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INTRODUCTION 
 
This overall aim of this proposal was to test the hypothesis that integrating observations derived 
from mouse model systems with observations from human prostate cancers will define relevant 
and consistent molecular alterations critical to the development and progression of prostate car-
cinoma. Ultimately, the longer term objective of the studies are to identify those mouse models 
most accurately reflecting in vivo human prostate cancer, and prioritize those genes in human 
prostate cancer that are most relevant for therapeutic intervention.   
  
The aims of the proposal remained unchanged for the duration of the project period. They were: 
(1) To determine transcript expression profiles of neoplastic lesions from mouse models of pros-
tate carcinoma. (2) To stratify mouse models of prostate carcinoma through comparative analy-
ses with clinical human prostate carcinomas. (3) To extend the utility of the Prostate Expression 
Database to facilitate comparative studies of mouse and human prostate carcinoma. (4) Write 
final report. (Note the original Aim 2 involving proteomic studies was deleted due to recommen-
dations by the reviewers). 
 
Disease relevance: Model systems represent critical resources supporting essentially all facets 
of research involving prostate cancer including studies focused on disease etiology, disease 
progression, diagnostics, dietary factors, immune modulation, imaging, and pharmacologic in-
tervention. Mouse models offer opportunities for testing hypotheses that would be difficult or im-
possible to evaluate in humans. Similarly, databases of sequence, gene expression, and dis-
ease model information also greatly facilitate scientific work in an extremely cost- and time-
effective manner. There is a crucial need to develop interactive resources that generate, com-
pile, and distribute relevant data correlating mouse prostate cancer models directly with pheno-
types and genotypes of human prostate carcinoma so as to interpret experimental findings in 
the appropriate context, determine disease relevance, and prioritize model systems for appro-
priate pre-clinical studies. This proposal aims to address these needs.  
 
BODY 
 
The following summarizes the technical objectives for the proposal and the work accomplished 
during the 36-month interval between project initiation (12/06/04) and this report (12/31/07). 
  
Technical objective 1: To determine transcript expression profiles of neoplastic lesions from 
mouse models of prostate carcinogenesis (Months 1-24).  
 
Objective 1a. Microdissect specific epithelial populations of cells at discrete stages of prostate 
carcinogenesis: PIN, invasive carcinoma, metastasis.  
 Task 1: Breed and microdissect PIN models (months 1-12). We have obtained and bred 
mouse prostate cancer models of the following genotypes: Nkx3.1-/-, and acquired prostates 
with PIN lesions from the PB-RXR-/- mouse. The FGF8 mouse is no longer available (Dr. Roy-
Burman, personal communication). Thus we used the expression profile from the Akt-/- mouse 
developed by Dr. William Sellers as an alternative. We have acquired gene expression data 
from prostates of these mice which develop PIN (these mice do not develop invasive cancer). 
We have now microdissected PIN lesions from the Nkx3.1-/- prostates. Objective completed. 
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 Task 2: Breed and microdissect PIN and progression models (months 12-24. We have 
acquired, bred, and harvested prostates at the PIN and invasive cancer stages from the PB-
PTEN-/- and TRAMP models. Microdissection of these lesions is complete as well as compara-
ble wild-type controls. We extended the studies to include an AR mutant mouse model devel-
oped by our colleague Norm Greenberg and a compound mutant model involving TRAMP and a 
targeted deletion of the TMPRSS2 serine protease. Metastatic tumors from these animals were 
also dissected. Objective completed. 
 
Objective 1b. Measure transcript levels in specific epithelial populations of cells at discrete 
stages of prostate carcinogenesis: PIN, invasive carcinoma, metastasis.  
 Task 3: Construct microarrays (months 1-6).We have constructed a 3rd generation 
mouse prostate microarray that now comprises ~44,000 oligonucleotides/genes. This array has 
been quality checked for reproducibility. Experiments using microdissected cancerous mouse 
prostate epithelium demonstrated high quality hybridization results. Objective completed. 
 Task 4: Amplify RNA from microdissected mouse prostate tissue (months 6-24). We 
have microdissected normal and neoplastic mouse prostate epithelium from the PB-PTEN, AR 
TRAMP, and TRAMP/TMPRSS2 models, amplified the RNA, verified the quality of the aRNA 
using the Agilent bioanalyzer. Objective completed.  
 Task 5: Hybridize mouse prostate cDNA probes to microarrays (months 6-24). We have 
hybridized amplified RNA from cancerous and benign mouse prostate epithelium in a compara-
tive manner. The analysis of the PTEN-/- and TRAMP experiments identified ~600 genes differ-
entially expressed between benign and neoplastic cells, with both lobe-specific and tumor-type 
specific differences. We have also compared the TRAMP vs TRAMP/TMPRSS2 tumors, Analy-
ses of these data show striking differences that associate with the original initiating lesion at the 
PIN stage, with a general convergence to a more uniform dedifferentiated state later in the dis-
ease course. We have verified alterations in the expression of 10 genes by qRT-PCR. A manu-
script detailing these results is in preparation for submission (Mecham et al; in preparation).  

We have finalized a study evaluating strain-specific differences on mouse prostate gene ex-
pression that may identify host differences accounting for different cancer penetrance rates. The 
manuscript was published Genome Biology (Bianchi-Frias et al 2007 Genome Biology). We 
have also identified pathways of normal mouse prostate development that are re-activated in 
the setting of neoplasia and determined that several genes involved in normal prostate devel-
opment exhibit altered expression in human prostate cancer and correlate with clinical out-
comes. A study detailing these findings has been submitted for publication (Pritchard et al). The 
mechanistic analysis of one gene we found to be altered in multiple prostate cancer models, 
osteopontin, was published in with our collaborator Dr. Pradip Roy-Burman (Ani C et al 2006 
Cancer Research). Objective completed with additional studies ongoing. 

 
Objective 1c. Identify expression alterations that are common to specific stages of neoplastic 
growth.  
 Task 6: Format and QC microarray data (months 18-24). Data acquired. QC complete. 
Very good quality and reproducibility across biological and technical replicates. Objective com-
pleted. 
 Task 7: Statistical analyses of microarray data (months 18-24). Data acquired and ana-
lysed. Objective Completed. 

 
 Technical objective 2: Stratify mouse models of prostate carcinoma through comparative 
analyses with clinical human prostate carcinomas (months 18-34).  
 
Objective 2a Determine transcript alterations that statistically-associate with specific models of 
mouse prostate neoplasia (e.g. NKX-/- vs Pten-/-) 
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Task 8: Analyze mouse model transcript profiles using SAM and ANOVA to identify gene 
expression changes associating with specific genotypes and histology (months 18-30). The data 
has been acquired for the Nkx, Pten, and TRAMP models at all stages. The statistical analyses 
have identified >600 transcript alterations. Eight genes have been evaluated by other methods 
and confirmed. Objective completed. Additional studies with other models are in progress. 

 
Objective 2b Categorize human prostate tumors into classes based upon expression profile 
similarities to mouse models (e.g. Pten↓-like vs Myc↑-like);  

Task 9: Acquire human prostate cancer microarray profiles (in-house and from data re-
positories on the www), and format for analyses (months 30-32). We have acquired human mi-
croarray datasets from 4 published studies: LaPointe et al, Singh et al, Stephenson et al and Yu 
et al. In the course of generating these data, we analyzed gene expression in different human 
prostate cancer grades. A manuscript detailing these results was published (True et al PNAS 
2007). Objective completed.  

Task 10. Normalize mouse prostate cancer model expression microarray data with hu-
man normal prostate and cancer expression arrays (months 30-33). The datasets have been 
normalized and orthologs across array platforms and species have been mapped. Objective 
complete. 

Task 11:  Compare mouse prostate cancer expression microarray data with human nor-
mal prostate and cancer expression arrays using the methods of Golub et al for class predictors 
(months 30-34). Objective completed. 

Task 12:  Create a list of alterations in prostate carcinoma that can be used to stratify 
prostate cancers in a clinical setting (months 32-35). Objective completed. 
Objective 2c Categorize human prostate tumors into classes based upon the expression levels 
of specific gene(s) (e.g. over expression of Myc);  

Task 13: Repeat tasks 11-12 using specific gene expression levels as discriminators 
(months 30-34). Objective completed. A manuscript detailing these results is in preparation 
(Mecham et al In Preparation). 
. 
Technical objective 3: To extend the utility of the Prostate Expression Database (PEDB) for 
comparative gene expression studies of mouse and human prostate carcinoma. (months 10-34) 
  
Objective 3a. Construct an interactive repository for microarray information that integrates multi-
dimensional data (tissue type, quantitative and temporal gene expression measurements) for 
independent analyses. 

Task 14:  Determine a server configuration for a microarray database server (month 10). 
We have selected a server configuration using the opensource Bioconductor platform written in 
the ‘R’ language. We have completed populating the database with microarray data generated 
from the mouse model experiments described above. Objective completed. 

Task 15:  Install and update server configuration for security and accessibility (month 
10). Objective Completed. 

Task 16:  Reconfigure the PEDB website to use PHP for faster data access and im-
proved interactivity. (months 10-18). Objective Completed. 

Task 17:  Evaluate “Minimum Information about a Microarray Experiment” (MIAME) 
compliant database/management systems: (months 12-18). Objective Complete. All submitted 
mouse microarray data is now MIAME compliant. 

Task 18:  Implement database structure changes to make database suitable for microar-
ray raw data, ratio data, proteomics, and image storage. (months 12-18). The  database struc-
ture now houses microarray datasets. Objective completed. 
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Task 19:  Organize and enter microarray data into chosen database and create file 
structure system for easy retrieval, analysis and visualization. (month 16-22). Objective com-
pleted. 

Task 20:  Identify mouse and human orthologs using the homologene database to de-
termine matched pairs of genes. (months 14-22). Merge files for mouse microarray data and 2 
different human array platforms: spotted cDNA and Affymetrix, have been completed that link 
orthologous genes. Objective completed. 

Task 21:  Create a Graphical User Interface for viewing and navigating between microar-
ray overview, graphs, clustering programs, and sequence information. (months 18-26). Objec-
tive completed. 

Task 22:  Write scripts to automate the input of new microarrays, including a web-based 
entry system, and creation of new graphs on a monthly basis. (months 20-28). Note, this data-
base system has largely been overtaken by the advent of large public database housing mi-
croarray and attendant metadata (e.g. GEO). Thus, though functional, this component of our 
database is redundant and no longer particularly useful.  Objective completed. 
 
Objective 4: Final Report: Complete data analyses, compile accomplishments and reportable 
outcomes and write final project report (Months 35-36). Objective completed. 
 
 
KEY RESEARCH ACCOMPLISHMENTS 
 
• Completed the construction and q/c of a second generation mouse prostate specific mi-

croarray that nearly doubles the gene expression representation relative to version 1.  
• Completed the construction and q/c of third generation mouse prostate microarray that 

builds on commercially available technology (Agilent) and encompasses unique mouse 
prostate sequences. 

• Acquired the mouse prostate cancer models with specific genetic alterations leading to PIN 
or invasive cancer (Nkx3.1, RXRalpha, PTEN-/-, TRAMP, AR mutation, TRAMP/TMPRSS2) 
and gene expression data from the mouse prostate Akt model. 

• Completed the wet-lab experiments evaluating strain-specific differences in mouse prostate 
gene expression that could influence the development and/or progression of genetically-
engineered prostate cancer.  

• Completed microdissection, amplification, and microarray analysis of benign epithelium, PIN 
and invasive carcinoma from the anterior and ventral lobes of the PTEN-/-, TRAMP, AR mu-
tant, TRAMP/TMPRSS2 mouse prostate cancer model systems. This analysis has identified 
several developmental pathways that appear to be re-activated in prostate adenocarcinoma 
(e.g. Wnt and Notch pathways) and determined profiles that associate with the specific initi-
ating events in the course of cancer progression. 

• Generated a molecular correlate to the human Gleason grades of prostate cancer. 
• Identified congruent and discordant features between mouse models of prostate cancer with 

differing initiating lesions, and determined concordant and discordant features across spe-
cies to human prostate cancers.  

 
REPORTABLE OUTCOMES 
 
Khodavirdi AC, Song S, Yang S, Wu H, Pritchard C, Nelson PS, and Roy-Burman P. (2006) In-
creased Expression of Osteopontin Contributes to the Progression of Prostate Cancer. Cancer 
Res. 66(2):883-8. 
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Chen Q, Watson JT, Marengo SR, Decker KS, Coleman I, Nelson PS, Sikes RA (2006) Gene 
expression in the LNCaP human prostate cancer progression model: Progression associated 
expression in vitro corresponds to expression changes associated with prostate cancer pro-
gression in vivo. Cancer Lett. 

 
True L, Coleman I, Gifford D, Hawley, S, Huang A, Gifford D, Coleman R, Beer T, Gelmann E, 
Datta M, Mostaghel E, Knudsen B, Lange P, Vessella R, Lin D, Hood L, and Nelson PS. (2006) 
A Molecular Correlate to the Gleason Grading System for Prostate Cancer. Proc Natl Acad Sci 
USA, 103(29):10991-6. 
 
Bianchi-Frias D, Pritchard C, Mecham BH, Coleman IM, Nelson PS. (2007) Genetic background 
influences murine prostate gene expression: implications for cancer phenotypes. Genome Biol-
ogy. 8(6):R117. 
 
He Y, Franco OE, Jiang M, Williams K, Love HD, Coleman IM, Nelson PS, Hayward SW. (2007) 
Tissue-Specific Consequences of Cyclin D1 Overexpression in Prostate Cancer Progres-
sion.Cancer Res.67(17):8188-8197. 
 
Pritchard C, Bhattacharjee M, Hawley S, Dumpit R, Sikes R, and Nelson PS. Transcriptional 
Programs Reflecting Androgen-Induced Development of the Prostate Gland: Dysregulated Ex-
pression of Candidate Andromedins in Prostate Neoplasia (submitted). 
 
Pritchard C, Mecham B, Dumpit R, Coleman I, Bhattacharjee M, and Nelson PS. Conserved 
Programs of Gene Expression Across Prostate Development and Tumorigenesis (submitted). 

 
Mecham B, Heinlein C, Coleman R, Risk M, and Nelson PS. Gene expression correlates of 
mouse prostate carcinogenesis: alternative pathways corresponding to initiating events. (In 
Preparation) 
 
CONCLUSIONS 
 
The research accomplished in the context of this proposal incude: 1) assembly of the requisite mouse models to en-
able the generation of tumor gene expression data; 2) production of second and third-generation mouse prostate mi-
croarrays that allow for deep profiling of mouse prostate gene expression across development, cancer, and therapy; 
3) identification of a specific gene (osteopontin) commonly associated with multiple mouse prostate cancer models; 
4) developmnet of the methods/techniques that have enabled precise dissection of mouse prostate epithelium; 5) 
expansion of the Prostate Expression Database to archive microarray data; 6) determination of strain-specific gene 
expression differences in the mouse prostate that could contribute to phenotypic differences on prostate cancer de-
velopment and progression; 7) identification of developmental pathways altered in the Pten-/- and TRAMP prostate 
cancer models that could contribute to the process of carcinogenesis with extrapoloation/verification of relevance in 
human disease; 8) Identification of specific alterations corresponding to different tumor initiating events (e.g. Pten 
vs p53) which may have the potential to stratify human prostate cancers according to genetic lesions; 9) identifica-
tion of alterations in the tumor microenvironment that contribute to cancer progression; 10) generation of a molecu-
lar correlate to human prostate cancer grades that can be used to identify specific genes contributing to aggressive 
phenotypes. 
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Abstract

Osteopontin is a secreted glycosylated phosphoprotein
known to be involved in numerous physiologic functions and
associated with the late stages of various cancers. We used
preneoplastic and neoplastic mouse models of prostate cancer
to determine the onset of elevated expression of osteopontin
in the development of this disease. Osteopontin alterations
occurred early in the disease with dysregulated expression
observed in lesions of low-grade prostatic intraepithelial
neoplasia (PIN). Over time, osteopontin expressing dysplastic
cells seemed to increase in number in high-grade PIN and
increased further in adenocarcinoma, and in metastasis,
almost all of the cancer cells immunohistochemically stained
positive for osteopontin overexpression. We examined the
biological properties of human prostate cancer cell lines
LNCaP and PC-3, in which osteopontin overexpression was
achieved via lentiviral gene transduction. Evidence was
obtained that osteopontin could contribute to a proliferative
advantage in both cell types, although more significantly in
LNCaP than PC-3. Osteopontin also influenced their in vitro
invasive ability, and again, most strikingly in the weakly onco-
genic LNCaP. Furthermore, excess osteopontin induced the
LNCaP cells to acquire a strong intravasation potential in vivo
in the chicken embryo chorioallantoic membrane assay for
blood vessel penetration. These results establish a correlation
between an increased gradient of osteopontin expression
throughout the stages of murine prostate cancer, beginning
from the preneoplastic lesions to distant metastases that
suggests a proliferative and invasive advantages to those
prostate tumor cells overexpressing osteopontin. Together,
these findings support a strategy designed to target osteo-
pontin in the context of prostate cancer therapy. (Cancer Res
2006; 66(2): 883-8)

Introduction

Osteopontin, an arginine-glycine-aspartic acid (RGD) containing
glycosylated phosphoprotein that interacts with integrins and
CD44 as major receptors, is a secreted protein comprising about
2% of the noncollageneous proteins of the bone (1, 2). It is
described to be present in all body fluids and in the proteinaceous

matrix of mineralized tissues and has multifunctional properties
in cell migration, cell survival, inhibition of calcification, and cell-
mediated immunity (3). In tumorigenesis, osteopontin has been
implicated in tumor invasion and metastasis in prostate, colon,
breast, lung, and other cancers (4–7). The finding of a strong
correlation between pathologic stage and osteopontin across
multiple tumor types suggests a role for osteopontin in tumor
progression (6–8). In bone, this secreted adhesive protein is
believed to be involved in osteoblast differentiation and bone
formation and in the anchorage of osteoclasts to bone, leading to
bone resorption (3, 9, 10).
Although several studies have implicated osteopontin in prostate

cancer progression and metastases, the functional significance of
osteopontin expression by the prostate tumor cells is only scarcely
elucidated. Chemotaxis and chemoinvasion analyses with PC-3
prostate cancer cells indicated a dose-dependent increase in PC-3
cell movement induced by osteopontin, whereas cell invasion was
strictly dependent on avh3 integrin function (11). Osteopontin
is also reported to enhance cell proliferation induced by the
epidermal growth factor (EGF) in prostate cancer cells (12). In
this report, we describe our studies of osteopontin expression in
genetically engineered mouse models for prostatic disease,
which included models displaying slow, temporal development of
increasingly severe preneoplastic prostatic lesions (13, 14), and a
model that progresses to primary invasive adenocarcinoma of the
prostate with subsequent manifestation of metastases with defined
kinetics (15, 16). We present evidence that osteopontin expression,
detected in preneoplastic lesions, continues to increase in
adenocarcinoma, and cancer cells exhibiting high osteopontin
expression seem to be enriched in the metastatic deposits. We
found that all human prostate cancer cell lines tested express
osteopontin. Functional studies with manipulated overexpression
of osteopontin in two prostate cancer cell lines (LNCaP and PC-3)
reveal that osteopontin could lead to increased proliferation,
invasion, and most remarkably, to the enhanced ability to
intravasate blood vessels.

Materials and Methods

Tissue collection and RNA extraction. Five mice from each of three age
groups (2.5, 12, and 18 months) of the preneoplastic ARR2PB-Fgf8b
transgenic mouse line (14) were selected for dissection and isolation of
dorsolateral and ventral prostatic lobes. Similarly, ventral and lateral
prostatic tissues were dissected and pooled from five 24-month-old
preneoplastic model with conditional deletion of retinoid X receptor a
(RXRa) alleles (cRXRa!/!) in the prostate (13). Littermates lacking the
Fgf8b transgene or the Cre gene in the context of floxed alleles of RXRa
served as donors of the corresponding control tissues. The source of
primary prostatic adenocarcinoma was the conditional Pten homozygous
deletion (cPten!/!) mice (15). The whole prostates of two individual

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).

A.C. Khodavirdi, Z. Song, and S. Yang contributed equally to this work.
Requests for reprints: Pradip Roy-Burman, Department of Pathology, Keck School
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I2006 American Association for Cancer Research.
doi:10.1158/0008-5472.CAN-05-2816
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experimental and age-matched control animals were used without
differentiating the prostatic lobes for the comparative RNA analysis of the
adenocarcinoma. RNA from Fgf8b and cRXRa!/! tissues were extracted
using the Qiagen RNeasy Mini kit following the manufacturer’s protocol,
which included an on-column DNase I treatment for the removal of
contaminating DNA (Qiagen, Valencia, CA). RNA from the cPten!/! tissues
was extracted using TRIzol (Life Technologies, Rockville, MD).

Microarray analysis. Comparison of gene expression profiles of the
preneoplastic or neoplastic mouse prostate tissues with littermate controls
was carried out as previously described (15). Each experiment was done in
duplicate with reversal of the fluorescent label to account for dye effects.

Reverse transcription and semiquantitative PCR for osteopontin.
RNA samples from prostate tissues and prostate cancer cell lines were
reverse transcribed using ThermoScript Reverse Transcription-PCR (RT-
PCR) System following manufacturer’s protocol (Life Technologies, Buffalo,
NY) as described (14). The primer sequences ( forward and reverse),
annealing temperature, and product size were as follows: for mouse
osteopontin, TGAAAGTGACTGATTCTGGCA and GGACGATTGGAGT-
GAAAGTGT, 52jC, 375 bp; for human osteopontin, CATCTCAGAAGCA-
GAATCTCCTA and GGAAAGTTCCTGACTATCAATCA, 56jC, 617 bp. To
determine the linear amplification range for each primer set, 1 AL of cDNA
was amplified for 40 cycles for mouse osteopontin, 35 cycles for human
osteopontin, and 30 cycles for h-actin. Samples were removed every three
cycles, and the optimum cycle number was determined as the approximate
midpoint of the linear range of amplification. The semiquantitative PCR
assays were carried out using the corresponding optimum cycle number.

Western blot analysis. The dorsolateral, ventral, and anterior prostatic
lobes of Fgf8b or cPten!/! mice and age-matched controls were isolated and
snap frozen. The tissues were ground in liquid nitrogen with previously
autoclaved mortars and pestles. The pulverized tissues were dissolved in
ice-cold buffer containing 10 mmol/L Tris-HCl (pH 7.4), 1 mmol/L EDTA,
1 mmol/L EGTA, 150 mmol/L NaCl, 0.5% NP40, and 1% Triton X-100. To
prepare the cell culture conditioned medium, 80% to 90% confluent cells
cultured in T-75 flask were washed with PBS, and 10-mL serum-free medium
was added. After 24 hours, medium was collected into a 15-mL tube,
centrifuged to remove the cell debris, and then concentrated by centrifuge at
7,000 rpm at 4jC for 30minutes using a 20-mL Centrifugal Spin Concentrator
(APOLLO, Continental Lab Products, San Diego, CA). Total tissue lysates or
conditioned media were quantitated and fractionated by SDS-PAGE on a
10% gel and subjected to immunoblot analysis using a rabbit anti-mouse
osteopontin antibody (Assay Designs, Ann Arbor, MI) in 5% bovine serum
albumin. Detection for the Fgf8b set was achieved as described (17), whereas
osteopontin expression in the cPten!/! set was detected with a fluorescein-
conjugated secondary antibody and the Odyssey Infrared Imaging System
(LI-COR Biotechnology, Lincoln, NE). To normalize sample loading, h-actin
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) blot was done.

Immunohistochemistry. Prostate tissues were isolated and fixed in
10% buffered formalin. Following deparaffinization, the 5-Am tissue sections
were rehydrated and subjected to antigen retrieval by microwaving in
0.01 mol/L sodium citrate (pH 6). Antigen unmasking was done 10 minutes
for the osteopontin antibody, and 30 minutes for the androgen receptor
antibody (PG-21; Upstate, Lake Placid, NY). Primary antibodies were
incubated at 4jC overnight; primary antibodies were omitted on sections
serving as negative control. The sections were treated with biotinylated
secondary antibody and subsequent streptavidin-biotin-peroxidase. The
signal was detected by 3,3V-diaminobenzidine as a chromogen substrate,
and the tissues were counterstained with hematoxylin as described (13–15).

Construction of lentiviral vector. Human osteopontin cDNA was PCR
amplified with primers containing XbaI and RsrII linkers and was inserted
into the polycloning site of the transducing lentivirus vector pSIN-GFP
(17, 18). Lentivirus production was achieved with the three-plasmid system.
Using Superfect reagent, human 293T cells at about 80% confluency were
transfected with 7.5 Ag of the vesicular stomatitis virus Env-coding plasmid,
pMD.G; 15 Ag of the packaging plasmid, pCMVD8.91; and 15 Ag of either the
control vector pSIN-GFP or the transgene vector pSIN-GFP-osteopontin.
The media containing the pseudotyped lentiviruses were harvested daily
from the 3rd to 5th day after transfection.

Infection and cell sorting. Immortalized human prostate epithelial cell
lines, LNCaP and PC-3, were cultured as previously described (18). At 80%
confluency, the cells were inoculated with 1 mL of the conditioned medium
containing lentiviruses in the presence of 5 Ag/mL polybrene for 8 hours.
The cells were sorted by flow cytometry based on green fluorescent protein
(GFP) fluorescence 2 days after infection.

Proliferation assay. To evaluate cellular growth, 5 " 104 GFP vector or
osteopontin-GFP transfected cells were plated in 60-mm dishes in
triplicates and grown with full serum medium. The cells were counted
every 2 days with the Coulter Counter (Beckman Coulter, Inc., Miami, FL).
The medium was changed every 2 days.

Invasion assay. Matrigel invasion assays were done with transfected
prostate cancer cells. The upper chamber of the 8.0-Am inserts with
polyethylene terephthalate membrane was coated with Matrigel from BD
Biosciences (Bedford, MA), and the lower chamber was filled with full
serum medium. Following a 24-hour pretreatment in medium containing
0.5% serum in the presence or absence of 5 Ag/mL osteopontin antibody
(R&D Systems, Minneapolis, MN), the cells (105) were added to the upper
chamber, correspondingly with or without 5 Ag/mL osteopontin antibody,
and incubated at 37jC for 24 hours. Invasion of the cells through the
membrane was detected by staining with hematoxylin and counted as
previously described (18, 19).

