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ABSTRACT

Pigment epithelium-derived factor, a potent angiogenesis inhibitor in
the eye, is also expressed in the prostate. Prostate size and angiogenesis is
increased in pigment epithelium-derived factor knockout mice, and pig-
ment epithelium-derived factor is down-regulated in some prostate can-
cers. To investigate whether pigment epithelium-derived factor expression
correlates with tumor progression, we examined 5 Dunning rat prostate
sublines with different growth rates, differentiation, androgen depend-
ence, vascular density, and metastatic ability and 26 human prostate
cancers of Gleason score 8–10 obtained from patients at transurethral
resection selected to represent two groups, with and without metastases at
diagnosis. By Western blot, real-time quantitative reverse transcription-
PCR, and immunostaining, pigment epithelium-derived factor was de-
tected in highly differentiated, nonmetastatic, androgen-sensitive Dunning
tumors and in the anaplastic, androgen insensitive but nonmetastatic
Dunning tumors. In contrast, the metastatic Dunning tumor sublines
showed very low pigment epithelium-derived factor expression levels. In
human cancer tissues, by immunohistochemistry and real-time quantita-
tive reverse transcription-PCR, patients without metastases at diagnosis
had higher tumor pigment epithelium-derived factor levels than tumors
from patients with metastases at diagnosis. In both the rat model and in
the human tumors, the proliferation index and vascular count, as deter-
mined by Ki-67 staining and endoglin and/or factor VIII-related antigen
staining, inversely correlated with pigment epithelium-derived factor
mRNA levels. These observations indicate that loss of pigment epithelium-
derived factor expression could be associated with the progression toward
a metastatic phenotype in prostate cancer.

INTRODUCTION

Disease progression, prognosis, and survival in prostate cancer are
related to angiogenesis (1–6). Tumor vascularization correlates with
the development of metastatic disease (7). Angiogenesis is regulated
by the balance between angiogenesis-inducing and -inhibiting factors.
In normal tissues, this balance results in a more or less quiescent
vasculature. Pathological angiogenesis requires an increase in stimu-
lating factors, a decrease in inhibiting factors, or both (8, 9). The
normal prostate secretes a number of angiogenesis regulating factors
(10). A wide variety of proteins including vascular endothelial growth
factor (VEGF; Refs. 11–13), transforming growth factor-�1 (14, 15),
fibroblast growth factor-2 (16, 17), and interleukin-8 (18, 19) stimu-
late angiogenesis in prostate cancer. Angiogenesis inhibitors like
thrombospondin-1 are also of importance. Thrombospondin-1 expres-
sion is inversely correlated with microvessel density in prostate cancer
(20, 21), and thrombospondin-1 treatment inhibits experimental pros-
tate tumor growth (22).

Pigment epithelium-derived factor is one of the most potent inhib-
itors of angiogenesis known, and it plays a key role in preventing

angiogenesis in the healthy eye (23). Pigment epithelium-derived
factor blocks the stimulatory activity of multiple inducers of angio-
genesis (23), in part by inducing endothelial cell apoptosis (24). In
addition to inhibiting angiogenesis, pigment epithelium-derived factor
has several other biological effects. It induces neuronal differentiation
of retinoblastoma cells (25), is neurotrophic for cerebellar granule
cells (26), inhibits microglial growth (27), and is up-regulated during
cell cycle phase G0 in young but not senescing cultured fibroblasts
(28). The protein belongs to the serine protease inhibitor family but
does not inhibit proteases (29, 30). We have shown recently that
pigment epithelium-derived factor is expressed in normal rat prostate
tissue, in normal human prostate tissue, and in some but not in other
human prostate cancer cell lines (31). Pigment epithelium-derived
factor protein is up-regulated in vivo in both normal rat ventral
prostate and human tumor tissue after castration and suppressed in
vitro by hypoxia (31). In addition, prostate size is markedly increased,
the prostate epithelium hyperplastic, and the vascular density in-
creased in pigment epithelium-derived factor knockout mice (31).
Pigment epithelium-derived factor expression is often decreased or
absent in human prostate tumors compared with adjacent normal
tissue (31, 32). These findings indicate that pigment epithelium-
derived factor could play an important role in regulating the normal
prostate, and its loss in prostate tumors could contribute to tumor
progression. Therefore, we examined pigment epithelium-derived fac-
tor expression during progression of prostate tumors toward meta-
static and hormone refractory disease in a well-characterized model,
the Dunning rat adenocarcinoma sublines, as well as in human pros-
tate cancer.

