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Indicate a Role in Stromal-Epithelial Interaction
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BACKGROUND. Insulin-like growth factor binding protein 3 (IGFBP-3) exerts inhibitory and
proapoptotic effects on prostate cancer cells. Serum levels of IGFBP-3 were found to be
associated with the risk of prostate cancer, but the data are still inconclusive. We present a
detailed analysis of the expression and localization of IGFBP-3 in the prostate and a comparison
with its expression pattern in tumors.

METHODS. Expression and localization of IGFBP-3 were analyzed in cellular
models and tissue by real-time RT-PCR, ELISA, immunohistochemistry, and immuno-
fluorescence.

RESULTS. All cell types of a panel of benign epithelial, stromal and tumor prostate cells
expressed IGFBP-3. Significantly higher expression levels were registered in stromal cells.
TGEF-p stimulation boosted IGFBP-3 levels 60-fold in stromal cells. The pattern of expression was
confirmed in microdissected tissue samples. Protein levels measured by ELISA paralleled the
mRNA levels and more than 80% of IGFBP-3 was secreted. On tissue immunostaining, IGFBP-3
was found to be mainly located in the epithelium. The pattern suggested secretion of IGFBP-3,
which was confirmed in prostate tissue cultured ex vivo and the ejaculate of vasectomized men.
IGFBP-3 levels were increased in primary tumors but did not differ from benign epithelium in
metastases and local recurrent tumors.

CONCLUSIONS. We registered a significant local production of IGFBP-3 in the prostate,
which may well override the effect of protein entering from blood. The stroma—particularly
reactivated stroma—is the main source of IGFBP-3 in the prostate, suggesting that this
peptide acts as a mediator of stromal-epithelial interactions. Prostate 68: 1165-1178, 2008.
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INTRODUCTION

Prostate cancer is one of the most frequently
diagnosed malignancies and a common cause of cancer
mortality in men in the Western hemisphere [1]. The
progression of prostate cancer is a complex multistep
process that starts with the transformation of normal
cells and continues in terms of tumor growth, invasion
and metastasis. It is now widely accepted that the
promotion of carcinogenesis in the prostate depends on
both, the epithelial and the stromal compartment.
Transformed prostate epithelium and its surrounding
stroma interact in a reciprocal manner, influencing each
other due to multiple changes in their tissue micro-
environment. The interaction between tumor and
stroma culminates in the formation of a so-called
reactive stroma. Reactive stroma is able to promote
tumor proliferation and angiogenesis by growth factor
expression and the migratory, invasive and metastatic
behavior of tumor cells due to modification of the
extracellular matrix [2-5].

Reducing mortality secondary to prostate cancer
necessitates timely identification of risk factors and
effective strategies for early diagnosis and curative
treatment. Molecular approaches as well as genetic
linkage studies are currently used to identify factors
that increase the risk of developing prostate cancer
and/or its progression.

One potential factor is the insulin-like growth factor
binding protein-3 (IGFBP-3). However, published data
concerning IGFBP-3 are contradictory. Whereas recent
publications provide evidence of a positive association
between IGFBP-3 and the risk of prostate cancer [6-9],
previous case control studies have shown that high
IGFBP-3 serum levels might exert a protective effect
[10-13].

IGFBP-3 was shown to have multiple effects
on cells by modulating cell growth and apoptosis
via IGF-dependent and -independent mechanisms.
IGFBP-3 is one of six members of the IGFBP family
that non-covalently bind to IGFs with high affinity.
The formation of IGF/IGFBP complexes prolongs the
half-life of IGFs and increases their stability in the
circulation. Thus, IGF/IGFBP complexes prevent inter-
action of IGFs with their specific receptors and
block IGF-mediated proliferation and survival signals
[14-16]. In addition to IGF-dependent actions, IGFBP-3
was shown to perform IGF-independent functions,
including p53-dependent and independent pro-
apoptotic functions [17,18]; anti-proliferative functions
mediated by up-regulation of the cell cycle inhibitor
protein p21/WAF1 [19]; and suppression of angio-
genesis [20]. Various studies indicated that IGFBP-3
also acts as an anti-cancer molecule in prostate cancer
[17,20-24].

The Prostate

Apart from its role as a risk factor, serum IGFBP-3
levels were investigated in respect of whether they
might serve as a diagnostic or prognostic marker in
addition to, or in combination with, the currently used
prostate cancer marker PSA [7,25-27]. The established
prostate cancer marker PSA is highly sensitive on one
hand, and possesses low specificity on the other. The
high false-positive rate of PSA [28] is a limitation that
could be overcome by combining it with markers that
better distinguish between cancer and benign disease.
In the case of IGFBP-3 levels in serum, the results were
ambiguous and not necessarily indicative of consistent
improvement of cancer prediction [6-13].

To date, little is known about the local production of
IGFBP-3 in the prostate although extensive efforts have
been made to investigate the effects of exogenous
IGFBP-3 on prostate cancer cells. Locally produced
IGFBP-3 evidently acts on benign and malignant
prostate cells and modulates, or even overrides, the
effect of protein supplied from the blood. The aim of the
present study was to collect data about the expression,
location and secretion of IGFBP-3 in the prostate in
order to elucidate its role in prostate cancer. Knowledge
of the local production and bioavailability of IGFBP-3is
important in order to understand the biological effects
of IGFBP-3 on prostate cells.