Intravasation assay. The intravasive potential of the transfected
prostate cancer cells was assessed by a PCR-based assay (20). Longitudinally
incubated in a rotating incubator, chicken embryos at 9 days of gestation
were selected for introducing the artificial air sac and subsequently
‘‘dropping’’ the chorioallantoic membrane (21). Briefly, air was suctioned
through a small puncture in the side of the egg to facilitate the detachment
of the chorioallantoic membrane from the shell membrane. Avoiding major
blood vessels, a 1-cm2 window was cut on the top surface, and the
suspension of cancer cells was gently applied to the chorioallantoic
membrane. Upon incubation at 37jC for 24, 48, and 72 hours, the lower
chorioallantoic membrane was removed and snap frozen in liquid nitrogen.
DNA was extracted using Puregene DNA extraction kit from Gentra Systems
(Minneapolis, MN) following manufacturer’s protocol. The samples were
used in a subsequent nested PCR amplification for the GFP gene to confirm
the presence of the cancer cells in the lower chorioallantoic membrane.
The initial PCR products produced with GFP 1 primer set were diluted at
a ratio of 1:50 and amplified with the second set (GFP 2) of primers. The
experiments were repeated and confirmed with PCR amplification for Alu
as previously described (20). The primer sequences, annealing temperatures,
and product sizes were as follows: for GFP 1, CGACGTAAACGGCCACAAGT
and GGTGCTCAGGTAGTGGTTGTCG, 62jC, 550 bp; for GFP 2, TACGG-
CAAGCTGACCCTGAA and TGATATAGACCTTGTGGCTGTTGTAGT, 62jC,
343 bp; and for Alu , ACGCCTGTAATCCCAGCACTT and TCGCCCAGGCTG-
GAGTGCA, 58jC, 224 bp.

Statistical analysis. All experiments were done in triplicates and
repeated at least twice. Statistical comparisons were made using an
unpaired, two-tailed t test.

Results

Analysis of osteopontin expression in prostatic lesions. Clues
for consistent transcriptional alterations of osteopontin in the
mouse prostatic lesions were initially obtained from the analyses of
prostate gene expression profiles from three genetically engineered
mouse models (Table 1). Although there was no significant increase
in osteopontin gene expression in ventral or dorsolateral prostate
of the Fgf8b mice relative to littermate controls at 2.5 months of
age, the increase was clearly evident with the tissues obtained
from the 12- and 18-month-old animals. This apparent 3- to 6-fold
elevation of osteopontin RNA correlated with the temporal devel-
opment of preneoplastic lesions in this transgenic model (14).
Prostatic intraepithelial neoplasia (PIN) lesions, not seen at 2.5
months, were mostly low grade at 12 months and then turning
to an abundant combination of low-grade PIN (LGPIN) and
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high-grade PIN (HGPIN) with further advancing of age (14, 22).
When compared with the Fgf8b transgenic mice, the incidence of
PIN lesions, especially HGPIN, was found to be significantly less
in cRXRa!/! mice (13, 22). Accordingly, prostate tissues from
cRXRa!/! mice were examined at 24 months of age, after the onset
of HGPIN. Although not as remarkable of an increase as seen in the
Fgf8b mice, there was also a noticeable elevation in osteopontin
mRNA levels in the cRXRa!/! ventral and lateral prostate relative
to the age-matched controls. Recognizing that invasive adenocar-
cinoma of the prostate would have 100% penetrance in cPten!/!

mice by 6 months of age, we used this age group for comparative
microarray analysis (15). Compared with normal prostates,
tumor-bearing prostates exhibited a 3.2-fold increase in osteopon-
tin mRNA levels.
We used a modified semiquantitative RT-PCR method (23) to

first obtain a confirmation of the microarray data (data not
shown). With results supporting a correlation, tissue lysates from
different prostatic lobes were subjected to Western blot analysis for
osteopontin protein expression. The molecular size of osteopontin
protein is known to be variable ranging between 41 and 75 kDa
because of alternative RNA splicing, posttranslational modifica-
tions, and proteolytic cleavages in cell type–specific manner (7).
For Fgf8b , four mice at 5.5 months of age were dissected to obtain
pooled dorsolateral, ventral, and anterior prostatic lobes. As illus-
trated in Fig. 1A , there was f3- to 4-fold increase in the detection
of one to two osteopontin protein bands at around 65 kDa in the
dorsolateral and ventral prostate compared with their age-matched
controls. In contrast, but consistent with microarray and RT-PCR
analyses, there was no remarkable difference in osteopontin levels
between control and experimental preneoplastic tissues from
the anterior prostate. Similarly, prostatic lobes from the cPten!/!

mice between 1.6 and 14 months of age were analyzed. As shown
in Fig. 1B , the development of primary prostate tumors in the
cPten!/! mice was associated with progressively increased expres-
sion of osteopontin protein over an age range of 3.0 to 11.0 months.
From a 13-month-old animal, we also examined different lobes
for osteopontin expression. The content of osteopontin in all the
lobes was elevated in the cPten!/! mouse compared with the

corresponding lobes of its age-matched control (Fig. 1C). The
relative increase seemed to be at least 10-fold when the intensity of
the protein bands detected at 65 to 70 kDa were compared with
corresponding controls.
Localization of osteopontin expression in prostatic lesions.

Immunohistochemical staining for osteopontin was done on
paraffin-embedded prostate tissues to determine the area of
osteopontin signal localization. Each transgenic model was tested
at different time points during tumorigenesis for the expression
of osteopontin in LGPIN and HGPIN lesions in Fgf8b , cRXRa!/!,
and cPten!/! mice, and primary adenocarcinoma and metastatic
lesions in cPten!/! model. It was found that the osteopontin signal
was mainly localized to the cytoplasm of prostatic epithelial cells
similar to such immunostaining observed in lung cancer cells (24).
Some reactivity was also detected in the inflammatory cells,
consistent with the known expression of osteopontin in activated
immune cells (3, 25). As illustrated by the representative immuno-
staining photomicrographs (Fig. 2) for which the H&E staining
of the corresponding sections is included in the Supplementary
Fig. S1A-D , osteopontin signal greater than the background level
was generally associated with the development of prostatic lesions
in all three transgenic mouse models. Variations in signal intensity
were, however, noted among cells and lesions. The increased
osteopontin signal in dysplastic epithelia of LGPIN lesions (Fig. 2A)
of Fgf8b line became more prominent in HPGIN lesions (Fig. 2B).
Clearly, in contrast to the adjacent normal prostatic epithelium,
most dysplastic cells in the LGPIN or HGPIN lesions exhibited
considerably stronger osteopontin staining. The findings were
similar with these preneoplastic lesions of cRXRa!/! mice.
The pattern of osteopontin expression was examined at various

stages of prostatic tumorigenesis and metastasis in the cPten!/!

Figure 1. Western blot analysis of osteopontin (OPN ) overexpression in
preneoplastic and neoplastic prostatic tissues. A, osteopontin detection in
5.5-month-old Fgf8b transgenic and littermate control animals. Transgenics
animals (E) and control animals (C ). Osteopontin is detected at around 65 kDa.
Bottom, h-actin, which served as an internal control for normalization. Overall,
there was f3- to 4-fold increase in osteopontin expression in the ventral (VP)
as well as dorsolateral (DLP ) lobes of the transgenic mice compared with their
control counterparts. B, Western blot analysis of proteins extracted from the
anterior prostate (AP) of the cPten!/! (E) mice and their littermate controls (C )
at different ages as indicated in months (M ). C, proteins from individual lobes
(dorsolateral, ventral, and anterior) from a 13-month-old cPten!/! (E) mouse and
its littermate control (C ) were analyzed by Western blot.

Table 1. Mouse prostatic tissues evaluated by microarray
and osteopontin expression

Mouse
model

Age (mo) Fold expression changes in lesions

VP DLP LP Whole prostate

Fgf8b 2.5 1.7 1.8
12.0 3.3 5.8
18.0 3.9 3.0

cRXRa!/! 24.0 2.1 2.5
cPten!/! 6.0 3.2

NOTE: Anterior prostatic lobes from Fg f8b and cRXRa!/! mice were
also tested. The results with these tissues did not exhibit a significant
differential. It should be noted that the anterior prostatic lobe was
found to have the lowest gene expression driven by the ARR2PB
promoter (22, 27) corresponding to lowest prevalence of preneoplastic
lesions in the models (13, 14).
Abbreviations: AP, anterior prostate; VP, ventral prostate; DLP,
dorsolateral prostate; LP, lateral prostate.
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model. LGPIN and HGPIN lesions displayed a pattern of increased
osteopontin expression similar to that found in Fgf8b and cRXRa!/!

mice. An example of HGPIN is shown in Fig. 2C . The trend of
increase in the intensity of osteopontin staining with further pro-
gression of the disease was noted in the primary adenocarcinoma.
This is illustrated with a case of tumor characterized by local
microinvasion (Fig. 2D). In addition, examination of metastatic
deposits in the lung found elevated osteopontin expression relative
to the primary prostatic lesions (Fig. 3). The prostatic origin of the
metastasis was verified by staining for expression of the androgen
receptor. Although there were some variations in osteopontin
staining intensity among individual cells, the majority of the
metastasized cancer cells displayed robust immunoreactivity that
set them apart from the background.
Biological effect of osteopontin overexpression in human

prostate cancer cells. The expression of osteopontin was assessed
in five human prostate cancer cell lines (PC-3, PC-3M, DU145,
LNCaP, and CWR22R) and one nonneoplastic prostatic epithelial
cell line (BPH-1) by semiquantitative RT-PCR. All of these cell lines
expressed variable levels of osteopontin (Supplementary Fig. S2A).
For the detection of secreted osteopontin protein in the cell culture
medium, we used conditioned medium from some of the cell lines
(BPH-1, PC-3, DU145, and LNCaP) for Western blot analyses. As
shown in Fig. 4A , whereas all of the tested cell lines were found to
produce osteopontin, the levels of mRNA and secreted protein,
however, did not exhibit a strong correlation. Because it seemed
that compared with the LNCaP cells, PC-3 cells expressed a higher
level of protein for osteopontin, LNCaP and PC-3 were selected for
studies of the biological effect of osteopontin overexpression. Each
cell line was infected with lentivirions, which carried GFP or both

osteopontin- and GFP-transducing genes. As previously described
(17, 18), the transfected cells were sorted by fluorescence-activated
cell sorting based on GFP fluorescence. The newly established cell
lines were examined for osteopontin overexpression by RT-PCR
(Supplementary Fig. S2B) with RNA prepared from cell extracts as
well as by Western blot analysis of conditioned media (Fig. 4B).
The effect of osteopontin overexpression on cellular growth was

assessed by a proliferation assay. Transfected LNCaP cells were
grown in the presence of full serum over a course of 8 days.
Compared with the GFP control, osteopontin-transduced LNCaP
cells exhibited a strong proliferative advantage (Fig. 4C). The effect
on proliferation was much less pronounced on the PC-3 cells
(Fig. 4D), which already contained a higher endogenous osteopon-
tin expression relative to the LNCaP cells. LNCaP and PC-3 cells
with overexpression of osteopontin were also examined in a
Matrigel invasion assay. The results showed a drastic enhancement
of the invasion ability for LNCaP and a less pronounced but still
significant effect on PC-3 when the cells were manipulated to
express higher osteopontin levels. Furthermore, although the
LNCaP and PC-3 cell lines are of different origin, it was remarkable
to find that the response to osteopontin overexpression of each
could be significantly suppressed by the presence of anti-
osteopontin antibodies in the invasion assays (Fig. 5A and B).
To confirm the enhanced growth and invasive ability of the

transfected cells in vivo , the intravasation assay based on the
chorioallantoic membrane of the chicken egg was done. Chicken
embryos at day 9 of gestation were inoculated with one million
cells and incubated for 24, 48, and 72 hours. The GFP vector control
LNCaP cells failed to intravasate even after 72 hours of incubation
as previously reported (20). However, the presence of the
osteopontin-transduced LNCaP cells in the lower chorioallantoic
membrane could be readily detected by nested PCR for GFP and
confirmed by PCR for Alu at time period of 48 or 72 but not 24
hours (Fig. 5C). Although both vector and osteopontin-transduced
PC-3 cells were detected in the lower chorioallantoic membrane at

Figure 2. Immunohistochemical analysis of osteopontin in prostatic
preneoplastic and neoplastic lesions. A, anti-osteopontin staining of a LGPIN
lesion in an Fgf8b mouse illustrates that the increased intensity of osteopontin
signal (arrow ) is localized to the dysplastic cells compared with the minimal
staining of adjacent normal epithelia (E). Some inflammatory cells that stained
positive for osteopontin were noted (*). B, anti-osteopontin immunostaining of a
HGPIN lesion in the lateral prostatic lobe of an Fgf8b animal. The intensity of
osteopontin signal in the dysplastic cells (arrows) is significantly higher than that
of the normal cells (E). Inset, high-power examination of osteopontin
immunostaining of these dysplastic cells. C, anti-osteopontin immunostaining of
the HGPIN lesion from the cPten!/! model. The signals are clearly shown to
localize in the cytoplasm of the several atypical cells. D, anti-osteopontin
immunostaining of an adenocarcinoma with local invasion in the lateral prostate
of cPten!/! mouse. The strong signal, localized in the cytoplasm, outlined
invasive cancer cells. Bar, 25 Am (A ), 100 Am (B), and 10 Am (C and D ).

Figure 3. Osteopontin staining of lung metastases in a cPten!/! mouse. A, H&E
staining of a metastatic lesion displaying the localization of cancer cells to the
mesenchyme of the lung tissue, adjacent to a blood vessel. Inset, these cancer
cells stained positive with anti-AR antibody, confirming their prostatic origin.
B, anti-osteopontin staining of metastatic cancer cells in (A). These positively
stained cancer cells (arrow ) can be clearly differentiated from the lung tissue.
C, two other foci of osteopontin-positive cancer cells with stronger intensity in
osteopontin signal.D, a lymphovascular cluster of osteopontin-positive metastatic
cells. Inset, H&E staining of the cluster. Bar, 10 Am.
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48 hours after inoculation, PC-3/osteopontin cells seemed to be
more efficient in the process because their presence was detectable
after 24 hours (Fig. 5D).

Discussion

While conducting cDNA microarray assays for differentially
expressed genes in the prostatic lesions of genetically engineered
mouse models, we identified osteopontin as a gene of interest. It
is particularly noteworthy that in these models, whether Fgf8b
trangenic (14) or cRXRa!/! (13) preneoplastic disease, or the
cPten!/! (15) neoplastic disease system, we found significant up-
regulation of osteopontin RNA and protein levels in all, relative to
the corresponding littermate controls. We attempted to localize the
overexpression of osteopontin in the prostatic lesions by immu-
nohistochemistry. The increased intensity of osteopontin staining
readily visible in many of the dysplastic epithelial cells of LGPIN
lesions seemed to become more prominent in HGPIN. Relative to
these preneoplastic lesions of all three models, significantly higher
staining was observed in the primary adenocarcinoma that
developed in the cPten!/! model. When the metastatic lesions in
the cPten!/! mice were examined, the intensity of staining seemed
to be even higher. Together, the results imply that up-regulation of
osteopontin expression in prostatic lesions is consistent in all three
models and independent of how the models were generated.

Although osteopontin is described to be a marker for the late
stages of progression of various cancers (6, 7), our results which
were not conflicting, do however, point to osteopontin dysregula-
tion beginning at a much earlier time point (e.g., at LGPINs). With
advancing time, osteopontin levels seem to continue increasing
with progression from LGPIN to HGPIN to adenocarcinoma, and
most remarkably, the cancer cells expressing the highest levels of
osteopontin seem to be selected during metastatic progression.
Our results indicate that osteopontin contributes to several steps

in the process of prostate carcinogenesis and metastasis.
Osteopontin seems to modulate cell proliferation and potentially
the survival of the dysplastic and neoplastic prostatic cells, thus
providing a selective advantage in early-stage lesions. The findings
with manipulated overexpression in human prostate cancer cells as
well as those of other published reports (11, 12) lend support to an
autocrine effect of osteopontin overproduction on cell prolifera-
tion. This is shown with the LNCaP cells transduced with
osteopontin expressing lentivirus vector. This effect was less
pronounced on the PC-3 cells. PC-3 cells, however, are by nature,
highly proliferative. We also used in vitro Matrigel invasion assay to
assess the invasiveness of the cells. Although the control LNCaP
cells were completely incapable of penetrating the membrane,
there was a drastic enhancement in the invasive ability when
osteopontin was overexpressed. A similar pattern, albeit relatively
less pronounced, was produced by osteopontin overexpression in

Figure 4. Detection, overexpression, and functional effects of
osteopontin in prostate tumor cells. A, conditioned medium from
some of the cell lines was examined for osteopontin protein
expression by Western blots. B, Western blots of osteopontin
with conditioned media from LNCaP/GFP (lane 1) and LNCaP/
osteopontin (lane 2). C, proliferation of LNCaP/GFP and LNCaP/
osteopontin cells in full serum medium was determined by counting
the cell every 2 days using Coulter counter. Cells (105) were plated
in each well in triplicates. D, analysis of growth of PC-3/GFP and
PC-3/osteopontin cells as in (C ). *, P < 0.001, differences in the
growth between control and osteopontin-overexpressing cells were
significant in both (C ) and (D ).

Figure 5. Matrigel and chorioallantoic
membrane assays with osteopontin
(OPN )–transduced LNCaP and PC-3 cells.
A, in the Matrigel invasion assay, while
LNCaP/GFP failed to penetrate the matrix,
LNCaP/osteopontin displayed a strong
invasiveness. This invasiveness could be
significantly blocked by anti-osteopontin
antibodies. B, PC-3/osteopontin
demonstrated a 2-fold increase in invasive
ability compared with PC-3/GFP. This
bioactivity was also suppressed
significantly by anti-osteopontin antibodies.
C, nested PCR amplification for GFP using
DNA extracts from the isolated lower
chorioallantoic membrane. The experiment
was repeated at least five times. The
reproducibility of the assay is shown in a
second experiment (Exp. 2 ) followed by a
subsequent PCR amplification for Alu for
confirmation of the data obtained from the
GFP PCR. D, analysis of intravasation in
transduced PC-3 cells as in (C ).
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PC-3 cells in which, besides osteopontin, multiple other factors
may be contributing to its naturally highly invasive character.
The fact that osteopontin could be an important player is further
shown by the ability of anti-osteopontin antibodies to significantly
neutralize this biological response induced by osteopontin over-
expression.
Considering that intravasation is an early required event for

the multistep process leading to metastasis, we also checked a
potential role of osteopontin in intravasation in vivo . A model
system, first developed by Kim et al. (20) and based on blood vessel
penetration of xenotransplanted mammalian cancer cells on the
chicken embryo chorioallantoic membrane assay, was used. Con-
sistent with published work (20), PC-3 cells but not LNCaP cells were
determined to be capable of intravasation in the chorioallantoic
membrane model using qualitative PCR-based assays. Importantly,
analysis of osteopontin-transduced LNCaP cells revealed that
overexpression of osteopontin alone was sufficient to induce the
ability to intravasate. The change in invasive ability in vivo , potent-
iated by the excess osteopontin production, was less pronounced
in PC-3 cells compared with LNCaP. In PC-3 cells, however, higher
osteopontin expression seems to affect the kinetics of intravasation
apparently by accelerating the rate at which the cells access the
blood vessels, as evident from the reduced time required for detect-
able intravasation from 48 to 24 hours of inoculation. An important
question at this point is how osteopontin might be involved in
facilitating tumor cell invasion. Osteopontin binds with several
integrins and CD44 variants in both RGD sequence-dependent and
sequence-independent manner (3). The resulting signal transduc-
tion pathways that may be activated by osteopontin are complex by
nature and only poorly understood. There is, however, some relevant
emerging information in this regard. For example, it has been shown
that osteopontin induces activator protein (AP-1) transactivation

in breast cancer cells through avh3 integrin–mediated c-Src kinase
activity and EGF receptor (EGFR) phosphorylation, c-Src kinase
being required for osteopontin-induced EGFR phosphorylation (26).
AP-1 is then linked to urokinase-type plasminogen activator (uPA)
production and secretion that results in stimulation of cell motility
and invasion. In other work, osteopontin has been shown to sti-
mulate LNCaP proliferation in serum-free medium but only in the
presence of EGF (12). The induced proliferation is accompanied by
a sustained activation of EGFR. It is also noteworthy that previous
studies using the chorioallantoic membrane model showed that
breaching of the vascular wall by the cancer cells is a rate-limiting
step for intravasation and that cooperation between uPA/uPA
receptor (uPAR) and matrix metalloproteinases (MMP) is required
to complete this step (20). Thus, crucial molecules, such as uPA,
uPAR, and activated MMPs, await further studies in relation to
osteopontin overexpression in prostatic cancer in the context
of breaching native biological barriers preventing cancer cell
metastasis.
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Abstract

Identification of the genes involved in prostate cancer (PCa) progression to a virulent and androgen-independent (AI) form is a

major focus in the field. cDNAmicroarray was used to compare the gene expression profile of the indolent, androgen sensitive (AS)

LNCaP PCa cell line to the aggressively metastatic, AI C4-2. Thirty-eight unique sequences from a 6388 cDNA array were found

differentially expressed (R2-fold, 95% CI). The expression of 14 genes was lower in C4-2 than in LNCaP cells, while the reverse

was true for 24 genes. Twelve genes were validated using Q-PCR, Western blotting and immunohistochemistry (IHC) of LNCaP

and C4-2 xenograft. Q-PCR showed that 10 of 12 (83.3%) genes had similar patterns of expression to the array (LNCaPOC4-2:

TMEFF2, ATP1B1, IL-8, BTG1, BChE, NKX3.1; LNCaP!C4-2: BNIP3, TM4SF1, AMACR, UCH-L1). By Western blot, 4/5

genes examined: TMEFF2, NKX3.1, AMACR, and UCH-L1, not IL-8, were consistent with RNA profiling. Protein expression

levels were confirmed in human tumor xenografts using IHC. A large proportion of the markers found in this expression profile is

consistent with those recently identified in human PCa tissues along with several novel genes that remain to be examined. These

data further demonstrate the utility of the LNCaP human PCa progression model as a tool to investigate the phenotypic changes

required for the progression to AI and metastasis.
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1. Introduction

Prostate cancer (PCa) is the most commonly

diagnosed cancer and the second leading cause of

cancer-related death in North American men [1]. PCa is

a heterogeneous disease that arises from multiple

independent foci and has a stochastic pattern of
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progression. The exact role of androgen in the

development and progression of PCa is a subject of

intense study [2]. The matter is complicated further

because even in the healthy prostate, some functions are

androgen dependent while others are merely sensitive

to androgens. These complications are compounded by

the fact that functions which are androgen dependent or

sensitive varies with the age and maturity of the male as

well as with the stage of PCa. In this paper, we will use

the term androgen sensitive (AS) to include both

androgen dependent and androgen sensitive functions.

Prostate specific antigen (PSA) allows the diagnosis

of low grade, localized PCa, that allows the physician to

offer the patient several efficacious treatment options.

In contrast, metastatic PCa remains essentially incur-

able. Androgen ablation therapy, either by chemical or

by surgical castration, is the last line of defense and has

been gold standard for the treatment of advanced PCa

since Charles Huggins first pioneered this approach in

1941 [3,4]. Although the initial response is a dramatic

reduction and palliation of symptoms, PCa eventually

progresses to a lethal, hormone-refractory stage, for

which no curative therapies currently exist. It has

become clear that the progression from the AS stage to

the androgen-independent (AI) or hormone-refractory

stage is the critical step that determines whether an

individual’s disease can be cured.

The LNCaP cell line was isolated by Horoszewicz

et al. [5] fromasubclavian lymphnodemetastasisofPCa.

The cell line retains several keymarkers including: PSA,

prostate specific membrane antigen (PSMA) and the

androgen receptor (AR). Through passage and hormonal

manipulation in vivo, the lineage-related LNCaP

sublines have resulted in a series of cells that mimic the

progression of PCa from the originalASLNCaP cell line

to theAIC4-2 andC4-2Bcell lines,whose xenografts are

able to sustain robust growth in castrate hosts.TheAIC4-

2 and C4-2B cell lines are highly tumorigenic and

metastatic, including spontaneous metastasis to bone,

whereas the AS LNCaP cell line is only weakly

tumorigenic and is nonmetastatic [6,7].

It was long assumed that differential gene expression

occurred during the malignant progression of cancer

but until the development of the differential display [8],

the techniques required to isolate the genes with

differential expression profiles were so laborious that

such studies were impractical. Microarray technology

has further simplified the simultaneous comparison of

thousands of gene transcripts thereby allowing for

comparisons to be made between multiple stages of cell

growth, growth factor treatment or tissue development.

In the current study, we took advantage of microarray
technology and two cell lines from the LNCaP human

prostate cancer progression model (AS, LNCaP and AI,

C4-2) to identify genes potentially involved in the

progression of AS PCa to the lethal AI phenotype. After

eliminating duplicates on the list, 38 genes were found

differentially expressed between the two cell lines (R2-

fold change, 95% CI). Quantitative-PCR (Q-PCR),

Western blot and immunohistochemistry (IHC) were

used to corroborate the results obtained by the

microarray analysis and also to compare gene

expression between the cell lines cultured in vitro

versus culturing in situ as xenografts. There was strong

agreement between the results obtained by microarray

and those obtained by the analysis of mRNA and

protein by traditional methods. Importantly, there was

an excellent correlation between the results obtained in

tissue culture and those obtained from the xenografts,

once again demonstrating the robustness of the LNCaP

progression model as a tool for the investigation of the

progression of PCa from its AS to its AI phenotypes.
2. Materials and methods

2.1. Cell lines and culture

The LNCaP cell line is essentially as described by

Horoszewicz et al. [5] and the C4-2 subline was derived

from LNCaP as described by Thalmann et al. [6,7,9]. The

usage of both cell lines was restricted to passages 25–35 for

microarray and PCR, and passages 12–25 for Western blot

where a passage is defined as a 1:8 split of approximately

confluent cultures. PC-3 and DU145 cells, as described by

Kaighn et al. [10] and Stone et al. [11], respectively, were

used with LNCaP as sources of driver RNA for microarray

hybridizations. Cell lines were maintained in T-medium

(GIBCO Cell Culture, Invitrogen, Inc., Carlsbad, CA [12])

supplemented with 5% FBS and 1% penicillin/streptomycin

(P/S) (GIBCO, 10,000 units/ml penicillin and 10,000 mg/ml

streptomycin). For microarray analysis, LNCaP or C4-2 cells

were plated at high density (R2.5!106 cells/60 mm dish) in

5% FBS and allowed to recover overnight. High density

cultures were chosen to minimize the return of growth

associated genes that may be differentially expressed during

log phase and to mimic the high contact density of cells found

in tissues. The next day, the media was changed to phenol-

free, high-glucose RPMI 1640 (GIBCO) supplemented with

1% P/S. RNA was isolated 24 h later. For PCR and Western

blot analyses, LNCaP and C4-2 cells were allowed to grow to

confluence in a 100 mm dish in T-medium/5% FBS. Cells

were harvested from both the confluent cultures directly or

after 24 h of serum starvation in RPMI 1640. A rat neuronal

cell line, PC12, was a gift from Dr Jeffery Twiss (Department

of Research, A.I. DuPont Hospital for Children, Wilmington,

DE) was maintained in Ham’s F12K and 10% FBS. PC12 cell
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lysate was used as the positive control for UCH-L1 protein in

Western blot.