MATERIALS AND METHODS

Animals. Tumor sublines, chosen to represent different prostate tumor
grades included the following: Dunning R3327 PAP, slow growing, androgen
sensitive, well-differentiated, and nonmetastatic (33); AT-1 and AT-2, fast
growing, androgen insensitive, anaplastic, with low to moderate metastatic
capacity (34); and AT-3 and MatLyLu, fast growing, androgen insensitive,
anaplastic, and highly metastatic (34). Small pieces of tumor or cells were s.c.
transplanted or inoculated, respectively, into male Copenhagen x Fisher and
Copenhagen rats as described previously (11, 33, 34). When tumors had
reached a size of about 1–2 cm in diameter, the animals were sacrificed and the
tumors were quickly removed, frozen in liquid nitrogen, and stored in �80°C
before RNA or protein extraction. Frozen tumors were postfixated in formalin
and paraffin-embedded before immunohistochemistry. All of the animal work
was approved by the local ethical committee for animal research.

Cell Culture. Cell lines (AT-1, AT-2, AT-3, and MatLyLu) were grown in
culture as described previously (34) before RNA or protein extraction. For
protein analysis, serum-free conditioned medium was collected as described
previously (31). Briefly, cell cultures were grown to approximately 70–80%
confluence, rinsed twice with PBS, incubated in serum-free medium for 4 h,
and washed. Fresh serum-free medium was added, and cells were incubated at
37°C, 5% CO2. After 48 h, the medium was collected and subjected to
centrifugation to remove debris, concentrated, and dialyzed against PBS using
Millipore centrifugal filters with a 10 kDa cutoff, according to the manufac-
turer’s description (Millipore Corporation, MA). The BCA Protein Assay
(Pierce Chemical Co., Rockford, IL) was used to determine the protein
concentration.

Received 3/8/04; revised 6/2/04; accepted 6/11/04.
Grant support: Swedish Cancer Society, the University Hospital of Northern Sweden,

and the Lions Cancer Research Foundation, Umeå University.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

Requests for reprints: Department of Medical Biosciences, Pathology, Umeå Uni-
versity, S 90187 Umeå, Sweden. E-mail: anders.bergh@medbio.umu.se.

5664

D
ow

nloaded from
 http://cancerres.aacrjournals.org/cancerres/article-pdf/64/16/5664/2517017/zch01604005664.pdf by guest on 23 April 2024



Human Tissues. Formalin-fixed, paraffin-embedded specimens from 26
tumors with Gleason score 8–10 (35) were selected from a series of prostate
tumors, consecutively diagnosed at transurethral resection at the Central Hos-
pital in Västerås, Sweden, between 1975 and 1983, with complete clinical
follow-up (36). Local tumor stage was determined at the time of surgery by
digital rectal examination, according to the 1978 Union Internationale Contre
le Cancer classification (37), and the presence of metastasis was evaluated by
a bone scan. Regional lymph node status was not examined. The tumors were
selected to include two groups: (M1) presence of bone metastases at diagnosis
and survival �5 years (n � 13); and (M0) no presence of bone metastases at
diagnosis and survival �7 years (n � 13). To examine whether there were
differences in tumor size between these two groups the volume density of
tumor tissue in the transurethral resection specimens was determined using a
square-lattice mounted in the eye-piece of a light microscope and counting the
number of grip intersections falling on tumor tissue and reference space, as
described (5). Serum levels of prostate-specific antigen were not measured,
because this series was collected before the prostate specific antigen era. The
study was approved by the Institutional Review Board.

Protein Preparation and Western Blot. Frozen tumor tissues were ho-
mogenized using a Micro Dishmembrator (B.Braun Biotech International
GmbH, Melsungen, Germany) at 2000 rpm for 45 s. The homogenized tumors
and cell lines were transferred into a lysis buffer containing 0.5% NP40, 0.5%
NaDOC, 0.1% SDS, 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA
(pH 8.0), 1 mM NaF, and Complete protease inhibitor (Boehringer, Mannheim,
Germany). Samples were incubated on ice for 30 min, and supernatants were
isolated after 30 min of centrifugation (18,000 rpm; 4°C). The protein con-
centration was determined as above.

Protein samples were mixed with electrophoresis sample buffer containing
2% SDS and 5% 2-mercaptoethanol and boiled for 10 min. Tumor protein (50
�g) or conditioned medium (10 �g) samples were separated by electrophoresis
on a 7.5% SDS-polyacrylamide gel. The fractionated proteins were electro-
blotted onto a polyvinylidene difluoride membrane (Bio-Rad Laboratories AB,
Sundbyberg, Sweden). The membranes were blocked overnight in 5% dry
milk, 0.1% Tween 20 in PBS then incubated with primary antibodies, diluted
1:500, for 1 h (23). After washing in 5% dry milk, 0.1% Tween 20, membranes
were incubated with peroxidase-conjugated secondary antibodies for 1 h, and
proteins were detected using the enhanced chemiluminescence plus detection
system (Amersham Biosciences, Uppsala, Sweden). Actin (Sigma, Stockholm,
Sweden) or Coomassie-stained gels confirmed equal loading. Molecular size
standards (Bio-Rad Laboratories AB) and human pigment epithelium-derived
factor (Chemicon International, Hampshire, United Kingdom) were included
as controls. Relative pigment epithelium-derived factor expression in condi-
tioned media samples were quantified with densitometry with normalization to
an equally loaded Coomassie-stained gel.

