovery rate of 2% to 
pathway analysis. Tables containing the names of genes, array probe 
set identifiers, and corresponding  t  scores of differential expression 
were uploaded in Ingenuity Pathways Analysis software (Ingenuity 
Systems, Redwood City, CA) for an Ingenuity analysis that generates 
networks of gene interactions and assigns gene ontology descrip-
tions of biological function on the basis of information retrieved from 
the software’s literature database. Right-tailed Fisher exact test was 
used to determine the probability that each biological function 
assigned to each network was matched by chance alone, a determi-
nation achieved by comparing the number of genes from the gene 
expression profile that participates in a given biological function 
with the total number of occurrences of those genes in all func-
tional annotations stored in the software’s database. To narrow the 
potential candidates for validation of gene expression even further, 
we uploaded in a Microsoft Access database annotations (from the 
Affymetrix Hu133A array annotation file, available at  http://www.
affymetrix.com/support/technical/annotationfilesmain.affx ) and 
expression levels of the differentially expressed genes (from the 
microarray analysis), which had a false discovery rate of 2% 
between treatment groups (ie, selenium, vitamin E, or a combina-
tion of both selenium and vitamin E vs placebo). We then initiated 
queries via structured query language (according to Microsoft 
Access software manual; Microsoft Corp., Redmond, WA) to 
select the genes that, compared with placebo treatment, were 
expressed at a higher or lower level in both a single-agent treat-
ment group and the combination treatment group in a specific cell 
type (ie, tumor, stromal, or normal epithelial cells). Unsupervised 
hierarchical clustering was performed with open-source software, 
Cluster version 2.51 and TreeView, and Ingenuity analysis was 
subsequently performed as described above. These analyses enabled 
the organization of genes in groups by their expression patterns 
across samples and according to their network interactions.  

  Real-Time Quantitative Polymerase Chain Reaction 

 Real-time quantitative polymerase chain reaction (RT-PCR) was 
performed by use of the One-Step Reverse Transcription PCR 
Taqman Master Mix Reagents Kit (Applied Biosystems, Foster 
City, CA), with primers and probe sets specific for genes that were 
identified by the microarray data analyses ( ACADS    ,  ANGPT1 , 

http://www.affymetrix.com/support/technical/annotationfilesmain.affx
http://www.affymetrix.com/support/technical/annotationfilesmain.affx
http://www.ebi.ac.uk/microarray-as/ae/
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 ARPC4 ,  B2M ,  CFLAR ,  CREB1 ,  CUL4A ,  DNAJA3 ,  EDNRA , 
 ERCC3 ,  GRN ,  GSK3B ,  HIPK2 ,  HRAS ,  MAP3K8 ,  NFKBIB ,  TP53 , 
 PDE8A ,  PRKCI ,  ST14 , and  TOP1 ) and delineated by assays identi-
fied by using Applied Biosystems ’  FileBuilder software. The RNA 
templates used in the RT-PCRs were obtained from pooled RNAs 
isolated from normal, tumor, or stromal prostate cells. 

 We    determined mRNA levels by use of the ABI PRISM 7700 
Sequence Detection System (Applied Biosystems, Foster City, CA) 
with  � -actin mRNA as the reference. The PCR incubation condi-
tions were as follows: for stage I (reverse transcription), 48°C for 
30 minutes; for stage II (denaturation), 95°C for 10 minutes; for 
stage III, 40 cycles of 95°C for 15 seconds (denaturation), followed 
by 60°C for 1 minute (primer annealing and extension). We used 
the comparative method for determining the threshold cycle ( C  t ) in 
the software Sequence Detector, version 1.7a (Applied Biosystems), 
to calculate the normalized RNA expression level ( �  C  t ) as the  C  t  of 
the gene of interest in a specifi c drug treatment and cell type group 
minus the  C  t  of  � -actin for the corresponding sample group. The 
fold change in RNA expression between treatment and placebo 
groups ( �  �  C  t ) was the difference between the  �  C  t  of the gene in 
the placebo group and the  �  C  t  of the gene in the treatment group. 
Duplicate RT-PCR experiments were performed for 13 ( ACADS , 
 ANGPT1 ,  CFLAR ,  CREB1 ,  CUL4A ,  GSK3B ,  HIPK2 ,  HRAS , 
 NFKBIB ,  TP53 ,  PDE8A ,  PRKCI , and  ST14 ) of 21 genes tested, 
with an average SD of 28.5% over the mean value. Limited avail-
able RNA prevented running duplicate tests for all genes.  

  Immunohistochemistry for p53 

 Thirty-six prostatectomy specimens were available from all treat-
ment groups. Unstained, 4- µ m, formalin-fixed paraffin-embedded 
tissue sections were air-dried and then heated at 56°C overnight in 
an oven. Briefly, sections were brought to room temperature, 
endogenous peroxidases were blocked with 3% hydrogen peroxide 
in methanol for 10 minutes, and then sections were rinsed in 
distilled water. Tissue sections were treated with target retrieval 
solution (Dako, Glostrup, Denmark) and heated at 100°C for 
30 minutes in a Pascal pressure cooker to unmask epitopes. Slides 
were cooled to room temperature, rinsed three times in deionized 
water, and then rinsed in Tris-buffered saline containing 0.05% 
Tween-20 (pH 8.0) (Sigma, St Louis, MO). Next, slides were incu-
bated first with mouse anti-human p53 monoclonal antibody 
(clone DO-7; Dako, Glostrup, Denmark; dilution 1:1000) at room 
temperature for 1 hour, then with peroxidase-labeled dextran 
polymer conjugated to goat anti-mouse and anti-rabbit immuno-
globulins (DAKO EnVision + Dual link System Peroxidase; 
Dako, Glostrup, Denmark) for 30 minutes, and finally with 
3,3 ′ -diaminobenzidine for 10 minutes. The slides were rinsed in 
Tris-buffered saline containing 0.05% Tween-20 between each 
step. The slides were counterstained for 1 minute with Mayer 
hematoxylin (Poly Scientific, Bayshore, NY; diluted 1:10 with 
deionized water) and rinsed twice with distilled water. Nuclei in 
the tissue sections were stained with Richard – Allan bluing reagent 
(Thermo Scientific, Waltham, MA) for 1 minute and then sections 
were dehydrated through an increasing ethanol series in xylene. A 
cover slip was placed over the sections and mounted with xylene-
based mounting medium. The individual scoring (E.E.) immunos-
taining was blinded with respect to treatment groups.  