2.2. RNA extraction

Total RNA was extracted using the QIAGEN RNeasy

Mini Kit (QIAGEN, Inc., Valencia, CA) or Trizol (Invi-

trogen) according to the manufacturer’s instructions. RNA

was quantified by A260 nm using a BioRad SmartSpec 3000

spectrophotometer (BioRad Lab, Hercules, CA). RNA

integrity and loading were assessed visually by running a

2 mg aliquot of total RNA through denaturing gel electro-

phoresis, staining with ethidium bromide (EtBr) and

examining the relative intensities of the ribosomal bands.

2.3. Microarray analysis

cDNA microarrays were constructed by Fred Hutchinson

Cancer Research Center as described previously [13–15].

Briefly, a nonredundant set of 6388 prostate-derived cDNA

clones and expressed sequence tags (ESTs)was identified from

the Prostate Expression Database (http://www.pedb.org/),

which is a public sequence repository of ESTs derived from

human prostate cDNA libraries. Individual clone inserts were

amplified by PCR, purified, and spotted in duplicate onto Type

IV glass microscope slides (Amersham, Inc., Piscataway, NJ)

using a GenII robotic spotting tool (Molecular Dynamics,

Sunnyvale, CA).

Four independent RNA samples from each cell line were

prepared for microarray hybridization. The RNAs were

reverse transcribed to cDNAs, labeled with Cy3 or Cy5

dyes, and combined with a reference standard comprised of

equal mixtures of RNA from LNCaP, DU145, and PC-3 cell

lines.

For each experiment, each cDNA was represented twice

on each slide and the experiments were performed on

duplicate chips with dye swap and there were four

independent RNA samples per cell line. Therefore, in these

data, there are 16 independent hybridization events or data

points per gene per cell line. Intensity ratios for each cDNA

clone hybridized with probes derived from the respective cell

lines were calculated as log(2) (gene of interest intensity/con-

trol intensity).

2.4. Statistical methods

Statistical analysis of the microarray data was performed

using BRB (http://linus.nci.nih.gov/BRB-ArrayTools.html)

microarray tools, which was developed by the Biometric

Research Branch of the Division of Cancer Treatment &

Diagnosis of the National Cancer Institute under the direction

of Dr Richard Simon, and verified by Significance Analysis of

Microarrays (SAM, http://www-stat-class.stanford.edu/SAM/

servlet/SAMServlet). The analysis was done using a ‘combine

and conquer’ strategy, comparing trials and then combining

those trials that proved highly similar in order to reduce the
complexity of the problem. Once all the highly similar trials

were combined, the remaining trials were compared and the

most differentially expressed genes were identified.
2.5. Reverse-transcript PCR (RT-PCR) and quantitative/

real-time PCR (Q-PCR)

RNAs were extracted from the LNCaP and C4-2 cell lines

as described above resulting in two groups of serum-free

samples and three groups of 5% FBS samples for each cell

line. cDNA reactions were performed as described previously

[7,16] using 0.5 mg of total RNA (SuperScript III First-Strand

Synthesis System for RT-PCR, Invitrogen). For the 12

differentially expressed genes that were selected for

additional study, intron spanning primers were designed

with the aid of the following programs: (1) primer 3 (http://

frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi); (2)

QIAGEN oligo tool kit (http://oligos.qiagen.com/oligos/

toolkit.php); (3) Vector NTI 9.0 (InforMax, Frederick, MD,

USA). For each reaction, 50 pmol of each primer was used.

PCR primer sequences are shown below (Sigma-Genosys,

Woodlands, TX). The full names of these genes are listed in

Table 2.

TMEFF2-f-869: 5 0-GTGTGATGCTGGTTATACTGG-3 0,

r-1041: 5 0-TCTGGGGCATTTCCTTGTGAT-3 0;

ATP1B1-f-215: 5 0-GCAGTTGGTTTAAGATCCTTC-3 0,

r-367: 5 0-GAATCTGTGTTAATCCTGGCG-3 0;

IL-8-f-114: 5 0-GACATACTCCAAACCTTTCCAC-3 0,

r-293: 5 0-TTCTCAGCCCTCTTCAAAAAC-3 0;

BTG1-f-442: 5 0-AGGAGCTGCTGGCAGAACATT-3 0,

r-579: 5 0-TGCTCAGTCCAATCCGCTGTG-3 0;

BchEG1-f-1529: 5 0-AGACTCAGAACAATAGCA-

CAAG-3 0, r-1690: 5 0-TATTTCCTGTCATTTCCAAGA-

3 0;

NKX3.1-f-74: 5 0-CGCTCACGTCCTTCCTCATC-3 0,

r-291: 5 0-CCTTTCTGGCTCGGTCTCTGC-3 0;

HSP90K-f-462: 5 0-GTATGCTTGGGAGTCTTCTGCT-

3 0, r-605: 5 0-ACTACTTCTTTGACCCGCCTCT-3 0;

HSPA8-f-1024: 50-GGTATTGAAACTGCTGGTGGAG-

3 0, r-1358: 5 0-TTATCCTTTGTCATGGCACGCT-3 0;

E1B-f-94: 5 0-GTTCCAGCCTCGGTTTCTATT-3 0, r-234:

5 0-CCTGTTGGTATCTTGTGGTGTC-3 0;

TM4SF1-f-400: 5 0-AGCACCGAGGGCCAGTACCTT-3 0,

r-512: 5 0-CCACCAAGAGCCAAGAGGATAG-3 0;

AMACR-f-471: 5 0-CTTTGTCAGGTGTTCTCTCAA-3 0,

r-652: 5 0-TGTTCCTTCCACCATATTTGC-3 0;

UCHL1-f-523: 5 0-GCCAATGTCGGGTAGATGAC-3 0

r-665: 5 0-AGCGTCCTTCAGCAGGGTGT-3 0.

Optimal annealing temperatures (TA) and cycle parameters

were determined using a 12-step gradient starting at 10 8C

below the calculated melting temperature (Tm) to the Tm

(QIAGEN Taq PCR kit; Eppendorf MasterTaq Kit, Hamburg,

Germany) using an Eppendorf Mastercycler Gradient

Thermal cycler. PCR products were resolved in 2.0% agarose

http://www.pedb.org/
http://linus.nci.nih.gov/BRB-ArrayTools.html
http://www-stat-class.stanford.edu/SAM/servlet/SAMServlet
http://www-stat-class.stanford.edu/SAM/servlet/SAMServlet
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://oligos.qiagen.com/oligos/toolkit.php
http://oligos.qiagen.com/oligos/toolkit.php
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(GIBCO)/0.5!TAE (2.42 g/l Tris base, 0.57 ml/l (v/v) acetic

acid, 186 mg/l EDTA) gels stained with EtBr. b2-Micro-

globulin was used as a positive control. The primer sequence

used was: b2-f, 5 0-GCAAGGACTGGTCTTTC-

TATCTCTTG-3 0; b2-r, 5 0-TCAACCTCCATGATGCTGCT-

TAC-3 0. PCR products were purified by QIAquick PCR

Purification Kit (Qiagen) and sequenced in the University of

Delaware Sequencing Core (http://bluehen.ags.udel.edu/) to

confirm the identity of amplicon sequences. Q-PCRs were

then run using the optimal TA to compare and estimate the

fold change in gene expression between the LNCaP and C4-2

cell lines for each gene target. The QIAGEN Quanti-Tect

SYBR-Green PCR Kit (Qiagen) and the real-time information

BioRad iCycler iQ Real-time detection system (BioRad labs)

were used as described by the manufacturer.
2.6. Calculation of cycle number differences in Q-PCR

In Q-PCR, the number of cycles (CN) is related directly to

the number of amplified copies of the mRNA from a

given gene (AC) and the efficiency of the PCR reaction

(EFF) as described by the following formula:

ACZOC!ð1CEFFÞCN, where OC is the original gene or

mRNA copy number. This formula can also be used to

compare the original level of mRNA copy number of a

specific gene in different reactions if one assumes the EFFs of

the same gene in the same experiment (paralleled reactions)

are the same. For example, we had two different samples used

in one PCR experiment. When we determine the threshold we

will have two CNs: CN1 and CN2, for those samples crossing

the threshold. At these points, the two reactions have exactly

the same AC. Using the above formula:

ACZOC1!ð1CEFFÞCN1 and

ACZOC2!ð1CEFFÞCN2

So OC1!ð1CEFFÞCN1ZOC2!ð1CEFFÞCN2

Now we can calculate the ratio between their OCs:

OC1=OC2 Z ð1CEFFÞCN2 =ð1CEFFÞCN1

Z ð1CEFFÞðCN2KCN1Þ

Thus, if CN2OCN1 then OC2!OC1, e.g. the reaction

passing the threshold earlier has a higher mRNA copies in the

original sample. If one assumes the reaction efficiency is

100%, 3.32 cycle number difference (DCNZCN2KCN1)

indicates 10 times difference in original copy (OC) numbers.

Since the exact OC does not need to be calculated, the PCR

EFF in each reaction was not determined. The final results

showed in both Table 3 and Fig. 3 are all cycle number

differences (DCN) but not original mRNA copy differences

(DOC).
2.7. Antibodies

Two antigenic peptides were designed based on the

TMEFF2 predicted gene product sequence and structure using

the online software http://us.expasy.org/ and http://workbench.

sdsc.edu/.Thefirst peptidewaswithin theputative extracellular

domain (TMEFF2-EC) and consisted of amino acids 148–162,

N-HEGSGETSQKETSTC-C. The second peptide was within

the putative cytoplasmic domain (TMEFF2-CP) and consisted

of amino acids 345–359, N-CPRSNRIHRQKQNTG-C. Poly-

clonal antiserumwaspreparedbyconjugation of the peptides to

keyhole limpet hemocynanin (KLH) and injection into rabbits

(Sigma-Genosys). The titer for immunoreactivity was per-

formed by ELISA using peptide-coated plates as described by

Mahana et al. [17].

The goat anti-IL-8 antibody, an affinity purified IgG, was

purchased from R&D systems (R&D no. AF-208-NA,

Minneapolis, MN). The Nkx3.1 monoclonal antibody

(Invitrogen-ZYMED) was used for Western blot. A poly-

clonal rabbit serum was used for UCH-L1 (Chemicon no.

AB1761, Temecula, CA; gift of Dr J. Twiss), NKX3.1 (gift

from Dr E. Gelmann, Georgetown University), AMACR (gift

from Dr R.J. Wanders, Academic Medical Center, Amster-

dam, Netherlands), mouse anti-a tubulin (Zymed Labora-

tories, Inc.) and mouse anti-histone H1 (Upstate). The

secondary antibodies used were: horseradish peroxidase

(HRP) conjugated donkey anti-rabbit IgG (Amersham

Bioscience), HRP conjugated donkey anti-mouse IgG

(Jackson ImmunoResearch Laboratory, West Grove, PA,

USA) and biotin-SP-conjugated affinity pure donkey anti-goat

IgG (HCL; Jackson Labs.). The biotin-SP-conjugated

secondary antibody was detected using the streptavidin–

peroxidase kit (Biogenex, San Ramon, CA).
2.8. Western blot analysis

Five milliliters of fresh medium (T-medium/5%FBS or

serum free RPMI 1640) was added and the cultures were

incubated an additional 48 h before harvest. The experiment

was repeated twice with different passages of cells. The

conditioned medium was collected from all cultures after 48 h

and centrifuged 1000!g, for 5 min to remove cellular debris.

Proteins in the conditioned medium were concentrated using

the Amicon Ultra-4 Centrifuge Filter Devices (Millipore,

Billerica, MA).

Whole cell lysates were extracted in radioimmunopreci-

pitation (RIPA) buffer containing 50 mM Tris–HCl pH 7.4,

150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium

deoxycholate, 0.1% SDS and 10% protease inhibitor cocktail

(Roche, Indianapolis, IN). Protein concentration was deter-

mined by the method of Lowry et al. [18] using the BCA

protein assay (Pierce, Rockford, IL). Nuclear proteins were

prepared for NKX3.1 detection using the NE-PER Nuclear

and Cytoplasmic Extraction kit (Pierce). Cytoplasmic protein

expression was normalized to a-tubulin, while nuclear

http://bluehen.ags.udel.edu/
http://us.expasy.org/
http://workbench.sdsc.edu/
http://workbench.sdsc.edu/
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proteins were normalized to histone H1 expression using blots

from four separate experiments as described below.

Proteins were resolved using 4–12% SDS-PAGE gradient

gels (NuPAGE Bis–Tris Gel, Invitrogen-Novex). For the

whole cell lysates, 30 mg/well was loaded and for nuclear

proteins, 20 mg/well was loaded. For the secreted proteins in

the conditioned media, loading was normalized to the cell

number and the protein content of the whole cell lysates.

Proteins were transferred electrophoretically to Immun-Blot

PVDF Membrane (BioRad) at 25 V for 3 h. Immunodetection

was accomplished using ECL reagents and manufacturer’s

protocols (Amersham Biosciences). The membrane was

blocked overnight at 4 8C in PBS containing 5% nonfat dry

milk (NFDM; Nestle, Solon, OH). Antibodies were diluted in

PBS-T (0.1% Tween-20, Fisher) and incubated for 1 h.

Following this and all other incubations, membranes were

washed in PBS-T 3!5 min. The working concentrations of

the primary antibodies were: AMACR: 1:5000 [19]; NKX3.1:

1:2500; UCH-L1: 1:2000; IL-8: 0.1 mg/ml; TMEFF2-CP:

1:1000; a-tubulin 1:1500 and histone H1 1:500. All antibody

incubations were for 1 h unless otherwise indicated. The

primary antibody was diluted in PBS-T. For all antibodies

except IL-8, the second antibody was HRP-conjugated anti-

rabbit, at 1:5000 in PBS-T. For IL-8, the membrane was

incubated with biotin-conjugated donkey anti-goat (1:5000 in

PBS-T) dilution) followed by an incubation in streptavidin

conjugated horseradish peroxidase (HRP) for 30 min (1:5000

in PBS-T). HRP activity was detected using ECL Western

blotting detection reagents and exposure to KODAK BioMax

MR Film (KODAK, Herts, UK). The relative amounts of

target protein/lane was determined using the AlphaEase FC

Software Version 3.1.2 (Alpha Innotech Corporation, San

Leandro, CA)
Fig. 1. Scatter plot for BRB microarray analysis result. Differentially

expressed genes between LNCaP and C4-2 cell lines are shown at the

95% confidence interval as indicated by parallel lines. A 2-fold or

greater change in signal intensity as defined by Log (2) ratio change

equals 2, was assigned as significant. Using these criteria, the dots

below the parallel lines represent genes expressed higher in LNCaP

than in C4-2; those dots above the parallel lines represent genes

expressed higher in C4-2 than in LNCaP. There are 51 spots shown as

the redundant clones and false positive clones were not removed from

this analysis. All redundant clones expression ratios were consistently

in the same direction.
2.9. Immunohistochemistry (IHC)

LNCaP and C4-2 tumor xenografts were grown subcu-

taneously, phosphate or zinc-buffered formalin fixed and

embedded in paraffin as described previously [7,20,21].

Tumor sections (5–6 mm) were deparaffinized in two changes

of Xylene (Fisher) followed by rehydration in a graded series

of ethanols. Antigen retrieval was performed by microwaving

the slides in 10 mM citrate acid, pH 6, for 20 min at 40%

power. Endogenous peroxidase was quenched by a 30 min

incubation in 3% hydrogen peroxide. Tissue sections were

blocked with 4% bovine serum albumin (BSA) in PBS for

30 min at room temperature (RT). Sections were exposed to

primary antibodies (AMACR: 1:12,000; UCH-L1: 1:5000;

IL-8: 5 mg/ml; TMEFF2-CP: 1:2000), for 1 h at RT or

overnight at 4 8C. Sections were washed 3!5 min with PBS

and then incubated with HRP conjugated secondary antibody

in blocking buffer (1:200, 30 min, RT). Diaminobenzidine

(Sigma) was used as the chromagen for peroxidase activity

(5–10 min, depending on the antibody). For biotin conjugated

secondary antibodies, streptavidin-HRP was used at a 1:200

dilution at RT for 30 min, prior to exposure to the chromagen.
Sections stained for cytoplasmic or secretory proteins were

counterstained with hematoxylin, and those stained for

nuclear proteins were counter stained with methyl green.

Sections were then dehydrated in a graded series of ethanols,

incubated 2!5 min in xylenes and mounted with permount.

Sections were evaluated and photographed using a Zeiss

Axioskop 2 microscope (Solent Scientific, Segensworth, UK)

and a SPOT digital camera (Diagnostic Instruments, Sterling

Heights, MI, USA).
3. Results

3.1. Identification of genes differentially expressed in

the LNCaP and C4-2 prostate cancer progression

model

Gene expression measurements from the microarray

platforms were analyzed using BRB microarray tools

and SAM. Fig. 1 shows the relative expression of genes

expressed by LNCaP vs. C4-2 cells. For analysis,

values were converted to Log(2) ratios and differences

in signal intensity S2-fold were considered to be

significantly different. Fifty-one genes were identified

as being expressed differentially between the two cell

lines by BRB analysis. After evaluation of the array and

elimination of duplicates, 38 unique gene sequences

were identified (Table 1). Fourteen of these genes were



Table 1

List of differentially expressed genes based on microarray analysis

Hugo Description Fold change expression LNCaP/C4-2

Receptor signaling/cell adhesion

TMEFF2 Transmembrane protein with EGF-like and two follistatin-like

domains 2

9.556

PCDHGA12 Protocadherin gamma subfamily A, 12 2.157

TM4SF1 Transmembrane 4 L six family member 1 1/3.762

Cell cycle

CP110 CP110 protein 2.042

Inflammatory/immune response

IL-8 Interleukin 8 3.563

AZGP1 Alpha-2-glycoprotein 1, zinc 1/2.135

Metabolism

BCHE Butyrylcholinesterase 2.627

SAT Spermidine/spermine N1-acetyltransferase 2.603

DKFZP566E144 Small fragment nuclease 1/2.051

PKM2 Pyruvate kinase, muscle 1/2.070

GLYATL1 Glycine-N-acyltransferase-like 1 1/2.075

MEST Mesoderm specific transcript homolog 1/2.106

GPI Glucose phosphate isomerase 1/2.368

PGK1 Phosphoglycerate kinase 1 1/2.380

PFKFB3 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 1/2.450

HMGCS2 3-Hydroxy-3-methylglutaryl-coenzyme A synthase 2 1/2.902

LDHA Lactate dehydrogenase A 1/3.155

AMACR Alpha-methylacyl-CoA racemase 1/6.489

UCH-L1 Ubiquitin carboxyl-terminal esterase L1 1/6.798

Stress response

SOD2 Superoxide dismutase 2, mitochondrial 3.302

MT2A Metallothionein 2A 2.778

SSR4 Signal sequence receptor, delta 1/2.106

HSPA8 Heat shock 70 kDa protein 8 1/2.120

DDIT4 DNA-damage-inducible transcript 4 1/2.198

HSPCA Heat shock 90 kDa protein 1, alpha 1/2.369

BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 1/2.787

Regulation of transcription

BTG1 B-cell translocation gene 1 anti-proliferative 2.674

NKX3-1 NK3 transcription factor related, locus 1 2.048

HMGB1 High-mobility group box 1 1/2.095

SAP18 sin3-Associated polypeptide, 18 kDa 1/2.105

NSEP1 Nuclease sensitive element binding protein 1 1/2.114

Transport/ion binding

ATP1B1 ATPase, NaC/KC transporting, beta 1 polypeptide 5.155

VPS25 Vacuolar protein sorting 25 2.083

SLC16A3 Solute carrier family 16, member 3 1/2.145

SLC22A3 Solute carrier family 22, member 3 1/2.570

Unknown

TncRNA Trophoblast-derived noncoding RNA 2.656

FLJ22386 Leucine zipper domain protein 1/2.161

C13orf12 Chromosome 13 open reading frame 12 1/2.681

The 38 unique genes listed, from 51 hits, were confirmed by both BRB and SAM programs and were common to both methods. The genes have been

sorted by function or cellular organelle as indicated. HUGO designations are provided for unique identification of the sequence. These can be used

to find the genes on the PEDB web site or through the NCBI website. These data represent the relative fold expression difference of mRNA level of

LNCaP/C4-2.
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expressed at higher levels in LNCaP than in C4-2 cells,

while the remaining 24 were expressed at lower levels

in LNCaP than in C4-2 cells. SAM analysis identified

215 genes (33 positive, 182 negative), including the 51
genes (38 unique) identified by BRB, as being

expressed differentially (DELTA 1.0393), where the

delta represents the fold change in log2 fluorescence

intensity. The identity and fold differences for these
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genes are shown in Table 1. Dye swap had no influence

on gene expression profiles. Furthermore, within a chip,

the gene expression profiles between replicate had

S94% identity.

3.2. Q-PCR validation of microarray results

Twelve genes were selected for additional analysis

based on their magnitude of change or their putative

role in PCa progression (LNCaPOC4-2: TMEFF2,

ATP1B1, IL-8, BChEG1, BTG1, NKX3.1; LNCaP!
C4-2: HSP90K, HSPA8, E1B, TM4SF1, AMACR,

UCH-L1; Table 2). The properties of the Q-PCR

primers and average cycle number difference for each

Q-PCR reaction are shown in Table 3. PCR products

were sequenced to confirm that they corresponded to

the gene of interest prior to the performance of Q-PCR

(data not shown). b2-Microglobulin was used to

normalize the Q-PCR data across samples. Fig. 2

illustrates typical Q-PCR results. At least four

independent RNA samples, two from serum containing

and two from serum-free cultures were analyzed.

Statistical analysis revealed only nominal differences

between the serum containing and serum-free cultures
Table 2

List of the 12 genes validated by PCR

Genes Full name

TMEFF2 Tomoregulin 2

ATP1B1 NaC/K ATPase beta subunit 1

IL-8 Interleukin 8

BTG1 B-cell translocation gene 1

BChE Butyrylcholinesterase gene 1

NKX3.1 NKX3.1

BNIP3 E1B 19k/Bcl2 binding protein

HSPA8 Heat shock protein 70k

HSPCA Heat shock protein 90k

TM4SF1 Transmembrane 4 superfamily member 1

AMACR alpha-Methylacyl-CoA racemase

UCH-L1 Ubiquitin carboxyl-terminal hydrolase 1

Differentially expressed genes chosen for further examination. The first six g

(positive fold change in Table 1); the last six genes were expressed at high
and data from these replicates were pooled (Table 3).

Statistical analyses were done separately for each group

by calculating the average of cycle number differences

of multiple Q-PCR results between LNCaP and C4-2

cell lines (Table 3, Fig. 3). Fig. 3 shows the final results

and demonstrates that for 83.3% of the candidate genes

(10/12) the reported changes in mRNA expression were

qualitatively similar for microarray analysis and

Q-PCR.

3.3. Western blot results corroborate protein levels for

differentially expressed genes

To confirm that the changes in message were

reflected in changes in protein expression, Western

blot was performed on four candidates (TMEFF2,

UCH-L1, NKX3.1, AMACR, and IL-8). TMEFF2 and

UCH-L1 were selected because of their high changes in

gene expression and NKX3.1, AMACR, and IL-8 were

selected because of their putative roles in hPCa

progression [22–28]. For each protein, Western blots

were repeated at least four times with four indepen-

dently isolated protein samples (two serum containing,

two serum-free; Fig. 4). Consistent with the reported
Function

Transmembrane protein with both epidermal growth factor

and follistatin domains; frequently hypermethylated in

human tumors

Maintains sodium and potassium homeostasis in animal

cells. Beta-subunit functions as a suppressor to cancer cell

invasions

Cytokine that plays a role in chemoattraction and activation

of neutrophils; has similarity to several platelet-derived

factors

BTG/Tob family proteins control cell growth negatively.

Induces a novel apoptosis pathway

Implicated in developmental processes as a stimulator of

cellular proliferation

A homeo box-containing gene, prostate/testis specific.

A putative prostate tumor suppressor

E1B 19 kDa protein is required for adenovirus induced

cellular transformation and oncogenicity; inhibits apoptosis

Heat shock proteins that interact with AR as molecular

chaperones

Appears to be involved in cancer invasion and metastasis

Plays an important role in peroxisomal beta-oxidation of

branched-chain fatty acids. It is highly expressed in prostate

cancer

Neuron-specific protein involved in the ubiquitin-mediated

proteolytic pathway

enes, italized, were expressed at higher levels in LNCaP than in C4-2

er levels in C4-2 than in LNCaP (negative fold change in Table 1).



Table 3

Critical aspects of Q-PCR analysis for differentially expressed genes

Gene Tm of primers Product size (bp) Ta Average DCN (CNLNCaPKCNC4-2)

Cserum Kserum Total

TMEFF2 63.0–67.6 172 62 K7.8 K11.3 K9.5

ATP1B1 59.2–63.5 153 60 0.2 K1.4 K0.7

IL-8 61.2–62.2 179 56 K4.4 K0.2 K1.9

BTG1 67.6–70.9 138 61 K1.2 K1.3 K1.3

BchE 57.7–58.6 161 55 K3.7 K5.9 K5.0

NKX3.1 70.3–69.5 217 65 K0.6 K1.6 K1.0

BNIP3 63.1–63.1 140 56 K0.1 0.5 0.2

HSPA8 64.5–67.4 154 60 K0.8 K1.2 K1.0

HSPCA 63.5–64.1 143 60 0.5 K0.7 K0.2

TM4SF1 70.0–65.9 113 56–57 1.8 1.2 1.5

AMACR 59.5–63.5 182 56 2.4 2.2 2.3

UCH-L1 64.2–68.4 143 63–64 10.4 8.3 9.2

The Q-PCR was run under ‘optimal Ta’, which was derived by gradient PCR. ‘Average of (CNLNCaPKCNC4-2)’ lists the statistical result of the Q-

PCR by displaying the calculated cycle number (CN) differences (DCN) between cell lines. If the CNLNCaP is greater than the CNC4-2, the number in

the table is negative thereby indicating that the gene is expressed higher in LNCaP than in C4-2. If reverse, the number in the table is positive. The

Q-PCR results are shown in separate columns for (C) serum and (K) serum. The average value from both conditions is also given. Italicized values

are discordant to the overall expression pattern from the microarray.
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changes in message by microarray and Q-PCR, the

levels of protein encoding TMEFF2, NKX3.1 and IL-8

were greater in LNCaP than in C4-2 while the opposite

was true for AMACR and UCH-L1. The expression of

NKX3.1 is regulated by androgen [29], and this may

explain why the protein is only barely detectable in

serum-free media.
3.4. Immunohistochemistry of LNCaP and C4-2

Xenografts

For many applications such as studies focusing on

progression to androgen independence and the develop-

ment of metastatic capabilities, it is highly desirable to

utilize actual tumors instead of cell lines cultured

in vitro, thereby avoiding potential culture artifact. To

confirm that the observed changes in TMEFF-2, UCH-

L1, and IL-8 were present in tumor xenografts IHC was

performed (Fig. 5). Consistent with the reports for

AMACR expression in specimens of human PCa tissue

[30–34], cytoplasmic AMACR staining was intense and

localized to the cytoplasm, presumably peroxisomal

vesicles in C4-2 tumor xenografts but virtually

undetectable in LNCaP tumor xenografts (Fig. 5A–C).