MATERIALS AND METHODS

Cell Culture

PC-3, Dul45, and 22Rv1 were cultured in RPMI 1640
containing 10% fetal calf serum (FCS), 2 mM Glutamax
(Invitrogen) and antibiotics. LNCaP were grown in
MCDB-131 in the presence of 10% FCS, 2 mM Glutamax
and antibiotics. LNCaP-abl and LNCaP-abl HOF cells
were grown in MCDB-131 containing 10% charcoal-
stripped FCS (CS-FCS), 2 mM Glutamax and anti-
biotics. The subline LNCaP-abl was established by
maintaining LNCaP cells in steroid-depleted medium
for 10 months. LNCaP-abl HOF cells were generated
from LNCaP-abl cells which were grown as xenografts
in nude mice and subsequently recultured [29-31].
Primary epithelial and stromal cell lines were taken
from normal prostate tissue obtained from patients
undergoing radical prostatectomy for prostate cancer,
as previously described [32,33]. Immortalized prostate
epithelium and stroma-derived cell lines were obtained
by stable expression of h\TERT [34]. All investigated cell
lines are summarized in Table I.

Treatment

Smooth muscle cells (SMC-T) immortalized by over-
expression of human telomerase [34] were exposed to
10 ng/ml TGF-B (Collaborative Biomedical Products)
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TABLE 1. Cell Lines Characterized by Name, the Represented Cell Type, Cell Group, and Origin

Name Cell Type Cell Group Origin

PC-3 Metastatic PCa Malignant epithelial ~ Prostate cancer bone metastasis

DU145 Metastatic PCa Malignant epithelial ~ Prostate cancer brain metastasis

22Rv1 Metastatic PCa Malignant epithelial =~ CWR22R xenograft line

LNCaP Metastatic PCa, androgen sensitive Malignant epithelial ~ Lymph node carcinoma of the prostate
LNCaP-abl Metastatic PCa, castration resistant Malignant epithelial =~ LNCaP, growing under steroid free conditions
LNCaP-abl HOF Metastatic PCa, castration resistant Malignant epithelial =~ LNCalP-abl xenograft

EP-1 Benign epithelial Benign epithelial Primary, deriving from normal prostate tissue
EP-2 Benign epithelial Benign epithelial Primary, deriving from normal prostate tissue
EP-T Benign epithelial Benign epithelial EP, hTERT-immortalized

PF Fibroblasts Stroma Primary, deriving from normal prostate tissue
SMC-1 Smooth muscle cells Stroma Primary, deriving from normal prostate tissue
SMC-2 Smooth muscle cells Stroma Primary, deriving from normal prostate tissue
SMC-T Smooth muscle cells Stroma SMC, hTERT-immortalized

for 24 hr and collected for RNA isolation. Immortalized
epithelial cells (EP-T) were treated with different
amounts of human recombinant IGFBP-3 (kindly
provided by Dr. Jansen-Diirr) and collected for West-
ern Blot analysis.

Co-Culture

EP-T were cultured in the presence or absence of
primary and immortalized stromal cells, respectively.
The cells were grown as mixed cultures on 8 well-
chamber slides (Nunc). On each slide 4 wells were used
for growing co-cultures consisting of 1/3 epithelial and
2/3 stromal cells, whereas the remaining 4 wells were
used for the respective single cultures. After 4 days of
co-culture the cells were washed twice in PBS, fixed in
7% paraformaldehyde and analyzed for IGFBP-3
expression using immunofluorescent staining.

Ex VivoTissue Culture

Fresh tissue representing histologically normal areas
was obtained from radical prostatectomy specimens
and cut into 300-um sections using a Krumdieck
precision tissue slicer (Alabama Research and Develop-
ment Corporation). The tissue slices were loaded onto
plastic grids in six-well plates containing culture
medium (MCDB 153 supplemented with 1% FCS, 6
mM Glutamax and antibiotics). At pre-defined time
points, 500 pl of culture medium was sampled in order
to determine IGFBP-3 protein concentration by ELISA,
and replaced with fresh medium.

Representative tissue slices were fixed, embedded
in paraffin, and cut into 7-pm sections. Staining
was performed using a Discovery XT automated
immunohistochemistry system (Ventana Medical
Systems) as described below in the immunohisto-
chemistry section.

The Prostate

Tissue Microdissection

Frozen tissue sections of 10 radical prostatectomy
specimens with histopathologically confirmed local
prostate cancer scored according to Gleason (GSC 6,
n=1;, GSC 8, n=7; GSC 9, n=2) were cut into
8-um sections and mounted on sterile, RNase-free
microscope slides. The slides were stained with
hematoxylin and eosin for pathological analysis and
exact localization of the tumors. Parallel unstained
slides were used for microdissection. Slides for micro-
dissection were pre-treated for 1 min in each of the
following pre-cooled solutions: 75% ethanol, RNase-
free water, 100% ethanol (twice) and xylene (twice).
Before microdissection the slides were air-dried for
15 min. Benign and malignant epithelial areas, and
stromal areas, were harvested separately. Laser-
capture microdissection was performed on a Pix
Cell II microdissection microscope (Arcturus) using
2,000-5,000 laser impulses to obtain tissue material for
each RNA isolation. The size of the laser spot was
7.5 um? for epithelial cells and 30 pm? for stromal cells.
The intensity of the laser was 80 mW, 4.5 mA, 0.14 V,
and the duration of the laser 2—8 msec. After micro-
dissection the tissue was lysed in 50 ul PicoPure
extraction buffer (Arcturus) and stored at —80°C until
it was used for RNA isolation.