Morphological Analysis. Human and rodent tumor tissue sections were
deparaffinated and rehydrated, according to standard procedures, and washed
with PBS. Immunohistochemical staining was performed using primary anti-
bodies against pigment epithelium-derived factor (23), VEGF (Santa Cruz
Biotechnology, Santa Cruz, CA; sc-507), Ki-67, endoglin, and factor VIII-
related antigen (DAKO Corporation) as described (6, 38, 39). The slides were
routinely counterstained with Meyer’s hematoxylin solution and mounted.
Specificity of the antipigment epithelium-derived factor antibody was exam-
ined by preincubation of the antibody with a 10-fold excess (w/w) of a pigment
epithelium-derived factor control peptide (Chemicon International). For the rat
tumors, the number of Ki-67-labeled tumor cells was counted in 1000 cells/
tumor, and the volume density of factor VIII-related antigen-stained blood
vessels was determined using a stereological method as described (11). The
immunoreactivity of the human tumor sections was evaluated without any
knowledge of patient data. Pigment epithelium-derived factor sections were
scored by one pathologist, according to an immunoreactive score. The immu-
noreactive score was determined by multiplying an estimate of the fraction of
immunoreactive cells (quantity score, 0–1) with an estimate of the staining
intensity (intensity score, 0 � unstained; 1 � weak staining of same intensity
as adjacent epithelial cells in nonmalignant glands; and 2 � intense staining,
more intense than in adjacent nonmalignant glands). Immunoreactive score
could, thus, vary from 0 to 2. Ki-67-positive cells were counted in three hot
spot fields, at �400 magnification, and the percentage of proliferating tumor
cells was calculated for each tumor using the analySIS software 3.2 (Soft
Imaging System, Münster, Germany). Microvessels were counted at �200

magnification in three hot spots for each tumor. Two different vascular
markers were used on human tissues, because they are known to stain partly
different types of blood vessels in prostate cancer. Endoglin stains immature
newly formed vessels whereas factor VIII-related antigen stains more mature
ones (6). The endoglin antibody does not work in rat tissues. Any positively
stained cell was counted; a visible lumen was not required (5, 6). The mean
vascular count was used in the statistical analysis.

Laser Capture Microdissection. Human tissue samples were cut in 5-�m-
thick sections and mounted on HistoGene laser capture microdissection slides
(Arcturus, Mountain View, CA). Sections were deparaffinized twice in xylene
for 5 min and rehydrated in 100% ethanol, 95% ethanol, 70% ethanol, and
RNase-free water for 5 min each, before stained with an laser capture micro-
dissection staining solution (Arcturus) for 20 s. Thereafter, sections were
rinsed in RNase-free water, before dehydrated in 70% ethanol, 95% ethanol,
100% ethanol for 30 s, each followed by two changes of xylene for 5 min.
Sections were allowed to air-dry before stored in an exicator and microdis-
sected the same day. Cancer epithelial cells were identified by a pathologist
and retrieved by laser capture microdissection using the Arcturus PixCell II
system (Arcturus). An equal number of selected tumor cells was captured for
each patient (1000 shots, laser diameter 15 �m) on the CapSure device
(Arcturus) according to the manufacturer’s description.

RNA Preparation and Real-Time Quantitative Reverse Transcription-
PCR. Total RNA from the rat tissues and cell lines were isolated according to
the TRIzol method (Invitrogen, Stockholm, Sweden). RNA concentrations
were quantified spectrophotometrically at 260 nm (DU 640 Spectrophotome-
ter, Beckman Coulter, Bromma, Sweden). RNA integrity was verified by
ethidium bromide staining of 28 S and 18 S rRNA after agarose gel electro-
phoresis. RNA from microdissected cells was isolated essentially as described
previously (40). Briefly, cancer cells adhered to the laser capture microdissec-
tion cap were incubated in 40 �l RNA lysis buffer [10 mM Tris-HCL (pH 8.0),
0.1 mM EDTA (pH 8.0), 2% SDS (pH 7.3), and 500 �g/ml Proteinase K
(Sigma)] overnight at 60°C, followed by Proteinase K heat inactivation at 95°C
for 5 min. RNA was purified by phenol-chloroform extractions followed by a
2-h precipitation at �20°C with an equal volume of isopropanol in the
presence of 0.1 volume of 2 M sodium acetate (pH 4.0) and 20 �g of carrier
glycogen (Invitrogen). The RNA pellet was washed once in 70% ethanol,
dried, and resuspended in 10 �l of RNase-free water.