TMEFF-2 showed very strong immunoreactivity in

the cytoplasm and cell membrane of LNCaP xeno-

grafts; in contrast there was a marked reduction in

expression of TMEFF-2 in the C4-2 xenografts

(Fig. 5D–F).

UCH-L1 protein expression in xenografted tumor

specimens accurately reflected the pattern of expression

observed in cultures ofLNCaPandC4-2 cells (Fig. 5G–I).
LNCaP tumor sections stained lightly, while the C4-2

tumor sections were slightly more intense (Fig. 5G–I). In

both tumor xenografts, staining was localized to the

cytoplasm, which is consistent with UCH-L1’s role as a

ubiquitin carboxyl terminal esterase [35–37].

In LNCaP tumor xenografts, IL-8 staining was

generally weak with scattered areas of intense staining;

in contrast, staining in C4-2 tumor xenografts was

essentially negative (Fig. 5J–L). Again, this expression

profile is consistent with that expressed by the cell lines

in culture and predictive of the marker as seen in our

tumor xenografts.
4. Discussion

Although PCa has been studied for more than half a

century, the mechanism underlying PCa metastasis and

the development of androgen-independence remains

both an intensive and elusive area of investigation. For

the past two decades, the LNCaP cell line [5], and more

recently its staged variants [38,39], have been

extremely productive models for the study of PCa and

its progression to AI and the development of metastatic

capabilities. The staged variants are composed of a

lineage-related series of cell sublines, LNCaP, C4,

C4-2, C4-2-B series, which reflects in a heritable

manner the key steps of PCa progression to an

increasingly malignant phenotype, spontaneous metas-

tasis to bone with paraplegia in vivo and the develop-

ment of AI [6,7].

cDNA microarrays are efficient tools to screen for

global changes in mRNA levels. In order to identify



Fig. 2. Examples of Q-PCR results. TMEFF2 (A) and UCH-L1 (B) Q-PCR ‘Amplify/Cycle Graphs’ are shown here as examples. These two genes

showed the largest change in mRNA level by cDNA microarray as listed at either end of Table 1. They also have the greatest cycle number

difference in Q-PCR (see Table 3).
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genes associated with androgen independence and a

more malignant phenotype, we compared LNCaP and

C4-2 cell lines using gene profiling. Herein we have

reported the identification of 38 unique genes whose

expression pattern changes between AS LNCaP and AI

C4-2 cells when plated at high density in vitro. Two

different analysis tools (BRB and SAM) were used to

analyze the data. Twelve of the 38 genes were validated

by Q-PCR based on their level of expression and

prominence in PCa biomarker studies. HSPA8 was the

only gene that showed an expression profile that

differed between the microarray data set and that
obtained by Q-PCR, indicating a high degree of

reliability in this dataset. The lack of correlation

between HSPA8 and the microarray may be due to

the fact that there are several closely related heat shock

proteins and near redundant entries in GenBank. As a

result, we may have designed primers to, and queried a

different sequence than that printed on the microarray.

Most importantly, with the exception of IL-8, we have

demonstrated clearly that the level of several of these

transcripts and the corresponding proteins changed in a

manner consistent with observations reported in human

prostate cancer in situ thereby firmly establishing the
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Fig. 3. Q-PCR summary. Combined results of Q-PCR reactions of

(K) serum and (C) serum are shown in this figure. The X-axis

indicates the genes examined. The six genes on the left were

expressed higher in LNCaP while the six genes on the right were

expressed higher in C4-2 cells by microarray analysis. The Y-axis

demonstrates the cycle number difference (DCN) between two cell

lines in Q-PCR analysis. Negative numbers (shaded bars) mean the

mRNA levels are higher in LNCaP; positive numbers (hatched bars)

mean the mRNA levels are higher in C4-2. Using this method, 10/12

(83.3%) genes pulled from the microarray analysis were expressed

differentially in the same manner as predicted by the microarray using

fresh RNA isolates and confirmation by Q-PCR.

Fig. 4. Protein expression from selected differentially expressed

mRNAs. Western blot analysis was used to detect the protein level of

TMEFF2, IL-8, NKX3.1, AMACR and UCH-L1 genes products. The

apparent molecular weight of each protein is labeled on the right. LC,

LNCaP with serum; CC, C4-2 with serum; LK, LNCaP serum free;

CK, C4-2 serum free. The numbers below each band indicate the

average relative density from four separate blots normalized to

LNCaP cells (see methods for details). IL-8 was not blotted for cell

conditioned medium in serum due to the presence of serum Il-8. A

single blot for each gene representing the best reflection of the

expression ratios of four experiments is shown as an example.

Cytoplasmic proteins were normalized to a-tubulin, while nuclear

proteins were normalized to histone H1.
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importance of this model system in the search for genes

associated with the malignant progression of PCa. This

study represents the third known study of molecular

profiling between LNCaP and C4-2 cells but the only

one using high-density cultures. In the study by Bisoffi

et al. [40], 1176 genes from an Atlas cDNA array were

screened yielding 12.7% down regulated and 15.3% up

regulated. The differentially expressed genes varied

dramatically from ours by finding a number of growth

regulatory genes, including EGFR, IGF1R, SAPK4 and

K-ras among others that we attribute to log-phase

growth conditions. Similarly, Trojan et al. [41], using

the HG-U133A Affymetrix chip covering about 22,000

genes, found only 42 differentially expressed probe sets

that reduced to 14 candidates for association with

progression or metastatic progression. They also used

log-phase cells of later passage numbers and LNCaP

cells of a different origin than ours. These authors,

similar to Bisoffi et al., found several growth factors,

growth factor receptor signaling molecules and cell

cycle regulated genes despite the fact that 33/38 of our

differentially expressed cDNAs are represented on the

HG-U133A array. Not found on this affymetrix chip are

TMEFF2, SAT, GLYATL1, AMACR and VPS25. This

supports the contention that the high-density growth
conditions of the cells for our experiments were key to

the acquisition of the gene sequences pulled in our

analysis. The final comparison of LNCaP and C4-2

cells, performed by Liu et al. [42], examined the

expression of cluster of differentiation (CD) antigens to

determine the lineage relatedness and possible origin of

LNCaP sublines. These authors conclude that C4-2 is

derived from a pre-existing subpopulation of LNCaP

cells selected by passage in vivo while the CL1 cell

line, selected by androgen deprivation in vitro, prob-

ably arose as a unique event due to the culture

conditions. Therefore, we have provided a novel

context, essentially high-density serum-free cultures,

that can be used to induce the expression of prostate

cancer tissue biomarkers in prostate cancer cell lines

in vitro. Below we analyze the significance of each

gene tested to confirm our microarray and their possible

role in PCa progression.



Fig. 5. Immunohistochemistry of LNCaP and C4-2 in vivo tumors. Figures B, E, H, and K are representative subcutaneous LNCaP tumor

xenografts; similarly, C, F, I and L are representative subcutaneous C4-2 tumor xenografts. Negative controls are shown for LNCaP tumor

xenografts, A, D, G, and J, where primary antibody was omitted. Similar background levels were obtained for C4-2 tumors (data not shown).

TMEFF2 is higher in LNCaP than in C4-2 (C[B); IL-8 is higher in LNCaP (E[F); AMACR expression is higher in C4-2 than in LNCaP

(I[H); and, UCH-L1 is higher in C4-2 (LOK). Final magnification is 100!.
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In order to discriminate between possible tissue

culture artifact and gene expression in a tumor context

in vivo, we examined the expression of TMEFF2, IL-8,

NKX3.1, AMACR and UCH-L1 in both cultured cells

and tumor xenografts of LNCaP and C4-2. TMEFF2 is

a tomoregulin family member. These are two pass

transmembrane proteins having a single EGF-like

domain that has high homology to both the EGF/Neur-

egulin family of growth factors and two follistatin

modules [43] that may bind TGF-b related growth

factors, the activins [44]. Activins inhibit prostate

glandular branching by activating the TGF-b receptor,

a function opposed by follistatin in organ culture

[45,46]. Therefore, follistatins actually increase pros-

tate branching and ductal morphogenesis. Release of

the follistatin domain from TMEFF1 or 2, therefore,

would likely result in increased prostate cancer growth,

in part, by antagonizing TGF-b growth inhibition.

Since the loss of TGF-b action and related molecules,

e.g. inhibin-a [47], have been implicated in the loss of

growth control in prostate cancer [48–50], the role of

TMEFF and its follistatin domain are of intense

interest. TMEFF2 is expressed at high levels in the
normal brain and prostate as well as in primary PCa

with high levels of mRNA expression in LNCaP and

LAPC-AD cells as compared to PC-3 and DU145

[51,52]. Its expression is regulated by androgen and it

has been demonstrated to suppress growth of PCa cell

lines [51]. IHC analysis in human tissue showed

significant protein expression in 74% of primary PCa

and 42% of metastatic lesions [52]. In the data set

presented here, microarray analysis detected a dramatic

decrease in expression in C4-2 as compared to LNCaP

cells. This was confirmed by Q-PCR, Western blot, and

most importantly in IHC of tumor xenografts. These

observations support the hypothesis that TMEFF2 is a

tumor/growth suppressor whose expression decreases

as PCa progresses to the metastatic phenotype or AI.

Therefore, TMEFF2 expression is lost with progression

to the AI and represents another candidate gene

involved in PCa tumor suppression. On a final note, it

is interesting that TMEFF1 and TMEFF2 may play the

opposite role in different tissues. TMEFF1 appears to

be up regulated in AI-PCa [51] and uterine leiomyoma

[53], while TMEFF2 is down regulated in AI-PCa. In

brain, TMEFF1 is associated with increased malignant
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potential and not tumor suppression [54]. Clearly, more

work needs to be done to determine the signaling

responsible for these differences in different tissues.

Ferrer et al. [24] reported the presence of IL-8 in

tissue sections from patients with PCa, but not in

patients with benign prostatic hyperplasia. Similarly,

Lehrer et al. demonstrated elevated serum levels IL-8 in

patients with PCa and those with bone metastases [28].

Kim et al. [23] and Inoue et al. [26] showed that the

expression of IL-8 in human PCa cells is associated

with angiogenesis, tumorigenicity, and metastasis

in vitro and in vivo. IL-8 has also been shown to be

up regulated in stroma of strongly invasive melanoma

[55]. Lee et al. [25] have shown that over expression of

IL-8 in LNCaP cells results in AI growth. In contrast,

IL-8 expression in the C4-2 cell line was decreased

compared to LNCaP. There are several potential

explanations for this discrepancy. First, this may

correlate with C4-2’s tendency to form osteoblastic

rather than osteoclastic-resorptive bone metastasis

[7,20] since IL-8 may mediate the effects of PTHrP

and stimulate the osteoclastic phenotype [56]. In

support of this premise, constitutively elevated levels

of IL-8 have been found almost exclusively in

osteoclastic PCa, such as PC-3 and DU145 [20,26,28]

and have been implicated in a more aggressive

phenotype and the formation of osteoclastic bone

metastases [56]. This is supported by reports of

increased IL-8 in serums of PCa patients with cancer

[27] and bone metastases in particular [28] and

probably reflects the increased bone turnover associated

with both osteoblastic and sclerotic lesions. Second, we

have examined only subcutaneous xenografts of

LNCaP and C4-2 and this may have dramatically

decreased overall IL-8 production by the xenograft.

Greene et al. [57] have shown that orthotopic xenograft

tumor cells produce more IL-8 than subcutaneous

xenografts.

NKX3.1 is a homeo-box containing gene whose

protein product functions as a transcription factor. The

expression of the NKX3.1 gene is androgen regulated

[29] and highly restricted to the prostate and testis

[58,59]. Loss of Nkx3.1 protein is common in hPCa as

well as in prostatic intraepithelial neoplasia and its loss

may be a very early marker of cellular transformation

[59,60]. On this basis, it has been classified as a putative

prostate tumor suppressor gene [59]. The data presented

here supports this hypothesis in that there was a

dramatic decrease in the expression of NKX3.1 at both

the mRNA and, more conclusively, at the protein level

in the C4-2 cell line. We tried numerous protocols,

including those with antigen retrieval, to immunostain
Nkx3.1 in our tissue xenografts but were not successful.

This may be due to overfixation resulting in poor access

to the protein or issues of antibody avidity and

specificity. Nonetheless, the decrease is well estab-

lished in our cell lines and numerous human tissue

samples as described above.

a-Methylacyl CoA racemase (AMACR), also

known as P504S, is an enzyme that plays an important

role in peroxisomal beta-oxidation of branched-chain

fatty acids [61,62]. The neuropathies Refsum disease

and X-linked adrenoleukodystrophy, are thought to

result from the accumulation of specific fatty acids, due

to mutations in AMACR [19]. Over expression of wild

type AMACR was detected in both PCa clinical tissues

and PCa cell lines but not in normal prostate tissues.

Once over expressed, the AMACR protein level

remains elevated as PCa progresses to higher stage

and grade [30,31,63,64]. AMACR expression appears

to be androgen-independent [31,33], nonetheless, the

expression is low in metastatic or hormone-refractory

PCa but elevated in neoadjuvant hormone therapy

patient samples. It has been proposed that AMACR has

the potential to complement PSA as a new and perhaps

better diagnostic marker for PCa [30,31]. Decreased

expression of AMACR has been demonstrated to be

associated with decreased proliferation of PCa cell lines

by an androgen-independent mechanism [33]. Herein

we report the up regulation of AMACR levels in the

LNCaP progression model. The protein was expressed

at low levels in LNCaP cells and tumor sections while

the level was up regulated substantially in the AI and

metastatic C4-2 cell line and tumor xenografts. There-

fore, AMACR may well have a role in the development

of metastatic and AI PCa as described above.

Ubiquitin carboxyl-terminal esterase L1 (UCH-L1)

is a member of the UCH family. This enzyme catalyzes

the hydrolysis of C-terminal ubiquityl esters and

generates ubiquitin monomers [65,66]. Early studies

indicated that UCH-L1 is expressed at high levels in

neuroendocrine and neuronal tissues and comprises

1–2% of total brain protein [35,67,68]. Mutation of this

gene is related to Parkinson’s disease by inducing

abnormal protein accumulation due to lack of ubiquitin

[36,69,70]. UCH-L1 is expressed in the developing

Wölffian duct and prostate of humans during early

glandular development as well as in PCa [37] although

double labeling implies sparse co-localization with

chromogranin A. Immunostaining of the developing rat

prostate for UCH-L1 and other NE markers indicates

that rat NE cells do not express UCH-L1 [71].

Nonetheless, UCH-L1 appears to be up regulated in

tumors containing neuroendocrine cells [72]. No
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evidence has been found to show a relationship between

UCH-L1 and PCa progression, however several

publications demonstrated this gene’s expression is

related to the presence of a neural or neuroendocrine

component in several different cancers [72–76] where it

is being evaluated as a tumor marker. The presence of

neuroendocrine cells in PCa has been correlated to a

poor prognosis independent of tumor stage and grade

[77–79]. We found higher expression of UCH-L1 in the

more aggressive AI C4-2 than in the AS LNCaP cell

line in vitro. Further, IHC showed increased UCH-L1

levels in C4-2 tumor xenografts as compared to LNCaP

tumors. As LNCaP cells can be induced to neuroendo-

crine differentiate in vitro and constitutively express

some neuroendocrine markers, the expression of UCH-

L1 by this cell line is not surprising. However, the

utility of UCH-L1 as a rapid marker for neuroendocrine

differentiation and its role as a prognostic indicator

remain to be validated. It should be noted that the role

of this protein in neoplastic transformation or neuro-

endocrine differentiation has not been evaluated.

In summary, using high density plating of PCa cells

of a lineage related, androgen sensitive to androgen-

independent human prostate cancer progression model,

we have identified 51 candidate genes whose

expression is dramatically different in cell lines from

opposite ends of the spectrum in LNCaP human

prostate cancer progression series. As such, they

represent potential candidates regulating the pro-

gression to the more malignant and AI PCa phenotype.

Importantly, validation of several of our candidate

genes corresponded dramatically to changes observed

for these markers in human PCa tissues. Future studies

will be needed to explore the potential roles of the

remaining candidates detected in this extremely

versatile model of human PCa progression.
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Adenocarcinomas of the prostate can be categorized into tumor
grades based on the extent to which the cancers histologically
resemble normal prostate glands. Because grades are surrogates of
intrinsic tumor behavior, characterizing the molecular phenotype
of grade is of potential clinical importance. To identify molecular
alterations underlying prostate cancer grades, we used microdis-
section to obtain specific cohorts of cancer cells corresponding to
the most common Gleason patterns (patterns 3, 4, and 5) from 29
radical prostatectomy samples. We paired each cancer sample with
matched benign lumenal prostate epithelial cells and profiled
transcript abundance levels by microarray analysis. We identified
an 86-gene model capable of distinguishing low-grade (pattern 3)
from high-grade (patterns 4 and 5) cancers. This model performed
with 76% accuracy when applied to an independent set of 30
primary prostate carcinomas. Using tissue microarrays comprising
>800 prostate samples, we confirmed a significant association
between high levels of monoamine oxidase A expression and
poorly differentiated cancers by immunohistochemistry. We also
confirmed grade-associated levels of defender against death
(DAD1) protein and HSD17�4 transcripts by immunohistochemistry
and quantitative RT-PCR, respectively. The altered expression of
these genes provides functional insights into grade-associated
features of therapy resistance and tissue invasion. Furthermore, in
identifying a profile of 86 genes that distinguish high- from
low-grade carcinomas, we have generated a set of potential
targets for modulating the development and progression of the
lethal prostate cancer phenotype.

carcinoma � monoamine oxidase A � microarray � expression profile

The prognosis and choice of therapy for prostate cancer is
based primarily on three parameters obtained at the time of

diagnosis: clinical stage, serum prostate-specific antigen (PSA),
and the Gleason score of the cancer (1). The Gleason grading
system, which is based on microscopic tumor architecture,
consists of five histological patterns that annotate cancers into
categories exhibiting well differentiated (pattern 1) to poorly
differentiated (pattern 5) features (2, 3). A number from 1 to 5
is assigned to the most prevalent pattern. A second number, also
from 1 to 5, is assigned to the second most prevalent pattern. The
Gleason grade, which is the sum of these two numbers, has a
value between 2 and 10. In current practice, the vast majority of
prostate cancers have a Gleason score of �6 (4, 5). Hence,
tumors composed of patterns 3, 4, and�or 5 are considered
clinically significant. The reporting of individual Gleason pat-
terns is not a trivial distinction, because the amount of pattern
4 and the presence of any pattern 5 has been highly correlated
with probability of cancer dissemination, response to therapy,
disease outcome, patient-management decisions, and clinical-
trial enrollment (6, 7). Numerous studies have demonstrated a
direct correlation between Gleason score and clinical measure-
ments of disease outcome, including death due to tumor within

15 years and likelihood of remaining free of biochemical evi-
dence of disease recurrence after either definitive, potentially
curative radical prostatectomy or radiation therapy (8). Al-
though different Gleason patterns are histologically distinctive,
the molecular features underlying these tumor phenotypes are
not precisely defined. In this study, we sought to characterize the
molecular profile of prostate carcinomas of specific Gleason
patterns. Tumor cell transcript levels were used to develop a
model capable of distinguishing the low-grade (pattern 3) from
high-grade (patterns 4 and 5) tumors. We validated the predic-
tive power of the model by using an independent set of primary
prostate cancers and confirmed grade-associated differences in
protein-expression levels using a third sample cohort. Together,
these results identify both consistent and divergent features of
the molecular framework that underlies the histological classi-
fication of cancer grade.

Results and Discussion
Gene-Expression Profiles Associated with Prostate Cancer Grades. To
identify molecular alterations correlating with histological tumor
grade, we used laser-capture microdissection to exclusively ac-
quire the epithelial cell component of prostate carcinoma foci
corresponding to individual Gleason pattern 3, 4, or 5 cancers.
After linear amplification, gene-expression alterations in tumor
cells were measured by cDNA microarray hybridizations in a
head-to-head fashion against patient-matched microdissected
benign secretory epithelial cells. A total of 121 benign and
neoplastic samples from 59 radical prostatectomies and 30
prostate needle core biopsies contributed to the analysis.

To assess the generalized applicability and consistency of the
methods, we first sought to identify consistent prostate cancer-
associated transcript alterations irrespective of grade. Using
microdissected epithelium from radical prostatectomy samples,
we identified 736 genes with altered expression levels between
benign and neoplastic epithelium (false discovery rate �0.01%).
This cohort included several genes previously reported to be
differentially expressed in prostate cancers, such as hepsin,
AMACR, and CAMKK2 (Fig. 1A) (9–12). These findings pro-
vided validation that our methods replicated results of earlier
expression-profiling studies, despite using the very small sample
quantities obtained by laser microdissection and subjecting the
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RNA from these samples to amplification and transcript quan-
titation by microarray analysis.

To identify gene-expression alterations that associated with
specific Gleason patterns, we used a supervised-learning ap-
proach, Prediction Analysis for Microarrays (PAM) that repre-
sents a modification of standard nearest-neighbor classification
(13). Models comprising 40, 64, and 86 genes were able to
partition Gleason 3 vs. Gleason 4 and 5 cancers with 90%, 84%,
and 81% accuracy (under leave-one-out cross-validation) (Fig.
1B). We were unable to identify a cohort of genes that could
distinguish between pattern 4 and 5 cancers with sufficiently high
accuracy to be useful, suggesting a high degree of similarity
between these cancer histologies or substantial molecular het-
erogeneity in one or both of these groups. Therefore, we grouped
pattern 4 and 5 cancers together for subsequent comparisons.
Principal-components analysis of the 40-gene model demon-
strated segregation of cancers according to histological grade,
with only one pattern 4�5 cancer misclassified as a pattern 3, and
two pattern 3 cancers misclassified as pattern 4�5 (Figs. 1C and
2A). Rereview of the histology and the specific composition of
cells acquired by laser-capture microdissection did not alter the
histological classification of these samples. Although Gleason
patterns can be reproducibly categorized (14), there are clear
examples of heterogeneity in clinical behavior within each
histological category (15). Further studies are required to de-
termine whether molecular signatures within a specific cancer
pattern exhibit prognostic power.

Performance Characteristics of the Gleason Grade Classifier. To
determine the general applicability of the Gleason pattern
classifier, we generated and analyzed an independent prostate
cancer gene-expression data set derived from microdissected
matched benign and neoplastic epithelium from 30 prostate
needle biopsies. We measured expression alterations by microar-
ray hybridization and assessed the models that provided the
greatest discriminatory power in the original prostatectomy
samples. The classifier comprised 86 genes (109 clones), includ-
ing the 40 genes with 90% discriminatory power in the original
radical prostatectomy cases performed with highest accuracy,
producing a 76% overall correct classification rate (P � 0.056,
Fisher’s exact test) (Fig. 2B) on this independent sample set. Of
the 12 cancers histologically called Gleason pattern 3, all but one
was correctly classified. Of the cancers with a histological
classification of 4 or 4 � 5, 6 of 11 were correctly identified (Fig.
2B). As expected, microdissected samples recognized to contain
mixed grades of 3 � 4 or 4 � 3 cancer cells were divided between
pattern 3 or pattern 4 molecular categories. These results suggest
that pattern 3 cancers exhibit relatively consistent molecular
alterations, whereas cancers with histological features of pat-
terns 4 and 5 are more diverse and, in some cases, exhibit
molecular features common to pattern 3 cancers.

We next attempted to compare our results with other reports
correlating prostate tumor gene expression with grade. These
comparisons were problematic, because all publicly available
prostate cancer data sets generated expression profiles and
classifiers based on Gleason-sum scores rather than individual
patterns. For example, a given Gleason-sum score 8 cancer could
be composed of patterns 5 � 3 or 4 � 4. Reports by Singh et al.
(11) and LaPointe et al. (12) identified 29 and 42 genes,
respectively, that statistically associated with Gleason-sum score.
However, only three genes, SPARC, BGN, and COL1A2, were in
common between these analyses. None of the genes comprising
our classifier were present in the published grade-associated
gene sets. An additional contributor to these discrepancies
concerns the use of samples that, although enriched for tumor,
also contain variable amounts of tumor-adjacent stroma, benign
glands, and inflammatory cells. Alterations in the expression of
genes in tumor-adjacent stroma is well recognized (16). In the

Fig. 1. Gene-expression changes associated with prostate cancer grade. (A)
Genes differentially expressed between microdissected benign and neoplastic
prostate epithelium were identified in a supervised analysis of transcript
profiles of 32 matched samples from 29 individuals. A Statistical Analysis Of
Microarrays (SAM) one-sample t test comparing cancerous epithelium to
matched benign epithelium across all Gleason patterns identified 736 differ-
entially expressed genes (false discovery rate �0.05%). Cancer-associated
transcript alterations for several genes with previously described alterations in
prostate carcinoma are shown. (B) Identification of gene-expression alter-
ations predictive of Gleason pattern. PAM analysis of gene-expression profiles
generated from microdissected Gleason pattern 3, 4, and 5 cancers. Circles
represent the training error. Triangles represent the leave-one-out cross-
validation error. The x axis shows the number of array clones (and correspond-
ing unique genes) used for classification. (C) Principal-components analysis of
grade-specific prostate cancers using the 40-gene (51-clone) Gleason pattern
classifier. For each sample, the score on the first (x axis) and second (y axis)
principal component is plotted. Gleason pattern 3 (circle) samples are gener-
ally distinct from Gleason pattern 4 and 5 sample space (triangle and diamond,
respectively). Pattern 4 and 5 samples were intermixed, indicating a high
degree of molecular similarity. Three misclassified samples (under cross-
validation of the 40-gene model) between pattern 3 and pattern 4�5 cancers
are denoted in blue.