RNA Isolation, ReverseTranscription, and
Real-Time Polymerase Chain Reaction (PCR)

Total RNA from cell lines was isolated from 2 to
5 million cells using the RNeasy™ Kit (Qiagen)
according to the manufacturer’s instructions. cDNA
was generated from 1 pug RNA using SuperScript'™ IIT
reverse transcriptase (Invitrogen) and random hexa-
mer primers.
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RNA from microdissected cells was isolated using
the PicoPure RNA isolation kit (Arcturus) according to
the manufacturer’s instructions. One sample consisting
of isolated cells from 2,000 to 5,000 laser impulses
was eluted in a final volume of 15 pl elution buffer
(Arcturus). RNA quantification and quality control
were performed on a Bioanalyzer (Agilent). cDNA was
generated from 5 pl total RNA solution using Super-
Script™ TII reverse transcriptase (Invitrogen) and
random hexamer primers.

Primer pairs and fluorescent probes for Tagman
real-time PCR were designed according to sequences
from the Nucleotide Sequence Database NCBI and
ABI Prism Primer Express Software 2.0.0 (Applied
Biosystems). All probes were synthesized spanning an
exon—exon boundary and labeled with 5FAM
reporter dye and 3 TAMRA quencher dye. The follow-
ing oligonucleotides were used: IGFBP-3 Forward:
5'-agcacagatacccagaacttctcc-3/, Reverse: 5'-catttctctac-
ggcagggacc-3/, Probe: 5'-ccgagtccaagegggagacagaa-
tatg-3' and TATA Box-binding protein (TBP) Forward:
5'-cacgaaccacggcactgatt-3/, Reverse: 5'-ttttcttgctgeca-
gtctggac-3', Probe: 5'-tcttcactcttggctectgtgeaca-3'. Real-
time PCR was performed on an ABI Prism 7500 fast
real-time PCR System (Applied Biosystems) using
Tagman Universal PCR Mastermix (Applied Biosys-
tems) according to the manufacturer’s instructions.
Primers and probes were used in a final concentration
of 800 and 150 nM, respectively. Reactions were carried
out in optical 96-well fast reaction plates (Applied
Biosystems) in triplicate with 11 ul reaction volume
containing a maximum quantity of 25 ng of reverse-
transcribed RNA. Newly designed primer-probe pairs
were tested by amplification of a five-step 10-fold
dilution series of standardized cDNA and by com-
paring the resulting slopes. The corresponding
efficiencies were calculated according to the equation
E=10""/5"P® The used systems were characterized as
follows: IGFBP-3 slope, —3.21; R? 0.992; PCR efficiency,
2.049; TBP slope, —3.27; R?,0.997; PCR efficiency, 2.027.
Relative quantification was performed by comparing
dCt values achieved by normalization of cycle thresh-
old (Ct) values of IGFBP-3 to Ct values of TBP as
endogenous expression control, using the following
formula: 27dCt _ 2*(Ct IGFBP-3-Ct TBP) [35_37]

IGFBP-3 Sandwich ELISA

IGFBP-3 protein concentrations in cell pellets, cell
and tissue culture supernatant as well as in ejaculates
of vasectomized men were quantified using human
IGFBP-3 sandwich ELISA (R&D Systems) according to
the manufacturer’s instructions. The samples were
collected as follows. Twenty-three ejaculate samples
of patients undergoing medical examination after
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vasectomy were collected and stored at —20°C until
they were used for measurement. Prior to measure-
ment the samples were thawed only once and used
directly for serial dilutions in reagent diluent for ELISA
(5% Tween™ 20, 2% normal goat serum in PBS).

Cells were cultured over 4 days. Cell culture super-
natants and cells were harvested separately. Cell
numbers were determined using the CASY cell counter
and analyzer system (Schdrfe System, Reutlingen,
Germany). Cell pellets were washed in PBS and lysed
in buffer containing 20 nM NaH,PO, (pH 7.5), 1 mM
ethylenediaminetetracetic acid (EDTA), 10% glycerol, 1
mM phenylmethylsulfonyl fluoride (PSMF), 5 mM
sodium fluoride (NaF), protease inhibitors (Calbio-
chem) and phosphatases inhibitors (Sigma—Aldrich).
Serial dilutions of cell lysates were made in reagent
diluent for ELISA, starting with equal protein concen-
trations (determined by Bradford’s method). Cell and
tissue culture supernatants were used directly for
dilutions in reagent diluent for ELISA.

For all measurements, cell culture medium, FCS and
reagent diluent were used as negative controls whereas
human serum served as positive control.

Western Blot Analysis

Cell pellets and ejaculate samples were lysed in 2x
Glycine SDS sample buffer (Gradipore) and total
protein was quantified using the Bradford method.
20 (cell-extracts) or 50 (ejaculate samples) pig of protein
per lane were then resolved using a 4-12% Bis-Tris gel
(Invitrogen) and transferred onto a nitrocellulose
membrane (Invitrogen). The membrane was blocked
for 1 hr using Starting Block (TBS) buffer (Pierce
Biotechnology) and incubated at 4°C overnight
with an anti-IGFBP-3 antibody (DSL, 1:1,000) and an
anti-GADPH antibody (Chemicon, 1:10,000) used as
loading control. This step was followed by incubation
for 1 hr at room temperature with fluorescence-
labeled secondary antibodies (Molecular Probes). The
membranes were scanned using the Odyssey infrared
imaging system and densitometric analysis was per-
formed using Odyssey application software (LiCor
Biosciences).