Total RNA (500 ng) from each rat tumor tissue and cell line or total RNA
from 500 microdissected shots of each human sample was reverse transcribed
using random hexamers (Applied Biosystems, Sundbyberg, Sweden) and Su-
perscript II reverse transcriptase (Invitrogen) in a 10-�l reaction according to
the manufacturer’s instructions. All of the cDNA reactions were performed in
duplicate. Rat cDNA samples were diluted 1:10, and human samples were
diluted 1:2.5 in nuclease-free water.

Quantification of the pigment epithelium-derived factor, VEGF, and glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels were per-
formed by real-time reverse transcribed-PCR using the LightCycler SYBR
Green I technology (Roche Diagnostics, Bromma, Sweden). Reactions were
performed with 2 �l of rat cDNA, 2 or 3 �l of human cDNA, 0.5 �M pigment
epithelium-derived factor, VEGF, or GAPDH primers (Table 1), and 3 mM

MgCl2, according to the manufacturer’s instructions, in a total volume of 20
�l. Negative controls were always run in parallel. Data were analyzed with the
LightCycler analysis Software 3.5.3 (Roche Diagnostics). Relative pigment
epithelium-derived factor, VEGF, and GAPDH mRNA values were calculated
from standard curves obtained by amplification of 5-fold serial dilutions of 125
ng/�l reverse-transcribed total RNA from the rat dorsolateral prostate or by
amplification of 2-fold serial dilutions of pooled cDNA from microdissected
human prostate tissue. Mean mRNA levels and SE were calculated for each
tumor group.

Statistical Analysis. The Mann-Whitney U test was used for comparison
between groups. The Spearman’s rho test was used for the correlation studies.
A P value � 0.05 was considered significant. Statistical analysis was per-
formed using the statistical software SPSS 11.5.

RESULTS

Pigment Epithelium-Derived Factor Expression in Dunning
Rat Prostate Tumors. To determine the relationship between pig-
ment epithelium-derived factor expression and tumor progression
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toward a metastatic phenotype, we examined pigment epithelium-
derived factor protein and mRNA expression levels in the Dunning rat
prostate tumor subtypes PAP, AT-1, AT-2, AT-3, and MatLyLu. On
Western blots, the pigment epithelium-derived factor antibody recog-
nized a protein with an approximate weight of Mr 50,000, which
corresponded to that reported for human pigment epithelium-derived
factor (25). Pigment epithelium-derived factor protein was detected in
tissue homogenates of the highly differentiated, nonmetastatic, and
androgen sensitive PAP tumor and also in the anaplastic, androgen-
insensitive but nonmetastatic AT-1 tumor (Fig. 1A). In contrast, the
anaplastic and highly metastatic sublines, AT-3 and MatLyLu,
showed low expression levels of pigment epithelium-derived factor
protein (Fig. 1A). Whereas PAP is propagated only as an explant,
AT-1, AT-2, AT-3, and MatLyLu can be grown in culture; thus, we
also compared their in vitro expression. This revealed a similar
pattern, with relatively higher pigment epithelium-derived factor ex-
pression in the AT-1 cell-conditioned medium compared with that
from the AT-2, AT-3, and MatLyLu cells (Fig. 1B). When these
protein levels were quantified by densitometry, the pigment epitheli-
um-derived factor levels in AT-2, AT-3, and MatLyLu were 55%,
81%, and 84% less, respectively, than the level detected in AT-1.

To observe pigment epithelium-derived factor expression in tumor
tissue, sections from the Dunning tumors were immunostained with
pigment epithelium-derived factor antibody (Fig. 2). In the PAP
tumors, a moderate cytoplasmic pigment epithelium-derived factor
immunostaining was observed in the epithelial cells. In the AT-1
tumors, intense pigment epithelium-derived factor immunostaining
was observed in the tumor epithelial cells adjacent to blood vessels. A
similar but less intense pattern was also observed in the AT-2 tumors.

Fig. 1. Pigment epithelium-derived factor (PEDF) expression in Dunning rat tumor
cells. A, Western blot of PEDF in Dunning tumor homogenates by 7.5% SDS-PAGE
under reducing conditions. Human PEDF control peptide, 46 kDa, served as a positive
control. Actin served as a control for equal loading. B, PEDF detected by immunoblot in
the conditioned medium from Dunning tumor cell lines grown in vitro. Positive control,
human PEDF.