  Statistical Analysis 

 A 2 × 2 factorial trial design was used to evaluate the four treat-
ments to which patients were randomly assigned, including sele-
nium, vitamin E, both, or placebo. Patients were randomly 
assigned by use of a double-blind randomization procedure, with 
10 patients per treatment group. Financial limitations confined the 
sample size to 40 patients. This sample size ensured that   , for 
example, the estimated Ki67 value (SD = 2.5%; historical baseline 
mean = 12.4%) would have a 95% confidence interval with a width 
of 1.55% (= [2 × 1.96 ×  s ]/40 1/2 ), where  s  is the SD. The 95% 
confidence interval estimates for other quantities were computed 
similarly. With 10 patients per group, a two-sided  t  test, with 
a statistical significance level at .05 to compare two of the four 
treatment groups, would detect a drop of 2%, 4%, or 6% in the 
Ki67 value compared with the historical mean of 12.4%, with a 
power of 43%, 95%, or 99%, respectively. 

 Patient characteristics were summarized as the median and 
range for continuous variables and the frequency and percentage 
for categorical variables. The Wilcoxon signed rank test was used 
to assess the changes in levels of selenium and vitamin E (as alpha- 
and gamma-tocopherols) between before- and after-treatment 
samples. A multiple linear regression model was fi t to assess associa-
tions by treatment between baseline covariates and posttreatment 
selenium, posttreatment alpha-tocopherol, or posttreatment gam-
ma-tocopherol levels. Step-down variable selection with a  P  value 
cutoff of .05 was performed to determine whether a variable should 
be retained in the model. Pairwise association between continuous 
variables    was examined with scatter plots and smoothed Lowess 
curves ( 21 ); the statistical signifi cance of associations was assessed 
by use of the Spearman correlation test, with 95% confi dence inter-
vals for the estimated nonparametric Spearman correlation coeffi -
cients computed by the bootstrap method. Differences in continuous 
variables among groups of patients were evaluated by use of the 
Kruskal – Wallis test (for more than two groups) or the Wilcoxon 
rank sum test (for two groups), with  P  values of less than .05 con-
sidered to be statistically signifi cant. Exploratory and descriptive 
statistical methods were initially used for gene expression data, 
including hierarchical clustering and estimation of proportions, 
means, and SDs. To identify differentially expressed genes between 
treatments and tumor types, we fi t the following analysis of variance 
(ANOVA) model with an interaction term for each gene: 

 Y  =  β  0  +  β  1  X  1  +  β  2  X  2  +  β  12  X  1 X 2  +  ε ,

where  Y  is gene expression;  X  1  and  X  2  are treatments and tumor 
types, respectively, for each gene; and  �  is a measurement error 
term under the assumptions that errors are independent and nor-
mally distributed with a mean of 0 and that variance is homoge-
neous among treatment groups. Specific comparisons of gene 
expression between treatments and tumor types were evaluated by 
use of the ANOVA model and contrast analysis ( 22 ). To adjust for 
multiple comparisons, we used a beta-uniform mixture model to 
analyze the resulting subscribes  P  values for the comparisons from 
the ANOVA model with appropriate control for a false discovery 
rate. All statistical analyses were carried out in SPLUS ( 23 , 24 ). 

 Specifi c comparisons of gene expression between treatments 
and tissue types were evaluated by use of an ANOVA model with 
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contrast analysis. We used a beta-uniform mixture model ( 24 ) to 
adjust for multiple comparisons by use of a false discovery rate and 
to obtain  P  values from the ANOVA model. This ANOVA model 
could also be used to calculate  t  scores for each comparison, which 
refl ect fold changes in the expression levels of genes between the 
compared sample groups. 

 An ANOVA model was fi t to assess p53 expression among treat-
ment groups. Because gene expression arrays are not a reliable 
source from which to determine mutation status of p53, we obtained 
the percentage of tumor cells exhibiting detectable nuclear staining 
for p53 protein by counting cells in tissue sections. We treated this 
value as a continuous variable. All statistical tests were two-sided.   

  Results 
  Patient Characteristics 

 Forty-eight patients with prostate cancer were enrolled and ran-
domly assigned to take selenium, vitamin E, both selenium and 
vitamin E, or placebo ( Figure 1 ). Because of financial limitations, 
we planned to enroll a total of 40 patients, with 10 patients per 
treatment group. Nine patients were lost to assessment: three 
withdrew, two chose to have radiation therapy, two failed to supply 
tissue or blood samples, one never took the assigned agent, and one 
was lost to follow-up. Overall, 39 completed treatment and were 
evaluated in the apoptotic and proliferation indices studies, and of 
these, 36 supplied adequate specimens for microarray analysis.     

 Detailed patient characteristics are shown in  Table 1 , which 
include age, race, body mass index, previous use of vitamin supple-
mentation, clinical tumor stage, Gleason score, and smoking his-
tory. Patient characteristics were well balanced across the four 
treatment arms.      

  Selenium and Vitamin E Levels 

 There was little variation in pretreatment selenium levels among 
patients in each of the four treatment groups. However, in the 
combination treatment group, the selenium level was statistically 
significantly higher after treatment (median = 0.19 ppm) than 
before treatment (median = 0.14 ppm) (difference = 0.05 ppm; 95% 
confidence interval [CI] = 0.01 to 0.07;  P  = .001) ( Table 2 ). 
In the selenium treatment group, the selenium level was higher 
after treatment (median = 0.21 ppm) than before treatment 

(median = 0.15 ppm), but with borderline statistical significance 
( P  = .06). Both alpha- and gamma-tocopherols were assessed to 
determine vitamin E levels. There was a statistically significant 
increase in the alpha-tocopherol levels between posttreatment 
(median = 11.59  µ M) and pretreatment (median = 7.47  µ M) in the 
vitamin E group (difference = 4.12  µ M, 95% CI = 0.50 to 9.94  µ M; 
 P  < .001) and in the selenium plus vitamin E group (posttreatment 
median = 15.53  µ M and pretreatment median = 8.98  µ M; differ-
ence = 6.55  µ M, 95% CI = 0.58 to 11.78  µ M;  P  < .001). 
Posttreatment gamma-tocopherol values were statistically signifi-
cantly reduced, compared with pretreatment levels, in both the 
vitamin E group (posttreatment median = 0.36  µ M and pretreat-
ment median = 1.84  µ M; difference =  � 1.06  µ M, 95% CI =  � 2.87 to 
 � 0.57  µ M;  P  < .001) and the combination treatment group (post-
treatment median = 0.35  µ M and pretreatment median = 1.74  µ M; 
difference =  � 1.39  µ M, 95% CI =  � 3.40 to  � 0.29  µ M;  P  = .002).     