Immunohistochemistry

Tissue sections of 26 primary prostate cancer
samples of Gleason scores 6—-9 (GSC 6, n=8; GSC 7,
n=10; GSC 9, n=8), 22 samples of local recurrent
tumors after failure of androgen ablation therapy, and
16 tissue samples of lymph node and distant meta-
stasis, were collected and embedded in paraffin. Tissue
blocks were cut into 5-um sections. Antigen retrieval
and immunohistochemistry were performed using
a Discovery XT automated immunohistochemistry
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system (Ventana Medical Systems). All tissue sections
were pre-treated according to standard cell condition-
ing, which consisted of heat retrieval at 100°C for
30 min in cell conditioning solution CC1 buffer pH 9.0
(Ventana Medical Systems). Primary antibodies were
diluted 1:100 and incubated for 1 hr at 37°C, followed
by iView DAP MAP detection (Ventana Medical
System) and hematoxylin counterstaining. IGFBP-3
was stained using either a rabbit polyclonal (Upstate
Biotechnology) or a mouse monoclonal antibody (R&D
Systems) to prove the accuracy of the staining. The cell
proliferation marker Ki-67 was stained using a mouse
monoclonal antibody (DAKO). Controls consisted of
mouse and rabbit universal negative controls (Dako-
Cytomation). Semi-quantitative grading of stained
tissue sections was performed by a pathologist; the
number of positive cells and the staining intensity were
taken into account. A Quick score method such as that
described for estrogen receptor [38] was used to classify
the samples. A five-step grading system ranging from 0
(negative) to 4 (positive) was used for the classification.
Images were captured using the Axio Imager Ml
(Zeiss) and the PixeLink Capture OEM (PixeLink)
image acquisition program.

Immunofluorescent Staining

Immunofluorescent staining was performed on six
representative primary prostate cancer samples col-
lected for immunohistochemistry and on co-cultures
established on 8-well chamber slides. Tissue sections
were deparaffinized in xylol and rehydrated in a
graded series of alcohol. Antigen retrieval was per-

formed by heating samples in Tris-EDTA buffer to
120°C for 10 min (Decloaking Chamber, Biocare
Medical). Slides were blocked in PBS containing 0.2%
Triton X-100 and 10% normal goat serum for 30 min at
37°C. Co-culture chamber slides subjected to blocking
without antigen retrieval. Primary antibodies were
diluted 1:100 in PBS containing 0.2% Triton X-100 and
2% normal goat serum, and incubated for 1 hr at 37°C.
For immunofluorescence we used the same antibodies
as those used for immunohistochemistry to detect
IGFBP-3. Cytokeratin 8 was stained using a mouse
monoclonal antibody (Abcam). After washing the
slides in PBS, secondary Alexa Fluor 488 and/or
Alexa Fluor 555-conjugated donkey or goat anti-
rabbit, mouse antibodies (Invitrogen) were added for
30 min at 37°C, followed by another extensive washing
step in PBS. Nuclear counterstaining was performed
optionally by incubating the slides in a 25-nM SYTOX
green solution (Invitrogen) in PBS for 5 min or using
mounting medium containing 4,6-diamidino-2-phe-
nylindole (DAPI). All samples were covered with
Vectashield mounting medium (Vector Laboratories).
Images were captured using a Zeiss Axiovert
200 equipped with a LSM510 META detector (Zeiss).
Cross talk between fluorescent channels was checked
with single dye treated samples.

Immunofluorescent staining of co-cultures was
quantified using TissueQuest immunohistochemistry
analysis software (TissueGnostics, Vienna). A detailed
description of the analysis is provided in supple-
mentary Figure 1. Cytoplasmatic staining intensity of
IGFBP-3 in cytokeratin positive epithelial cells cultured
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Fig. I. IGFBP-3 expression in the prostate: TheY-axis shows relative IGFBP-3 mRNA concentrations compared to the endogenous control

TATA Box binding protein (2~ 9°). A: IGFBP-3 expression in prostatic cell lines. RNAwas isolated from a panel of benign and malignant prostate
celllinesaslisted inTable |, and IGFBP-3 expression was measured in three independent experiments by Tagman real-time PCR. Stromal cells had
significantly greater quantities of IGFBP-3 mRNA than did benign and malignant epithelialcells. B: IGFBP-3 expression in microdissected
cells derived from prostate tissue. Frozen sections of |0 radical prostatectomy specimens were microdissected. RNA was isolated from benign
epithelial, tumor and stromal cells, and subjected toreal-time PCR analysis. Again, significantly larger quantities of IGFBP-3mRNAwere foundin
stromal cells than in benign and malignant epithelial cells. C: Significant correlation (correlation coefficient 0.7; P = 0.003) of IGFBP-3 mRNA
expression with IGFBP-3 protein levelsin prostatic cell lines. IGFBP-3 protein levels were measured using sandwich ELISA.
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in the presence or absence of different types of stromal
cells was calculated.

Statistics

Statistical calculations were performed using SPSS
12.0 for Windows. The Kolmogorov—-Smirnov test was
used to investigate normal distribution of data sets.
Considering the fact that nearly all data (except cell
culture data) were non-normally distributed, Spear-
man’s Rho test was used to calculate the correlation
coefficients while the Mann-Whitney U-Test was
employed to analyze the significance of differences in
various cell and patient groups. Wilcoxon’s test was
performed to establish differences in IGFBP-3 expres-
sion and accumulation in benign and malignant cells of
the same tissues, considering that these data represent
matched-sample pairs. Medians and interquartile
ranges are presented for non-normally distributed
data, whereas means and standard deviations are
presented for normally distributed data. P values
below 0.05 were considered significant and displayed
as exact values when >0.001.

Diagrams

Box blot diagrams were used for visual description
of different datasets. The bold line in box blots re-
presents the median score while the bottom and top of
the boxes represent the first and the third quartiles,
respectively. Range bars indicate lowest and highest
scores. Outliers are marked with open circles.

