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To analyze differential gene expression of putative
prostate tumor markers we compared the expression
levels of more than 400 cancer-related genes using the
cDNA array technique in a set of capsule-invasive
prostate tumor and matched normal prostate tissue.
The overexpression of Bax inhibitor-1 (BI-1) in pros-
tate carcinoma and prostate cancer cell lines was con-
firmed by using Northern blot and Western blot anal-
yses. Quantitative real-time reverse transcription-
polymerase chain reaction (RT-PCR) on intact RNAs
from 17 paired laser-captured microdissected epithe-
lial tissue samples confirmed up-regulated BI-1 ex-
pression in 11 of 17 prostate tumors. In addition, it
was demonstrated that BI-1 expression is down-regu-
lated in stromal cells as compared to matched normal
epithelial cells of the prostate. In situ hybridization
experiments on prostate sections also revealed that
BI-1 expression is mainly restricted to epithelial cells.
Furthermore, quantitative RT-PCR on RNAs derived
from five benign prostate hyperplasia (BPH) samples
showed no significant difference in BI-1 expression
as compared to normal epithelial prostate tissue. To
determine the function of BI-1 in vitro , human PC-3,
LNCaP, and DU-145 prostate carcinoma cells were
transfected with small interfering double-strand RNA
(siRNA) oligonucleotides against the BI-1 gene leading
to a specific down-regulation of BI-1 expression. Fur-
thermore, transfection of PC-3, LNCaP, and DU-145
cells with BI-1 sequence-specific siRNAs caused a sig-
nificant increase in spontaneous apoptosis in all cell
lines. Taken together, our results indicate that the
human BI-1 gene contains the potential to serve as a
prostate cancer expression marker and as a potential
target for developing therapeutic strategies for pros-
tate cancer. (Am J Pathol 2003, 163:543–552)

Prostate cancer is the most frequently diagnosed solid
tumor in men, and the second leading cause of cancer
death in males from western countries.1 One of the key
issues in prostate cancer research is to develop molec-
ular markers that can effectively detect and distinguish
the progression and malignancy of prostate tumors as
well as provide insights into prostate tumor development
or behavior. Progress in identifying such markers has
been markedly accelerated by recent advances in mo-
lecular biology technologies, such as cDNA array and
microarray techniques, which enabled analyzing the ex-
pression of thousands of genes in a single experiment
and hold great promise for a better understanding of the
molecular genetics and biology of prostate cancers.2,3

Also, the recent development of laser-capture microdis-
section (LCM), a technique that allows for the reliable and
accurate procurement of cells from specific microscopic
regions of tissue sections under direct visualization, now
affords the opportunity to perform molecular genetic
analysis of pure populations of prostate cancer cells in
their native tissue environment.4

Compelling evidence suggests that the tumorigenic
growth of the prostate depends on the evasion of normal
homeostatic control mechanisms, because of an in-
crease in cell proliferation and a decrease in apoptotic
death.5,6 Thus, enhancing the apoptotic process
emerges as a significant therapeutic target for the effec-
tive elimination of both androgen-dependent and andro-
gen-independent prostate cancer cells.7 Recently, re-
ported adenovirus-mediated Bax overexpression
induced apoptosis of LNCaP, PC-3, and DU-145 growing
in vitro and in vivo.8 However, the pro-apoptotic protein
Bax seems to be expressed in all prostate cancers eval-
uated but the expression of several anti-apoptotic mem-
bers of the bcl-2 gene family increases during progres-
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sion of prostate cancers.9 Therefore, it is important to
unravel the mechanisms protecting prostate cancer cells
from undergoing apoptosis and to identify new therapeu-
tic targets and to develop new treatments. Recently, the
novel anti-apoptotic protein Bax inhibitor-1 (BI-1), for-
merly known as testicular enhanced gene transcript
(TEGT), was shown to represent a new type of regulator
of cell death pathways controlled by Bcl-2 and Bax.10 It
was demonstrated that BI-1 can interact with Bcl-2 and
Bcl-XL but not Bax and Bad, and when overexpressed in
mammalian cells, BI-1 suppressed apoptosis induced by
Bax, etoposide, staurosporine, and growth factor depri-
vation, but not by Fas (CD95).11

In this report, we identified BI-1 overexpression in
prostate carcinoma by using the cDNA array technique.
These findings were confirmed on RNAs from LCM-de-
rived prostate tumor tissue samples in 12 of 18 patients
using either Northern blot or real-time RT-PCR analyses.
Moreover, both quantitative RT-PCR and in situ hybridiza-
tion experiments demonstrated up-regulated BI-1 ex-
pression in epithelial cells as compared to stromal cells.
In addition, no significant difference was observed in BI-1
expression between normal prostate cells of epithelial
origin and from cells derived from BPH samples. Further-
more, we demonstrate that down-regulation of BI-1 ex-
pression via sequence-specific siRNA against the human
BI-1 gene leads to a significant increase of PC-3, LNCaP,
and DU-145 prostate carcinoma cell death. These results
indicate an important role for BI-1 in cellular homeostasis
of prostate carcinoma and provide a basis for targeting
BI-1 as a potential treatment for prostate cancer.

Materials and Methods

Atlas Select Human Tumor Arrays

Total RNA (50 �g) from paired prostate and prostate
carcinoma tissue, respectively, was isolated with the
RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) from a
68-year-old patient (Gleason score 5, tumor stage
pT3aN0). Total RNA was treated with RNase-free DNase
I (BD Biosciences Clontech, Heidelberg, Germany) and
checked on a denaturing agarose gel. The 32P-cDNA
probes were prepared using the Atlas Pure Total RNA
Labeling system (Clontech) according to the user manual
and were hybridized side-by-side to two identical Atlas
Select Human Tumor Arrays (BD Biosciences Clontech).
The Atlas Select Human Tumor Array includes cDNAs for
437 differentially-expressed human genes, 32 control
cancer genes, nine housekeeping control genes, and
negative controls immobilized on a nylon membrane. The
differentially expressed genes included on this array
were shown to be up- or down-regulated in human tu-
mors using Clontech PCR-Select cDNA Subtraction in
conjunction with an array-based screening method. After
overnight hybridization and a high-stringency wash (ac-
cording to the procedure described in the Atlas Array
user manual), arrays were scanned after a 3-day expo-
sure by using a Molecular Imager FX (Bio-Rad GmbH,

Munich, Germany) and analyzed by using the Quantity
One software (Bio-Rad).