Fig. 2. Pigment epithelium-derived factor (PEDF) immunostaining of Dunning rat
tumors. Sections from rat Dunning tumors (PAP, AT-1, AT-2, AT-3 and MatLyLu)
immunostained with PEDF antibody, at �200 magnification. Note the intense perivas-
cular PEDF staining observed in the AT-1 tumor.

Table 1 Oligonucleotides used as primers in the reverse transcription-PCR reactions

Primer name Nucleotide sequence

PEDF-forward rat 5�-TCT CCT TGG CGT GGC T-3�
(648–663, exon 5 of mouse cDNA, accession no.
AF017057)

PEDF-reverse rat 5�-GCC GTA TCG TAA GAT GGC CT-3�
(773–792, exon 6 of mouse cDNA, accession no.
AF017057)

PEDF-forward human 5�-CGA AGG CGA AGT CAC CAA GT-3�
(1036–1055, exon 6 of human cDNA, accession no.
AF400442)

PEDF-reverse human 5�-GGG TTT GCC TGT GAT CTT GC-3�
(1104–1123, exon 7 of human cDNA, accession no.
AF400442)

GAPDH-forward 5�-TGC ACC ACC AAC TGC TTA GC-3�
(514–533, exon 7 of human cDNA, accession no.
M33197)

GAPDH-reverse 5�-GGC ATG GAC TGT GGT CAT GAG-3�
(580–600, exon 7–8 of human cDNA, accession no.
M33197)

VEGF-forward 5�-GAA GTG GTG AAG TTC ATG GAT GT-3�
(171–193, exon 2–3 of human cDNA, accession no.
M32977)

VEGF-reverse 5�-TGG AAG ATG TCC ACC AGG GTC-3�
(224–243, exon 3 of human cDNA, accession no.
M32977)

Abbreviations: PEDF, pigment epithelium-derived factor.
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A weak, diffuse, or totally absent pigment epithelium-derived factor
immunostaining was observed in the epithelial cells in the AT-3 and
MatLyLu tumors. As a control, AT-1 tumor sections were stained
with pigment epithelium-derived factor antibody preincubated with a
pigment epithelium-derived factor peptide. These sections did not
demonstrate the intense immunostaining around the blood vessels
(data not shown). These data suggest that decreased pigment epithe-
lium-derived factor protein levels may contribute to tumor progres-
sion.

To determine whether the pigment epithelium-derived factor
mRNA levels were also decreased, we quantified the mRNA levels
using real-time quantitative reverse transcription-PCR analysis. All of
the Dunning tumor subtypes, grown s.c. and in culture, expressed
pigment epithelium-derived factor mRNA. Similar to the protein data,
pigment epithelium-derived factor mRNA levels in PAP and AT-1
were significantly higher than in the anaplastic and highly metastatic
tumors, AT-3 and MatLyLu (Fig. 3A). The relative in vivo pigment
epithelium-derived factor mRNA expression levels in the different
tumor sublines were consistent with the in vitro expression levels
(data not shown), suggesting that the decreased pigment epithelium-
derived factor protein expression may result from decreased mRNA
levels.

To additionally examine the differences between the nonmetasta-
sizing AT-1 tumor and the metastasizing MatLyLu tumor, vascular
density and epithelial proliferation index were evaluated by factor
VIII-related antigen and Ki-67 immunohistochemical staining, respec-
tively. As shown previously (11), the vascular density was signifi-
cantly higher in the highly metastatic MatLyLu tumor, 5.5 � 0.5%,
compared with the low metastatic AT-1 tumor, 2.4 � 0.2% (Fig. 3B;

values are means � SE; P � 0.01). In addition, a significantly higher
tumor proliferation index was detected in the MatLyLu tumor,
47.0 � 3.2%, compared with the AT-1 tumor, 27.8 � 1.6% (Fig. 3C;
values are means � SE; P � 0.01). Pigment epithelium-derived factor
mRNA levels were inversely correlated to both the vascular count
(rs � �0.748; P � 0.01) and the proliferation index (rs � �0.764;
P � 0.01) in these tumors, suggesting that decreased pigment epithe-
lium-derived factor expression could contribute to metastatic spread
by increasing angiogenesis and/or the tumor cell proliferation.