RESULTS

IGFBP-3 Expression in Benign and
Malignant Prostatic Cell Lines

We first investigated which prostatic cells are able to
produce IGFBP-3 and the expression levels in the
different cell types. Total RNA was isolated from a
panel of epithelial and stromal benign cell lines and a
set of tumor cell lines representing the different
stages of prostate cancer. We detected IGFBP-3 mRNA
by real-time PCR in all investigated cell lines and
calculated the expression levels using the housekeep-
ing gene TATA-box binding protein (TBP) as reference.
As shown in Figure 1A, stromal cells were the main
producers of IGFBP-3 (279" median, 20; interquartile
range (IQR), 110). Stromal cells contained 10-fold more
IGFBP-3 mRNA than did benign epithelial cells (9t
median, 2.1; IQR, 6.1, P=0.045) and 20-fold more
IGFBP-3 mRNA than did prostate cancer cells (2-9<
median, 0.7; IQR, 1.84; P < 0.001).

In order to determine whether mRNA is correlated
with protein levels of IGFBP-3 we measured IGFBP-3
protein levels using sandwich ELISA. IGFBP-3 mRNA
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expression was significantly correlated with protein
levels (correlation coefficient = 0.71; P = 0.003; Fig. 1C).
Cells containing large quantities of IGFBP-3 mRNA
also produced the largest quantities of protein.
After 4 days of culture, 80-98% of all produced
IGFBP-3 protein were found in the cell culture super-
natant, confirming that the protein was secreted after
production.

These results show that IGFBP-3 is expressed by all
prostatic cell lines. Stromal cells produced the largest
quantities of IGFBP-3 protein while all cells secreted the
protein after production.

IGFBP-3 Expression in the Human Prostate

In order to investigate whether IGFBP-3 expression
in prostatic cell lines reflects the situation in human
prostate tissue, we measured IGFBP-3 mRNA levels in
prostatic cells isolated by laser capture microdissection.
Human prostate specimens were obtained from
patients undergoing radical prostatectomy after pros-
tate cancer had been confirmed in a PSA-based screen-
ing program. As shown in Figure 1B, we detected
IGFBP-3 mRNA by real-time PCR in all investigated
samples. The expression pattern in the tissue was
similar to that observed in cell lines. Again, IGFBP-3
expression was higher in stromal cells (2-4“* median,
44.7; 1QR, 17.2) than in benign epithelial cells (9t
median, 30.1; IQR, 18.5; P =0.023) and epithelial cells
from local tumors (279t median, 23.9; I0OR, 17.4;
P=0.023). IGFBP-3 expression was not significant
different between malignant and benign epithelial
cells. This experiment shows that IGFBP-3 is locally
produced in the prostate, and the stroma is the
principal site of local IGFBP-3 production.

IGFBP-3 Localization in the Human Prostate

IGFBP-3 protein in human prostate tissue was
detected by immunohistochemistry and immuno-
fluorescent staining. The protein was mainly located
in epithelial cells. Although stromal areas were also
positive for IGFBP-3, they never achieved the staining
intensity of the epithelia (Fig. 2). The accuracy of
immunohistochemistry was confirmed using two anti-
bodies: a mouse monoclonal and a rabbit polyclonal
antibody were used to identify IGFBP-3 (supple-
mentary Fig. 2) while commercial rabbit and mouse
monoclonal control antibodies were used as negative
controls. With both antibodies we observed the
same IGFBP-3 distribution. Neither control antibodies
yielded staining, indicating that IGFBP-3 detection
in the prostate was, indeed, specific. The epithelial
localization of IGFBP-3 was confirmed by immuno-
fluorescent double-staining with cytokeratin 8, a
marker for epithelial cells (Fig. 3), and was consistent
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with previous reports showing IGFBP-3 immuno-
reactivity in prostatic epithelia [39-41]. A more
detailed investigation (Fig. 4) showed that IGFBP-3
was located in vesicular structures, which were
distributed all over the epithelium and in some stromal
areas.

In summary, we found that IGFBP-3 protein in the
prostate is predominantly located in epithelial cells.

IGFBP-3 Localization in Prostate Cancer

We next investigated whether there are differences
in IGFBP-3 levels between benign prostate and prostate
cancer. IGFBP-3 immunohistochemistry analysis was
performed on 27 tissue samples of local tumors,
22 tissue samples of locally recurrent tumors, and
16 samples of metastatic disease. We observed a greater
intensity of IGFBP-3 staining in local tumors compared
to benign epithelial cells of the same tissue (P =0.001),
indicating that cancer cells possess larger quantities of
IGFBP-3 (Table II). However, the increase in IGFBP-3
staining was not correlated with the pathological stage
or grade of these tumors (supplementary Table I). The
IGFBP-3 content of recurrent tumors and metastatic
lesions was similar to that of benign epithelial cells.
Thus, there was significantly lower immunoreactivity
at these sites compared to local malignancies (P =0.012
and P=0.001). Lymph node and distant metastases
were marked by similar levels of staining intensity.

These data show that IGFBP-3 protein levels in local
tumors are higher than those in benign tissues as well as
recurrent tumors and metastatic lesions of the prostate.