10992 � www.pnas.org�cgi�doi�10.1073�pnas.0603678103 True et al.



context of these studies, the expression of SPARC has been
shown to be up-regulated in the stroma adjacent to non-small-
cell lung cancers (17) and pancreatic carcinomas (18) and may
be similarly overexpressed in prostate cancer-adjacent stroma. A

final source of discrepancies between studies involves technical
variables, attributable, for example, to the use of different
platforms (cDNA arrays vs. Affymetrix chips) and the necessity
of amplifying RNA before hybridization.

Although the grade-discriminatory gene sets derived from our
analyses and those of prior studies exhibited no concordance, we
explored the ability of the Gleason grade classifier to partition
prostate cancers in available data sets that were composed of
singular grade combinations such as 3 � 3 and 4 � 4. Of 86 genes
used in our classifier, 77 were present in the study by LaPointe
et al., with sufficient data to allow for grade-associated analyses.
Unsupervised hierarchical clustering of samples using these 77
genes produced two major clusters generally partitioned accord-
ing to grade. Of 26 tumors with Gleason 3 � 3 histology, 19
(73%) were correctly classified, as were 11 of 15 tumors (73%)
with 4 � 4 or 4 � 5 Gleason patterns.

Characteristics and Confirmation of Gleason Grade-Associated Mo-
lecular Alterations. Several genes that we found to be associated
with prostate cancer cell differentiation patterns have been
linked to cancer grade or stage classifications. A study of breast
carcinomas found a statistical relationship between increased
expression of the antioxidant enzyme peroxiredoxin 5 (PRDX5)
and larger tumor size, positive lymph node status, and shorter
survival (19). Elevated levels of the transcription elongation
factor TCEB1�Elongin C are associated with advanced andro-
gen-independent prostate cancers (20), and changes in the
subcellular localization of the membrane metalloendopeptidase
MME�CD10 expression are linked to prostate cancer grade (21).
Immunohistochemical analysis of the Akt-regulated transcrip-
tional repressor NSEP�YB-1 demonstrates a strong positive
correlation with Gleason grade (22). NSEP�YB-1 may influence
cancer progression through multiple mechanisms that include
enhancement of anchorage-independent cell growth and up-
regulation of the p-glycoprotein multidrug-resistance protein
(22, 23).

Many genes exhibiting altered expression in high- relative to
low-grade prostate cancers possess characteristics supporting
potential roles in cancer cell survival, invasion, or metastasis. Of
the 86 genes we used for grade classification, 6 are located on
chromosome 8. Of these, 4 map to 8q21–23, a region shown to
be amplified in �40% of primary prostate cancers in association
with higher cancer grades (24). The expression of 4 genes
involved in aspects of sex hormone metabolism or regulation
were increased in higher-grade cancers, including two members
of the 17�-hydroxysteroid dehydrogenase (HSD) family,
HSD17�3 and HSD17�4. The 3-�-hydroxysteroid dehydroge-
nase DHRS9 is capable of catalyzing the conversion of 3-�-
androstanediol to dihydrotestosterone (25) and also contributes
to the �-oxidation of fatty acids. The expression of HSD17�4,
also known as D-bifunctional protein, was recently shown to be
up-regulated in neoplastic prostate epithelium (26). We con-
firmed this result using quantitative RT-PCR analysis of micro-
dissected prostate epithelium and further confirmed the grade-
associated elevation of HSD17�4 transcripts found in the
microarray-based analyses (see Supporting Materials and Meth-
ods and Fig. 4, which are published as supporting information on
the PNAS web site). Together, these results suggest the emer-
gence of mechanisms that favor intracrine utilization of alter-
native androgen precursors by tumor cells. Five members of the
ras homologue gene family RHOT2, RHOA, RAB2, RAB6A, and
RAB18 were up-regulated in high-grade cancers. The RAB18-
related gene, RAB25, was recently shown to influence the
malignant potential of breast and ovarian cancers, suggesting
that members of this gene family may be general mediators of
epithelial cancer progression (27). The products of RHOA,
CAPZA2, HMGB1, NM23H1, CD63, and Saposin C have all been

Fig. 2. Genes associated with specific Gleason pattern prostate cancers. (A)
Shown are the 86 genes exhibiting the greatest discriminatory power to
partition cancer grades using an independent set of prostate cancer tissues.
Genes are ordered according to t test score. The 40 genes used in the original
PAM model are denoted by asterisks. (B) Application of the 86-gene Gleason
classification model to an independent test set of 23 prostate cancers of
singular pattern (e.g., 3 � 3) or exclusively high grade (4 � 4 or 4 � 5) resulted
in an overall classification accuracy of 74%. The predicted pattern of 7 addi-
tional cancers of mixed low grade and high grade (3 � 4 and 4 � 3) varied
between pattern 3 and pattern 4�5. The functional properties of grade-
classifying genes are annotated in Table 1, which is published as supporting
information on the PNAS web site.
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shown to directly modulate tumor progression through enhanced
cell motility, invasion, or metastasis.

Immunohistochemical (IHC) Analysis of Gleason Grade-Associated
Protein Expression. In current clinical practice, diagnostic and
prognostic cancer markers are most commonly assessed by using
IHC quantitation. We sought to determine whether grade-
associated alterations identified through transcript profiling
would have corresponding changes in protein levels discernable
by IHC. Although immunoperoxidase histochemistry is an im-
precise method of protein quantification, it is the only technique
currently available for assessing protein levels in small tissue
samples and localizing expression to specific cell types. We
focused on two pathways known to be associated with prostate
cancer behavior: neuroendocrine effectors and apoptosis (28,
29–31). Of the 80 genes in the grade classifier with known
biological functions, 5 are reported to modulate neuropeptide or
amine metabolism: monoamine oxidase A (MAOA), YWHAZ�
14–3-3-�, OAZ2, CPE, and SLC22A3. MAOA is encoded by a
polymorphic gene located on the X chromosome that catalyzes
the oxidative deamination of biogenic amines, such as cat-
echolamines and indolamine transmitters, throughout the body.
Gene variants conferring up to 50-fold differences in MAOA
activity have been associated with a variety of neurological and
psychosocial disorders, but few studies of MAOA in the context
of cancer biology have been reported. The physiological func-
tions of amine oxidases remain to be completely established, but
amine metabolism is linked to essential cellular processes such
as cell growth and differentiation (32). The byproducts of amine
metabolism include H202 and hydroxyl radicals that may con-
tribute to aspects of tumorigenesis, including redox-sensitive
pathways such as MAP-kinase signaling (33).

To further characterize the association between MAOA ex-
pression and the differentiation state of prostate cancers, we
measured MAOA protein levels by IHC on panels of tissue

microarrays (TMAs) representing independent patient cohorts
not evaluated in the initial analyses of transcript levels. A
comparison of 469 benign and 889 cancerous samples demon-
strated that MAOA protein expression was elevated in cancer-
ous epithelium relative to benign secretory epithelium (P �
0.0001, proportional odds-regression analysis) (34) (Fig. 3 a–d),
and MAOA expression was significantly elevated in Gleason 4 or
5 samples relative to Gleason 3 samples (P � 0.0001, propor-
tional odds-regression analysis). The finding that high levels of
expression of MAOA protein characterizes high-grade prostate
carcinoma raises the possibility that patients on long-term
MAOA inhibitors might have lower frequencies of high-grade
prostate cancer if MAOA plays a mechanistic role in the
development of high-grade prostate cancer.

Six genes functionally linked to the regulation of apoptosis
were present in the cohort of grade-classifying genes. Of these,
the gene encoding defender against death (DAD1) provides an
intriguing link between apoptosis and the influence of tumor
survival factors associated with perineural invasion (PNI).
DAD1 is a downstream target of the NFkB survival pathway and
exhibits an antiapoptotic function (35). In vitro studies modeling
PNI-associated prostate cancer growth measured increased pro-
liferation, reduced apoptosis, and elevated expression of NFkB
and DAD1 in tumor cells located in proximity to ganglia and
nerve tissue (36). We evaluated the expression of DAD1 protein
by IHC in TMAs of formalin-fixed radical prostatectomy cores
that, together, comprised 131 benign and 306 cancerous samples.
High DAD1 expression was significantly associated with can-
cerous epithelium relative to benign secretory epithelium (P �
0.0001). In agreement with the transcript analyses, DAD1 pro-
tein levels also exhibited a strong association with Gleason
pattern. Cancers of patterns 4 and 5 were more likely to stain
intensely than low-grade cancer of pattern 3 (P � 0.0001) (Fig.
3 e–h).

Fig. 3. IHC analysis of Gleason grade-associated gene expression. Representative immunohistochemical staining of Gleason pattern 3 (a and e), 4 (b and f ), and
5 (c and g) prostate adenocarcinoma for MAOA (a–c) and DAD1 (e–g) expression. Magnifications are �400. Summary of MAOA (1,358 scoreable samples) (d) and
DAD1 (437 scoreable samples) (d and h) expression quantitation in tissue cores comprised of benign secretory epithelium and specific Gleason pattern
adenocarcinomas.
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Conclusions
In this study, we have identified a panel of molecular alterations
that associate with the histological interpretation of prostate
cancer grades. The panel performed with high accuracy across
three independent panels of prostate adenocarcinomas pro-
cessed and analyzed by using divergent techniques. Gleason
patterns 4 and 5 cancers were virtually indistinguishable at the
molecular level with our model. This finding is in accord with the
clinical observation that Gleason patterns 4 and 5 tumors are
associated with similar prognoses and, thus, are managed iden-
tically (37). If demonstrated to be mechanistically involved in
cancer progression, the proteins encoded by grade-discriminat-
ing genes could serve as targets for pharmaceutical inhibition.
Grade-discriminatory proteins may also have utility as serum
markers for identifying high-grade prostate cancer. In this
context, the association of MAOA expression with prostate
cancer and grade is a finding that further implicates neuroen-
docrine features as mediators of prostate carcinogenesis. This
finding has clinical importance, because the presence and extent
of a neuroendocrine component in a prostate carcinoma corre-
lates with tumor aggressiveness (37). The ready availability of
monamine oxidase inhibitors offers an immediate opportunity to
determine the clinical relevance of this finding.

Materials and Methods
Tissue Acquisition. All materials were acquired and used in
conformity with Institutional Review Board-approved protocols
at the University of Washington and Oregon Health & Science
University. Two types of tissue were used for this study: fresh,
nonfixed tissue as a source of RNA for laser microdissection and
formalin-fixed, paraffin-embedded tissue for IHC studies. The
nonfixed tissue consisted of frozen tissue blocks from radical
prostatectomies and an independent sample set of frozen tissue
blocks containing prostate needle core biopsies. Details of tissue
handling are provided in Supporting Materials and Methods.
Fixed tissue samples consisted of two types: blocks correspond-
ing to the fresh tissue samples that were used for the laser
microdissection preparations and TMAs.

Laser-Capture Microdissection (LCM) and RNA Preparation. Frozen
sections (8 �m) were cut from optimal cutting temperature
medium (OCT) blocks and immediately fixed in cold 95%
ethanol. After brief (5–10 seconds) staining with hematoxylin
using the HistoGene staining solution (Arcturus Engineering
Mountain View, CA), the sections were dehydrated in 100%
ethanol, followed by xylenes (per the manufacturer’s protocol).
Epithelial cells (�5,000) from both histologically benign glands
and cancer glands were separately laser-capture microdissected
by using the Arcturus PixCell II instrument. Only one Gleason
pattern was included in each laser-captured cancer sample. A
total of 32 different Gleason patterns were captured from the 29
radical prostatectomy samples: 12 Gleason pattern 3, 12 Gleason
pattern 4, and 8 Gleason pattern 5 samples. A total of 30 Gleason
patterns were captured from the 30 needle core biopsy samples,
with some samples comprising combinations of Gleason pat-
terns. Matched benign epithelium was captured for each cancer
sample, for a total of 121 samples. Digital photographs were
taken of tissue sections before, during, and after LCM and
assessed independently by two investigators to confirm the
Gleason patterns of the laser-captured cells. RNA extraction and
amplification were performed by using standard procedures
described in Supporting Materials and Methods.

Microarray Hybridization, Data Acquisition, and Analysis. Prostate
Expression Database cDNA microarrays were prepared on polyL-
lysine-coated glass microscope slides by using a robotic spotting tool
as described in ref. 38. cDNA probes were made from 2 �g of

amplified RNA and randomly labeled with either Cy3 or Cy5 dye
to account for dye bias. Patient-matched normal and cancer probes
were combined, filtered, and competitively hybridized to microar-
rays under a coverslip for 14 h at 63°C. Further details are provided
in Supporting Materials and Methods.

Fluorescent array images were collected for both Cy3 and Cy5
emissions by using a GenePix 4000B fluorescent scanner (Axon
Instruments, Foster City, CA). The image-intensity data were
gridded and extracted by using GENEPIX PRO 4.1 software. The
specifics of microarray data processing are provided in Support-
ing Materials and Methods. Microarray data sets from this study
are deposited in the GEO respository under accession no.
GSE5132.

To compare the overall expression patterns of all radical pros-
tatectomy cancer samples to their patient-matched normal samples,
the filtered log-ratio measurements were analyzed by using the
Significance Analysis of Microarrays (SAM) procedure (39) (www-
stat.stanford.edu��tibs�SAM). In this analysis, a one-sample t test
was used to determine which genes were significantly differentially
expressed between cancer samples and their patient-matched nor-
mal samples. We call the set of significant genes the expression
profile associated with prostate cancer.

To identify gene-expression alterations associated with specific
Gleason patterns, we used Prediction Analysis for Microarrays
(PAM) (13), a supervised classification method. Full technical
details are provided on the PAM web site (www-stat.stanford.edu�
�tibs�PAM). We divided the radical prostatectomy samples into
two classes (Gleason pattern 3 and Gleason pattern 4 or 5) and
applied PAM to identify several small gene cohorts that classified
the samples with low error rates under leave-out-one cross-
validation. To evaluate the predictive properties of these gene sets,
we classified an independent sample set of Gleason pattern cancers
composed of prostate needle core biopsy samples. An additional
visual assessment of the degree to which our gene model partitioned
the radical prostatectomy samples by Gleason pattern was under-
taken by using principal-components analysis of the samples (40).

Quantitative (q)RT-PCR. cDNA was generated from 1 �g of aRNA
by using 2 �g of random hexamers for priming reverse tran-
scription by SuperScript II (200 units per reaction; Invitrogen).
qRT-PCRs were done in triplicate, by using �5 ng of cDNA, 0.2
mM each primer, and SYBR green PCR master mix (Applied
Biosystems) in a 20-�l reaction volume. Reactions were carried
out and analyzed by using an Applied Biosystems 7900 sequence
detector. Samples were normalized to the cycle threshold value
obtained during the exponential amplification of RPL13A. The
expression level of HSD17B4 was calculated. Values were re-
ported as the ratio of gene expression in neoplastic to normal
epithelium. Additional details and primer sequences are pro-
vided in Supporting Materials and Methods.

TMAs. Eight TMAs were used for these studies. All samples in all
arrays were provided in duplicate. Two arrays of predominantly
primary prostate cancers (of 159 and 234 samples, respectively)
have been described (41). Six arrays represented a range of
Gleason grades, a mix of prostate cancer tissue of different
biologic states [normal, atrophy, benign prostatic hyperplasia
(BPH), prostatic intraepithelial neoplasia (PIN), primary pros-
tate carcinoma, and metastatic prostate carcinoma], and a mix of
different normal and neoplastic tissues. Altogether, 469 unique
samples of benign prostate glands and 889 unique samples of
primary prostate carcinoma (572 Gleason pattern 3, 276 Gleason
pattern 4, and 41 Gleason pattern 5) were used for MAOA
immunostaining. And 131 unique samples of benign prostate
glands and 306 unique samples of primary prostate carcinoma
(211 Gleason pattern 3, 77 Gleason pattern 4, and 18 Gleason
pattern 5) were used for DAD1 immunostaining.
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IHC. Antibodies recognizing MAOA (sc-20156; Santa Cruz Bio-
technology) and DAD1 (sc-25557; Santa Cruz Biotechnology) were
used to stain TMAs composed of benign and neoplastic prostate
tissues. Specificity of labeling was confirmed by both omission of the
primary antibody and immunostaining the sections with a primary
antibody against an irrelevant antigen. Immunolocalization was
done by using a three-step avidin–biotin–peroxidase method. The
sections were counterstained with hematoxylin. Further details are
provided in Supporting Materials and Methods.

IHC stains were evaluated by using the following categorical
compositional scale: 0, no expression; 1, �5% of the cells express
the antigen; 2, 5–20% of the cells express the antigen; and 3,
20–100% of cells express the antigen. The following cell types were
evaluated: secretory and basal epithelial, high-grade PIN, and
Gleason pattern 3, pattern 4, and pattern 5 tumor cells. When a
section had several Gleason patterns, each pattern was scored.

To test for differences in the staining intensity of different cell
types, we used a proportional-odds model and included the

covariates Gleason grade and tissue source. The model was fit in
SAS (SAS Institute, Cary, NC), implementing a generalized
estimating-equations approach to account for multiple sections
from the same patient. Further details of the analytical methods
are provided in Supporting Materials and Methods.
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Prostate gene expression<p>Microarray analyses to quantitate transcript levels in the prostates of five inbred mouse strains identified differences in gene expression in benign epithelium that correlated with the differentiation state of adjacent tumors.</p>

Abstract

Background: Cancer of the prostate is influenced by both genetic predisposition and
environmental factors. The identification of genes capable of modulating cancer development has
the potential to unravel disease heterogeneity and aid diagnostic and prevention strategies. To this
end, mouse models have been developed to isolate the influences of individual genetic lesions in
the context of consistent genotypes and environmental exposures. However, the normal prostatic
phenotypic variability dictated by a genetic background that is potentially capable of influencing the
process of carcinogenesis has not been established.

Results: In this study we used microarray analysis to quantify transcript levels in the prostates of
five commonly studied inbred mouse strains. We applied a multiclass response t-test and
determined that approximately 13% (932 genes) exhibited differential expression (range 1.3-190-
fold) in any one strain relative to other strains (false discovery rate ≤10%). Expression differences
were confirmed by quantitative RT-PCR, or immunohistochemistry for several genes previously
shown to influence cancer progression, such as Psca, Mmp7, and Clusterin. Analyses of human
prostate transcripts orthologous to variable murine prostate genes identified differences in gene
expression in benign epithelium that correlated with the differentiation state of adjacent tumors.
For example, the gene encoding apolipoprotein D, which is known to enhance resistance to cell
stress, was expressed at significantly greater levels in benign epithelium associated with high-grade
versus low-grade cancers.

Conclusion: These studies support the concept that the cellular, tissue, and organismal context
contribute to oncogenesis and suggest that a predisposition to a sequence of events leading to
pathology may exist prior to cancer initiation.

Background
Family history and race represent two of the greatest contrib-
utors to the probability of developing cancer of the prostate.

Recent estimates suggest that 42% of prostate cancer risk
may be attributed to heritable factors that include the influ-
ence of rare alleles capable of exerting substantial effects,
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common alleles with weak effects, and gene interactions that
act to amplify or buffer phenotypes [1]. Racial background
accounts for disparities of more than 40-fold in the incidence
of prostate cancer between Western and Asian men, and also
associates with cancer progression and lethality [2]. Impor-
tantly, risks attributed to racial categories may reflect not
only genetic variables, but also a myriad of shared environ-
mental exposures that include diet, infectious disease, and
medication use.

Cancer susceptibility represents a continuum of interactions
between the host and environment. At the extremes, each can
exert dominant effects on the neoplastic process. For exam-
ple, inherited differences in specific gene products, such as
p53, Rb, and APC, lead to the near-universal development of
cancers, regardless of differences in the host environment [3].
Similarly, exposures to ionizing radiation or chemical muta-
gens can produce high rates of neoplasia regardless of the
host genetic background. However, most human malignan-
cies cannot be attributed to specific genes or extrinsic agents
that exert dominant effects, but rather arise in the setting of
complex multi-factorial gene-environment relationships. In
this context, studies of twins have found that genetic back-
ground is associated with a large proportion of supposedly
nonhereditary cancers, a finding supported by the familial
clustering of specific malignancies [1].

The identification of low-penetrance genetic modifiers that
influence cancer phenotypes has been challenging in humans
due to substantial genetic heterogeneity and the inability to
identify, quantify and control for a wide-range of environ-
mental variables. Furthermore, tumors arising in specific
organ sites may exhibit multiple different histologies that
include differentiation state and the propensity to progress at
variable rates [4,5]. To overcome these hurdles, inbred
strains of model organisms such as the mouse have been used
to control environmental influences, homogenize tumor his-
tologies, and reduce the complexity of genetic backgrounds
[6]. Manipulating these variables has facilitated studies that
link genomic loci with the propensity to develop neoplasia
and the identification of genes that modulate tumor behavior.
Despite highly similar genomes, striking differences in tum-
origenesis and metastasis have been observed in different
rodent strains induced to develop cancers of the lung, breast,
intestine, skin, and prostate [7-11]. Breeding strategies
designed to isolate the genes responsible for cancer suscepti-
bility have successfully identified modifying loci [12]. The
characterization of specific genes modulating cancer pheno-
types indicates that carcinogenesis is influenced by tumor-
intrinsic features as well as variables in the host macro- and
microenvironments [13]. Intrinsic cellular properties include
proliferation rates, genome stability, differentiation potential
and the ability to senesce or undergo apoptosis. Tumor-
'extrinsic' factors that influence the process of carcinogenesis
include hormone concentrations, immune response, drug
metabolism, and features of the local stroma involving matrix

and neovascularization. Importantly, many cancer-modifying
loci exhibit multiple genetic interactions that suggest the
existence of molecular networks that underlie cancer predis-
position [6,7].

Studies of prostate carcinogenesis in rodent models devel-
oped using chemical mutagens or gene-targeting strategies
have clearly demonstrated modifications of cancer incidence
and progression rates dependent on the host genotype. The
substantial tumor-promoting or tumor-suppressing effects
exerted by innate host factors suggests that features of benign
tissues could allow the behavior of tumor growth to be pre-
dicted. To support this hypothesis, influential biochemical or
tissue variations must occur and must exhibit measurable
characteristics. While variations in immune effectors and
hormone levels represent likely influences on prostate car-
cinogenesis in these model systems, differences intrinsic to
the prostate gland could also account for tumor incidence
rates between strains. One measurement of phenotypic
potential involves the identification and quantification of cel-
lular gene transcription.

To date, global analyses of gene expression in the normal
prostate gland of mouse strains have not been reported. In
this study, we used microarray analysis to profile prostate
gene expression across five inbred mouse strains commonly
used for modeling prostate development and carcinogenesis.
We found substantial strain-dependent differences in pros-
tate transcript expression patterns, including several genes
implicated in prostate cancer development and progression.
Analyses of these strain-variable genes in the human prostate
enabled the determination of associations between transcript
expression levels and phenotypes of prostate cancer, such as
tumor grade. The results indicate that variables in prostate
gene expression present prior to cancer initiation could mod-
ify tumorigenesis.

Results and discussion
Determination of strain-specific differences in mouse 
prostate gene expression
Several studies have demonstrated the influence of genetic
background on the development and progression of prostate
cancer in rodents. Using a genetically engineered mouse
model driving SV40T antigen expression in the prostate
gland, designated TRAMP, Gingrich et al. [14] determined
that prostate tumors arising in a mixed C57BL/6 × FVB back-
ground display reduced latency, increased primary tumor
growth and enhanced metastatic progression when compared
to tumor development in a pure C57BL/6 background. A
recent study of Pten deficient mice reported a critical role for
genetic background that influenced the onset, tumor spec-
trum, and progression rates for cancers that included pros-
tate carcinoma [15]. Strain-specific effects have also been
observed in mice with inactivation of the prostate-specific
Nkx3.1 homeobox gene: the occurrence of intraepithelial
Genome Biology 2007, 8:R117
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neoplasia was more frequent in C57BL/6 and FVB/N strains
than in the 129/SvImJ background (Cory Abate-Shen, per-
sonal communication). Genetic background has also been
reported to influence transgenic models of rat prostate car-
cinogenesis, with cancer incidence rates ranging from 0% to
83%, depending on strain background [11].

To ascertain the extent of gene expression variability in the
normal prostate arising in the context of different genetic
backgrounds, we used cDNA microarray analysis to measure
transcript abundance levels for approximately 8,300 genes in
the prostate glands of five frequently studied strains of Mus
musculus; C57BL/6, 129X1/Sv, BALB/c, FVB/N and DBA/2.
Four biological replicates consisting of tissues pooled from
groups of three individuals were generated to facilitate statis-
tical analyses and control for individual variability (Figure 1).

We employed a common reference pool design to control for
technical differences in array construction and hybridization.
The transcript level of each gene was measured as the ratio of
the intensity of hybridization signal for a strain-specific
experiment relative to that for the reference pool.

To determine the extent and magnitude of prostate gene
expression variation between strains, we generated a one-way
ANOVA table for each gene and compared the within-strain
mean square (intra-strain replicates) to the between-strain
mean square. As expected, the vast majority of genes exhib-
ited low variance across the 20 array experiments. Further-
more, few differences were observed in the intra-strain
comparisons, a result likely influenced by the pooling of sam-
ples to minimize the contribution of any individual mouse.
However, comparisons of gene expression between strains
identified substantial reproducible differences in the expres-
sion of many genes (range from 1.3 to 190-fold; Figure 2a).
We used significance analysis of microarrays (SAM) proce-
dures and applied a multiclass response t-test to identify
genes whose expression in one strain significantly differed
from the other four strains. Approximately 13% of the genes
(932 genes) exhibited significant differential expression given
a moderate estimate of false positive differences of 10%. The
heat map revealed that the pattern of variability in transcript
levels did not result from variations unique to a particular
strain, but rather represents genetic variability across all five
strains assessed (Figure 2b).

To explore the relationships between strains, we performed
average linkage hierarchical clustering using all the genes
(data not shown) and then using only the 932 genes that were
differentially expressed between strains as determined by the
SAM analysis (Figure 2b). The resulting dendrograms are
identical, indicating that strain specific variation is not
entirely explained by a small number of genes exhibiting large
changes in gene expression. The expression patterns derived
from prostates of the same strain are highly concordant and
produce a consistent grouping of samples according to their
strain of origin (Figure 2b). Overall, the samples are divided
into three major branches: branch I is represented by BALB/
c; branch II is represented by C57BL/6 and DBA/2; and
branch III is represented by 129X1/Sv and FVB/N. Further-
more, within each branch, sub-branches clearly grouped
pools according to strain.