Pigment Epithelium-Derived Factor Expression in Poorly Dif-
ferentiated Human Prostate Cancer. We showed recently that pig-
ment epithelium-derived factor is expressed in normal human prostate
tissue and that it is often decreased or even absent in human prostate
tumors (31). Our present observations in Dunning tumors suggested
that decreased pigment epithelium-derived factor expression is asso-
ciated with an increased metastatic potential. Therefore, it was of
interest to determine whether a similar pattern existed in human
prostate tumors. To examine this, tissues from patients with poorly
differentiated tumors (Gleason score 8–10) were divided into two
groups: with and without presence of bone metastases at diagnosis,
tumor stage M1 and M0, respectively (Table 2). In both of these
groups the tumors were occupying substantial parts of the transure-
thral resection material, and there was no apparent difference in tumor
size between the two groups (Table 2). In these tumors, pigment
epithelium-derived factor immunostaining was variable. In some, the
cancer cell staining intensity was considerably higher than in adjacent
nonmalignant epithelial cells, which showed a very discrete staining,
whereas other tumors were largely unstained (Fig. 4A). The immuno-
staining intensity and number of pigment epithelium-derived factor-
positive cells were analyzed and combined to generate an immuno-
reactive score. The immunoreactive score was significantly higher in
the less aggressive, poorly differentiated human tumors than in the
more aggressive, metastatic ones (Table 2; Fig. 4A). To determine
whether pigment epithelium-derived factor mRNA levels were also
decreased, mRNA was extracted from tumor epithelial cells of mi-
crodissected tissue. The pigment epithelium-derived factor mRNA
level was significantly higher in patients without metastases compared
with patients with metastasis (Table 2). However, no significant
correlation between pigment epithelium-derived factor mRNA and
immunoreactive score was found.

To evaluate the relationship of pigment epithelium-derived factor
expression to other tumor parameters, we immunostained the human
tumors using Ki-67, for proliferation index, and using endoglin and
factor VIII-related antigen, for vascular density. In the metastatic
tumors, the tumor epithelial cell proliferation index and endoglin
vascular count were significantly higher than in the less metastatic

Fig. 3. Pigment epithelium-derived factor (PEDF) mRNA, vascular density, and cell
proliferation in Dunning tumors. A, relative PEDF mRNA levels in rat Dunning tumors
quantified with real-time PCR and expressed in relation to the levels in AT-3. Values are
expressed as means of 6–10 rats in each group; bars, �SE. *, P � 0.01 when the low
metastatic tumors (PAP and AT-1) are compared with the moderately (AT-2) and highly
metastatic tumors (AT-3 and MatLyLu). B, volume density expressed as the percentage of
tumor tissue occupied by factor VIII-related antigen stained vessel walls and lumina.
Values are means; bars, �SE. *, P � 0.01. C, tumor cell proliferation expressed as
percentage of Ki-67-positive tumor cells. Values are means; bars, �SE. *, P � 0.01

Table 2 Characteristics of patient tumors, Gleason score 8–10

Patient tumor stage*

Tumor parameter† M1
(n � 13)

M0
(n � 13)

P value

Proliferation index (%) 11.8 � 0.9 7.9 � 1.7 0.002
Vascular counts–endoglin 32.5 � 2.7 21.8 � 1.0 0.0004
Vascular counts–factor VIII-related antigen 88.1 � 7.6 74.2 � 6.4 0.13
Fraction of transurethral resection

specimen composed of tumor (%)
80.8 � 5.1 62.3 � 8.0 0.07

PEDF immunoreactive score 1.2 � 0.1 1.7 � 0.1 0.01
Relative PEDF mRNA levels‡ 1 � 0.3 6.2 � 1.5 0.001
Relative VEGF mRNA levels‡ 1 � 0.2 1.6 � 0.4 0.15

Abbreviations: PEDF, pigment epithelium-derived factor.
* For details on procedures see “Materials and Methods.” Values given are

means � SE.
† Stage M1 group had bone metastasis at diagnosis and survival �5 years; stage M0

group had no bone metastasis at diagnosis and survival �7 years.
‡ Relative differences between the M1 and M0 groups are expressed as means � SE

when the M1 group is set as one.

5667

PIGMENT EPITHELIUM-DERIVED FACTOR IN PROSTATE CANCER
D

ow
nloaded from

 http://cancerres.aacrjournals.org/cancerres/article-pdf/64/16/5664/2517017/zch01604005664.pdf by guest on 23 April 2024