IGFBP-3 Secretion of ProstaticTissue

Immunofluorescent and immunohistochemical
studies revealed that IGFBP-3 protein is present in
epithelial cells of the prostate. We therefore hypothe-
sized that the protein may be secreted from prostate
tissue. To investigate this hypothesis we performed
an ex vivo culture of prostatic tissue and observed
whether IGFBP-3 was secreted from the cultured tissue
into the surrounding medium. The experiment was
performed for three representative tissues which were
cultured over a period of 7 days. In all the three tissue
cultures we observed a constant increase of IGFBP-3
in the tissue culture medium (ELISA measurement,

Fig. 2. Immunolocalization of IGFBP-3 in benign human prostate
and prostate cancer. IGFBP-3 detected by immunohistochemistry
was mainly located in epithelial cells of benign (A) and malignant
(B,C) portions of the prostate. Local tumors (B) showed greater-
IGFBP-3 staining than did benign epithelia (A) and local recurrent
tumors (C). See Table Il for scoring results. D: Isotype control.
Blue counterstaining was done with hematoxylin. Magnification:
100 -fold. BE, benign epithelium; S, stroma; T, local tumor; LR local
recurrent tumor.
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Fig. 3. Immunofluorescent co-staining of IGFBP-3 (red) and cytokeratin 8 (green) in the prostate. IGFBP-3 was located in cytokeratin-8-
positive benign (A) and malignant (B) epithelial cells. Stromal areas were also IGFBP-3positive but their staining intensity was lower. IGFBP-3
was stained in red using an ALEXA 555-labeled secondary antibody (Al-Cl) whereas cytokeratin 8, a marker for epithelial cells, was stained
in green using an ALEXA 488 -labeled secondary antibody (A2 —C2). Merging the two channels is shown in A3 —C3. Staining with an isotype
control (C) ensuredspecificity. Positive eventsin the negative control wereidentified aserythrocytes because of their typical shape and negative
DAPI staining (data not shown).White bars represent 100 pm. BE, benign epithelium; T, tumor areas; S, stroma.

Fig. 5B). These data show that IGFBP-3 is con-
sistently secreted from prostatic tissue. To further
investigate this phenomenon we stained representative
tissue slices from cultured tissue for IGFBP-3 and
the proliferation marker Ki-67 using immunohisto-
chemistry (Fig. 5A). IGFBP-3 staining in tissue prior
to tissue culture (day 0) showed the characteristic
IGFBP-3 staining seen in normal prostate tissue: The
protein was mainly located in epithelial cells whereas
stromal areas showed only weak IGFBP-3 immuno-
reactivity. After 7 days of tissue culture (day 7), a
remarkable change was observed: IGFBP-3 staining in
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stromal areas was significantly increased while the
staining intensity in epithelial compartments remained
the same. When we investigated tissue proliferation
using the proliferation marker Ki-67 we detected at day
0 only a few proliferating cells. After 7 days of tissue
culture the proportion of Ki-67 positive cells was
markedly increased. Ki-67 positive cells were mainly
located in the epithelium. In parallel, IGFBP-3 produc-
tion in stromal areas is up-regulated during culture.
To confirm the secretion of IGFBP-3 by the
prostate gland we analyzed ejaculate samples of
23 vasectomized men. The ejaculate samples contained
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Fig. 4. Cellularlocalization of IGFBP-3 using confocal microscopy.
IGFBP-3wasstainedinred, nuclear counter-staining wasachieved by
SYTOX green. A: In the normal human prostate, IGFBP-3 showed
enhanced accumulation in epithelial cells. B: Enlarged section of (A).
In a detailed view IGFBP-3was found in vesicular structures distrib-
uted all over the epithelium.White bars represent 100 pm in A and
10 um in B. BE, benign epithelium; S, stroma.

alarge quantity of prostatic secretion because testicular
fluid is not present after vasectomy. IGFBP-3 was
detected in 90% of all investigated samples (median,
142 ng/ml; IQR, 677 ng/ml) when using ELISA. In
addition, the samples were subjected to Western Blot
analysis. A representative Western Blot is shown in
Figure 5C. In summary these data show that IGFBP-3
is secreted by prostatic tissue and can be found in
ejaculate. In ex vivo prostate tissue cultures, IGFBP-3 is
up-regulated in stromal compartments.

IGFBP-3 Levels in Epithelial Cells are
Influenced by Stromal Cells

We next investigated whether the presence of
IGFBP-3 in the extra-cellular environment of epithelial
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cells can influence their intracellular IGFBP-3 content.
We exposed immortalized epithelial cells (EP-T) to
human recombinant IGFBP-3 for 24 hr and measured
their intracellular IGFBP-3 level by Western Blot
analysis. The cells were treated with trypsin and
washed in PBS prior to sample collection in order to
avoid that any protein attached to the membranes
was included in the analysis. We observed a dose
dependent increase in the intracellular IGFBP-3 content
of epithelial cells when they were exposed to increasing
amounts (100-2,000 ng/ml) of recombinant IGFBP-3
(Fig. 6A). This demonstrates the ability of epithelial
cells to take up IGFBP-3 from their environment.

We next elucidated whether stromal cells are able to
influence the intracellular IGFBP-3 content of epithelial
cells. We co-cultured epithelial and stromal cells as
described under material and methods and stained
for IGFBP-3 and the epithelial cell marker cytokeratin
8 using immuofluorescent staining techniques (Fig. 6B).
IGFBP-3 staining intensity of cytokeratin positive
epithelial cells was calculated using TissueQuest
immunofluorescence analysis software (supplemen-
tary Fig. 1). The results show that epithelial cells
cultured in the presence of stromal cells contain up to
2.3-fold more IGFBP-3 than epithelial cells grown as
single cultures (Fig. 6C). The effect was more pro-
nounced when primary cultures of stromal cells were
used for the experiments instead of immortalized
cultures. These results show that stromal cells in
contact to epithelial cells can significantly influence
the intracellular IGFBP-3 content of epithelial cells.