In order to further characterize the relationship between
strains, we performed principal components analysis (PCA)
using the 932 differentially expressed genes (Figure 2c). The
first four components explained 70% of the total variance. As
expected, each of these informative components identified a
subset of genes that discriminated between at least two of the
strains. Taken together, these results show that strain-spe-
cific variation results from the differential expression of large
numbers of genes and that this signal is stronger than the
within-strain variability when using sample pools.

Experimental designFigure 1
Experimental design. Prostates from 12 mice from each of 5 strains of Mus 
musculus (C57BL/6, 129X1/Sv, BALB/c, FVB/N and DBA/2) were resected 
and individual lobes were dissected: DP, dorsal prostate; LP, lateral 
prostate; VP, ventral prostate; AP, anterior prostate. Each experimental 
sample represents a pool of equal amounts of RNA for each prostatic lobe 
from three animals. Four independent experimental samples were created 
per strain: 12 mice divided into 4 pools of 3 mice each for a total of 4 
microarray experiments per strain. Amplified RNA from each 
experimental sample was hybridized against a reference pool onto custom 
mouse prostate cDNA microarrays using alternate dye-labeling to account 
for dye-specific effects.

Strain A: 12 mice
3 mice/pool 

Combine equal amounts of total RNA from 
each prostatic lobe pool

mRNA amplification

Pool 1 Pool 2 Pool 3Pool 4

Cy5 Cy3

Pool of each prostatic lobe from 3 mice 

Hybridization to mPEDB microarray

Comparative analysis between the five strains:
BALB/c, C57BL/6, 129X1/Sv, FVB/N and DBA/2. 

Separate dissections of prostatic lobes:
DP, LP, VP and AP

Pool 1 Pool 2 Pool 3 Pool 4

total RNA extraction

Repeat for each strain
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Among the expressed genes, those encoding pituitary tumor-
transforming 1 (Pttg1) and adenylate cyclase-associated pro-
tein 1 (Cap1) were found to be differentially expressed
between prostates of C57BL/6 and 129X1/Sv strains. Previ-
ous studies have found concordant strain-dependent differ-
ences in the expression of these genes in other mouse tissues

[16]. Transcripts encoding several members of the histocom-
patibility complex also exhibited strain-dependent differ-
ences. Relative to other strains, H2-Ea is expressed highly in
prostates of DBA/2 and BALB/c mice; H2-k is expressed
highly in 129X1/Sv and C57BL/6; H2-Q1 is expressed highly
in 129X1/Sv, FVB/N and C57BL/6; and transcripts encoding

Prostate gene expression differences among strainsFigure 2
Prostate gene expression differences among strains. (a) Scatter plot of variance in gene expression levels between strains and within strains. (b) Average-
linkage hierarchical clustering for the 932 differentially expressed genes among the five mouse strains (FDR <10%). Heat map colors reflect fold ratio 
values between sample and reference pool and mean-centered across samples. Columns represent biological replicates for each strain. Rows represent 
individual genes. Values shown in red are relatively larger than the overall mean; values shown in green are relatively smaller than the overall mean (see 
scale). Genes whose expression changes were confirmed by qRT-PCR, western blot or immunohistochemistry are listed. (c) Separation of the five strains 
in three-dimensional principal component space by applying PCA to the 932 genes with strain variance.
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H2-D1 were least abundant in the C57BL/6 strain. Interest-
ingly, the pattern of expression of this gene family did not
correlate with the known H2 haplotypes of the strains, a find-
ing also reported in a study evaluating strain-specific gene
expression variation in the mouse hippocampus [17].

To identify differentially expressed genes unique to individ-
ual strains, we performed a pair-wise comparison of tran-
script abundance levels between each strain for a total of 10
pair-wise comparisons. The number of genes found to be dif-
ferentially expressed between any two strains varied depend-
ing on the strains compared (Table 1). Strains 129X1/Sv and
FVB/N exhibit the fewest differences in prostate gene expres-
sion (88 genes) whereas strains FVB/N and C57BL/6 exhibit
the greatest number of transcript abundance differences (237
genes). Analyses of the promoter regions of these strain-vari-
able genes did not identify sequence motifs that would sug-
gest common regulatory mechanisms.

Confirmation of strain-dependent differences in 
prostate gene expression
Several genes exhibiting strain-dependent differences in
prostate expression have been studied in the context of pros-
tate development (for example, Sbp), androgen regulation
(Fabp5, Odc), tumorigenesis (for example, Psca, Azgp1,
Apod, Mmp7, Egf, Mgst1, Clusterin), and the progression of
metastatic cancer (Cxcl12, B2m, H2 family members) [8]. To
confirm the microarray results, we selected several of these
genes for analysis by quantitative real-time reverse-transcrip-
tion PCR (qRT-PCR). Primer pairs specific to Svs2, Psca,
Mmp7, Spb and Clusterin were used to quantify transcripts in
the same RNA samples used in the microarray experiments
(Figure 3a; Figure 4a for clusterin). We measured transcripts
encoding the housekeeping gene encoding ribosomal protein
S16 to normalize the qRT-PCR data. From the microarray
results, S16 expression did not vary significantly between
strains.

Overall, the qRT-PCR transcript measurements for the five
genes tested were in good agreement with the microarray
data, though the magnitude of relative fold differences in the
qRT-PCR assay was greater compared to the microarray
results. This observation is partly due to intrinsic limitations
in the microarray experimental design, where transcript lev-

els were measured as the ratio between an experimental sam-
ple (strain sample) relative to that for the reference sample
(pool of all strains). The expression of Mmp7 varied between
5- and 15-fold between strains with the greatest difference
observed in a comparison of 129X1/Sv and DBA/2 mice (Fig-
ure 3a). The expression of Psca varied up to 40-fold between
strains and the expression of Clusterin was at least 70-fold
greater in the FVB/N mice relative to any other strain.

Assessments of strain-associated variation in prostate 
cellular composition and cell type-specific gene 
expression
We hypothesized that strain-specific disparities in the ratios
of cell types within the prostate gland could be reflected as
measurable differences in transcript levels. The rodent pros-
tate is composed principally of luminal secretory epithelium,
basal epithelium, and a stroma consisting primarily of fibrob-
lasts and smooth muscle, with a smaller component of
endothelium, nerve cells, neuroendocrine cells, and inflam-
matory infiltrates. Since our transcript profiling studies were
performed using whole prostates containing mixtures of the
various cell types, we could not exclude the possibility that
differences in gene expression between strains were a result
of differences in cell type ratios between strains. To address
this, we performed an ad hoc analysis using two prostates per
strain, and calculated the percentage of prostate area occu-
pied by stroma and epithelium for each lobe. Based on the
estimated effect sizes and the corresponding p values, we did
not identify significant strain-associated differences in the
ratios of cell types between strains (data not shown).

To further confirm that prostate gene expression differences
arise from intrinsic genetic variation and not cell ratio effects,
we microdissected secretory epithelium from two strains:
C57BL/6 and 129X1/Sv. We measured the transcript levels
for two genes, Sbp and Mmp7, that exhibited strain-associ-
ated differences in the microarray studies. As shown in Figure
3b, transcript levels of Mmp7 and Sbp were four-fold higher
and four-fold lower, respectively, in microdissected epithe-
lium from 129X1/Sv relative to C57BL/6. These findings are
in agreement with the differences in transcript levels
observed for these genes in the analyses of whole prostates
from these strains (compare Figures 3a and 3b). Together,
these results support the conclusion that differences in

Table 1

Pairwise comparisons of mouse prostate gene expression between strains of Mus musculus

Strain C57BL/6 129X1/Sv FVB/N BALB/c DBA/2

129X1/Sv 124* - 88 102 116

FVB/N 237 88 - 172 226

BALB/c 173 102 172 - 196

DBA/2 198 116 226 196 -

*Values represent the number of genes with significant differences in transcript abundance measurements between strains. Significance was defined 
as a SAM gene-specific q-value less than 0.05.
Genome Biology 2007, 8:R117
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prostate gene expression between strains, at least for the
genes independently assessed in microdissected epithelium,
represent an intrinsic cellular property rather than possible
differences in prostatic cell type ratios between strains. Fur-
thermore, the experimental design and microarray methods
are capable of identifying transcript abundance differences
between strains for genes expressed in a cell type- and lobe-
specific manner (for example, Sbp [18,19]), even when diluted
by mRNAs from all lobes and multiple cell types. However, it
is likely that subtle, yet biologically relevant alterations in
constituents of the stroma and glandular microenvironment
also exist between strains. Identifying these differences will
likely require detailed cell type-specific assays.

Strain-associated differences in prostate protein 
expression
We next sought to determine if strain-associated differences
in prostate transcript levels were reflected by concordant dif-
ferences in protein expression. We chose to evaluate protein
levels of clusterin, which is encoded by a gene studied exten-
sively in the context of prostate carcinogenesis and therapy
resistance [20-22]. Clusterin, also known as testosterone-
repressed prostate message 2 (TRPM-2), is of particular
interest in view of active efforts to target its expression as a
treatment for human prostate cancer [20]. Although the func-
tion(s) of clusterin remains somewhat enigmatic, recent stud-
ies indicate that antiapoptotic effects are mediated in part
through direct interactions with activated Bax [22]. We have
previously shown that clusterin expression is increased in

Analysis of strain-dependent differences in prostate gene expression by qRT-PCRFigure 3
Analysis of strain-dependent differences in prostate gene expression by qRT-PCR. RNAs from preparations used in the (a) microarray analysis or (b) 
microdissected epithelium were reverse transcribed and amplified using qRT-PCR with primers specific for seminal vesicle secretion 2 (Svs2), matrix 
metallopeptidase 7 (Mmp7), prostate stem cell antigen (Psca) and spermine binding protein (Sbp). Ribosomal protein S16 expression levels were used to 
normalize qRT-PCR data. Normalized results are expressed relative to the lowest expressing value. Error bars indicate the standard deviation of four 
biological independent replicates. qRT-PCR for microdissected epithelium is represented by one sample per strain for each gene. White bars denote 
measurements from the microarray analysis. Black bars denote measurements generated by qRT-PCR from whole prostate. Diagonal lines denote 
measurements generated by qRT-PCR from microdissected prostate epithelium.
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tumors developing in mice with a prostate specific deletion of
the Pten tumor suppressor gene [23]. Microarray
hybridization and qRT-PCR quantified clusterin transcripts
at levels ten-fold or greater in prostates of FVB/N mice rela-
tive to all other strains (Figure 4a). A western blot analysis
using ventral prostate protein extracts detected higher clus-
terin levels in prostates of the FVB/N strain when compared
with DBA/2 and C57BL/6 strains (Figure 4b). We next per-
formed immunohistochemistry to determine the cellular
localization of clusterin expression. With the exception of the
ventral lobe, we did not detect major differences in clusterin
expression between mouse strains. However, substantially
greater clusterin immunoreactivity was observed in the secre-
tory epithelium of the ventral lobe of the FVB/N strain, rela-
tive to any other lobe and all other strains. Staining was
particularly intense in the apical region of the epithelium,
suggesting that the secretory form of clusterin is the predom-
inant differentially expressed isoform in FVB/N ventral pros-
tate epithelium (Figure 4c,d). Based on these results, we
speculate that elevated clusterin levels may contribute to the
enhanced rate of prostate tumor development and progres-
sion observed in the TRAMP FVB/N genotype.

Biological pathway analysis of mouse prostate gene 
expression profiles
The substantial number of genes found to be differentially
expressed in the prostates of different mouse strains sug-
gested that specific groups of genes could share common reg-
ulatory mechanisms or participate in particular functional
pathways. To address this possibility, we focused on differ-
ences between the C57BL/6 strain relative to other strains
due to the reduced tumorigenicity observed in transgenic
mouse prostate cancer models arising in the C57BL/6 back-
ground [14,15,24]. We used a method termed 'gene set test'
(GST) in BioConductor that is analogous to the recently
described gene set enrichment analysis (GSEA) algorithm
[25] to determine if genes displaying relative differences in
prostates of C57BL/6 mice were enriched in a database of bio-
logically defined gene sets assembled by the Gene Ontology
(GO) consortium. Only three of 258 gene sets, NADH dehy-
drogenase activity, NADH dehydrogenase (ubiquinone)
activity, and phosphoinositide binding were statistically
enriched in the C57BL/6 prostates (false discovery rate (FDR)
≤25%). While specific components of these pathways or net-
works could represent modifiers of the cancer phenotype, the
results also suggest that influential genetic variation is
broadly dispersed across functional biological pathways. This
conclusion is tempered by acknowledged limitations to these
studies that include the imperfect nature of algorithms used
to determine gene enrichment and the fact that transcript
measurements do not reflect the complete picture of biologi-
cal pathways and networks.

Gene expression variability in the human prostate: 
correlations with cancer phenotype
Having established that consistent measurable differences in
murine prostate gene expression occur in the context of
genetic background, we next sought to determine if the
orthologous genes were also variable in the human prostate,
and whether the underlying normal gene expression levels,
potentially representing quantitative traits, associate with
aspects of human prostate carcinogenesis. We focused on
transcript alterations between the C57BL/6 and FVB/N
strains due to experimental evidence demonstrating that for
the TRAMP model system of prostate cancer, the C57BL/6
genome delays cancer progression relative to an accelerated
rate of carcinogenesis in other strains, including FVB/N [14].
We also focused on transcript differences between the
C57BL/6 and BALB/c strains due to a recent report describ-
ing a reduced incidence of prostate adenocarcinomas in Pten
deficient mice of a 129/C57 background relative to high rates
of prostate carcinomas, up to 90% by 6 months, in Pten defi-
cient mice of a 129/BALB/c background. These studies sug-
gest the hypothesis that genes expressed highly in C57BL/6
prostates might function as inhibitors of carcinogenesis
whereas genes expressed highly in other strains - relative to
C57BL/6 - could function to promote or permit carcinogene-
sis. Direct comparisons of transcript abundance levels from
prostates of the C57BL/6 strain against FVB/N and C57BL/6
against BALB/c identified 237 and 173 genes with significant
differences, respectively (Table 1; Figures 5a and 6a).

We next measured the transcript abundance levels of these
variable murine prostate genes in human prostate tissues.
Based on the TRAMP mouse model data, we hypothesized
that if genes expressed highly in C57BL/6 relative to FVB/N
prostates (designated C57-High) retard aspects of carcino-
genesis, they would be down-regulated in the prostates of
those individuals shown to have aggressive prostate cancers,
and if genes expressed highly in FVB/N relative to C57BL/6
prostates (designated C57-Low) promote aspects of carcino-
genesis, they would be elevated in the prostates of individuals
with aggressive prostate cancers. Similar reasoning was
applied to genes differentially expressed between BALB/c
and C57BL/6 prostates.

We analyzed data reported by Lapointe et al. [26] that gener-
ated independent gene expression profiles from matched
pairs of benign and neoplastic human prostate tissues accom-
panied by pathological criteria of tumor aggressiveness
according to the Gleason grading system. This human dataset
contained orthologs for 113 of the 237 genes with differential
expression in C57BL/6 relative to FVB/N prostates, and 91 of
the 173 genes with differential expression in C57BL/6 relative
to BALB/c prostates. We specifically focused on gene expres-
sion in the benign tissue of each human prostate sample as a
potential measure of an underlying predisposition to cancer
phenotypes reflected by cancer grade: low pathological grade
(Gleason ≤6) versus cancers of higher grade (Gleason 7-10).
Genome Biology 2007, 8:R117
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Clusterin is highly expressed in the FVB/N strainFigure 4
Clusterin is highly expressed in the FVB/N strain. (a) qRT-PCR measurement of Clusterin RNA in prostate preparations used in microarray analysis. White 
bars are the data from the microarray experiments and black bars are values generated by qRT-PCR. (b) Western blot analysis of clusterin in the ventral 
prostates of FVB/N, DBA/2 and C57BL/6 mouse strains. Ventral prostate tissue (pool of three ventral prostates per lane/strain) was prepared and equal 
amounts of protein were resolved by SDS-PAGE and probed with anti-clusterin antibody. Antibody against β-actin was used as a loading control. (c, d) 
Immunohistochemical analysis of paraffin sections from dorsal prostate (DP), lateral prostate (LP), anterior prostate (AP) (c) and ventral prostate (VP) 
lobes (c, d) of 8-9 week old mice from FVB/N, DBA/2 and C57BL/6 strains. Sections were stained with anti-clusterin antibody. Clusterin immunoreactivity 
is most intense in the apical region of the secretory epithelial cells from the ventral prostate (arrow).

clu

Bl6 129X FVB C D2
0

10

20

80

90

100

Strain

F
ol

d 
di

ff
er

en
ce

(a) (b)

(c)

(d)

BALB DBA/2C57BL/6

D
B

A
/2

C
57

B
L/

6

F
V

B
/N

DBA/2

C57BL/6

FVB/N

VP DP LP AP

C57BL/6

FVB/N

FVB/N129X1

Clusterin

60 kDa

40 kDa

Actin

Clusterin
R

el
at

iv
e 

fo
ld

 d
iff

er
en

ce

100µm

100µm 50µm

100µm

50µm

50µm
50µm

Ventral prostate
Genome Biology 2007, 8:R117



http://genomebiology.com/2007/8/6/R117 Genome Biology 2007,     Volume 8, Issue 6, Article R117       Bianchi-Frias et al. R117.9

co
m

m
ent

review
s

repo
rts

refereed research
depo

sited research
interactio

ns
info

rm
atio

n

Mouse prostate strain-associated gene expression and analysis in human prostate tissues: FVB/N and C57BL/6Figure 5
Mouse prostate strain-associated gene expression and analysis in human prostate tissues: FVB/N and C57BL/6. (a) Genes differentially expressed in 
prostates of FVB/N and C57BL/6 strains. Heat map colors reflect fold ratio values between sample and reference pool. Columns 1-4 represent biological 
replicates for each strain. Rows represent individual genes. Values shown in red are relatively larger than the overall mean; values shown in green are 
relatively smaller than the overall mean. (b) Transcript abundance levels in benign human prostate tissues associated with high grade (7-10) or low grade 
(≤6) adenocarcinomas for each gene determined to be altered in mouse strain comparisons where a corresponding ortholog was identified. Genes 
depected in (a) and (b) are in identical order. Black box (b) and text (a) represent genes with significant differential expression in the human datasets 
altered in the expected orientation. Gray box (b) and text (a) represent genes with significant differential expression in the human datasets altered in the 
opposite orientation. (c-e) Transcript alterations for selected genes in benign tissue samples associating with high (Gleason 7-10) and low (Gleason ≤6) 
prostate cancers. Plots represent the 95% confidence intervals of log2 expression ratios of tissues samples relative to a cell line reference.
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Mouse prostate strain-associated gene expression and analysis in human prostate tissues: BALB/c and C57BL/6Figure 6
Mouse prostate strain-associated gene expression and analysis in human prostate tissues: BALB/c and C57BL/6. (a) Genes differentially expressed in 
prostates of BALB/c (BALB) and C57BL/6 (C57) strains. Heat map colors reflect fold ratio values between sample and reference pool. Columns 1-4 
represent biological replicates for each strain. Rows represent individual genes. Values shown in red are relatively larger than the overall mean; values 
shown in green are relatively smaller than the overall mean. (b) Transcript abundance levels in benign human prostate tissues associated with high grade 
(7-10) or low grade (≤6) adenocarcinomas for each gene determined to be altered in mouse strain comparisons where a corresponding ortholog was 
identified. Genes depicted in (a) and (b) are in identical order. Black box (b) and text (a) represent genes with significant differential expression in the 
human datasets altered in the expected orientation. Gray box (b) and text (a) represent genes with significant differential expression in the human datasets 
altered in the opposite orientation. (c-e) Transcript alterations for selected genes in benign tissue samples associating with high (Gleason 7-10) and low 
(Gleason ≤6) prostate cancers. Plots represent the 95% confidence intervals of log2 expression ratios of tissues samples relative to a cell line reference.
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In agreement with this hypothesis, seven genes expressed
highly in C57BL/6 prostates were measured at significantly
lower levels in prostates with high-grade cancers relative to
prostates with low-grade cancers (for example, BASP1) (Fig-
ure 5b-e).

Six genes expressed relatively highly in FVB/N prostates (for
example, ApoD) exhibited significantly higher transcript lev-
els in the prostates containing high-grade cancers relative to
prostates with low-grade cancer (Figure 5). Apolipoprotein D
(APOD) is a member of the lipocalin superfamily of protein
transporters that is implicated in the pathogenesis of neuro-
degenerative diseases and is regulated by androgens in both
breast and prostate cells [27,28]. Studies of prostate cancer
have demonstrated elevated APOD protein levels in prostate
intraepithelial neoplasia and prostate carcinoma [29], but
associations between APOD polymorphisms, or APOD
expression in benign epithelium in the context of cancer phe-
notypes have not been reported. Two recent studies of the
Drosophila ApoD ortholog, GLaz, provide context for the
potential influence of ApoD expression on cytoprotection and
cell survival [30,31]. Overexpression of Glaz increased resist-
ance to stresses that included starvation, hyperoxia and
hypoxia, and resulted in the extension of organismal lifespan
[30]. Conversely, loss of GLaz resulted in the reduction of
Drosophila stress resistance and lifespan, consistent with
APOD being part of a defense system that is activated in the
setting of oxidative stress, or incited by exogenous environ-
mental factors or intrinsic events such as aging or neoplasia
[31].

Counter to our hypothesis, several genes exhibited significant
expression differences inversely associated with the human
prostate cancer grade-status predicted by the mouse pheno-
types. For example, transcript levels of four C57-Low genes
(for example, Esr1) in benign prostate tissues were signifi-
cantly associated with low-grade cancers and five C57-High
genes (for example, Rbp4) were expressed at greater levels in
benign tissue associated with high-grade relative to low-grade
prostate cancers (Figure 5b). Similar results were observed
for genes differentially expressed between BALB/c and
C57BL/6 prostates when evaluated in benign tissues from
prostates with high-grade cancers relative to prostates with
low-grade cancers (Figure 6).

One possible explanation for these findings centers on differ-
ent tumor initiating mechanisms (and pathways) that subse-
quently interact with different intrinsic intracellular and
extracellular 'host' gene expression programs. For example,
although studies of mouse prostate tumorigenesis demon-
strate that the C57 strain appears to reduce tumorigenesis
caused by p53/Rb (TRAMP model) or Pten alterations, the
C57 background increases the development of prostate
intraepithelial neoplasia lesions in mice with targeted dele-
tions of the Nkx3.1 homeobox gene [32], and increases tum-
origenesis in the setting of ras+myc expression, relative to

other strains [33]. Thus, the complexities of the interactions
between different tumor initiating events and host genomes
are likely to be quite complex, a factor that could certainly
influence the interpretation of human data where initiating
events for any particular primary tumor are poorly defined.
As heritable differences provide ample opportunities for
mutations in growth control genes to exert differential effects
depending upon the inherent wiring of the altered cell or the
surrounding micro- and macroenvironment, improved sub-
classifications of human prostate tumors that associate with
specific oncogenenic events, such as the recently reported
TMPRSS2-ERG fusions [34], may assist in defining consist-
ent associations. In support of this concept are data demon-
strating that a polymorphism in the promoter region of the
MDM2 gene enhances MDM2 expression, attenuates p53
tumor suppressor function and accelerates tumor progres-
sion rates of both hereditary and sporadic human cancers
arising in the context of p53 alterations [35].

Conclusion
The quantification of tissue gene expression represents a
measure of phenotypic variation at the molecular level that
can be ascertained as comprehensive profiles reflecting active
biological pathways. Exploiting gene expression information
as quantitative traits (QTL) has facilitated large-scale efforts
to identify genomic loci that contribute to complex pheno-
types and diseases [36]. In this study we have found substan-
tial reproducible gene expression differences in the murine
prostate that associate with genetic background. Large strain-
specific differences in tissue gene expression are not unique
to the prostate. We have previously demonstrated that tran-
script abundance levels in the liver differ between mice of dif-
ferent strains [37]. Studies of strain-dependent differences in
the development and progression of murine breast carcinoma
have delineated gene expression differences in tumors arising
in the context of genetic background [8], but it is likely that
many of these differences were present in the breast tissues
prior to cancer development. Indeed, mouse strains with
high- or low-metastatic genotypes are reportedly
distinguishable using gene expression measurements from
benign breast tissue [38].

These data emphasize that, in addition to the initiating inci-
dent, context may be important for the process of carcinogen-
esis. Importantly, the predisposition to a detrimental
sequence of events leading to pathology might be determined
through assessments of the expression program operative in
the normal state between different individuals. Thus, as with
studies associating disease predisposition with variations in
DNA polymorphisms, copy numbers, and epigenetic marks,
studies of variation in gene expression in benign tissues, opti-
mally with a tissue or cell type-specific focus, could provide
insights into cancer predisposition and gene-environment
interactions.
Genome Biology 2007, 8:R117
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Materials and methods
Animal work and RNA preparation
Male mice 7 weeks of age were purchased from the Jackson
Laboratory (C57BL/6J, 129X1/SvJ and FVB/NJ) or the
Charles River Laboratories (BALB/cAnNCrl and DBA/
2NCrl), maintained in a barrier facility and cared for in
accordance with approved IACUC protocols. Following ship-
ment, mice were acclimated to a common temperature, day-
night cycle, and diet for 12 days to minimize environmental
differences. Twelve mice from each of five strains, C57BL/6J,
129X1/SvJ, FVB/NJ, BALB/cAnNCrl and DBA/2NCrl
(abbreviated C57BL/6, 129X1/Sv, BALB/c, FVB/N and DBA/
2, respectively), were randomized for the day and time of sac-
rifice. Following halothane anesthesia, mice were sacrificed
by cervical dislocation. Prostates were rapidly excised, and
dorsal, lateral, ventral and anterior lobes were separately dis-
sected and snap-frozen in liquid nitrogen and stored at -80°C.
To control for individual variability [39], the dissected pros-
tate lobes from mice of each strain were divided into four
pools of three mice each and combined for total RNA isola-
tion. Prostate tissues were homogenized using a Polytron and
total RNA was isolated using the RNeasy extraction kit (Qia-
gen, Valencia, CA). Due to the limited concentration of total
RNA obtained, specifically from the lateral lobe, equal
amounts of total RNA (0.7 μg) from each of the four pooled
lobes/strain were combined to produce secondary pools, and
amplified with the MessageAmp™ aRNA kit (Ambion, Aus-
tin, TX). Amplified RNA from each secondary pool (four pools
per strain) was hybridized separately to cDNA microarrays
for a total of 4 independent biological replicates per strain (12
mice, 4 pools of 3 mice per strain for a total of 4 microarray
experiments per strain; Figure 1). A common reference sam-
ple was created by combining equal amounts of RNA from all
the samples from all strains.