 The association between the posttreatment selenium level (or 
alpha- or gamma-tocopherol level) and the pretreatment selenium 
level (or alpha- or gamma-tocopherol level) and age or body mass 
index was assessed by constructing smoothed Lowess curves and by 
use of a Spearman correlation test. No association was found 
between pre- and posttreatment selenium levels (data not shown), 
whereas a stronger positive association was found between pre- and 
posttreatment levels of alpha-tocopherol (Spearman correlation 
coeffi cient = 0.40;  P  = .02) and a weaker positive association was 
found between pre- and posttreatment levels for gamma-tocopherol 
(Spearman correlation coeffi cient = 0.26;  P  = .08). No association 
was found between age or body mass index and the posttreatment 
level of alpha- and gamma-tocopherol or selenium. We next simul-
taneously assessed the association of baseline covariates and treat-
ment assignment with the posttreatment selenium (or alpha- or 
gamma-tocopherol) level by fi tting a multiple linear regression 
model for the posttreatment selenium level (or posttreatment 
alpha- or gamma-tocopherol level). We found a borderline statisti-
cally signifi cant association between the pre- and posttreatment 
selenium levels (ie, a higher pretreatment selenium level was associ-
ated with a higher posttreatment selenium level;  P  = .08) and a 
statistically signifi cant association between selenium treatment and 
posttreatment selenium levels (ie, patients treated with selenium or 
selenium and vitamin E had a higher posttreatment selenium level 
than those not treated with selenium) (regression coeffi cient = 0.05, 

  
  Figure 1  .    Study fl ow chart. Patient enrollment and disposition in the presurgical study of selenium and vitamin E in clinically organ-confi ned 
prostate cancer. Patients are treated with placebo, selenium only, vitamin E only, or the combination of selenium and vitamin E.     
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95% CI = 0.02 to 0.07;  P  = .001). There was no statistically signifi -
cant association between vitamin E level and posttreatment sele-
nium level ( P  = .26), and no statistically signifi cant interaction was 
detected between selenium and vitamin E ( P  = .53). 

 A statistically signifi cant association between the pretreatment 
alpha-tocopherol level and the posttreatment alpha-tocopherol level 
was observed ( P  < .001). After adjusting for the pretreatment alpha-
tocopherol level, statistically signifi cant associations were found 

between the selenium level and the posttreatment alpha-tocopherol 
level ( P  < .04) and between the vitamin E level and the posttreatment 
alpha-tocopherol level ( P  < .001). In addition, a statistically signifi -
cant inverse association was found between smoking (current and 
ever) and posttreatment alpha-tocopherol levels (regression coeffi -
cient =  � 2.23, 95% CI =  � 3.96 to  � 0.50;  P  = .02) (data not shown). 
No statistically signifi cant association between pretreatment 
gamma-tocopherol level and posttreatment gamma-tocopherol 

 Table 1  .    Patient characteristics  

  Variable All (n = 39)

Selenium arm 

(n = 9)

Vitamin E arm 

(n = 11)

Selenium and vitamin 

E arm (n = 10) Placebo (n = 9)  P  value *   

  Age, median (range), y 59 (44 – 70) 58 (47 – 67) 58 (50 – 68) 59 (47 – 65) 66 (44 – 70) .45 
 Race or ethnicity, No. (%)      .78 
     White 33 (84.6) 7 (77.8) 10 (90.9) 9 (90) 7 (77.8)  
     Black 1 (2.6) 0 (0) 0 (0) 0 (0) 1 (11.1)  
     Hispanic 2 (5.1) 1 (11.1) 0 (0) 0 (0) 1 (11.1)  
     Asian 3 (7.7) 1 (11.1) 1 (9.1) 1 (10) 0 (0)  
 Body mass index, median 
  (range), kg/m 2 

29.2 (21.8 – 44.9) 28.8 (24.1 – 34.5) 30.4 (22.5 – 44.9) 29.4 (25.4 – 32.8) 28.9 (21.8 – 40.0) .93 

 Previous use of vitamin 
  supplementation, No. (%)

     .55 

     No 20 (51.3) 6 (66.7) 4 (36.4) 6 (60) 4 (44.4)  
     Yes 19 (48.7) 3 (33.3) 7 (63.6) 4 (40) 5 (55.6)  
 Clinical tumor stage, No. (%)      .78 
     T1c 25 (88.9) 6 (66.7) 8 (72.7) 5 (50) 6 (66.7)  
     T2 14 (8.3) 3 (33.3) 3 (27.3) 5 (50) 3 (33.3)  
 Gleason score, No. (%)      .38 
     6 18 (46.2) 5 (55.6) 7 (63.6) 3 (30) 3 (33.3)  
     7 21 (53.8) 4 (44.4) 4 (36.4) 7 (70) 6 (66.7)  
 Smoking history, No. (%)      .07 
     Current 5 (12.8) 4 (44.4) 0 (0) 0 (0) 1 (11.1)  
     Ever 20 (51.3) 4 (44.4) 7 (63.6) 6 (60) 3 (33.3)  
     Never 14 (35.9) 1 (11.1) 4 (36.4) 4 (40) 5 (55.6)  
 Treatment group, No. (%) 
     Selenium 9 (23.1)      
     Vitamin E 11 (28.2)      
     Selenium and vitamin E 10 (25.6)      
     Placebo 9 (23.1)       

  *   Kruskal – Wallis test for continuous variables and generalized Fisher exact test for categorical variables. All statistical tests were two-sided.   