TGF-3 Up-Regulates IGFBP-3 in Stromal Cells

Our immunohistochemistry data show an increase
of IGFBP-3 protein in local tumors of the prostate when
compared with benign tissue. As discussed below, we
consider the stroma to be the main source of IGFBP-3 in
local tumors. TGF-p was described to be one of the key
factors involved in the carcinoma-induced stromal
response [2,3] and was shown to up-regulate IGFBP-3
in the prostate cancer cell line PC3 [17].

In order to determine whether TGF-B influences
IGFBP-3 in stromal cells we exposed immortalized
smooth muscle cells (SMC-T) to 10 ng/ml TGF-p for
24 hr and investigated IGFBP-3 mRNA levels using
real-time PCR. This treatment boosted IGFBP-3 mRNA
60-fold compared to control cells (279 mean, 2.96;
standard deviation, 0.5 vs. mean, 194.1; standard
deviation, 13.25; P < 0.001; Fig. 7).

DISCUSSION/COMMENTS

IGFBP-3 has been frequently discussed as a tumor-
inhibiting protein for prostate cancer. However, it has
also been described as a potential serum marker for



TABLE Il. Semiquantitative Analysis of IGFBP-3 Immunoreactivity in Benign Epithelium,
Local Tumors, Hormone-RefractoryTumors, and Metastatic Lesions of the Prostate

IGFBP-3
staining score

Positive n/total (%)

BE

LT

LR

ME

= W N = o

P-value

0.001 (BE vs LT)
0.012 (LT vs LR)
0.001 (LT vs ME)

00/27 (0.00)
00/27 (0.00)
13/27 (48.1)
12/27 (44.5)
02/27 (07.4)

01/26 (03.8)
00/26 (00.0)
00/26 (00.0)
12/26 (46.2)
13/26 (50.0)

00/22 (00.0)
06/22 (27.3)
01/22 (04.5)
10/22 (45.5)
05/22 (22.7)

03/16 (18.8)
04/16 (25.0)
00/16 (00.0)
09/16 (56.2)
00/16 (00.0)

Immunohistochemistry was performed according to a standard horseradish peroxidase staining
protocol and immunoreactivity was scored by a pathologist. Local tumors showed strong IGFBP-3
staining more frequently than did benign epithelial cells of the same tissue (P =0.001). Locally
recurrent tumors after hormone therapy as well as metastatic lesions showed less IGFBP-3 staining
than did primary local tumors (P =0.012 and P < 0.001). IGFBP-3 immunohistochemistry staining
was graded into five categories ranging from 0 (negative) to 4 (positive) as described in the Materials
and Methods section.

BE, benign epithelia; LT, local tumors; LR, locally recurrent tumors; ME, metastases.
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Fig. 5. IGFBP-3 secretion of prostatic tissue. Prostate tissue sections were cultured ex vivo for 7 days and release of IGFBP-3 into the supernatant

was measured using a sandwich ELISA.The release of IGFBP-3 into prostatic secretions was confirmed by detection of IGFBP-3in ejaculates of vasec-
tomized men. A: Immunohistochemical staining of IGFBP-3 @a,b) and the proliferation marker Ki- 67 d,e) in prostate tissue cultured ex vivo. a,d: Tissue
after radical prostatectomy (day 0). b,e: Tissue cultured ex vivo for 7 days (day 7). c,f: Staining control using an isotype control antibody (neg.C, day 7).
Magpnification: 100 -fold, Detail: 200 -fold. BE, benign epithelium; S, Stroma. B: IGFBP-3 secretion into the supernatant of three representative prostate
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tissues cultured ex vivo (ELISA measurement).C: Detection of IGFBP-3 protein in ejaculate samples of vasectomized men (immunoblot).
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stromal cells. IGFBP-3, cytokeratin 8, a marker for epithelial cells and the nuclei(DAPI) were visualized by immunofluorescent staining. Images
were taken using a confocal microscope (magnification 40 -fold), phase contrast images with a conventional microscope (magnification 4-fold).
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and primary fibroblast-like smooth muscle cells (PF). Cytoplasmaticimmunofluorescent staining of IGFBP-3 in EP-T cultured in the presence or
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Fig. 7. Transforming growth factor beta (TGF-)can up-regulate
IGFBP-3 in prostate stromal cells.Immortalized smooth muscle cells
(SMC-T) were exposed to 10 ng/ml TGF-for 24 hr. IGFBP-3 mRNA
was measured using real-time PCR. n = 3; P < 0.00l.
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prostate cancer. Epidemiologic studies correlating
serum IGFBP-3 levels with the risk and development
of prostate cancer failed to show consistent results
[6-13,42].

One reason for this inconsistency could be the
contribution of different sites of local IGFBP-3 produc-
tion, in terms of tissues as well as cell types. The major
part of circulating IGFBP-3 in the human body is
believed to originate in the liver [43,44]. Local produc-
tion of IGFBP-3 occurs in significant measure in the
prostate. It also appears to be secreted into prostatic
fluid. Serum IGFBP-3 therefore does not reflect the
effects of IGFBP-3 in the prostate and may also not
reflect disease-related alterations in prostatic IGFBP-3
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levels. Locally produced IGFBP-3 may modulate or
even outweigh the influence of serum IGFBP-3 in the
prostate. In view of these facts, it is obviously difficult to
correlate serum IGFBP-3 with the prognosis of prostate
cancer.