Laser Capture Microdissection and Real-Time
RT-PCR Analysis

Tissue specimens from benign prostate hyperplasia
(BPH) and radical prostatectomy specimens of patients
suffering from prostate cancer were freshly obtained from
the urological operation theater of the university hospital.
Specimens from radical prostatectomies were immediately
cut in 3-mm-thick transversal slices. One slice suspected
to contain carcinoma tissue was soaked in RNAlater
reagent (Ambion Europe Ltd., Cambridgeshire, UK).
The complete transverse section was mapped and cut
into small tissue blocks, which were further stored in
RNAlater. The rest of the prostate, especially adjacent
prostate slices, were fixed in formalin and embedded
in paraffin for standard histological examination. Staging
was performed according to the UICC classification. Tu-
mors were graded using the Gleason score. According to
the adjacent paraffin sections RNAlater-preserved tissue
was selected. Cryostat sections were hematoxylin-eosin
stained and the tissue was morphologically character-
ized. Tumor-containing tissue blocks and tumor-free
prostate tissue of the same case were selected for further
analysis. Five-�m-thick cryostat sections were mounted
on slides coated with a 1.35-�m-thick polyethylene naph-
talene membrane (P.A.L.M. Microlaser Technologies,
Bernried, Germany). Subsequently, sections were
washed for 2 hours in 70% ethanol/DEPC (diethyl pyro-
carbonate)-treated water followed by staining with Harris
hemalaun. Color was developed by incubation with
DEPC-treated tap water for 2 hours. Lastly, slides were
dipped in pure ethanol and xylol, air-dried, and subjected
to contact-free laser microdissection (P.A.L.M.) at a mag-
nification of �200. The dissected normal epithelia and
carcinoma epithelia were automatically transferred into
lids of PCR vials and collected in RLT buffer (Qiagen)
substituted with �-mercaptoethanol. LCM-derived tissue
samples from stromal cells, from matched normal epithe-
lial cells and from BPH were isolated and treated as
described above. Total cellular RNA from LCM samples
was extracted with the RNeasy Mini Kit (Qiagen). RNA
integrity and quantity was assessed using the Agilent
Bioanalyzer 2100 with the RNA Pico LabChip Kit (Agilent
Technologies, Waldbronn, Germany). Additional controls
were performed by analyzing unstained tissue sections
and the remaining tissue after microdissection. Reverse
transcription with random hexamer primers was per-
formed with the Sensiscript RT Kit (Qiagen). Quantifica-
tion of BI-1 and �-actin expression was performed on an
iCycler iQ real-time detection system (Bio-Rad, Hercules,
CA) using the HotStar TaqDNA Polymerase Kit (Qiagen).
The 20-�l reaction from the kit was supplemented with 2
�l cDNA, 0.6 �mol/L gene-specific primers, and 0.2
�mol/L dual-labeled fluorescent probes for BI-1 and
�-actin with different fluorophores FAM and Texas Red
allowing for duplex PCR. Primers and probes (Operon;
Qiagen) were designed using the Primer3 online primer
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design program (http://www-genome.wi.mit.edu/genome_
software/other/primer3.html). Primers used for quantitative
RT-PCR were: BI-1 forward primer, 5�-ACGGACTCTG-
GAACCATGAA-3�; BI-1 reverse primer, 5�-AGCCGCCAC-
AAACATACAA-3�; BI-1 probe, 5�Fam-ATATAACCCCGT-
CAACGCAGCAGCACC-Tamra-3�; �-actin forward primer,
5�-TCACCCACACTGTGCCCATCTACGA; �-actin reverse
primer, GGTAACCGTTACTCGCCAAGGCGAC-3�; �-actin
probe, 5�-Texas Red-ATGCCCTCCCCCATGCCATCCT-
GCGT-BHQ-3�. A standard curve for quantitative PCR was
generated with the same reaction set-up using BI-1 and
�-actin standard cRNA (0.001 to 1000 attomoles) instead of
total cellular RNA. Acquisition of fluorescence signals was
monitored on the iCycler and terminated when all reactions
reached an amplification plateau while a template-free con-
trol stayed at a basal level. Data analysis was performed
with the iCycler iQ real-time detection system software (Bio-
Rad). To verify that only specific PCR products evoked
fluorescence signals, PCR products were run on 2% aga-
rose gels and were analyzed using the E.A.S.Y. Win32
software (Herolab, Wiesloch, Germany). BI-1 mRNA ex-
pression was normalized to �-actin mRNA expression to
compensate for different sample capacities. The ratio of
BI-1 expression is given as factor up-regulation in prostate
carcinoma versus normal prostate tissue. In BPH samples
where no adjacent disease-free tissue was available BI-1
expression was quantified absolutely in attomoles per pg
total cellular RNA.

In Situ Hybridization

In situ hybridization was performed using a digoxigenin-
labeled riboprobe of 399 nucleotides corresponding to
the published mRNA sequence of the human BI-1 gene
(nucleotide position 114–513).10 For the generation of
riboprobes the BI-1 cDNA fragment was cloned into the
vector pGEM-T (Promega, Mannheim, Germany). After
linearization of the plasmid digoxigenin-labeled ribo-
probes were generated by in vitro transcription using the
SP6 and T7 RNA polymerase (Promega) and the DIG-
RNA-labeling mixture (Roche, Mannheim, Germany) ac-
cording to the manufacturer’s instructions. The labeling
efficiency and quality was controlled by dot blot analysis
and gel electrophoresis.