 Table 2  .    Comparison of pre- and posttreatment selenium and vitamin E levels in plasma    *   

   Measurement and 

treatment group 

Pretreatment median 

value (95% CI)

Posttreatment median 

value (95% CI)

Median change value 

(95% CI)  P  value  †    

  Selenium, ppm 
     Selenium (n = 9) 0.15 (0.11 to 0.22) 0.21 (0.15 to 0.24) +0.06 ( � 0.07 to 0.08) .06 
     Vitamin E (n = 11) 0.14 (0.11 to 0.21) 0.13 (0.11 to 0.17)  � 0.01 ( � 0.07 to 0.02) .07 
     Selenium plus vitamin E (n =10) 0.14 (0.11 to 0.19) 0.19 (0.14 to 0.23) +0.05 (0.01 to 0.07) .001 
     Placebo (n = 9) 0.14 (0.12 to 0.17) 0.15 (0.11 to 0.17) +0.01 ( � 0.01 to 0.03)  
 Alpha-tocopherol,  µ M 
     Selenium (n = 9) 8.15 (6.81 to 18.34) 9.35 (6.21 to 19.84) +1.37 ( � 1.90 to 2.60) .09 
     Vitamin E (n = 11) 7.47 (4.16 to 12.04) 11.59 (7.54 to 18.86) +4.12 (0.50 to 9.94) <.001 
     Selenium plus vitamin E (n = 10) 8.98 (7.19 to 15.48) 15.53 (12.14 to 23.10) +6.55 (0.58 to 11.78) <.001 
     Placebo (n = 8) 9.98 (5.37 to 14.61) 9.11 (6.11 to 11.22)  � 0.87 ( � 3.84 to 1.65)  
 Gamma-tocopherol,  µ M 
     Selenium (n = 9) 1.80 (0.46 to 2.82) 1.58 (0.32 to 2.60)  � 0.34 ( � 0.94 to 1.20) .67 
     Vitamin E (n =11) 1.84 (0.82 to 3.54) 0.36 (0.19 to 2.25)  � 1.06 ( � 2.87 to  � 0.57) <.001 
     Selenium plus vitamin E (n = 10) 1.74 (0.63 to 3.85) 0.35 (0.15 to 0.78)  � 1.39 ( � 3.40 to  � 0.29) .002 
     Placebo (n = 8) 1.77 (0.57 to 2.50) 2.22 (0.66 to 6.92) +0.45 (0.13 to 4.67)   

  *   CI = confidence interval.  

   †    Wilcoxon signed rank test comparing the posttreatment levels with the pretreatment levels in each treatment group. All statistical tests were two-sided.   
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level was detected ( P  = .16). After adjusting for the pretreatment 
gamma-tocopherol level, we found a statistically signifi cant associa-
tion between vitamin E treatment and posttreatment gamma-to-
copherol level (regression coeffi cient =  � 1.67, 95% CI =  � 2.76 to 
 � 0.58;  P  = .005) but not between selenium treatment and posttreat-
ment gamma-tocopherol level ( P  = .25). In the gamma-tocopherol 
analysis, we removed one patient from the analysis who was in the 
placebo group because his gamma-tocopherol level was 7.93  µ M, a 
value that was an extreme outlier. 

 The association between pretreatment alpha-tocopherol levels 
and pretreatment gamma-tocopherol levels was assessed with the 
Spearman rank correlation test. A similar test was performed 
for the posttreatment association between alpha- and gamma-
tocopherol levels. We found a statistically signifi cant correlation 
between posttreatment alpha- and gamma-tocopherol levels 
(Spearman correlation coeffi cient =  � 0.36;  P  = .03) but not 
between pretreatment levels of alpha- and gamma-tocopherols 
(Spearman correlation coeffi cient = 0.15;  P  = .35).  

  Toxicity 

 Except for one patient who had grade 4 central nervous system 
toxic effects (ie, cerebrovascular ischemia) that were thought to be 
unrelated to the study drugs, no toxic effects were recorded.  

  Histological Features 

 Thirty of the 39 patients had two to four tumor foci in their 
prostatectomy specimens, and these foci were most likely located 
in the peripheral zone. Six patients had a single tumor in the 
peripheral zone of the prostate, and information about tumor 
foci was not available for three patients. No statistically signifi-
cant difference in total tumor volume was found among treat-
ment groups ( P  = .66, by the Kruskal – Wallis test). When 
apoptotic and proliferation indices were calculated for the largest 
tumor in the peripheral zone of the prostatectomy specimens 
across all treatment groups, overall values for the apoptotic index 
were 1.25 – 2 times higher in cancer cells than in normal cells, and 
overall values for the proliferation index were 3.3 – 5.5 times 
higher in cancer cells (data not shown). Values for both indices 
in both cancer and normal cells were highest in the selenium 
group. However, using different variables in a fitted regression 
failed to yield a statistically significant correlation between pre-
treatment selenium and vitamin E levels and the apoptotic index 

in posttreatment tissue, probably because of the short duration of 
therapy. 

 In contrast, statistically signifi cant differences in the apoptotic 
indices were noted in other histological comparisons ( Table 3 ). The 
apoptotic index was statistically signifi cantly higher in cancer cells 
in the peripheral zone than in the central zone (regression coeffi -
cient = 0.36, 95% CI = 0.11 to 0.61;  P  = .009) and higher in normal 
epithelial cells in the transition zone than in the central zone 
(regression coeffi cient = 0.27, 95% CI = 0.09 to 0.45;  P  = .006), a 
difference that was independent of treatment effects ( P  = .01). The 
proliferation index in cancer cells of prostatectomy specimens was 
statistically signifi cantly higher after vitamin E treatment than after 
placebo treatment (regression coeffi cient =  � 1.05, 95% CI =  � 0.09 
to  � 2.01;  P  = .04) ( Table 3 ) and statistically signifi cantly higher 
in the peripheral zone than in the transition zone (regression 
coeffi cient = 1.92, 95% CI = 1.10 to 2.74;  P  < .001). A statistically 
signifi cant association was found between body mass index 
and proliferation index ( P  = .01) (ie, a higher body mass index 
was correlated with a lower proliferation index) (regression 
coeffi cient =  � 4.49, 95% CI =  � 7.88 to  � 1.10;  P  = .01). In addition 
to the statistically signifi cantly higher proliferation indices in cancer 
cells between smokers (current and former) and nonsmokers 
(regression coeffi cient = 1.18, 95% CI = 0.16 to 2.20;  P  = .03) 
( Table 3 ), we also found that smoking was associated with a higher 
proliferation index in normal cells, but with borderline statistical 
signifi cance ( P  = .06) (data not shown).      