This study was undertaken to identify sites of local
production of IGFBP-3 in the prostate and its potential
contribution to prostate cancer. We showed that, in
the prostate gland, IGFBP-3 is locally expressed by
different cell types in different quantities. The large
part of IGFBP-3 is produced by stromal cells. This was
an unexpected finding considering that IGFBP-3 was
predominantly located in epithelial cells, as shown in
this study as well as by others [39-41]. In cell culture
experiments, most of the IGFBP-3 was secreted after its
production. We therefore hypothesized that prostatic
IGFBP-3 is mainly produced by the stroma and,
after secretion, is taken up by epithelial cells. Epithelial
cells cultured either in the presence of stromal cells or
exposed to extra-cellular human recombinant IGFBP-3
contained indeed higher amounts of the protein than
control cells. Similar observations were made in respect
of IGFBP-5, a further IGF-binding protein produced
in the prostate. Tennant et al. [45] showed that the
IGFBP-5 mRNA signal detected by in situ hybridization
in prostatic tissue was located all over stromal
cells while IGFBP-5 immunoreactivity was high in
epithelial cells. This led to the conclusion that IGFBP-5
produced by stromal cells is sequestered by epithelial
cells. A similar distribution of mRNA and protein
was observed for IGFBP-3, suggesting that IGFBP-3
behaves in a similar manner. The stroma as a source of
IGFBP-3 in the prostate is a new observation that may
be of great relevance in understanding how IGFBP-3
exerts its biological effects on epithelial cells.

We registered an increased level of IGFBP-3 protein
in local adenocarcinoma of the prostate when compar-
ing the samples with benign tissue using immuno-
histochemistry. This finding was in contrast to previous
studies which described a down-regulation of IGFBP-3
in prostate cancer [40,46]. Interestingly, comparison of
our data obtained by real-time PCR and by immuno-
histochemistry showed that increased quantities of
IGFBP-3 protein in local tumors were not associated
with increased expression of IGFBP-3 in tumor cells.
This would suggest that the increased levels of IGFBP-3
in malignant epithelial cells of local tumors result
from the uptake of IGFBP-3 derived from the tumor
surrounding stroma.

Our observation, that stromal IGFBP-3 is rising in
tissue cultured ex vivo, would support this hypothesis.
Tissues kept in culture are exposed to a change in their
microenvironment, which may lead to activation of the
tissue. After 7 days of culture we observed greater
tissue proliferation determined by Ki-67 staining. In
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addition stromal IGFBP-3 was dramatically increased,
suggesting that the activation of stromal tissue had led
to an up-regulation of IGFBP-3.

Tissue cultured ex vivo may be activated by altered
conditions resulting from the culture. In the human
body a change in the tissue microenvironment can
be induced when a tumor develops within the tissue,
leading to a functional epithelial and stromal response
[3,4]. Considerable evidence points to TGF-B as one
of the key mediators of carcinoma-induced stromal
response [2,3]. Stromal activation due to tumor
development may also be expected to increase IGFBP-
3 production. We therefore investigated whether TGF-
B was able to up-regulate IGFBP-3 in stromal cells and
found a dramatic up-regulation of IGFBP-3 mRNA
when prostate smooth muscle cells were exposed to
TGE-B.

These findings give rise to the following hypothesis:
Tumors alter the microenvironment of prostate tissue.
TGF-B and other auto- and paracrine factors lead to a
stromal response, causing a change in the stromal
expression profile and, amongst other phenomena, up-
regulation of IGFBP-3. IGFBP-3 is secreted into the
extracellular matrix and can be taken up by neighbor-
ing cells, including epithelial cells. As a result, the
IGFBP-3 content of malignant epithelial cells in local
tumors is greater than that of benign epithelial cells. In
accordance with our hypothesis, locally recurrent
tumors and metastases of the prostate, which are
characterized by a diminished stromal support, did
not show an increase in IGFBP-3 protein levels. The
influence of the stroma on the bioavailability of IGFBP-
3 in the prostate and in prostate cancer would be a new
mechanism by which the stroma is able to influence
tumor biology. Further research will be needed to
elucidate the effects of the stroma in modulating
IGFBP-3 bioavailability, and to determine the role of
this influence in tumor biology and tumor progression.

The elevated quantities of IGFBP-3 we observed in
epithelial cells surrounding prostatic ducts indicate
that IGFBP-3 is released into prostatic fluid. This
hypothesis was confirmed by the detection of secreted
IGFBP-3 in culture media of ex vivo cultures of prostate
tissue and the presence of IGFBP-3 in the ejaculate of
vasectomized patients. As the testes do not contribute
to the ejaculate in vasectomized patients, the main part
of the IGFBP-3 detected here is probably derived from
the prostate. It should be noted that prostate-derived
IGFBP-3 levels in ejaculate might be underestimated
due to degradation of IGFBP-3 by PSA and other
proteases [47,48]. This is also reflected by the large
differences in IGFBP-3 concentrations between the
investigated samples.

In summary, our results illustrate the difficulty to
correlate serum IGFBP-3 levels with prostate cancer.
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The effects of IGFBP-3 levels are very likely exceeded
by locally produced IGFBP-3 in the prostate.

In addition, we observed that the stroma contributes
significantly to IGFBP-3 levels in the prostate and in
prostate cancer. This is a newly described mechanism
that may be of great importance in understanding the
biological effects of IGFBP-3 on epithelial cells. IGFBP-3
is up-regulated in local prostate cancer, presumably
due to the activation of the stroma surrounding the
tumor by TGF-B and other factors. Further research is
needed to elucidate the role of the stromal-epithelial
interaction in modulating the bioavailability and
activity of IGFBP-3 in the prostate, and to determine
the impact of this phenomenon on the regulation of the
IGF growth factor axis in tumor biology.
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