Three-�m-thick paraffin sections were mounted on or-
gano-silane coated slides under RNase-free conditions.
Sections were deparaffinized and rehydrated, digested
with proteinase K (DAKO), and incubated overnight with
labeled riboprobes at 50°C. Stringency washings were
performed at 60°C in washing solutions containing 1%
sodium dodecyl sulfate (SDS) in 2X saline sodium citrate
(SSC) and 1% SDS in 1X SSC. RNA hybrids were de-
tected with a sheep polyclonal anti-digoxigenin antibody
F(ab)2 fragment conjugated with alkaline phosphatase
(Roche). After signal detection with 5-bromo-4-chloro-
indolyl phosphate and nitro tetrazolium blue slides were
mounted in glycerin gelatin.

Cell Culture and Transfection

PC-3, LNCaP and DU-145 cells were grown in RPMI 1640
medium (PAN-Systems GmbH, Nürnberg, Germany)
containing 15% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin solution (PAN). The cells were cultured
at 37°C in a humidified incubator with 5% CO2 and grown
to 10% to 20% confluency in 12-well plates before trans-
fection with RNA oligonucleotides.

Transfection of PC-3, LNCaP, and DU-145 cells was
accomplished using Oligofectamine Reagent (Invitrogen
GmbH, Karlsruhe, Germany) according to the supplier’s
instructions with either BI-1 gene-specific siRNA duplex
or with single-strand sense and antisense RNA oligonu-
cleotides (IBA GmbH, Goettingen, Germany) (BI-1 sense
RNA: 5�-CCCCGUCAACGCAGCAGCAdTdT-3�; BI-1 an-
tisense RNA: 5�-UGCUGCUGCGUUGACGG GGdTdT-
3�) at a concentration of 0.66 �g per 0.5 ml of transfection
medium (150 nmol/L). The target region is located 57
nucleotides downstream of the start codon ATG of the
human BI-1 gene (GenBank Accession No. X75861). As
further controls PC-3 cells were transfected with either
siRNA duplex oligonucleotides against the firefly lucif-
erase gene (luc sense RNA: 5�-CGUACGCGGAAUACU-
UCGATT-3�; luc antisense RNA: 5�-UCGAAGUAUUC-
CGCGUACGTT-3�) or against the human Mammary
tumor, 8 kDa (Mat-8) gene (Mat-8 sense RNA: 5�-
CAGUCCUUUCUACUAUGACTT-3�; Mat-8 antisense
RNA: 5�-GUCAUAGUAGAAAGGACUGTT-3�).12 At differ-
ent time points after transfection (24 hours, 36 hours, and
45 hours), living cells attached to the bottom and cells
floating in the medium were collected and used in the
following experiments.

LNCaP cells were maintained in phenol red-free
DMEM (Invitrogen) supplemented with 10% fetal calf se-
rum (FCS; PAA, Coelbe, Germany), 2% glutamine, 1%
sodium-pyruvate, and 1% penicillin-streptomycin. Cells
were plated in 6-well plates at a density of 105 cells per
well for dihydrotestosterone treatment (final concentra-
tion 10�8 M dihydrotestosterone). Cells were harvested
after dihydrotestosterone treatment at different time
points (1 hour, 2 hours, 4 hours, and 24 hours) by
trypsinization and washed with PBS (BioWhittaker, Ver-
viers, Belgium) before RNA extraction and real-time RT-
PCR. Cell viability under hormone treatments was mea-
sured by using an MTT test. All chemicals were
purchased from �-Aldrich (Taufkirchen, Germany) unless
stated otherwise.

Northern Blot Analysis

Total RNA was isolated from tissue samples, PC-3 cells,
LNCaP cells, and DU-145 cells with the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions,
separated on a denaturing agarose gel and transferred to
a Hybond-N nylon membrane (Amersham Pharmacia
Biotech, Buckinghamshire, UK). The cDNA probes for
human �-actin (IMAGp998L23787) and human BI-1
(IMAGp998B10404) were purchased from Deutsches
Ressourcenzentrum für Genomforschung GmbH (RZPD,
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Berlin, Germany). The probes were labeled with
[32P]dCTP using the rediprime II labeling kit (Amersham)
and hybridized to the membrane in Rapid-hyb buffer
(Amersham) together with 100 �g/ml denatured salmon
sperm DNA at 65°C for 16 hours. The filters were washed
at room temperature for 15 minutes in 2X SSC followed by
5 to 15 minutes in 0.5X SSC and 0.5% SDS (w/v) at 65°C.
The hybridization signals were quantified with a Molecu-
lar Imager FX by using the Quantity One software (both
from Bio-Rad).

Western Blot Analysis

The goat polyclonal antibody against human BI-1 (A-18)
was purchased from Santa Cruz Biotechnology Inc. (Hei-
delberg, Germany), and the mouse monoclonal antibody
against �-tubulin was obtained from �-Aldrich. Parental
and transfected PC-3, LNCaP, and DU-145 cells were
incubated in the appropriate medium as described
above and whole-cell lysates were prepared from lysis
buffer containing 50 mmol/L NaCl, 10 mmol/L ethyl-
enediaminetetraacetic acid, 50 mmol/L Tris-HCl pH 7.6,
1% Triton X-100, 1 �g/ml leupeptin, 1 �g/ml aprotinin,
and 1 �g/ml phenylmethylsulfonyl fluoride. Fifty �g of
total cell lysates were boiled and denatured in sample
buffer containing SDS and dithiothreitol (DTT; Invitrogen)
followed by gel electrophoresis using the NuPage 10%
Bis-Tris pre-cast gel (Invitrogen) in MES buffer (Invitro-
gen). The proteins were electrotransferred to nitrocellu-
lose membrane Hybond-C (Amersham). The resulting
protein-bound membrane was blotted with selected
antibodies as described above and visualized using
5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazo-
lium reagents (Carl Roth & Co., Karlsruhe, Germany).