  Differential Gene Expression 

 Harvested prostatic normal epithelium, stromal, and tumor cells 
from patients were subjected to microarray-based gene expression 
analysis ( Table 4 ) to investigate genes that were differentially 
expressed according to treatment and cell type. Overall, global 
gene expression patterns were not statistically significantly differ-
ent by treatment group, as demonstrated by unsupervised hierar-
chical clustering. However, segregation patterns by cell type were 
detected (eg, gene expression in stromal cells was similar across 
treatment groups, and gene expression in normal tissue cells from 
the placebo group was distinct from that of other treatment groups 
and from cancer cells) ( Supplementary Figure 1 , available online). 
Of the 13   158 genes studied, 2109 genes in normal epithelial cells, 
2051 genes in stromal cells, and 587 genes in tumor cells were dif-
ferentially expressed overall and between treatment and placebo 

 Table 3  .    Fitted linear mixed model for AI and PI in cancer and normal tissue samples from radical prostatectomy specimens *   

  Index and cell type Comparison(s) Regression coefficient (95% CI)  P  value  †    

  AI and cancer cells Peripheral zone vs central zone 0.36 (0.11 to 0.61) .009 
 AI and normal cells Transition zone vs central zone 0.27 (0.09 to 0.45) .006 

 log(body mass index)  ‡  0.70 (0.03 to 1.37) .05 
 PI and cancer cells Vitamin E vs placebo  � 1.05 ( � 2.01 to  � 0.09) .04 

 Peripheral zone vs transition zone 1.92 (1.10 to 2.74) <.001 
 Smoker vs nonsmoker  ‡  1.18 (0.16 to 2.20) .03 
 log(body mass index) §  � 4.49 ( � 7.88 to  � 1.10) .01  

  *   For each fitted model, only those covariates that were statistically significant are shown. The covariates under consideration include treatment group, tissue zone, 
smoking status, and body mass index. AI = apoptotic index; PI = proliferation index; CI = confidence interval.  

   †     P  values were based on Wald tests of the regression coefficients estimates. All statistical tests were two-sided.  

   ‡    Smokers = current or former smokers; nonsmokers = never smokers.  

  §   Higher log(body mass index) corresponds to lower proliferation index.   
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groups, with an estimated false discovery rate of 2% ( P  < .005) and 
a change in gene expression of at least 2.8-fold, which was esti-
mated from ANOVA model with justification by SD (for detailed 
gene data, see ArrayExpress at  http://www.ebi.ac.uk/microarray-as/
ae/ , and  Supplementary Tables 1  –  9 , available online). Gene 
expression in the normal epithelium was affected most strongly by 
selenium treatment (ie, 1329 [63%] of the 2109 differentially 
expressed genes in normal epithelial cells were associated with 
selenium treatment, compared with placebo treatment). In con-
trast, gene expression in the stromal cells was affected most 
strongly by vitamin E treatment (ie, 1354 [66%] of the 2051 dif-
ferentially expressed genes in the stromal cells were associated with 
vitamin E treatment). Gene expression in tumor cells was most 
strongly affected by the combination treatment (ie, 329 [56%] of 
the 587 differentially expressed genes in tumor cells were associ-
ated with combination treatment).      

  Gene Clustering, Gene Ontology, and Pathway Analysis 

 We further explored the nature of the biological effect of treat-
ment in the distinct prostate cell types by subjecting the differen-
tially expressed genes to unsupervised hierarchical clustering 
analysis, which organizes genes into groups according to their 
similarity in expression patterns across samples. A heatmap is 
shown in  Figure 2  that compares gene expression in tumor and 
stromal cells from combination treatment and placebo treatment 
groups. Similar heatmaps were generated for all other treatments 
and cell types (data not shown).     

 Groups of genes that were differentially expressed in normal, 
tumor, and stromal cells, in treatment vs placebo groups, were 
identifi ed and further categorized according to gene ontology 
attributes by use of Ingenuity Pathways Analysis software (ver-
sion 5.0; Ingenuity Systems). This analysis identifi ed gene groups 
that were associated with specifi c molecular or biological pro-
cesses (the most representative group is shown in  Supplementary 
Figure 2 , available online) ( P <  .009). The association was deter-
mined by Fisher exact test, which compares the number of genes 
from the gene expression profi le that participate in a given bio-
logical function with the total number of occurrences of those 
genes in all functional annotations stored in the software’s data-
base. In particular, when differentially expressed genes in normal 
epithelial cells were compared between treatment and placebo 
groups, 25 of these genes were associated with RNA modifi ca-
tion, six with apoptosis, and nine with cell transformation. When 
differentially expressed genes in tumor cells were compared 
between treatment and placebo groups, 11 genes were associated 
with molecular transport. When differentially expressed genes in 

stromal cells were compared between treatment and placebo 
groups, eight genes were associated with the cell cycle and three 
with invasion. 

 To narrow our focus to a manageable group of networks, we 
included only the 213 genes that were differentially expressed in 
normal (53 genes), tumor (85 genes), or stromal (75 genes) cells 
between treatment and placebo groups, in both a single treatment 
group (selenium or vitamin E) and the combination treatment 
group. Of these genes, the 85 genes in tumor cells are shown in the 
unsupervised hierarchical clustering in  Figure 3 . The same cluster-
ing approach was applied to the genes in stromal and normal cells 
(data not shown). We next organized the 213 genes (in tumor, 
normal, or stromal cells) into networks by use of the Ingenuity 
Systems ’  medical literature database to limit our focus further to 
11 networks ( Supplementary Figures 3  –  8 , available online). The 
resulting 11 networks were composed of differentially expressed 
genes and genes that were not differentially expressed but were 
connected (in terms of molecular or biological interactions) to 
many differentially expressed genes. In this way, potential direct 
and indirect impacts on specifi c signaling networks may be 
inferred. Genes with more than 10 network connections that were 
associated with selenium treatment in normal prostate epithelial 
cells included  TP53 ,  AR ,  HRAS ,  JUN , and  CASP3 ; those that were 
associated with vitamin E treatment in normal epithelial cells 
included  CASP3 ,  TP53 ,  HRAS ,  NFKB1  and  PTEN . Genes with 
major network connections in stromal cells that were associated 
with selenium treatment included  TNF ,  TGFB1 , and  CREB1 . 
Genes with multiple network connections in stromal cells that were 
associated with vitamin E treatment included  TNF  and  CREB1 ; 
those in tumor cells that were associated with selenium treatment 
included  MYC  and  TP53 ; and those in tumor cells that were associ-
ated with vitamin E treatment included  AKT1 ,  GSK3B ,  TNF , 
 TP53 , and  MYC .      