Probe construction, microarray hybridization and data 
acquisition
The amplified RNA was used as template for cDNA probe syn-
thesis followed by hybridization to a custom mouse prostate
cDNA array (mPEDB array) composed of approximately
8,300 genes expressed in the developing and adult mouse
prostate [40]. The 20 microarrays used for the experiment
were all from the same printing batch. cDNA probes were
made from 2 μg of amplified RNA in a reaction volume of 30
μl containing 170 ng random hexamer primers, 0.2 mM 5-(3-
aminoallyl)-2-deoxyuridine-5-triphosphate (amino acid-
dUTP; Sigma-Aldrich, St. Louis, MO), 0.3 mM dTTP, 0.5 mM
each dATP, dCTP, and dGTP, and 380 units of Superscript II
reverse transcriptase (Invitrogen, Carlsbad, CA) incubated at
42°C for 120 minutes. After RNA hydrolysis, purified cDNA
was combined with either Cy3 or Cy5 monoreactive fluors
(Amersham Pharmacia, Piscataway, NJ) that covalently cou-
ple to the cDNA incorporated aminoallyl linker in the pres-
ence of 50 mM NaHCO3 (pH 9.0). The coupling reaction was
quenched with hydroxylamine and reference and experimen-
tal probes were combined, filtered, and competitively

hybridized to microarrays under a coverslip for 16 h at 63°C.
Slides were washed sequentially with 1× saline sodium citrate
(SSC)/0.03% sodium dodecyl sulfate (SDS), 1× SSC, 0.2×
SSC, 0.05× SSC, and spun dry. To account for dye bias, half of
the biological experimental samples per strain were labeled
with Cy3 dye and the reference with Cy5 dye, and in the other
half the labeling was inversed.

Microarray data collection and analysis
Fluorescent array images were collected for both Cy3 and Cy5
using a GenePix 4000B fluorescent scanner (Axon Instru-
ments, Foster City, CA, USA). The image intensity data were
gridded and extracted using GenePix Pro 4.1 software. For
each array spot, the expression levels of the two fluorophores
were obtained by subtracting median background intensity
from median foreground intensity. A gene was only consid-
ered expressed if the fluorescence intensity of the corre-
sponding spot was at least six foreground pixels greater than
four standard deviations above background in at least half of
the arrays per strain. Array spots not meeting these criteria
were designated NA. For each gene, the logarithm base 2
ratios (referred henceforth as log ratios) of the two channels
were calculated to quantify the relative expression levels of
genes between the experimental and reference samples.

To allow for inter-array comparisons, each array was normal-
ized to remove systematic sources of variation. This was
accomplished by means of a print-tip-specific intensity-based
normalization method [41]. A scatter-plot smoother, which
uses robust locally linear fits, was applied to capture the
dependence of the log ratios on overall log-spot intensities.
The log ratios were normalized by subtracting the fitted val-
ues based on the print-tip-specific scatter-plot smoother from
the log ratios of experimental and control channels. After nor-
malization, spots were removed from further analysis if they
had more then 3 NA values or if they were in the lower third
quantile of abundance across all 20 arrays.

To identify genes that varied among strains of mice, log2 ratio
measurements were statistically analyzed using the SAM pro-
cedure [42]. A multiclass response t-test was used to deter-
mine whether the gene expression of one strain significantly
differed from the other strains giving a moderate estimate of
false positive genes of 10% (FDR). When differences in the
expression of genes were examined using SAM software, 932
genes were statistically differentially expressed across the five
strains of mice. Transcriptional profiles of the five mouse
strains were also compared with average-linkage hierarchical
clustering and Principle Components Analysis (PCA.) Aver-
age linkage hierarchical clustering was used to cluster the
samples using all the genes or only those that were differen-
tially expressed. To further characterize the relationships
between the strains, we performed PCA on the 932 differen-
tially expressed genes. All analyses were done using Biocon-
ductor software [43].
Genome Biology 2007, 8:R117
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Comparisons of mouse prostate and human prostate 
gene expression for association with tumor phenotypes
To evaluate transcript abundance levels in benign human
prostate epithelium that associated with cancer grade or
stage, we focused on genes that were differentially expressed
between prostates of C57BL/6 and FVB/N, and between
C57BL/6 and BALB/c mouse strains. Based on studies of the
TRAMP and Pten prostate cancer models, we designated the
C57BL/6 strain as 'prostate cancer-inhibiting' and the FVB/N
and BALB/c strains as 'prostate cancer-permitting'. The SAM
algorithm was used to identify the 237 genes differentially
expressed between C57BL/6-FVB/N and the 173 genes
between C57BL/6-BALB/c strains using a FDR of <5%.

We next investigated whether differences in gene expression
patterns of benign prostate tissues adjacent to prostate can-
cers were associated with Gleason pattern or patient out-
comes. We evaluated a study by Lapointe et al. [26] that
profiled benign tissues matched with prostate adenocarcino-
mas of defined Gleason grades. The data were derived from
spotted cDNA microarrays and we normalized the data by fit-
ting a print-tip specific Lowess curve to the log-intensity ver-
sus log-ratio plot. Normalized log2 ratio data were filtered to
include clones with orthologs to the Mouse Prostate Expres-
sion Database (MPEDB) array. Out of the 237 and 173 genes
that were identified as differentially expressed (q-value of
<5%) between C57BL/6 and FVB/N, and between C57BL/6
and BALB/c, respectively, 113 and 91 had sufficient informa-
tion to test in the Lapointe et al. data. An unpaired two-sam-
ple t-test was used to determine the association between
expression level in the benign tissue and the corresponding
Gleason pattern cancers adjacent to the normal samples. The
R-code for this analysis can be found online at the MPEDB
website in the supplementary data section [44].

Biological pathway analysis
In order to identify specific biological pathways that exhibit
strain specific variation, we utilized the GST method available
in BioConductor, an algorithm similar to the GSEA method
reported by Subramanian et al. [25]. Briefly, t-statistics com-
paring the expression levels of genes between the C57BL/6
and all other strains were used as input to the GST algorithm.
All other settings were kept at their default status and the
pathways were obtained from the GO database [45]. We
defined a pathway as showing strain-specific variation if its
corresponding FDR was less than 25%.

Microdissection of luminal epithelium
Frozen sections (7 μm) were cut from snap-frozen mouse
prostate glands and immediately fixed in cold 95% ethanol.
After fixing, the slides were washed in deionized RNase-free
water, stained with Mayer's hematoxylin for 30 seconds, fol-
lowed by another water wash. The sections were then dehy-
drated with two one-minute washes in 100% followed by two
five-minute changes in Xylene. Approximately 4,000 luminal
epithelial cells were captured from the ventral, dorsal, lateral

and anterior prostate lobes from 3 independent animals for a
total of 12,000 cells per lobe using the Arcturus PixCell II
instrument (Arcturus, Mountain View, CA, USA). Digital pho-
tos were taken of tissue sections before, during, and after
LCM and assessed independently to confirm the cell type-
specificity of the captured cells. Total RNA was extracted
using the Picopure RNA isolation kit (Arcturus) according to
the manufacturer's specifications. The extracted RNA was
subjected to two rounds of amplification using the Mes-
sageAmpTM aRNA kit (Ambion).

Quantitative RT-PCR
RNA from microdissected epithelium and from preparations
used in the microarray analysis were used as template for
qRT-PCR. We used 200 ng of amplified RNAs or 20 ug of total
RNAs to generate cDNAs. SYBR GREEN real-time PCR was
performed as previously described [39]. Primers to ribosomal
protein S16 were used to normalize cDNA loading. The
sequences of the primers used in this study were: S16 for-
ward, 5'-AGGAGCGATTTGCTGGTGTGGA-3', S16 reverse,
5'-GCTACCAGGCCTTTGAGATGGA-3'; Psca forward, 5'-
GCCTGGTAGAGGCTGAGATG-3', Psca reverse, 5'-
ATCATCTCCTGGGACTCCTG-3'; Clusterin forward, 5'-
TTTATGGACACAGTGGCGGA-3', Clusterin reverse, 5'-
GCTTTTCCTGCGGTATTCCTG-3'; Mmp7 forward, 5'-
CTGATGATGAGGACGCAGGA-3', Mmp7 reverse, 5'-
ATTCATGGGTGGCAGCAAAC-3'; Svs2 forward, 5'-TCA-
GAAAGGCCGTCTCAGTT-3', Svs2 reverse, 5'-AGCTGCT-
TCGTCACTTCCTC-3'; Sbp forward, 5'-
TGGAAACGATGATGATGACC-3', Sbp reverse, 5'-TGTGGA-
GATGCAGGACTGAG-3'.

Western blot analysis
Prostates from three animals per strain were rapidly excised,
and ventral lobes were separately dissected. Protein extracts
were prepared by homogenizing and sonicating each ventral
prostate lobe in 500 μl of T-PER buffer (Pierce Biotechnol-
ogy, Rockford, IL, USA) and a cocktail of protease inhibitors
(Roche, Indianapolis, IN, USA). Pooled ventral lobe lysates
(50 μg) were separated by SDS-PAGE followed by western
blot analysis using antibodies recognizing clusterin (M-18,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and actin (I-
19, Santa Cruz) at 1:200 and 1:400 dilutions, respectively.

Immunohistochemistry
Formalin-fixed, paraffin-embedded mouse prostate tissue
sections were deparaffinized, and endogenous peroxidase
activity was blocked with 3% H2O2 for 5 minutes. Antigen was
retrieved by steam heating with 10 mM citrate buffer (pH 6.0)
for 20 minutes. For the detection of clusterin, a rabbit poly-
clonal anti-clusterin antibody (H330; Santa Cruz Biotechnol-
ogy) was used at 1:1,000 dilution in blocking solution, and the
sections were incubated for 1 h at room temperature. After
washing, the slides were incubated for 30 minutes with bioti-
nylated species-specific secondary antibody diluted 1:500
(Vector Laboratories, Burlingame, CA, USA), washed, then
Genome Biology 2007, 8:R117
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incubated with avidin-peroxidase complex (ABC, Vector Lab-
oratories) for 30 minutes and visualized using VIP peroxidase
substrate (Vector Laboratories). The sections were dehy-
drated, and permanently mounted. Species-specific IgG iso-
types were added in lieu of primary antibody as controls, and
these sections demonstrated no detectable staining. The
expression of clusterin was assessed in four independent ani-
mals per strain.

Tissue morphometry
To evaluate the percentage of each prostate lobe occupied by
stroma, two formalin-fixed, paraffin-embedded prostates per
strain were serially cut to generate 5 μm sections spaced 30
μm apart. Sections were stained with hematoxylin and eosin
and the total tissue areas and stroma areas were separately
calculated from each prostate lobe using ImageJ image anal-
ysis software [46]. Six measurements were taken from each of
the four lobes for each of the five strains. To determine overall
differences between strains, we fit the following model:

Yijk = μ + Straini + Lobej + εk

where Yijk is the percentage of stroma area observed from
mouse K, lobe j, strain i.

Data
Microarray data for this study have been deposited in the
Gene Expression Omnibus [47] under accession GSE5962.
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Abstract

The cyclin D1 oncogene encodes the regulatory subunit of a
holoenzyme that phosphorylates and inactivates the Rb
protein and promotes progression through G1 to S phase of
the cell cycle. Several prostate cancer cell lines and a subset of
primary prostate cancer samples have increased cyclin D1
protein expression. However, the relationship between cyclin
D1 expression and prostate tumor progression has yet to be
clearly characterized. This study examined the effects of
manipulating cyclin D1 expression in either human prostatic
epithelial or stromal cells using a tissue recombination model.
The data showed that overexpression of cyclin D1 in the
initiated BPH-1 cell line increased cell proliferation rate but
did not elicit tumorigenicity in vivo . However, overexpression
of cyclin D1 in normal prostate fibroblasts (NPF) that were
subsequently recombined with BPH-1 did induce malignant
transformation of the epithelial cells. The present study also
showed that recombination of BPH-1 + cyclin D1–over-
expressing fibroblasts (NPFcyclin D1) resulted in permanent
malignant transformation of epithelial cells (BPH-1NPF-cyclin D1

cells) similar to that seen with carcinoma-associated fibro-
blasts (CAF). Microarray analysis showed that the expression
profiles between CAFs and NPFcyclin D1 cells were highly
concordant including cyclin D1 up-regulation. These data
indicated that the tumor-promoting activity of cyclin D1 may
be tissue specific. [Cancer Res 2007;67(17):8188–97]

Introduction

Prostate development is controlled by steroid hormones that
induce and maintain a complex cross-talk between the stromal and
epithelial cells (1). The result of this intercellular communication
depends on the context and differentiation status of the cell type
being stimulated (2, 3). The process of prostatic carcinogenesis
includes aberrations in the interactions of the prostatic epithelium
and its local microenvironment resulting in reciprocal dedifferen-
tiation of both the emerging carcinoma cells and the prostatic
smooth muscle.
The vast majority of human prostatic cancers arise as adeno-

carcinomas, which, by definition, are derived from the epithelial
cells that form the glands and ducts of the prostate. As the
carcinoma evolves, phenotypic changes and alterations in gene

expression also occur in the adjacent stroma. These ‘‘changes’’ may
enhance the invasive potential of the epithelial tumor (4–6). Chung
et al. (7) reported that coinoculation of tumorigenic Nbf-1
fibroblasts with human PC-3 cells accelerated tumor growth.
Human prostatic carcinoma-associated fibroblasts (CAF) have also
been shown to be capable of stimulating carcinogenesis and
inducing the progression of an initiated epithelium (the SV40
immortalized BPH-1 cell line), whereas normal prostate fibroblasts
(NPF) were incapable of stimulating such progression (8). The
mechanistic basis by which stromal-epithelial interactions enhance
the process of prostatic carcinogenesis and tumor invasion is
beginning to be dissected (6, 9).
The cells in the tumor microenvironment supporting and

nurturing the developing tumor include stromal fibroblasts,
infiltrating immune cells, blood, and lymphatic vascular networks
(10). A detailed understanding of the changes occurring within
tumor stroma and to the signaling mechanisms acting between
stroma and epithelium will allow for the rational design of
therapies aimed at inhibiting prostate tumor growth.
Cyclin D1 encodes the regulatory subunit of a holoenzyme that

phosphorylates and inactivates the retinoblastoma protein and
promotes progression through G1 to S phase of the cell cycle
(11, 12). Overexpression of cyclin D1 plays important roles in the
development of human cancers, including breast, colon, and mela-
noma (11, 13–17). Increased cyclin D1 expression occurs relatively
early during tumorigenesis; however, its role in prostate cancer is
not well understood. Studies have shown that mouse prostatic
normal and Rb�/� epithelial cells have elevated cyclin D1 expres-
sion as they enter the cell cycle (18). Human prostate carcinoma
cell lines frequently express elevated levels of cyclin D1 protein,
although the gene is not amplified in these cells (18). This situation
is analogous to that seen in a subset of human breast cancer cell
lines and tumors (19, 20). Overexpression of cyclin D1 can increase
tumorigenicity of LNCaP cell lines. Additionally, androgen ablation
has a smaller inhibitory effect on tumors formed by cyclin D1–
overexpressing LNCaP cells compared with tumors formed by
parental LNCaP cells, which regress after castration. This pheno-
menon suggests that cyclin D1 overexpression might be related
to the evolution of androgen-independent prostate cancer (21).
Immunostaining studies indicated that primary prostate carcino-
ma samples displayed moderate or strong expression of cyclin D1
protein in the epithelial compartment compared with normal
epithelium. Little is known about the role of cyclin D1 in the
stromal compartment of tumors, especially in adenocarcinomas.
One study of cyclin D1 expression in esophageal carcinomas
indicated that cyclin D1 is strongly expressed in stromal fibro-
blasts (22).
In this study, we examined the consequences of targeted

regulation of cyclin D1 expression in epithelial or stromal cells to
investigate the effects of cyclin D1 in prostate cancer progression.

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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Materials and Methods

Cells. BPH-1 (a nontumorigenic prostate epithelial cell) and its
tumorigenic derivatives BPHCAFTD1 and BPHCAFTD2 were from our own
stocks (23, 24). DU145, LNCaP, and PC-3 cells were obtained from American

Type Culture Collection (ATCC). NPF, BPH fibroblasts, and CAFs were

isolated and bioassayed as described previously (8). Prostatic epithelial cell

(PrE) 1 cells were isolated from human benign prostate tissue. 957E/hTERT
cells were generously supplied by Dr. John Isaacs (Johns Hopkins Oncology

Center, Baltimore, MD). PrE3 cells were kindly provided by Dr. Dean Tang

(The University of Texas M. D. Anderson Cancer Center, Houston, TX).
BPH-1C7-cyclin D1, BPH-1C7-D, BPH-1NPF, NPFcyclin D1, and BPH-1NPF-cyclin D1

cells were generated as described below. All of the epithelial cells were

maintained in RPMI 1640 (Life Technologies) with 1% antibiotic/

antimycotic (Life Technologies) and 5% cosmic calf serum (CCS; HyClone).
All of the stromal cells were maintained in the same condition except that

5% fetal bovine serum (Atlanta Biologicals) was used in place of CCS.

Construction of cyclin D1 expression vector. The plasmid C7-cyclin
D1 was constructed using the LZRS-EGFP backbone (Nolan Laboratory,
Stanford University, CA). The cytomegalovirus promoter was cut from

pIRES-EGFP (Clontech) as a BglII/BamHI fragment. The fragment was then

ligated into the BamHI site of the LZRS-EGFP backbone to produce C7-D.
The human cyclin D1 cDNA clone was obtained from ATCC and amplified
by PCR using a 5¶ primer specific to translational start site and a 3¶ primer
containing an XhoI restriction site and the consensus sequence for the

translational stop site. After PCR amplification, the product was gel purified
and cloned into pGemT-Easy (Promega). Following DNA sequence

verification, the cyclin D1 coding region was cut using EcoRI/XhoI and

subcloned into the EcoRI/XhoI sites of pLZRS-EGFP to obtain C7-cyclin D1

construct.
Generation of a stable cyclin D1–overexpressing BPH-1 cell line.

Viral particles were prepared as described previously and used to infect

BPH-1 cells (25). Fresh virus was placed onto target cells every 24 h until

green fluorescent protein (GFP) expression was observed. Cell sorting was
done to select the GFP-expressing BPH-1 cells. Two stable cell lines were

generated: C7-cyclin D1–overexpressing BPH-1 cell line and C7-D control
BPH-1 cell line, which were designated as BPH-1C7-cyclin D1 and BPH-1C7-D,
respectively.

Generation of NPFcyclin D1 cells. Human prostatic cells were prepared
as described previously (25). Cyclin D1 virus was generated using phoenix A

cells, and the prostatic cells were infected as described (25). After 1 week of
successive rounds of infection, some cells expressed enhanced GFP (EGFP)

when monitored by fluorescence microscopy. Differential trypsinization

was used to separate fibroblasts from the epithelial cells. The resulting

colonies were characterized by phenotype and their nature was confirmed
using immunocytochemical staining against keratin and vimentin. After

12 passages, EGFP-expressing cells self-sorted as all unstained cells became

senescent and died.
Western blotting analysis. Cell lysates were prepared and Western

blotting was done as described previously (25). Membranes were incubated

with mouse monoclonal antibody to cyclin D1 (1:1,000 dilution; BD

Biosciences PharMingen) or a-tubulin (1:1,000 dilution; Santa Cruz
Biotechnology) overnight, washed with PBS-Tween 20 for 1 h, and incubated

with horseradish peroxidase (HRP)–linked antimouse or antirabbit

secondary antibody (1:1,000 dilution; Amersham Biosciences) for 1 h.

Bound antibodies were visualized using enhanced chemiluminescence
Western blotting detection reagents (Amersham Bioscences). Cyclin D1

expression levels were normalized to h-actin and quantitated using Image
J software from the NIH.5

Growth curves. BPH-1C7-D and BPH-1C7-cyclin D1 cells were plated in a
24-well plate (1,000 cells per well) in RPMI 1640 supplemented with 5% CCS.

After the cells had attached overnight, 300 AL of CellTiter 96 Aqueous One
Solution (Promega) were added at indicated times (1–5 days) to each well

and the absorbance was measured at 490 nm after 3 h of incubation at
37jC. Experiments were done in triplicate.

Wound healing assays. Confluent monolayers of BPH-1C7-D and BPH-
1C7-cyclin D1 cells were grown in six-well plates. An even line of cells was

displaced by scratching through the layer using a pipette tip. Specific points
on the wounds were identified and marked. These open areas were then

inspected microscopically over time as the cells move in and fill the

damaged area. Wounds were imaged at 0, 3, 6, and 8 h postwounding and

the cell migration rate into the wound was calculated. Experiments were
done in triplicate.

Transwell migration assay. One hundred thousand BPH-1C7-D or BPH-
1C7-cyclin D1 cells were plated on top of the 8-Am pore polycarbonate culture
inserts (Becton Dickinson Labware), which were situated in wells of a
24-well culture plate and immersed in RPMI 1640 supplemented with 5%

CCS. The cells were incubated at 37jC for 12 h. The cells on the upper
surface of the inserts were removed using cotton swabs and those that had
migrated to the bottom side were fixed with 11% glutaraldehyde (Sigma) for

20 min and stained with 0.1% crystal violet (Sigma) for 20 min. Inserts were

then washed with water three times. The number of cells that had migrated

was counted using a microscope. The filters were viewed under bright-field
optics to count stained cells in eight fields (with a 20� objective) for the two
types of cells. The mean number of cells per field was determined, and

results from at least three experiments were expressed as the mean relative

cell migration F SD, with that of BPH-1C7-D cells set at 1.
Boyden chamber assay. Polycarbonate culture inserts with 8-Am pores

were coated with 20 AL of 2.5 mg/mL Matrigel (BD Biosciences). After the
gel solidified, the chambers were equilibrated with RPMI 1640 with 5% CCS
for 2 h in a humidified tissue culture incubator at 37jC with 5% CO2
atmosphere. More media were then added to the lower compartment, and

100k BPH-1C7-D and BPH-1C7-cyclin D1 cells were seeded in the upper

compartment of the chamber. Each cell group was plated in three duplicate
wells. After 12 h of incubation, the Matrigel was removed using a cotton

swab. The number of cells that had migrated to the lower sides of the

membrane was then determined as described for the Transwell migration

assay.
Tissue recombination and xenografting. One hundred thousand

epithelial cells and 300k stromal cells were recombined to make the

BPH-1C7-D + rat urogenital mesenchyme (rUGM), BPH-1C7-cyclin D1 + rUGM,
BPH-1 + NPF, and BPH-1 + NPFcyclin D1 tissue recombinants as described

previously (26). After incubating overnight at 37jC, the tissue recombinants
were grafted under the kidney capsule of adult male severe combined

immunodeficient (SCID) mice (Harlan). All the experiments were repeated
six times. Mice were sacrificed after 4 weeks and grafts were harvested,

fixed, and embedded.

Immunohistochemical staining. Immunohistochemical staining was
done following a protocol that was described previously (25). Tissue slides
were incubated with the primary antibody against SV40 (1:1,000 dilution;

Santa Cruz Biotechnology), E-cadherin (1:1,000; BD Biosciences PharMin-

gen), or anti–phospho-histone H3 (1:200; Upstate) overnight. The polyclonal

rabbit or mouse immunoglobulins/biotinylated antimouse secondary
antibody (DAKO) was incubated for 60 min after the slides were washed

with PBS buffer for 1 h. After washing the slides in PBS extensively, slides

were incubated in ABC-HRP complex (Vector Laboratories) for 30 min.
Bound antibodies were then visualized by incubation with liquid 3,3¶-
diaminobenzidine tetrahydrochloride (DAKO). Slides were then rinsed

extensively in tap water, counterstained with hematoxylin, and mounted.

Isolation of cell strains and regrafting. BPH-1NPF and BPH-1NPF-cyclin D1

cells were isolated and selected with 50 Ag/mL G418 (Clontech) from
BPH-1 + NPF and BPH-1 + NPFcyclin D1 grafts and regrafted without stromal

cells to SCID mice as described previously (27). Four to 14 weeks after

grafting, the hosts were sacrificed. The harvested grafts were removed from
the kidney and formalin fixed for immunohistochemical analysis.

Cell cycle analysis. BPH-1NPF cells and BPH-1NPF-cyclin D1 cells were
harvested from monolayer culture. The cell pellets were washed, counted,
and resuspended in PBS and fixed with 80% ethanol with vortexing. Cells

were then pelleted and resuspended with PBS containing 1% CCS for cell

counting after storing at �20jC for 4 h. One hundred thousand cells were5 http://rsb.info.nih.gov/ij/
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resuspended in propidium iodide/RNase/1% CCS/PBS. Propidium iodide
was used to stain double-stranded nucleic acids stoichiometrically. Cells

were treated with RNase A to stain only the DNA. Cell cycle distribution was

analyzed on the flow cytometer after at least 30 min.

Microarray analysis. NPFcyclin D1 cells were generated from NPFs, which
were isolated from two different patient samples; CAFs were isolated from

two different patient samples as well. RNA was isolated from NPFs, CAFs,

and NPFcyclin D1 cells using total RNA isolation kit (Qiagen). Custom spotted
cDNA microarrays were constructed as described previously (28) using a

nonredundant set of 6,700 prostate-derived cDNA clones identified from the

prostate expression data base, a public sequence repository of expressed

sequence tag data derived from human prostate cDNA libraries. Total RNA
was amplified through one round of linear amplification using the

MessageAmp aRNA kit (Ambion). Sample quality and quantification was

assessed by agarose gel electrophoresis and absorbance at A260. Cy3-labeled

and Cy5-labeled cDNA probes were made from 4 Ag of amplified RNA.
Two NPFcyclin D1 and two CAF samples (labeled with Cy3) were hybridized

head-to-head with a NPF control sample labeled with Cy5. Probes were

hybridized competitively to microarrays under a coverslip for 16 h at 63jC.
Fluorescent array images were collected for both Cy3 and Cy5 by using a

GenePix 4000B fluorescent scanner, and image intensity data were gridded

and extracted using GenePix Pro 4.1 software. Differences in gene

expression between NPFcyclin D1/NPF and CAF/NPF groups were determined
using a two-sample t test with Significance Analysis of Microarrays (SAM)

software6 with a false discovery rate (FDR) of V10% considered significant

(Tusher, 2001). Similarities in gene expression between NPFcyclin D1/NPF and
CAF/NPF groups were determined using a one-sample t test in SAM with a

FDR of V0.1% considered significant. These results were reduced to unique
genes by eliminating all but the highest scoring clones for each gene.

A Pearson correlation coefficient was calculated in Excel to assess the
strength of the linear relationship between NPFcyclin D1/NPF and CAF/NPF

average log 2 ratios.