Trypan Blue Staining

Cell death was determined by trypan blue exclusion.
After treatment with siRNA duplex or control oligonucle-
otides 100 �l of a 0.4% solution of trypan blue (Invitrogen)
were added to 0.5 ml of a PC-3 cell suspension (1–2 �
105 cells). After 10 to 15 minutes of incubation the sus-
pension was applied to a hemocytometer. Both viable
and nonviable cells were counted and the percentage
of cell death was determined by counting trypan-blue-
positive cells from three independent experiments.

In Situ End-Labeling (ISEL) and DAPI Staining

PC-3 cells (105 cells/ml) were cytocentrifuged on glass
slides, dried, fixed in acetone, and incubated with TBS
containing 10% FCS and 0.3% H2O2 to block endoge-
nous peroxidase activity. Cells were incubated for 60
minutes at 37°C with 50 �l of the labeling mix (250 U/ml
terminal transferase, 20 �l/ml Dig-DNA labeling mix at
10X concentration, and 1 mmol/L CoCl2 in reaction buffer
for terminal transferase (Roche, Mannheim, Germany).
Labeled DNA nicks were detected with a rabbit horse-
radish peroxidase (HRP)-conjugated F(ab)2 fragment
against digoxigenin (Dako, Hamburg, Germany) at a

working dilution of 1:200. Incubation with 3,3�-Diamino-
benzidin revealed brown nuclear signals. Controls were
stained as above, omitting terminal transferase. As pos-
itive controls, lymph nodes with reactive follicular hyper-
plasia were used. Positive-stained cells were counted
under a microscope (BX60; Olympus Optical Co. LTD,
Japan) at a magnification of �100 in five different fields
using the analySIS software (Soft Imaging System GmbH,
Munster, Germany).

For DAPI staining PC-3, LNCaP, and DU-145 cells (105

cells/ml) were cytocentrifuged on glass slides, dried
overnight, and fixed for 10 minutes in 100% acetone.
Thereafter, cells were incubated with VECTASHIELD
Mounting Medium with DAPI (Vector Laboratories Ltd.,
Peterborough, England). Stained cells were analyzed
and counted under a fluorescent microscope (BX60;
Olympus Optical Co., LTD) at a magnification of �200 in
five different fields using the analySIS software (Soft Im-
aging System GmbH).

Immunocytochemistry

Cytocentrifugated PC-3 cells (105 cells/ml) were dried,
fixed in acetone, and incubated with the polyclonal rabbit
anti-human antibody against the active caspase-3 (clone
AF835, R&D Systems GmbH, Wiesbaden, Germany) fol-
lowed by incubation with a biotinylated secondary anti-
body, alkaline phosphatase-conjugated streptavidin
(Dako) and by visualization with Fast Red (Dako). Slides
were counterstained with hemalaun. Positive cells
showed a red cytoplasmic staining around the clearly
demarcated nuclei. Controls were stained as above omit-
ting the first or secondary antibody. As a positive control,
sections with gout tophi were used, as previously de-
scribed.13

Results and Discussion

Array and Northern Blot Analysis of BI-1
Expression in Prostate Carcinoma

To identify genes that are differentially expressed in nor-
mal prostate and prostate carcinoma tissues, total RNA
from matched prostate and prostate carcinoma were iso-
lated (case 01, pT3aN0). Total RNA prepared from these
tissues was used to synthesize 32P-labeled cDNAs by
reverse transcription, followed by hybridization to two
identical Atlas Select Human Tumor Arrays from BD Bio-
sciences Clontech as described in Materials and Meth-
ods. This array contains immobilized cDNAs of differen-
tially-expressed genes from five different human tumors:
bladder, breast, liver, lung, and prostate carcinoma. In
total, 46 known and unknown differentially-expressed
genes were identified to be up- or down-regulated in
prostate carcinoma. The known genes showing a differ-
ential expression pattern in prostate tumor samples in-
cluded transcription factors, protooncogenes, and other
proteins, eg, Krox 24, c-jun, spermidyne acetyltrans-
ferase, ribosomal proteins, clusterin, and prostate secre-
tory protein 94 (data not shown). One of the genes show-
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ing increased expression in prostate carcinoma is termed
BI-1, which was previously found to be involved in cellular
apoptosis.11 A typical scanned phosphorimage of the
arrays representing BI-1 and �-actin expression levels in
prostate carcinoma as compared to normal prostate tis-
sue is shown in Figure 1A. In addition, the isolated BI-1
cDNA was subjected to Northern blot analysis to verify
the differential expression pattern in prostate carcinoma
as compared to the matched normal prostate and for
integrity and equality of the RNA the Northern blot was
rehybridized with a human �-actin cDNA probe (Figure
1B). Quantification of the Northern blot using a phospho-
rimager revealed a fourfold up-regulation of both BI-1
transcripts (2.7 kb and 1.2 kb) in cancerous specimen as
compared to the matched normal tissue. It is also worth
noting that the array-spotted BI-1 cDNA was originally
described by BD Biosciences Clontech to be differen-
tially expressed (up-regulated expression) in breast can-
cer. This finding was supported by a large-scale DNA
microarray analysis on primary breast tumors from 117
young patients, showing that BI-1 (TEGT) expression is
up-regulated in breast cancer and co-regulates with the

expression of the estrogen receptor-� gene.14 Further-
more, Schmitts and co-workers15 reported that BI-1 ex-
pression was between 5 and 10 times stronger in 16
glioma samples tested compared with normal brain and
other normal tissues. Finally, microarray analyses of the
expression levels of more than 8900 different human
genes in a set of normal and malignant prostate tissues
revealed that BI-1 (TEGT) is highly and specifically ex-
pressed in malignant samples.3 Furthermore, using BI-1
cDNA as a probe, Northern blot analysis on RNA isolated
from the androgen-dependent cell line LNCaP and the
androgen-independent prostate cancer cell lines PC-3
and DU-145 revealed that BI-1 is highly expressed in all
prostate cancer cell lines tested as compared to the
normal prostate tissue (Figure 1C). However, quantifica-
tion of the Northern blot using a phosphorimager showed
an approximately twofold up-regulation of BI-1 mRNA in
PC-3 cells as compared to both LNCaP and DU-145 cells
(Figure 1D). In addition, the overexpression of BI-1 in
PC-3 cells could also be confirmed at the protein level
(Figure 1E). Interestingly, in a previous study it was dem-
onstrated that one interaction partner of BI-1, the anti-
apoptotic protein Bcl-XL, is also overexpressed in PC-3
cells in comparison with LNCaP and DU-145 cells.16