  Validation of Differentially Expressed Genes 

 Pooled RNA was isolated from each cell type (normal epithelial, 
stromal, and tumor) that had been dissected from frozen sections 
of prostate tissue for each drug treatment group and then sub-
jected to quantitative RT-PCR to evaluate gene expression levels. 
Specifically, from each cell type, the expression of representative 
genes that we identified as being differentially expressed between 
treatment and placebo groups was evaluated (four genes from 
normal epithelial cells, nine genes from stromal cells, and eight 
genes from tumor cells) ( Figure 4, A ). The differential expression 
of each gene between treatment and placebo groups was calculated 
as a  �  �  C  t  value, and the relationship between the  �  �  C  t  values and 

 Table 4  .    Summary of cell types isolated from prostate tissue by treatment group and the corresponding yield of cRNA *   

  Treatment 

group

No. of 

patients

No. of cells (SD) Amplified cRNA,  µ g (SD) 

 Normal epithelium Stroma Tumor Normal epithelium Stroma Tumor  

  Selenium 9 6402 (1499) 7144 (1916) 1301 (2232) 32.0 (4.5) 23.1 (18.2) 31.2 
 Vitamin E 11 5582 (414) 6195 (2044) 2572 (2797) 39.1 (30.9) 16.7 (15.6) 22.4 (28.6) 
 Combination 10 6205 (694) 6250 (1111) 2964 (2730) 51.1 (31.2) 26.9 (14.4) 40.6 (14.7) 
 Placebo 8 7661 (1770) 6591 (852) 3338 (3635) 50.0 (20.4) 24.5 (14.0) 30.6 (23.3)  

  *   cRNA was amplified from pooled samples of RNAs isolated from the indicated cell type. cRNA = complementary RNA.   

http://www.ebi.ac.uk/microarray-as/ae/
http://www.ebi.ac.uk/microarray-as/ae/
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corresponding  t  scores from the Affymetrix microarray experiment 
for each gene was assessed by use of the Spearman correlation test. 
We found that all correlations between the  �  �  C  t  values and cor-
responding  t  scores across all cell types and treatment groups were 
all statistically significant (eg, for selenium treatment,  r  = 0.87, 
95% CI = 0.53 to 0.99; for vitamin E treatment,  r  = 0.64, 95% 
CI = 0.31 to 0.79; and for the combination treatment,  r  = 0.84, 
95% CI = 0.57 to 0.96). Thus, values obtained from RT-PCR and 
microarrays appear to be consistent with each other.     

 We also assessed p53 protein levels in tumor tissues from all 
four treatment groups (selenium, vitamin E, both, or placebo) by 
immunohistochemistry. The protein p53 was selected because 
good-quality antibody against p53 was available and because p53 
plays a central role in three networks of differentially expressed 
genes that were identifi ed in the microarray study (diagrams of 
these networks are presented in  Supplementary Figures 4  and  7 , 
network to the right, and  Supplementary Figure 8 , network in the 
middle, available online). The mean percentage of p53-positive 
cells in tumor cells was 26.3% in the selenium treatment group, 
17% in the vitamin E treatment group, 9% in the combination 
treatment group, and 5% in the placebo treatment group. The 
difference in p53 protein expression between selenium treatment 
and placebo groups was marginally statistically signifi cant (differ-
ence = 21.3%, 95% CI = 0.7 to 41.8%;  P  = .051) ( Figure 4, C ) 
and is consistent with microarray results in tumor cells in which 
selenium treatment was associated with increased expression of 
p53 mRNA, compared with placebo treatment ( Supplementary 
Figure 2 , available online).   

  Discussion 
 We evaluated the prostate cell type –  and treatment-specific effects 
of selenium and vitamin E in a phase IIA randomized, double-
blind, placebo-controlled trial. We found that the treatments 
affected expression levels of several genes, including those in p53-
related pathways. The level of p53 protein itself was increased in 
tumor cells after selenium treatment. 

 We also demonstrated that it was possible to systematically 
evaluate the modulation of relevant biomarkers (in this study, by 
vitamin E and selenium) and that the biological effects of these 
agents were dependent on cell type and on intervention. Access to 
the entire prostate gland after surgery and rapid screening were 
two advantages of our preoperative model, with the former provid-
ing data that can be compared with data from biopsy samples and 
with the latter offering a speedy analysis that is clearly unavailable 
in trials with many thousands of subjects. In addition, these studies 
are relatively easy to perform and can provide histological and 
biological (ie, cellular, molecular, and biochemical) evidence ( 25 ). 
To the best of our knowledge, this study was the fi rst detailed 
systematic pathological interrogation to be completed in preopera-
tive patients with favorable risk prostate cancer. 

 Low baseline levels of plasma selenium have been linked to an 
increased risk of prostate cancer ( 8 ). Clark et al. ( 26 ) found an inverse 
relationship between plasma selenium levels at baseline and the 
strength of the treatment effect. In a study of 249 subjects with pros-
tate cancer who were matched to controls and followed for more than 
20 years, Nomura et al. (6) found an inverse relationship between 

baseline levels of selenium and risk of prostate cancer (ie, the higher 
the selenium level, the lower the risk), and they also found that this 
inverse relationship extended to current smokers (n = 76) (odds ratio 
= 0.2, 95% CI = 0.1 to 0.8;  P  trend  = .02, when the quartile with the 
highest selenium level was compared with the quartile with the low-
est). In our study, plasma levels of vitamin E were associated with 
more statistically signifi cant effects than were selenium levels. 
Comparisons of pretreatment and posttreatment plasma measures of 
both alpha-tocopherol (its levels increased) and gamma-tocopherol 

  
 Figure 2  .    Gene expression values and unsupervised hierarchical clus-
tering of differentially expressed genes in tumor and stromal prostate 
cells for combination (Combo) vs placebo (PL) treatments. Data are 
expressed as the logarithm of gene expression values and presented in 
a heatmap of differentially expressed genes between combination vs 
placebo treatments for tumor and stromal prostate cells, with a false 
discovery rate of 2%. In the heatmap, the logarithm of expression levels 
of genes is shown in colors that refl ect expression levels ( green  = 
negative log values that represent low expression levels;  red  = positive 
log values that represent high expression levels). The  Venn diagrams 

located to the right  represent gene groups in select clusters ( yellow 

boxes  of the heatmap) that were differentially expressed in stromal 
cells only ( left section of the Venn diagrams ), tumor cells only ( right 

section of the Venn diagrams ), or both cell types ( intersection of the 

two circles in the Venn diagram ). The sections (gene groups) of the 
Venn diagrams are labeled as  red  or  green , as described for the heat-
map. The  genes symbols at the right of the heatmap  correspond to 
gene ontology groups shown in  Supplementary Figure 2  (available 
online).    
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 Figure 3  .     t  Scores and unsupervised hierarchical clustering of differen-
tially expressed genes found in combination treatment vs placebo and 
in at least one single treatment vs placebo group. Differentially 
expressed genes in both combination compared with placebo treat-
ment and in at least one single treatment group compared with placebo 
treatment group are shown. In the heatmap,  t  scores of genes are 
shown in colors that refl ect differences in gene expression levels of 

treatment (combination, selenium, or vitamin E) compared with pla-
cebo ( green  = decreased expression;  red  = increased expression). 
Representative clusters (genes differentially expressed in vitamin E and 
combination treatment, in all three treatments, and in selenium and 
combination treatment) are marked with  yellow boxes  and are pre-
sented in the associated Venn diagram. Validated genes ( Figure 4 ) are 
 boxed .    
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(its levels decreased) were statistically signifi cantly different in those 
in the vitamin E – alone arm, alpha-tocopherol ( P  < .001) and gamma-
tocopherol ( P  < .001) or in the selenium plus vitamin E arm, alpha-
tocopherol ( P   ≤  .001) and gamma-tocopherol ( P  = .002). 