Fig. 4. Immunostaining of human prostate tumors. Transurethral resection sections from prostate cancer patients with the presence of bone metastases at diagnosis (M1) and no
presence of bone metastases at diagnosis (M0), immunostained with antibodies against A, pigment epithelium-derived factor; B, Ki-67; C, endoglin; and D, factor VIII-related antigen
(�200 magnification).
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tumors (Table 2; Fig. 4, B and C). The pigment epithelium-derived
factor mRNA levels inversely correlated to both the proliferation
index (rs � �0.532; P � 0.05) and the endoglin vascular count
(rs � �0.476; P � 0.05). Vascular density determined by factor
VIII-related antigen staining was not significantly different between
the two patient groups (Table 2; Fig. 4D), and there was no correlation
between pigment epithelium-derived factor mRNA and factor VIII-
related antigen staining. We have observed previously that the highest
VEGF levels among the Dunning tumors were found in the metastatic
sublines (11). To study if there was a similar difference in the human
prostate tumors, the VEGF mRNA levels were examined in the
microdissected tumor epithelial cells. There was no significant differ-
ence in the VEGF mRNA levels between the M0 and M1 groups, and
in line with the mRNA data, the immunohistochemical staining for
VEGF showed no variation between the two patient groups (data not
shown). To ensure that equal levels of RNA were analyzed in the M0
and M1 groups during the reverse transcription-PCR procedure,
GAPDH mRNA levels were quantified. No significant difference
in GAPDH mRNA levels between the groups was observed, and
GAPDH did not correlate with either the vascular count or the
proliferation index (results not shown). These data suggest that de-
creased pigment epithelium-derived factor expression may also be
associated with a metastatic phenotype in human prostate cancers.

DISCUSSION

Previous studies in human prostate cancer indicated that pigment
epithelium-derived factor expression is lost in prostate cancer, and in
mice, when pigment epithelium-derived factor was knocked out,
proliferation index and vascular density increased in the prostate (31,
32). Together, these data suggest that decreased pigment epithelium-
derived factor expression may contribute to tumor progression, pos-
sibly through increased tumor cell proliferation and increased angio-
genesis. Here, we have shown in the Dunning rat model that pigment
epithelium-derived factor is significantly higher in well-differentiated,
nonmetastatic, androgen-sensitive tumors and in anaplastic and
androgen-insensitive but nonmetastatic tumors compared with meta-
static tumor sublines. The observation of decreased pigment epithe-
lium-derived factor levels in metastatic rodent tumors prompted us to
additionally examine the pigment epithelium-derived factor levels in
poorly differentiated human prostate cancer in relation to metastases.
Poorly differentiated prostate cancer (Gleason score 8–10) is usually
a highly aggressive disease that rapidly forms metastases and kills the
patient within a few years (35). Using a large historical series of
transurethral resection diagnosed prostate cancers with long-term
follow-up, we selected a subset of poorly differentiated prostate
cancers that had a more favorable outcome with no bone metastases
present at diagnosis and all of the patients surviving �7 years. These
tumors were compared with the tumors from patients with the more
common phenotype, i.e., with the same local tumor stage and Gleason
score, but with metastases at diagnosis and who died of prostate
cancer within a few years. In striking similarity to the observations in
the Dunning model, we found that the patients with the poorly
differentiated tumors with more favorable outcome and low metastatic
capacity had higher pigment epithelium-derived factor levels. These
findings are consistent with published studies and indicate that de-
creased pigment epithelium-derived factor expression could be asso-
ciated with the metastatic phenotype in prostate cancer. Interestingly,
pigment epithelium-derived factor expression was inversely corre-
lated to metastasis and outcome also in pancreas cancer (41). In
pigment epithelium-derived factor knockout mice, prostate and pan-
creas size were increased, and this was associated with increased
vascular density and epithelial cell hyperplasia (31). Pigment epithe-

lium-derived factor apparently plays a particularly important role in
angiogenesis, tissue growth, and metastasis in these two glands.