To study a possible involvement of androgens on the
expression of BI-1 in prostate carcinoma, LNCaP cells
were treated with dihydrotestosterone at different time
points (1 hour, 2 hours, 4 hours, and 24 hours) and
isolated RNAs from treated and untreated cells were
subsequently analyzed by quantitative RT-PCR in tripli-
cate. However, quantitative RT-PCR analyses revealed
no differences in the expression of BI-1 in dihydrotestos-
terone-treated and untreated LNCaP cells, indicating that
androgens do not play a role in regulating the expression
of BI-1 in prostate cancer cells (data not shown).

BI-1 Expression in Human Prostate Cancer,
Stromal Cells, and Benign Prostate Hyperplasia

To confirm BI-1 overexpression detected by array and
Northern blot analyses on RNA from bulk tumor tissues,
prostate cancer specimens were subjected to both laser-
capture microdissection and quantitative RT-PCR analy-
sis. Before quantitative RT-PCR, RNA samples isolated
from matched normal prostate and prostate cancer epi-
thelial cells were checked for RNA integrity and RNA
amount by analyzing an RNA aliquot on the Agilent Pico
LabChip (Figure 2A). Subsequently, BI-1 mRNA expres-
sion was analyzed by quantitative RT-PCR on RNAs
(equal amounts) from LCM-derived samples from 17 rad-
ical prostatectomies from cancer patients which were
prepared as described in Material and Methods. In 11 of
17 cases BI-1 expression was up-regulated (more than 2
times) up to 12-fold in LCM samples derived from tumor-
ous areas as compared to the paired normal prostate
tissues (Figure 2B). The quantitative RT-PCR analysis did
not show a significant correlation with specific clinico-
pathological features such as pathological and clinical
stage (Figure 2B).

Figure 1. Up-regulation of BI-1 expression in prostate carcinoma (PCa)
compared with the benign counterpart (P) from the same gland. Total RNAs
were extracted from either prostate carcinoma (case 01, Gleason score 5,
pT3aN0) or corresponding normal prostate tissue, reverse-transcribed into
cDNA and used in both hybridization experiments described below. A:
Representative BI-1 and �-actin hybridization signals obtained from two
identical Atlas Select Human Tumor Arrays using 32P-labeled cDNAs as
probes. B: Northern blot analysis on total RNA (5 �g each) from both
prostate carcinoma (PCa) and matched normal prostate (P) from the same
patient is shown which was carried out using a human BI-1 cDNA fragment
as a hybridization probe. C: Northern blot on total RNA (5 �g each) from
DU-145, LNCaP and PC-3 cells using the same BI-1 cDNA as a probe. For
integrity and equality of the RNA Northern blots were rehybridized with a
human �-actin cDNA probe. D: The mRNA signals were scanned using the
phosphorimager Molecular Imager FX, and the difference in the expression
of BI-1 transcripts was calculated relative to the �-actin standards. Results of
the analysis for BI-1 are shown in the bar graph. The cell names under the
bars correspond to the cell names used in C. E: Western blot analysis of
DU-145, LNCaP, and PC-3 cells using BI-1- (top panel) or �-tubulin-specific
(bottom panel) antibodies. The Western blot was stripped and re-probed
with an �-tubulin antibody to check for equal loading (50 �g) of total
protein.
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Quantitative RT-PCR analysis on isolated RNA of five
LCM-derived stromal tissue samples from radical pros-
tatectomies showed a reduced BI-1 expression as com-
pared to corresponding tumor-free epithelia (Figure 2C).
Moreover, BI-1 expression was analyzed in five cases of
benign prostatic hyperplasia (BPH) tissue samples from
transurethral resections by using quantitative RT-PCR.
Because no corresponding normal tissue was available
to which we could relate BI-1, we calculated BI-1 expres-
sion absolutely as attomoles per pg total cellular RNA. In
these five cases of BPH, BI-1 expression was determined
with an average value of 1.1 attomoles per pg RNA.
Compared to tumor-free epithelia from radical prostatec-
tomies there seems to be a lower expression of BI-1 in
BPH; however, this difference is without statistical signif-
icance (n � 5; P � 0.31).

To confirm the results obtained by quantitative RT-PCR
analyses and to evaluate the cellular localization of BI-1
transcripts, the non-radioactive in situ hybridization tech-
nique was applied on tissue sections from five different
prostatectomies using BI-1-specific antisense and sense
riboprobes. In all cases BI-1 mRNA expression could be
localized within non-transformed epithelial cells and can-
cer epithelia with the antisense riboprobe, whereas in
stromal cells only weak hybridization signals were ob-
served (Figure 3A). In contrast, no hybridization signals
were observed using the BI-1 riboprobe in the sense
orientation as a control (Figure 3B). However, in one case
inflammatory infiltrates within the stromal compartment
were observed showing a strong BI-1 mRNA expression

(Figure 3, C and D). It is worth mentioning that several
Expressed Sequence Tag (EST) clones for BI-1 which are
expressed in activated T-cells, Jurkat T-cells, and T-cell
lymphomas can be identified in the National Center for
Biotechnology Information EST database (Accession
numbers: AA352408, AA354085, AA361535, respective-
ly). Additionally, BI-1 expression was also found to be
up-regulated in nucleophosmin-anaplastic lymphoma
kinase-positive large cell lymphoma.17

Taken together, the expression studies clearly demon-
strate that BI-1 expression is up-regulated in most cases
of prostate cancer specimens (cells of epithelial origin)
as compared to normal prostate epithelia and BPH. Fur-
thermore, BI-1 expression in the prostate is mainly re-
stricted to cells of the epithelial compartment, whereas
stromal cells express only low BI-1 mRNA levels. How-
ever, due to the failure to detect BI-1 protein expression
by using two different BI-1-specific antibodies on pros-
tate cancer tissue sections (data not shown), lack of
protein data could be a potential important shortcoming
of this study.