 Pretreatment and posttreatment plasma levels of selenium 
(which increased) were statistically signifi cantly different only in 
the selenium plus vitamin E arm. Using multiple linear regression 
to adjust for the low pretreatment level of alpha-tocopherol in one 

   
 Figure 4  .    Validation of the 21 differentially expressed genes.  A)  RT-PCR. 
Data are expressed as the fold change in RNA expression between 
treatment and placebo groups ( �  �  C  t ), which is the difference between 
the normalized RNA expression level ( �  C  t , where  C  t  is the threshold 
cycle) of the gene in placebo group and that of the gene in the treat-
ment group. The  �  �  C  t  values represent levels of differential gene 
expression in tissue from selenium (Sel), vitamin E (VE), or combination 
(Combo) treatments, compared with placebo treatment. The mRNA 
expression of  ACADS ,  ANGPT1 ,  ARPC4 ,  CREB1 ,  DNAJ3 ,  EDNRA , 
 MAP3K8 ,  NFKBI , and  PRKCI  was tested in stromal cells; that of  B2M , 
 CFLAR ,  CUL4A ,  ERCC3 ,  GSK3B ,  HIPK2 ,  ST14 , and  TOP1  was tested in 

tumor cells; and that of  GRN ,  HRAS ,  TP53 , and  PDE8A  was tested in 
normal cells.  B)  Microarray evaluation. Data are expressed as  t  scores 
(levels of differential gene expression in treatment groups compared 
with the placebo treatment group) for the same genes that were 
derived from the original microarray experiment.  C)  Expression of p53 
protein in sections of prostatectomy tumor tissue (10× magnifi cation). 
p53 was stained with anti-p53 antibody and visualized by use of horse-
radish peroxidase – conjugated secondary anti-rabbit antibody immuno-
globulin G and 3,3-diaminobenzine.  Left ) selenium-treated group. 
 Right)  Placebo-treated group. Scale bars = 10  µ m.    RT-PCR = real-time 
quantitative polymerase chain reaction.    
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group, we found that both selenium and vitamin E treatments were 
associated with statistically signifi cant treatment effects. After 
adjustment for the pretreatment gamma-tocopherol level, we 
found a statistically signifi cant effect in the vitamin E arm but not 
in the selenium arm. Spearman rank correlation testing indicated 
a statistically signifi cant correlation between alpha- and gamma-
tocopherol levels in posttreatment samples but not in pretreatment 
samples, which is consistent with the inverse pharmacodynamic 
effect of alpha-tocopherol on gamma-tocopherol ( 27 , 28 ). 

 We found that the peripheral zone was the area most likely to 
have tumors, as reported previously. Peripheral zone tumors have 
dominated in other studies; for example, 80% of tumors were in 
the peripheral zone in the study by Sakai et al. ( 29 ), 68% in the 
study by McNeal et al. ( 3 ), and 75% in the study by Augustin et al. 
( 30 ). The differences between cancers in different zones have been 
attributed to large differences in the levels of factors that control 
tumor progression in each zone ( 31 ); these results further validate 
the methodological approach that we have used in this study. With 
broader and better characterization of these prostate tissue zones, 
the challenges presented by the multiple tumor foci and pathologi-
cal zones in prostate cancers ( 3 ) can be overcome. 

 Although we found no statistically signifi cant differences 
between the apoptotic index or the proliferation index by group in 
normal peripheral zone cells or in cells from that zone’s largest 
tumor focus, we did fi nd statistically signifi cant differences in the 
apoptotic index by zone and by logarithm of body mass index and 
in the proliferation index by treatment group, smoking status, 
zone, and logarithm of body mass index. Not withstanding the 
small sample size of this trial (ie, 39 patients), the inverse relation-
ship between body mass index and proliferation index underscores 
the complex associations between obesity and prostate cancer 
development and progression ( 32 ). We speculate that for patients 
with early-stage prostate cancer with a nonaggressive nature, obe-
sity may slow disease progression; however, further study is war-
ranted to determine the mechanisms involved. Other investigators 
( 33 ) have found a statistically signifi cant difference in apoptotic 
indices in epithelial cells of canine prostate before treatment and 
after 7 months of selenium treatment. Similar proliferation indices 
were found in the tumor samples of the placebo and selenium 
groups. No statistically signifi cant differences were found in pro-
liferation indices between the treatment groups. 

 We found in microarray studies that combination treatment 
with selenium and vitamin E appeared to affect p53- and nuclear 
factor  �  B (NFKB) – related pathways. In tumor cells, selenium 
treatment, in particular, appeared to stimulate the synthesis of 
both  TP53  RNA ( Supplementary Figure 2 , available online) and 
protein ( Figure 4, C ). In normal epithelial cells, vitamin E or com-
bination treatment with vitamin E and selenium induced  TP53  
expression (a result that was confi rmed with RT-PCR) ( Figure 4, A ), 
whereas in tumor cells, mRNAs for markers of p53 activation were 
either induced (ie,  CFLAR  mRNA by vitamin E treatment and 
 ST14  mRNA by selenium treatment) or repressed ( HSP90AA1  
mRNA by selenium treatment), consistent with previous reports 
( 34  –  36 ). These p53 fi ndings are also consistent with those in 
proteomic studies ( 37 ) of patients ’  serum in which combined 
treatment with selenium and vitamin E induced protein expression 
patterns that were indicative of being free of prostate cancer. 

 Changes in the oxidation – reduction balance of cells have been 
shown to activate an NFKB survival signaling pathway ( 38 , 39 ). 
NFKB induces expression of antiapoptotic and proinfl ammatory 
genes and is constitutively activated in prostate cancer. Antioxidant 
agents such as selenium have been shown to inhibit NFKB activity 
in vitro ( 40 ) and, in turn, to enhance DNA repair through a 
p53-related pathway ( 41 ). Likewise, in controlled studies, Waters 
et al. ( 33 ) showed that supplementing the diet of the dogs with 
selenium for 7 months increased epithelial cell apoptosis and 
decreased DNA damage. 