High pigment epithelium-derived factor levels could inhibit metas-
tasis in several ways. For example, it could suppress angiogenesis,
inhibit tumor cell proliferation, increase tumor cell apoptosis, and/or
decrease tumor cell migration and invasiveness. We have observed
previously that tumor VEGF synthesis and vascular density are grad-
ually increased during tumor progression in Dunning tumors. The
highest vascular density and VEGF levels were found in the meta-
static sublines AT-3 and MatLyLu (11), and in this study we con-
firmed that vascular density is considerably higher in MatLyLu than
in AT-1 tumors. The present observation that pigment epithelium-
derived factor is low in the metastatic tumor subtypes and that the
high VEGF levels are not counteracted by this inhibitor could explain
why they have the highest vascular density. A putative pigment
epithelium-derived factor receptor has been isolated from retinoblas-
toma tumor cells (42) and from normal neural retinal cells (43);
however, nothing is known about possible endothelial or tumor cell
pigment epithelium-derived factor receptors in the prostate. It could
be possible, as well, that pigment epithelium-derived factor competes
with, or inhibits, VEGF binding to its receptor. However, there is
currently no data to support this. Tumor cell proliferation was also
higher in MatLyLu than in AT-1 tumors. Thus, decreased pigment
epithelium-derived factor is associated with increased angiogenesis,
increased tumor cell proliferation, and also with a decreased tumor
doubling time (34). It appears that the biological behavior in two
anaplastic and morphologically rather similar prostate tumors is
highly influenced by differences in the secretion of two factors, VEGF
and pigment epithelium-derived factor, regulating the tumor vascula-
ture. In resemblance, poorly differentiated, nonmetastatic human pros-
tate tumors had a significantly higher pigment epithelium-derived
factor:VEGF ratio, a lower tumor cell proliferation, and a low density
of endoglin-stained blood vessels compared with poorly differentiated
tumors with metastatic lesions at diagnosis. The density of factor
VIII-related antigen stained vessels was, however, not significantly
different. The reason for this is unknown, but endoglin is believed to
be a better marker for ongoing angiogenesis than factor VIII-related
antigen in prostate cancer (6). High pigment epithelium-derived factor
levels were, however, more closely associated with decreased tumor
cell proliferation than with vascular count in the human tumors. These
data support our previous observation that pigment epithelium-
derived factor has direct effects on tumor cells (31), and taken to-
gether it appears that high pigment epithelium-derived factor levels
may render a less aggressive subset of poorly differentiated human
prostate tumors.

Caspin, a murine homologue to pigment epithelium-derived factor,
which binds specifically to collagen I and III in the extracellular
matrix, is highly expressed in nonmetastatic colon cancer cell lines
and low in metastatic variants demonstrating a relation among pig-
ment epithelium-derived factor expression, metastasis, and cell adhe-
sion (44). In line with this, overexpression of pigment epithelium-
derived factor decreases the invasiveness of glioma cells in vitro (45).
Interestingly, the reactive stroma formed during prostate tumor pro-
gression is characterized by a marked increase in collagen I synthesis
and deposition around the tumor glands (46, 47). Maspin, another
member of the serine protease inhibitor family, with collagen-binding
characteristics very similar to pigment epithelium-derived factor (48,
49), is a well-known tumor suppressor in breast cancer (50–53) and
has been shown recently to work as a tumor suppressor also in
prostate cancer by increasing cell adhesion to the matrix (54). There-
fore, it is possible that pigment epithelium-derived factor expression
increases tumor cell adhesion to the surrounding matrix, and loss of
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pigment epithelium-derived factor in prostate tumors may facilitate
tumor cell migration and metastasis.

Because pigment epithelium-derived factor is know to have differ-
ent functions in different cell types and under different conditions
(55), it could have multiple roles in the prostate, i.e., regulating the
vasculature, epithelial cell proliferation, and migration. If pigment
epithelium-derived factor does contribute to the metastatic capacity of
poorly differentiated prostate cancer, it would be of interest to know
why some tumors have higher levels than others. The previous study
(31) has shown that pigment epithelium-derived factor synthesis in the
prostate is suppressed by hypoxia and androgens. The distinct perivas-
cular pigment epithelium-derived factor expression in the AT-1 tu-
mors suggest that the tumor cells in the less vascularized and hypoxic
parts of these tumors, adjacent to overt necrosis, are able to respond
to this microenvironment by decreasing pigment epithelium-derived
factor expression. The physiological hypoxic down-regulation of pig-
ment epithelium-derived factor expression could thus be intact in
AT-1 cells. MatLyLu tumors cells, in contrast, synthesize very little
pigment epithelium-derived factor in vivo in the normoxic perivascu-
lar regions, suggesting dysregulation of pigment epithelium-derived
factor synthesis in these tumors. The underlying mechanism of this
dysregulation is unknown, but the observation of highly different
pigment epithelium-derived factor levels in AT-1 and MatLyLu cells
cultured in vitro under identical conditions may suggest inherent
differences rather than simple loss of normal hypoxia response. The
pigment epithelium-derived factor gene (Serpinf1) resides on human
chromosome 17p13.3 (56), a region commonly demonstrating loss of
heterozygosity in prostate cancers (57, 58). Such genetic deletion
could be one mechanism by which pigment epithelium-derived factor
is silenced in tumors, as has been shown for several metastasis
suppressor genes (59).

Here, we have observed that pigment epithelium-derived factor
expression is inversely correlated with metastasis in the Dunning rat
prostate cancer model and also in poorly differentiated human prostate
cancer. In addition, these data, and our previous study (31), suggest
that pigment epithelium-derived factor has direct effects on prostate
tumor cells. Together, these data strongly suggest that pigment
epithelium-derived factor is a metastasis suppressor in the human
prostate and therefore warrants additional examination.
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