Down-Regulation of BI-1 Expression Leads to
Prostate Cancer Cell Death

RNA interference (RNAi) or RNA silencing is the process
whereby double-stranded RNA (dsRNA or duplex RNA)
induces the homology-dependent and specific degrada-
tion of cognate mRNA. The specific knockdown of ex-
pression of several genes was studied in a wide variety of
species, such as Caenorahbditis elegans, Drosophila
melanogaster, Arabidopsis thaliana, Neurospora crassa,
and embryonic cells from mus musculus.18 More recently,
the use of RNAi has been extended to differentiated
mammalian cells.19,20 To evaluate the function of BI-1 in
human PC-3, LNCaP, and DU-145 prostate carcinoma
cells this novel approach of gene silencing through RNAi
was applied. Transfection of PC-3, LNCaP, and DU-145
cells was accomplished with BI-1 sequence-specific
siRNA duplex oligonucleotides. As negative controls sin-
gle-strand sense and antisense RNA oligonucleotides
against the BI-1 gene were used, as well as duplex siRNA
oligonucleotides against the firefly luciferase gene (Pho-
tinus pyralis) and the human Mat-8 gene.

At different time points after transfection (24 hours, 36
hours, and 45 hours for PC-3 cells) or 45 hours after
transfection (LNCaP and DU-145 cells), both prostate
cancer cells attached to the bottom and cells floating in
the medium were collected and used for the determina-
tion of down-regulation of BI-1 expression. To test
whether transfection of PC-3 cells with BI-1 duplex siRNA
could affect the expression of endogenous BI-1 mRNA,
we analyzed RNA from duplex siRNA-transfected PC-3,
LNCaP, and DU-145 cells with RNA from prostate cancer
cells transfected with control oligonucleotides by North-
ern blot hybridization. We found that the expression of
BI-1 in duplex siRNA-transfected (D-BI-1) prostate can-
cer cells was reduced by 50% to 70% relative to the
control-transfected (control) cells (Figure 4, A and B). The
same membranes were rehybridized with a cDNA probe

Figure 2. BI-1 expression in prostate carcinoma (PCa) and stromal tissue. A:
Before quantitative RT-PCR the amount and integrity of total RNAs derived
from paired laser-captured microdissected (LCM) samples were analyzed on
an Agilent Pico LabChip. The bands for 28s rRNA and 18s rRNA are indicated
(M, Ambion RNA 6000 ladder; P, normal prostate; PCa, prostate carcinoma).
B: BI-1 expression and clinicopathological features of the patients analyzed
in the present study. Prescreened total RNAs isolated from LCM paired
normal prostates and prostate tumors from seventeen radical prostatectomies
were analyzed by two-step real-time RT-PCR for BI-1 expression relative to
�-actin. Factors of up-regulation of BI-1 expression in tumor specimens as
compared to matched normal prostate tissues are shown. (* indicates factor
of up-regulation of BI-1 expression in comparison to tumor-free tissue
normalized against �-actin). C: BI-1 expression in stromal tissues. Total RNAs
derived from LCM paired stromal tissue and epithelial tissue (tumor-free)
from five radical prostatectomies were analyzed as described in B (** indi-
cates factor of down-regulation of BI-1 expression in stromal tissue in
comparison to tumor-free tissue normalized against �-actin).
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for human �-actin to verify the integrity and amount of
RNA in the samples (Figure 4, A and B). To investigate
the knockdown of BI-1 expression in BI-1 duplex siRNA-
transfected PC-3, LNCaP, and DU-145 cells at the protein
level, Western blot analysis using a polyclonal antibody
against BI-1 was performed. As shown in Figure 4C, the
expression of BI-1 (45 hours after transfection) was spe-
cifically reduced by the cognate duplex siRNA (D-BI-1),
but not when control oligonucleotides were used. The
expression of a non-targeted housekeeping gene, �-tu-
bulin, was unaffected and the reduction in BI-1 protein
was more than 50% to 80% complete as quantified by
Western blotting.

To assess the effect of BI-1 suppression on viability of
PC-3 cells, cell death was studied using four different
methods: 1) trypan blue exclusion to detect cell death
attributable to membrane damage, 2) analysis of induced
caspase-3 activity, 3) in situ end-labeling (ISEL) staining
to detect DNA fragmentation, and 4) DAPI staining to
detect nuclear changes such as fragmentation and con-
densation. After treatment of PC-3 cells with duplex
siRNA oligonucleotides against BI-1, trypan blue exclu-
sion test was applied where both viable and nonviable
cells were counted. The amount of PC-3 cell death was
analyzed by comparing the number of trypan-blue-
positive cells to the number of unstained cells from three
independent experiments. As shown in Figure 6A, induc-