Results

Cyclin D1 expression levels are elevated in malignant
human prostatic epithelial cell lines. Cyclin D1 expression was
examined by Western blotting in the prostate cancer cell lines,
DU145, LNCaP, BPHCAFTD1, and BPHCAFTD2, and in a subset of
nontumorigenic prostatic cells, PrE1, 957E/hTERT (27, 29), PrE3,
and BPH-1 cell line. Cyclin D1 expression was found to be higher in
all of the cancer cells compared with the nontumorigenic prostatic
cells. A representative Western blot is shown in Supplementary
Fig. S1. Primary epithelial cells had the lowest cyclin D1 expression.
The SV40 T-antigen immortalized BPH-1 cells had higher cyclin
D1 expression compared with PrE, 957E/hTERT and PrE, but lower
expression level than that in malignant cell lines. These data
crudely correlate cyclin D1 with tumorigenicity but, as with similar
correlations seen in patient samples, do not address whether cyclin
D1 overexpression is a cause or an effect of malignant change.
To address this question, we tested the consequences of over-
expressing cyclin D1 in nontumorigenic prostatic epithelial cells.6 http://www-stat.stanford.edu/_tibs/SAM/

Figure 1. In vitro comparison of BPH-1C7-D and BPH-1C7-cyclin D1 cells. A, to examine the role of cyclin D1 in prostate cancer progression, C7-D (control � BPH-1C7-D)
and cyclin D1–overexpressing (BPH-1C7-cyclin D1) BPH-1 cell lines were generated by stable retroviral infection. Cyclin D1 overexpression in BPH-1C7-cyclin D1 was
confirmed by Western blotting and band intensity was quantitated. B, wound healing assay. BPH-1C7-cyclin D1 closed wounds in the confluent monolayer were
significantly faster than BPH-1C7-D cells. Images (left ) and quantitation (right ). P < 0.001, Student’s t test. C, Transwell migration study and invasion assay.
BPH-1C7-cyclin D1 migrated through the uncoated Boyden chamber significantly faster than BPH-1C7-D. Representative phase-contrast optical photomicrographs after
overnight culture were shown (a, top ) and quantitated (a, bottom ). P < 0.05, Student’s t test. BPH-1C7-cyclin D1 cells had increased invasive ability in a Matrigel-coated
Boyden chamber invasion assay compared with BPH-1C7-D. Representative phase-contrast optical photomicrographs after overnight culture were shown (b, top )
and quantitated (b, bottom ). P < 0.01, Student’s t test. D, proliferation assay. Cyclin D1 overexpression promoted BPH-1 cell proliferation significantly over control
growth rate. P < 0.001, Student’s t test.
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Cyclin D1 overexpression in BPH-1 cells can increase cell
proliferation rate, migration, and invasive ability in vitro.
Western blotting showed that the BPH-1cyclin D1 cells have a
34-fold elevation in cyclin D1 expression compared with control
BPH-1C7-D cells (Fig. 1A). BPH-1C7-cyclin D1 cells showed enhanced
motile ability in wound healing, Transwell migration, and
Boyden chamber assays. Wound healing assays showed that BPH-
1C7-cyclin D1 cells were significantly more motile than BPH-1C7-D

cells. This difference was clear after 3 h and was very marked after
8 h (P < 0.001, Student’s t test; Fig. 1B). In a Transwell migration
study, the BPH-1C7-cyclin D1 cells migrated through the uncoated
Boyden chambers to the underside of the insert in greater numbers
in a 12-h response to conditional medium containing 1% CCS in the
lower chamber than BPH-1C7-D cells (P < 0.05, Student’s t test;
Fig. 1C). These data confirmed the elevated motility of BPH-
1C7-cycin D1 cells, as seen in the wound healing assay. An invasion
assay, in which the inside chamber was coated with Matrigel to

mimic the in vivo extracellular matrix (ECM), showed that BPH-
1C7-cyclin D1 cells had significantly increased invasive activity in vitro
(P < 0.01, Student’s t test; Fig. 1D). We used a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide assay to assess the effect of
cyclin D1 overexpression on the growth rate of BPH-1 cells. Our
results showed that the cyclin D1–overexpressing cells proliferated
faster than control cells. The difference was observed even after
24 h of incubation (Fig. 1E). Collectively, the assays showed that
when cyclin D1 is forcibly overexpressed, BPH-1 cells acquired an
enhanced proliferation rate, motility, and invasive ability in vitro .

Cyclin D1–overexpressing BPH-1 cells are not tumorigenic
in tissue recombinants with rUGM. To determine whether cyclin
D1 could exert a tumorigenic effect on prostate cells in vivo , 100k
BPH-1C7-cyclin D1 cells or control cells were recombined with 300k
rUGM and grafted under the kidney capsule of SCID mice. The
grafts were harvested after 4, 8, 12, and 16 weeks. The results
showed that BPH-1C7-cyclin D1 cells formed significantly larger and

Figure 2. Overexpression of cyclin D1 in epithelium
was insufficient to induce malignant transformation
in BPH-1 cells as determined by in vivo assays.
A, BPH-1C7-cyclin D1 cells were not tumorigenic
under the influence of the inductive rUGM in the
tissue recombination model. Gross morphology of
2-month grafts of BPH-1C7-D + UGM (left ) and
BPH-1C7-cyclin D1 + UGM (right ). The volume of grafts
containing BPH-1C7-cyclin D1 was significantly larger
than controls. P < 0.01, Student’s t test. B, H&E
staining of BPH-1C7-D + UGM grafts showed that the
recombinants formed solid cord structures with no
sign of invasion to the host kidney. SV40 T-antigen
staining confirmed the cell origin of the epithelium.
Phospho-histone H3 staining identified few positive
cells in the solid cords. Higher magnification pictures
(bottom ). Bar , 50 Am. C, H&E and SV40 T-antigen
staining of BPH-1C7-cyclin D1 + UGM grafts. Histology
is similar to that seen in the control groups. The
basement membrane between kidney and graft was
intact and no sign of invasion into the host kidney
was seen. Phospho-histone H3 staining identified
significantly more positive cells in the solid cords
compared in (B). Higher-magnification images
(bottom ). Bar , 50 Am. k, host kidney.
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more vascularized grafts under the induction of rUGM compared
with BPH-1C7-D cells. An example of the gross morphology of grafts
at 8 weeks is shown in Fig. 2A . These results are consistent with
our in vitro experiments, which showed that BPH-1C7-cyclin D1 cells
proliferate faster than controls. Histologically, both experimental
and control grafts exhibited the formation of solid epithelial cords
surrounded by a muscular stroma. SV40 T-antigen staining
confirmed the origin of BPH-1 cells in both control and cyclin
D1–overexpressing groups and showed that there were sharp
delineations from the host kidney with no sign of invasion (Fig. 2B
and C). It was noteworthy that a clear layer of stromal cells was
always seen between the graft and host kidney under both control
and test conditions. In the control grafts, few epithelial cells were
phospho-histone H3 positive (indicating low proliferation rates).
However, there were significantly more histone H3–positive cells in
BPH-1cyclin D1 cords (P < 0.01, Student’s t test; data not shown).
These data indicated that BPH-1cyclin D1 cells proliferated much
faster than control cells (Fig. 2B and C). To assess whether cyclin
D1 can transform BPH-1 cells in a longer period in vivo , we
sacrificed mice every month for up to 4 months. The histologic
appearance of the grafts at 4 months was similar to the earlier
grafts with solid cord structures and no invasion of the kidney
(date not shown). Therefore, although cyclin D1 can increase
BPH-1 cell motility and promote cell proliferation in vitro ,
overexpression of the gene did not induce BPH-1 cells to undergo
malignant transformation with associated invasion.

NPFcyclin D1 cells have increased life span compared with
NPFs and CAF cells have up-regulated cyclin D1 expression.
Because the stroma is viewed as an important active contributor
to tumor growth and to understand whether cyclin D1 does
different functions in stromal and epithelial tissues, we generated
NPFcyclin D1 cells by overexpressing cyclin D1 in primary cultures of
normal prostate stromal cells. To investigate whether the cyclin
D1–overexpressing fibroblasts have an increased life span com-
pared with control or noninfected cells, we passaged the cell
mixtures 12 times. The uninfected cells underwent spontaneous
senescence and died within 12 passages. The EGFP-expressing cells
still looked healthy and grew well after 11 more passages (total of
23 passages; Fig. 3A). Western blot analysis showed that EGFP-
positive cells also overexpressed cyclin D1 (Fig. 3B). This result
indicated that NPFs acquired a prolonged life span as a conse-
quence of up-regulated cyclin D1.
It has been shown previously that CAF cells can induce BPH-1

cells to undergo malignant transformation, whereas NPFs cannot
(8). Cyclin D1 is strongly expressed in stromal fibroblasts in
carcinoma and adenocarcinoma (22). We were interested to
determine whether human prostatic CAFs have elevated cyclin
D1 expression and if so whether CAFs and NPFcyclin D1 cells share
common functional sequelae. Therefore, we examined the expres-
sion level of cyclin D1 in NPFs, BPH fibroblasts, and CAF cells.
These experiments showed that CAFs expressed a much higher
level of cyclin D1 protein than either NPFs or fibroblasts isolated
from BPH patients (Fig. 3B).

NPFcyclin D1 cells elicit CAF-like effects promoting tumori-
genesis. To investigate the in vivo consequences of overexpression
of cyclin D1 in NPFs, 100k BPH-1 cells were recombined with either
300k NPFcyclin D1 or NPF cells. Grafts were harvested after 1 month.
Tissue recombinants composed of BPH-1 + NPFcyclin D1 exhibited
moderate growth; in contrast, consistent with previously published
data, control recombinants composed of BPH-1 + NPFs showed
minimal growth. Control grafts of NPFand NPFcyclin D1 were likewise

small and flattened (Fig. 4A, a and b). Comparison between the
volume of the control and test recombinants showed that the
test samples were significantly larger (P < 0.01, Student’s t test).
The histologic appearance of the BPH-1 + NPFC7-cyclin D1 grafts, as
assessed by H&E staining, resembled a poorly differentiated
carcinoma with areas of squamous differentiation (Fig. 4B, a and b).
Instead of forming solid cord structures, some epithelium fused to
form large nests with keratinization and a broad pushing margin
against the host kidney (Fig. 4B, a and b). Tumors also contained
irregular epithelial cords intermingledwithin a fibrous stroma [Fig. 4B,
e and f (right arrow)]. In other areas, single epithelial cells were
intermixed with fibrous stroma [Fig. 4B, c (arrow) and f (left arrow)].
SV40 T-antigen staining confirmed the origin of the epithelial
component of the tumors as being from the BPH-1 cells (Fig. 4B,
c and f ). E-cadherin expressionwas patchy, with positive expression in
cell-cell junctions in some areas but weak or absent in many areas
(Fig. 4B, d). The histology of recombinants of BPH-1 + NPFcyclin D1

was similar to that previously described for BPH-1 + CAF
recombinants (8, 30), although the overall tumor size was smaller.
After 5 months of incubation in the kidney capsule, BPH-1 cells
formed larger tumors with clear kidney invasion (Fig. 4B, g and i).
Small kidney tubes intermingled with tumor cells [Fig. 4B, g (arrows)
and h (arrow)] and there were no clear margins between the kidney
and grafts.
In contrast to the malignant histologic appearance of the

BPH-1 + NPFcyclin D1 recombinants, the BPH-1 + NPF recombinants
appeared benign and, as described previously, the bulk of the grafts
were composed of stromal cells. Occasional small epithelial cords
were found (Fig. 4B, k and l). This confirmed previous observations
that stromal cells from normal peripheral zone recombined with
BPH-1 cells produced benign or no visible grafts (8, 30).

Figure 3. Expression of cyclin D1 in human prostatic fibroblasts. A, NPFcyclin D1

cells have increased life span compared with NPF cells. Control cells were all
dead within 12 passages. The NPFcyclin D1 cells seemed healthy after 23
passages (passage number shown adjacent to illustration) after infection by
C7-cyclin D1–overexpressing retroviral vector (total of 23 passages). B, Western
blotting results confirmed that cyclin D1 was overexpressed in NPFcyclin D1

cells. Human prostatic CAF cells also expressed elevated levels of cyclin D1
protein compared with NPF or with BPH-derived fibroblasts.
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To examine if NPFcyclin D1 cells are tumorigenic, we grafted either
NPF or NPFcyclin D1 cells alone to SCID mice. Both control groups
formed flattened grafts (Fig. 4A, c and d, arrows). H&E staining
showed that both grafts were present as a thin layer of fibrous
tissue (data not shown).

Epithelial cells isolated from BPH-1 + NPFcyclin D1 grafts
(BPH-1NPF-cyclin D1) are tumorigenic. After cell culture and
G418 selection, two cell strains were derived from BPH-1 + NPF
and BPH-1 + NPFcyclin D1 grafts, designated BPH-1NPF and BPH-
1NPF-cyclin D1. The two strains were grafted in collagen gels beneath

the renal capsule of male SCID mice. Grossly, after 3 months, the
BPH-1NPF-cyclin D1 cells formed significantly larger grafts than the
control group (Fig. 5A, right). The control group formed small
flattened grafts (Fig. 5A, left). Histologically, the BPH-1NPF cells grew
to form occasional small cords, which were SV40 positive, similar
to the grafts reported previously for BPH-1 cells grafted alone
(Fig. 5B). The BPH-1NPF-cyclin D1 cells, in contrast, formed large
fused nests generally with a broad pushing margin to the host
kidney (Fig. 5C, a, arrow). Many smaller nests with irregular shapes
were scattered throughout the tumor and intermingled with

Figure 4. Effects of NPFcyclin D1 cells on
BPH-1 epithelium in vivo. A, gross
morphology of 1-month grafts of tissue
recombinants composed of BPH-1 + NPF
(a), BPH-1 + NPFcyclin D1 cells (b), NPF
alone (c ), and NPFcyclin D1 alone (d ). The
graft volume of BPH-1 + NPFcyclin D1 was
significantly larger than that of BPH-1 +
NPF. P < 0.001, Student’s t test (right ).
B, staining of BPH-1 + NPFcyclin D1

recombinants revealed organization
resembling a poorly differentiated
carcinoma. Some epithelium fused to form
large nests (a and b) with keratinization
and a broad pushing margin to kidney
(a, arrow). Tumors contained irregular
epithelial cords and epithelial cells
intermingled within a fibrous stroma [c, e ,
and f (right arrow)]. Single epithelial cells
were intermixed with fibrous stroma in
other areas [c (arrow ) and f (left arrow )].
Immunohistochemical localization of
SV40 T antigen confirmed the origin of the
tumors (c and f ). E-cadherin staining was
patchy (d). After 5 mo of incubation in
kidney capsule, BPH-1 cells formed larger
tumors and invaded the host kidney
(g–j ). Tumor cells surrounded and
intermingled with kidney tubes [g and
h (arrow )]. There were no clear margins
between kidney and grafts. H&E staining
of BPH-1 + NPF grafts revealed small
grafts with minimal epithelial growth
consistent with previous observations
[k (arrow ) and l ]. Bar , 50 Am.
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stroma (Fig. 5C, d and e). Some infiltrative areas recapitulated
prostatic carcinoma (Fig. 5C, b, arrow). Cells contained a foamy
cytoplasm and their borders were indistinct (Fig. 5C, c, arrow).
Minimally invasive growth was found in some areas (Fig. 5C, f ).
Tumors continued to express SV40 T-antigen confirming the BPH-1
origin of the malignant epithelium.
DNA flow cytometry analysis showed that stromal cyclin D1

caused a shift of the cell cycle distribution of BPH-1NPF-cyclin D1

cells. An abnormal wider peak that contains 55% of the cell
population is located close to where the G2-M peak (which has
twice the normal copies of DNA) is supposed to be, but its position
is below the G2-M peak position. It was reported that a wide peak
may represent two populations of cells with different quantities of
DNA (31). Given that the original BPH-1 population has been
described previously to have an abnormal chromosomal make up

and further that this can be altered by exposure to cancer stroma, it
is possible that BPH-1NPF-cyclin D1 cells became hyperdiploid or
nearly tetraploid, and the hyperdiploid cell population mixed with
the tetraploid G2-M population to produce this abnormal peak. A
large proportion (23.1%) of BPH-1NPF-cyclin D1 cells also appear to be
polyploid with varying but high DNA content. In marked contrast,
only 0.9% of BPH-1NPF cells were found to be polyploid and
BPH-1NPF cells showed a normal distribution of cell populations
with 64% cells in the G1 phase of cell cycle. (Fig. 5D).

Gene expression profiles were highly concordant between
CAFs and NPFcyclin D1 cells. The gene expression patterns of NPFs,
CAFs, and NPFcyclin D1 cells were compared by cDNA microarray
analysis (Gene Expression Omnibus submission GSE6936; National
Center for Biotechnology Information tracking system 15248638).
NPFcyclin D1 cells and CAFs showed a high level of gene expression

Figure 5. The BPH-1NPF-cyclin D1 cells,
which were isolated from BPH-1 +
NPFcyclin D1 grafts, exhibited a transformed
phenotype. A, gross morphology of
3-month grafts of BPH-1NPF (left ) and
BPH-1NPF-cyclin D1 (right ). The volume of
the BPH-1NPF-cyclin D1 grafts was
significantly larger than the control grafts.
P < 0.01, Student’s t test. B, in grafts of
BPH-1NPF cells, occasionally, epithelial
cords were seen (a) and their origin was
confirmed by SV40 staining (b ). No
evidence of malignant growth or invasion
was seen in these grafts. Bar , 50 Am.
C, BPH-1NPF-cyclin D1 tumors were larger
than controls with areas of keratinization
(a). The grafts formed a pushing
margin directly touching the host kidney
(a, arrow ). Small nests of epithelial cells
with irregular shapes intermingled with
stroma (d and e). Some infiltrative areas
(b, arrow ) were found to be composed of
bubbly cytoplasm and indistinct cells
borders (c, arrow ). Minimally invasive
growth into the kidney was seen in a few
areas. The invading cells expressed
SV40 T antigen (f, arrow ). Bar , 50 Am.
D, fluorescence-activated cell sorting
analysis showed striking differences in cell
population distribution between BPH-1NPF

and BPH-1NPF-cyclin D1 cells. The majority
(64%) of the BPH-1NPF cells were in the
G1-G0 phase of cell cycle. In contrast,
in BPH-1NPF-cyclin D1 cells, an abnormal
peak that contains 55% of the total cell
population is located close to but
somewhat below where the G2-M peak
would be expected. Additionally, polyploid
cells are composed of 23.1% of the total
population in the BPH-1NPF-cyclin D1 cells.
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correlations when compared with NPFs (Pearson r = 0.65 across all
5,652 clones returning data in all four samples.) A one-sample t test
in SAM identified 118 unique genes up-regulated and 51 unique
genes down-regulated (q V 0.1%) commonly expressed between
NPFcyclin D1 cells and CAFs when compared with NPFs. (Supple-
mentary Figs. S2 and S3). Relatively few significant differences in
transcript abundance measurements between NPFcyclin D1 cells
and CAFs were identified: a two-sample t test in SAM identified 6
unique genes up-regulated and 20 unique genes down-regulated
(q V 10%) in CAFs when compared with cyclin D1–overexpressing
fibroblasts (Supplementary Fig. S4).

Discussion

The concept of stroma as a contributor to, and potentially an
initiator of, carcinogenesis have led to altered perceptions of the
development and progression of epithelial malignancies. Histo-
pathologic examination has shown clear differences in gene
expression patterns between the reactive stroma of tumors and
normal stroma; additionally, these differences have clinical
prognostic value (32–34). The importance of stromal-epithelial
interactions in tumorigenesis has been shown in many malignan-
cies, including, carcinoma of the skin, colon, breast, and prostate
(35–38). Not only stromal-epithelial interactions play an important
role in normal development and adult growth quiescence of the
prostate (39) but also changes in these interactions can promote a
malignant progression of initiated epithelium and result in
tumorigenesis (2, 4, 32, 40, 41).
There are cases in which addition of a single dominant-acting

oncogene is sufficient to transform a nontumorigenic cell. For
example, massive overexpression of c-myc converted normal
prostatic epithelial cells to rapidly become an invasive prostate
carcinoma cell (25), whereas lower levels of c-myc expression had
similar but slower effects (42). Similarly loss of genes with tumor
suppressor function can also contribute to malignancy (43). These
observations emphasize the importance of genetic changes as key
factors in malignancy. Alterations in the microenvironment
adjacent to the epithelial cells can drive nontumorigenic cells to
become malignant both in vivo and in vitro (8, 44, 45). Stromal
factors can also elicit reversion of a malignant teratocarcinoma to
a benign phenotype despite genetic changes within the epithelial
cells (46–48). The growth and differentiation of epithelial cells from
R3327 Dunning prostatic adenocarcinoma (DT) were modified
when reassociated with normal stromal environment. The
epithelial cells were induced to differentiate to tall columnar
secretory epithelial cells and tumorigenesis was remarkably
diminished (48, 49). Experiments in mice suggested that genetic
inactivation of the stromal transforming growth factor-h receptor
II resulted in the transformation of normal epithelial cells (50).
Bissell’s group showed that by manipulating ECM proteins, human
breast cancer cells reverted to normal functional cells in culture
and tumorigenicity was reduced dramatically in mice (51).
Cyclin D1 is an important oncogene in many human cancers, but

its function in prostate cancer is not clear (21, 52–55). We show
here that cyclin D1 is up-regulated in prostate cancer cell lines,
indicating that it might be associated with prostate tumorigenicity.
Overexpression of cyclin D1 can increase tumorigenicity of LNCaP
cell lines (21). We have observed that BPH-1 cells, in which cyclin
D1 was overexpressed, did not become tumorigenic under the
influence of inductive rUGM in the tissue recombination model
when grafted to SCID mice. However, the cyclin D1–overexpressing

cells did have a higher proliferation rate in vitro and in vivo and
motility in vitro . Such observations indicated that this single gene
is not enough to transform BPH-1 cells even in the face of SV40
large T antigen, which is expressed in these cells. This underlines
the important point that increased proliferation per se is
insufficient for malignant transformation.
In marked contrast to the effects in epithelial cells, over-

expression of cyclin D1 in primary cultures of benign human
prostatic fibroblasts extended the life span and altered the behavior
of the stromal cells, nonetheless falling short of directly inducing
malignant transformation. Cyclin D1 induced these cells to behave
in a manner similar to CAFs, imparting an ability to elicit
malignant transformation in BPH-1 epithelial cells in a tissue
recombination model. The cyclin D1–overexpressing fibroblasts
have increased life span compared with NPFs. NPFs were all dead
within 12 passages. However, the NPFcyclin D1 cells seemed healthy
after an additional 11 passages. NPFs overexpressing cyclin D1 may
be selectively advantageous for the proliferation and survival
characteristics often associated with oncogenesis compared with
noninfected cells in the same mixture. However, it should be noted
that, as when expressed in epithelial cells, expression of cyclin D1
did not result in transformation of the stromal cell population. As
a result of in vitro adaptation, cells may pick up generic alterations
such as the mRNA changes we have seen in microarray data.
However, NPFcyclin D1 cells are not fully immortal and are not
tumorigenic by themselves. This is consistent with observations
that CAFs are also not immortal and not tumorigenic per se but
have the ability to transform adjacent BPH-1 cells.
By expressing cyclin D1 in stromal cells, we showed that benign

stromal cell behavior can be modified to mimic that of cancer
stromal cells. NPFcyclin D1 cells have a potential to transform BPH-1
cells similar to that seen with CAFs although with a reduced
intensity. Tissue architecture in recombinants showed irregular
epithelial cords and epithelium infiltrating into the stroma. This
observation indicated that the presence of altered stromal cells in
proximity to an initiated epithelium has an important biological
effect on prostatic carcinogenesis. Expression of this single onco-
gene in the stroma may mimic the effects of CAFs on epithelium by
modifying the local microenvironment. Specifically altering the
expression of growth factors and ECM proteinases results in
expansion and malignant progression of the initiated epithelial
cells.
BPH-1 cells form tumors after recombination with CAFs and

epithelial cells derived from these tumors (BPH-1CAFTD) are
tumorigenic without the stimulation of stromal cells when regrafted
to mice (23). The present study shows that the tumorigenic behavior
of BPH-1NPF-cyclin D1 cells (derived from recombination of BPH-1 +
NPFcyclin D1 cells) also resulted in a permanent malignant
transformation of epithelial cells similar to that seen with CAF.
Cell cycle analyses of cells from malignant tissues have shown

the presence of aneuploid cells as well as normal diploid cells (56).
In the present study, an abnormal peak in cell cycle histogram of
BPH-1NPF-cyclin D1 likely represented hyperdiploid cells. Many of
these cells had multiple nuclei. It has been shown that aneuploidy
is the possible underlying mechanism and potential consequences
in the pathogenesis of human lung cancer (57). Clinical progression
of prostate cancer is also associated with formation of DNA
aneuploidy (58). These data suggested that BPH-1NPF-cyclin D1 cells
might be transformed through chromosomal changes (aneuploidy).
The histologic appearance of BPH-1NPF-cyclin D1 tumors was

consistent with poorly differentiated carcinoma. It is important to
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note that CAFs have elevated expression levels of cyclin D1 protein;
therefore, many of their characteristics could be linked to the
downstream consequences of this change. Microarray comparison
of the NPFcyclin D1 and CAFs versus NPF showed highly concordant
gene expression profiles. The same 118 unique genes were up-
regulated and 51 unique genes were down-regulated in NPFcyclin D1

cells and CAFs when compared with NPFs. Relatively few signi-
ficant differences in transcript abundance measurements between
NPFcyclin D1 cells and CAFs were identified. These data indicate
that cyclin D1 expression in stroma can critically affect para-
crine interactions with adjacent epithelial cells in a manner resem-
bling CAFs.
In summary, the present study showed for the first time the

importance of cyclin D1 as a potential regulator of paracrine
interactions in prostate cancer progression. The cyclin D1–
overexpressing fibroblasts have an increased life span and share
many commonalities with CAFs making them a potentially useful
research tool. Traditional therapy for all epithelial malignancies,
including prostate cancer, has been targeted at the epithelial cells
that progressively acquire genetic changes. The stroma may
provide a more stable target at which to direct treatment because
the gene expression profile differs from that seen in normal tissues.
We should also bear in mind that the tumor stromal compartment

is heterogeneous and that CAFs are a mixed population of
fibroblastic cells. Juxtacrine signaling between fibroblastic cells of
different types may contribute to changes in overall paracrine
signaling, which boosts the growth of epithelial cells. Interactions
with other stromal cell types, including inflammatory cells or nerve
cells, also turn out to be of critical importance. A better
understanding of these complex interactions within the stroma
and between stroma and epithelium, and the manner in which
these are influenced by gene expression in stromal cells will allow
for the rational design of therapies aimed at inhibiting prostate
tumor growth.
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