 Besides p53 and NFKB, several other factors were also affected. 
Most important were genes associated with regulation of the 
androgen receptor. Interestingly, selenium may be involved in the 
mechanisms that allow prostate tumor cells to become resistant to 
androgen deprivation therapy. In response, investigators have pro-
posed interventions to target androgen receptor signaling ( 42 ). 
Calreticulin (CALR), an intracellular calcium-binding protein that 
is able to inhibit binding of the androgen receptor to its DNA ele-
ment, is responsive to androgen ( 43 ). The level of calreticulin 
RNA was found to be lower in the selenium treatment group than 
in the placebo treatment group in our study. The expression of 
 HSPA9 , a member of the heat shock protein 70 family that 
enhances androgen receptor activity by inducing BAG1 – androgen 
receptor binding ( 44 ), has been found to be reduced in the sele-
nium treatment group, compared with the placebo group.  APPBP2  
( PAT1 ), another factor that decreases the transactivation activity 
of androgen receptor ( 45 ), has been found to be induced in the 
combination group, compared with the placebo group. 

 The reduced expression in the selenium arm and increased 
expression in the combination treatment arm of factors that pro-
mote androgen receptor function should be viewed in the context 
of androgen receptor signaling in prostate cancer. In many pros-
tate cancer cell lines, treatment with methylseleninic acid can 
reduce the expression of prostate-specifi c antigen and the level of 
the androgen receptor ( 46 , 47 ); in LAPC-4 and LNCaP cells, sel-
enite can inhibit the expression and activity of the androgen recep-
tor ( 48 ). Both selenium forms (selenite and methylseleninic acid) 
have been shown to reduce the expression of the androgen recep-
tor but by different mechanisms ( 48 ). 

 Pathological studies by others in our group ( 49 ) have shown 
that selenium supplementation results in the accumulation of sele-
nium in the human prostate gland, rather than the seminal vesicles. 
We extended this observation to the tumor, stromal, and normal 
prostate epithelial cells. In selenium-treated normal prostate epi-
thelial cells, the expression of  TP53  mRNA increased, as well as that 
of 20 genes that are related to mRNA processing and alternative 
splicing, processes that are likely to be associated with tumorigen-
esis or disease progression in prostate cancer ( 50 , 51 ). 

 Stroma plays an important role in prostate cancer progression 
because it provides a supportive environment for tumor progres-
sion and for tumor cell proliferation at a metastatic site ( 52 ). It was 
therefore important to investigate whether gene expression changes 
in the stroma can be detected after selenium and vitamin E treat-
ment. Some changes might modulate the environment of the 
stroma and thereby alter its ability to interact with the epithelium. 
For example, selenium treatment induced gelsolin ( GSN ), a gene 
implicated in actin fi lament polymerization that is expressed by 
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prostate’s stroma and whose expression is decreased in neoplastic 
lesions of the prostate ( 53 ). Induced expression of lactadherin 
( MFGE8 ) and  CSPG4  by combination treatment may also contrib-
ute to an alteration of the stroma milieu with yet unknown conse-
quences because both factors participate in angiogenesis and matrix 
organization via integrin binding ( 54 , 55 ). Finally, the reduced 
expression of endothelin receptor  �  that was observed after combi-
nation treatment with selenium and vitamin E indicates that the 
ability of the stroma to mimic the metastatic site and to “train” 
cancer cells for their future homing to bone sites may be impaired 
by treatment. This possibility has also been raised by recent data 
that endothelin signaling may mediate an interaction between pros-
tate cancer cells and the bone microenvironment ( 56 ). This cross 
talk between epithelial cells and stromal cells plays an important 
role in prostate cancer progression. Prostate cancer cells, upon 
metastasis to bone, can activate the stromal cells (ie, osteoblasts), 
which, in turn, can provide cues to cancer cells for proliferation. 

 The preprostatectomy model has several limitations, however, 
including the short duration of the trials, diversity of changes in 
the cancer fi eld, diffi culty in detecting or interpreting biomarkers, 
and statistical challenges presented by the endpoints. Focally 
expressed biomarkers or those that lack homogeneous expression 
may be studied or identifi ed in sections of the prostate, but their 
expression may not correlate with fi ndings from core biopsy speci-
mens. In addition, biomarkers that are modulated after a short 
intervention with agents may be time dependent in terms of their 
expression and may not correlate with a clinical endpoint in large 
clinical trials. Inasmuch as these studies cannot be carried out to a 
clinical endpoint, such as all-cause mortality, identifying biomark-
ers in mechanistic pathways that respond to an agent and that are 
reliably associated with the effi cacy of the intervention is critical. 
Sampling errors caused by the presence of multifocal tumors and 
by the diverse nature of the tumors can lead to errors in identifi ca-
tion of biomarkers and false-negative fi ndings. 

 Through a detailed systematic pathological evaluation with a 
preprostatectomy model, we obtained information about differen-
tial biological effects of selenium and vitamin E in the various cell 
types and zones of the prostate by use of prostatectomy specimens 
from patients with organ-confi ned prostate cancer. After a short-
term intervention with selenium and vitamin E, we used a microar-
ray platform to identify at least 587 differentially expressed genes 
in tumor, stromal, and normal epithelial cells. We then linked 
these differentially expressed genes to molecular processes and 
characterized the networks to which they belong. This study also 
provided a proof-of-principle that prostate biopsy specimens can 
serve as a source of tissue for molecular interrogation. Although 
the SELECT was a negative study ( 57 ), we still have a lot to gain 
from the molecular studies of cancer risk. Additionally, it would be 
of interest to compare the expression of genes that are associated 
with androgen receptor regulation and modulated by selenium 
with that of genes that are associated with the fi nasteride response. 
The fact that a large randomized, double-blind, placebo-controlled 
trial of fi nasteride, the Prostate Cancer Prevention Trial, showed 
a reduction in the incidence, the promotion, and the early progres-
sion stages of prostate cancer indicates that androgens may be one 
of the key players ( 58 ). The gene expression changes described in 
this study need to be validated in studies of SELECT-archived 

prostate tissue and undergo functional studies to assess their 
biological signifi cance. Such studies will help determine if they can 
be used as surrogate biomarkers in other large clinical studies or 
if their associated genes can be developed as therapy targets.     
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