tion of PC-3 cell death by duplex siRNA (D-BI-1) oligo-
nucleotides occurred 24 hours after transfection (13%
positively-stained cells), increased at 36 hours after
transfection (43% positively-stained cells) and peaked at
45 hours after treatment (59% positively-stained cells). In
contrast, control-transfected PC-3 cells (control) showed
no increase in cell death over the indicated time period,
but remained at a constant level of 4% to 5% dead cells
(Figure 6A). Next, we wanted to determine whether du-
plex siRNA oligonucleotides against BI-1 were capable of
inducing caspase-3 activity and/or apoptosis in human
PC-3 prostate carcinoma cells. Again, induction of
caspase-3 activity and measurement of apoptosis were
investigated over a period of 45 hours. As can be seen in
Figure 5B, transfection of PC-3 cells with duplex siRNA
oligonucleotides (D-BI-1) caused an increase in the ac-
tivity of caspase-3-like protease in PC-3 cells. The
caspase-3 activity appeared at 24 hours (10% caspase-
3-positive cells) and reached its maximum at 45 hours
after treatment (38% caspase-3-positive cells), whereas
control-transfected PC-3 cells (control) showed only low
levels (1% to 2%) of caspase-3 activity over the whole
time period (Figure 5A and data not shown). Apoptosis in
duplex siRNA (D-BI-1) and control-transfected (control)
PC-3 cells was determined by both ISEL and DAPI stain-
ing at various time intervals, apoptotic cells being recog-
nized either by brown staining of the nucleus or con-

Figure 3. Non-radioactive in situ hybridization of BI-1 mRNA in prostate tissue. A: BI-1mRNA expression is mainly restricted to prostate carcinoma cells, whereas
only weak BI-1 expression is observed in the stromal compartment using a BI-1-specific antisense cRNA probe for hybridization (scale bar, 200 �m). B: In situ
hybridization using a BI-1-specific sense cRNA probe (negative control) confirms the specificity of the hybridization signals. C and D: In one case an inflammatory
infiltrate (arrow) was observed in the vicinity of carcinoma cells (arrowheads) within the prostate stroma after hematoxylin-eosin staining. In situ hybridization
with a BI-1 antisense cRNA probe revealed strong expression of BI-1 in infiltrating cells (inset, higher magnification of BI-1 hybridization signals on infiltrating
cells).
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densed and fragmented nuclei (Figure 5, D and F; Figure
6B). In duplex siRNA-treated PC-3 cells, the number of
apoptotic cells started to increase 24 hours after trans-
fection (10% to 15% apoptotic cells) and the number of
apoptotic cells continued to rise at subsequent sampling
points, up to 45 hours (up to 45% apoptotic cells). In
control-transfected PC-3 cells (control) apoptotic cells
were minimally observed (2% to 4% apoptotic cells) over
the indicated time period (Figure 5, C and E; Figure 6B).

Thus, kinetically, the activation of caspase-3 paralleled
the induction of apoptosis in duplex siRNA-transfected
PC-3 cells. Furthermore, the increase in DNA fragmenta-
tion was almost comparable to that of trypan blue posi-
tively-stained cells, which suggested that the cytotoxicity
induced by duplex siRNA against BI-1 was attributable to
both necrotic and apoptotic death. However, it cannot be
ruled out that trypan blue staining of PC-3 cells was

accomplished due to secondary necrotic cells which are
known to be readily formed from apoptotic cells over
time. This hypothesis is supported by the fact that only
apoptotic cells were observed after DAPI staining of
transfected PC-3 cells.

Figure 5. Induction of prostate cancer cell death by using siRNAs against the
human BI-1 gene. PC-3, LNCaP, and DU-145 cells were transfected either
with 150 nmol/L duplex siRNA oligonucleotides against the BI-1 gene (D-
BI-1), with 150 nmol/L single stranded BI-1 sense and antisense oligonucle-
otides, or with 150 nmol/L duplex siRNA oligonucleotides against the firefly
luciferase gene and the Mat-8 gene as negative controls, respectively. Forty-
five hours after transfection both attached and floating PC-3, LNCaP, and
DU-145 cells were collected and used for apoptosis determination. Caspase-
3-stained PC-3 cells of duplex (B-DI-1) siRNA-transfected (B) and control-
transfected PC-3 cells (A) were visualized and photographed under a micro-
scope as described in Materials and Methods. Note the red cytoplasmic
staining for caspase-3 around the clearly demarcated nuclei. C and D:
Control-transfected and ISEL-positive cells of duplex (D-BI-1) siRNA-trans-
fected PC-3 cells. DAPI-stained PC-3 (E and F), LNCaP (G and H), and
DU-145 (I and J) control-transfected and duplex (D-BI-1) siRNA-transfected
cells were visualized and photographed under a UV-microscope. High num-
bers of apoptotic cells (arrows) were observed in transfected cells with
duplex siRNA oligonucleotides against the BI-1 gene (D-BI-1), whereas only
low numbers of apoptotic cells were detectable in control-transfected cells.

Figure 4. Down-regulation of BI-1 expression in PC-3, LNCaP, and DU-145
cells transfected with sequence-specific duplex siRNA oligonucleotides (D-
BI-1) against the BI-1 gene. As negative controls, single-strand BI-1 sense and
antisense oligonucleotides, duplex siRNA oligonucleotides against the firefly
luciferase gene and the Mat-8 gene were used for transfection experiments
(control). After transfection both attached and floating PC-3, LNCaP, and
DU-145 cells were collected and used for both RNA and protein isolation,
respectively. A: Northern blot analysis of total RNA (5 �g) derived from
siRNA-transfected (D-BI-1) and control-transfected PC-3, LNCaP and DU-145
cells was performed using a human BI-1 cDNA fragment as a probe. Rehy-
bridization of the same filter was carried out with a cDNA probe for �-actin.
B: The mRNA signals were scanned using the phosphorimager Molecular
Imager FX and the difference in the expression of BI-1 transcripts was
calculated relative to the �-actin standards. Results of the analysis for BI-1 are
shown in the bar graph. The labels for the bars correspond to those used in
A. C: Western blot analysis of transfected PC-3, LNCaP, and DU-145 cells
using BI-1 (top panel) or �-tubulin-specific (bottom panel) antibodies. The
Western blot was stripped and re-probed with an �-tubulin antibody to
check for equal loading (50 �g) of total protein.
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To further test if a specific inhibition of BI-1 expression
in other prostate carcinoma cell lines could lead to pro-
grammed cell death, LNCaP and DU-145 cells were
transfected with duplex siRNA oligonucleotides against
the BI-1 gene or control oligonucleotides over the indi-
cated time period (24 hours to 45 hours) and analyzed for
cell death by DAPI staining, respectively. Again, after
transfection with BI-1 duplex siRNA oligonucleotides (D-
BI-1), apoptotic LNCaP and DU-145 cells were detected
after DAPI staining (Figure 5, G and J), whereas LNCaP
and DU-145 cell death was only observed at a basal level
after transfection with control oligonucleotides (Figure 5,
G and I). Comparable to duplex BI-1 siRNA-transfected
PC-3 cells, both duplex BI-1 siRNA-transfected LNCaP
and DU-145 cells showed an increase of apoptotic cells
over the whole time period, however, at a reduced level
(Figure 6B). Even 45 hours after transfection cell death
reached only a maximum level of 18% for LNCaP cells
and 15% for DU-145 cells.

In agreement with our results in human PC-3, LNCaP,
and DU-145 prostate carcinoma cells, it has been pre-
viously demonstrated that BI-1 protein inhibits Bax-
induced apoptosis in mammalian cells and when ectopi-
cally expressed in yeast.11 In addition, more recent stud-
ies showed that antisense down-regulation of plant
NtBI-1 expression in tobacco BY-2 cells induced accel-
erated cell death and that overexpression of two plant
BI-1 homologues suppressed Bax-induced apoptosis in
human 293 cells.21,22 Furthermore, it was shown that BI-1
contains six or seven predicted transmembrane domains
and the localization of BI-1 was found to be similar to
Bcl-2, exhibiting a nuclear envelope and endoplasmic
reticulum (ER)-associated pattern. When overexpressed
in human cells, an association of BI-1 with Bcl-2 and
Bcl-XL was demonstrated by both chemical cross-linking
and co-immunoprecipitation experiments.11 Moreover,
BI-1 was isolated as one of the candidate suppressors
of the tumor necrosis factor-related apoptosis-inducing
ligand.23

Among the various prostate cancer cell lines, recent
studies demonstrated that PC-3 cells are more resistant
to apoptosis than LNCaP cells.24–26 More recently, Li and
co-workers16 reported that overexpression of Bcl-XL un-
derlies the molecular basis for resistance to staurospo-
rine-induced apoptosis in PC-3 cells. Furthermore, treat-
ment of PC-3 and MCF-7 cells with 5�Bcl-X antisense
oligonucleotides sensitized both cell lines to various che-
motherapeutic agents and radiation and increased cell
death at lower doses of these agents. Finally, it was also
reported that recurrent prostate cancer tissue samples
expressed higher levels of Bcl-XL than benign prostate
tissue.27 In the present study, PC-3 cells also had the
highest levels of BI-1 expression and the majority of
clinical specimens (12 of 18) of prostate cancer exhibited
increased expression of this gene compared to benign
prostate samples and BPH. In addition, the finding that
PC-3 cells were more sensitive to BI-1 duplex siRNA-
induced cell death, suggests that BI-1 may play a role in
the progression of prostate cancer and that cancers that
express high levels of BI-1 may benefit from treatment
with the duplex siRNA oligonucleotides.

Furthermore, it is a well-known fact that a potential
connection exists between the close relative Bcl-2 and
hormone-independent prostate cancer.28,29 Our results
presented in this study and the previous results demon-
strating in vitro binding of BI-1 with Bcl-XL and Bcl-2
indicate that down-regulation of BI-1 protein in prostate
cancer cells could change the balance of BI-1/Bcl-XL/
Bcl-2 and Bax proteins and consequently, the cell death
pathway can be activated as a Bax-induced apoptotic
event.11 On the other hand, up-regulated BI-1 and Bcl-XL

expression in prostate cancer cells (and other cancers)
could also lead to an imbalance of BI-1/Bcl-XL/Bcl-2 and
Bax proteins, thus inhibiting programmed cell death. In
view of the observations reported in this study and of the
well-established role of BI-1 as a powerful antiapoptotic
factor, further studies are now warranted to address the
correlation between BI-1 expression and the various
phases of prostate cancer. Additionally, it will be impor-
tant to understand the details of the signaling pathway

Figure 6. Induction of PC-3, LNCaP, and DU-145 apoptotic cell death by
using siRNAs against the human BI-1 gene. PC-3 cells were transfected with
150 nmol/L duplex siRNA oligonucleotides (D-BI-1) for various time intervals
as indicated. As negative controls, 150 nmol/L single-strand BI-1 sense and
antisense oligonucleotides and 150 nmol/L duplex siRNA oligonucleotides
against the firefly luciferase gene or against the Mat-8 gene were used for
transfection experiments, respectively. A: After transfection, PC-3 cells at-
tached to the bottom and cells floating in the medium were collected and
percentage of cell death was assessed by trypan blue staining as described in
Materials and Methods. Data, means of three independent experiments
(�SE). B: Activation of caspase-3 and induction of apoptotic cell death after
transfection of PC-3, LNCaP, and DU-145 cells was analyzed as indicated
above and as described in Materials and Methods. Bar graphs represent the
percentage of positively-stained cells for caspase-3 (PC-3), ISEL (PC-3), and
DAPI-stained apoptotic cells (PC-3, LNCaP, and DU-145) at various time
points. Data, means of three independent experiments (�SE). The num-
ber of both caspase-3 positive cells and apoptotic cells was determined by
counting labeled cells in five randomly chosen high-power fields (original
magnification �100 for caspase-3 and ISEL, and �200 for DAPI-stained
cells).
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regulating BI-1 overexpression in prostate cancer (and
other cancers). On the basis of our results, we conclude
that down-regulation of BI-1 expression using the novel
RNAi technique could serve as an effective approach for
the treatment of prostate cancer in the future.
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