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The growth factor proepithelin has recently emerged
as an important regulator of transformation in sev-
eral physiological and pathological systems. In this
study, we determined the biological roles of proepi-
thelin in prostate cancer cells using purified human
recombinant proepithelin as well as proepithelin-de-
pletion strategies. Proepithelin promoted the migra-
tion of androgen-dependent and -independent hu-
man prostate cancer cells; androgen-independent
DU145 cells were the more responsive. In these cells,
proepithelin additionally stimulated wound closure,
invasion, and promotion of cell growth in vitro.
These effects required the activation of both the Akt
and mitogen-activated protein kinase pathways. We
have analyzed proepithelin expression levels in dif-
ferent available prostate cancer microarray studies
using the Oncomine database and found a statistically
significant increase in proepithelin mRNA expression
levels in prostate cancers compared with nonneoplas-
tic controls. Notably, depletion of endogenous pro-
epithelin by siRNA and antisense strategies impaired
the ability of DU145 cells to grow and migrate after
serum withdrawal and inhibited anchorage-indepen-
dent growth. Our results provide the first evidence
for a role of proepithelin in stimulating the migra-
tion, invasion, proliferation, and anchorage-inde-
pendent growth of prostate cancer cells. This study

supports the hypothesis that proepithelin may play
a critical role as an autocrine growth factor in the
establishment and initial progression of prostate
cancer. Furthermore, proepithelin may prove to be
a useful clinical marker for the diagnosis of pros-
tate tumors. (Am J Pathol 2009, 174:1037–1047; DOI:

10.2353/ajpath.2009.080735)

Prostate cancer is the most frequently diagnosed cancer
in the United States. Approximately 186,320 new cases
will be diagnosed and an estimated 28,660 deaths will
occur in the current year.1 Despite extensive experimen-
tal studies throughout the past decades, the pathogen-
esis of prostate cancer remains primarily unknown. In
addition, the genetic and molecular mechanisms re-
sponsible for the development and progression of malig-
nant prostate cells are very poorly characterized.

The growth factor proepithelin, also known as granulin-
epithelin precursor (GEP1), progranulin, PC cell-derived
growth factor, or acrogranin, is a member of a family of
cysteine-rich polypeptides that plays a critical role in
several physiological and pathological processes.2 Pro-
epithelin, originally purified by several laboratories,3–6 is
a 593-amino acid secreted protein that is heavily glyco-
sylated and migrates on sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis as an �80-kDa protein.5,7
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Proepithelin undergoes proteolytic processing with the
generation of small �6-kDa peptides, which retain bio-
logical activity8 but can exert opposite biological effects
than the precursor protein.3,9

Zhu and colleagues9 have shown that the secretory
leukocyte protease inhibitor interacts with proepithelin
and blocks elastase-dependent proepithelin processing.
Elastase digests proepithelin in the interepithelin linkers
with the generation of epithelin peptides, suggesting that
this protease may be a critical component of a proepi-
thelin convertase. Secretory leukocyte protease inhibitor
blocks this proteolysis by either directly binding to elas-
tase or by sequestering epithelin peptides from the
enzyme.9

The role of proepithelin in cellular proliferation has
been well characterized using mouse embryonic fibro-
blasts derived from mice with a targeted deletion of the
insulin-like growth factor receptor I (IGF-IR) gene (R�

cells).10 Proepithelin is the only known growth factor able
to bypass the requirement for the IGF-IR, thus promoting
growth of R� cells.4,11 Although proepithelin replaces the
function of the IGF-IR in cell proliferation, it does not
promote the anchorage-independent growth of R� cells
and does not protect R� cells from anchorage-indepen-
dent apoptosis (anoikis).11 Conversely, in SW13 carci-
noma cells, proepithelin protects cells from anoikis, con-
fers anchorage-independent growth, and promotes
tumor formation in nude mice.12 In several breast cancer
cell lines, proepithelin expression levels correlate with an
aggressive phenotype13,14 and immunoneutralization of
proepithelin inhibits estrogen-dependent proliferation of
MCF-7 cells.15 Targeting of proepithelin expression by an
antisense strategy inhibits tumorigenicity of the human
breast carcinoma cell line MDA-MB-468.14 Moreover, in-
creased proepithelin expression levels play a significant
role in teratomas, glioblastomas, multiple myelomas,
uterine leiomyosarcomas, renal cell, gastric, ovarian, and
adenocarcinomas.2,16–21

Data from our laboratory have demonstrated that pro-
epithelin promotes migration and invasion of 5637 blad-
der cancer cells, supporting the evidence that proepithe-
lin may play a critical role in bladder cancer as well.22 It
has been more recently reported that frontotemporal de-
mentia is caused by mutations in the proepithelin
gene.23,24 These mutations create null alleles indicating
that proepithelin haploinsufficiency leads to neurodegen-
eration, pointing out a critical function of proepithelin in
regulating survival of neuronal cells.25 So far, a functional
proepithelin membrane receptor has not been identified,
although proepithelin26 and epithelins5 bind specifically
to membrane proteins. Competitive binding experiments
indicate that a long list of known growth factors and
cytokines are unable to displace radiolabeled-epithelin
binding to its putative receptor5 suggesting that the re-
ceptor for proepithelin is not a known tyrosine-kinase
receptor.

Using prostate cancer cell lines, we provide the first
evidence for a role of proepithelin in promoting prolifera-
tion, migration, invasion, and anchorage-independent
growth of prostate cancer cells, supporting the hypothe-
sis that this growth factor may play a significant role in the

establishment and initial progression of the transformed
phenotype in prostate cancer. Furthermore, proepithelin
may prove a useful clinical marker for diagnosis of pros-
tate tumors.

Materials and Methods

Cell Lines

PC3, LNCaP, and DU145 human prostate cancer cells
were obtained from American Type Culture Collection
(Rockville, MD). PC3 and LNCaP cells were maintained in
RPMI medium supplemented with 10% fetal bovine se-
rum. DU145 cells were maintained in EARL-modified
minimal essential medium supplemented with 10% fe-
tal bovine serum, 1% nonessential amino acid, and 1%
vitamins. Serum-free medium (SFM) is Dulbecco’s mod-
ified Eagle’s medium containing 0.1% bovine serum al-
bumin and 50 �g/ml of bovine transferrin (Sigma-Aldrich,
St. Louis, MO).

Purification of Human Recombinant Proepithelin

Human proepithelin was purified from conditioned me-
dium of 293-EBNA/proepithelin cells. This cell line ex-
presses a 6His-tagged human proepithelin.7 Serum-free
conditioned medium was concentrated with polyethylene
glycol, dialyzed, and purified on Ni-NTA resin eluted with
250 mmol/L imidazole, as previously described.27

Migration Assay

PC3, DU145, and LNCaP cells were serum-starved for 24
hours. Cells (2 � 104 in 200 �l) were then seeded in
Boyden chambers (upper chamber). Chambers con-
tained 500 �l of SFM or purified recombinant proepithelin
(240 nmol/L). After 24 hours, the cells in the upper cham-
ber were removed, whereas the cells that migrated to the
lower chamber were counted after fixation and staining
with Coomassie Blue solution for 5 minutes as de-
scribed.22 Cells that migrated to the lower chamber were
counted under the microscope. Specific inhibitors for Akt,
LY294002, or ERK1/2, U0126 (Calbiochem, La Jolla, CA)
were used at a concentration of 30 �mol/L and 10
�mol/L, respectively.

Invasion and Wound Healing Assays

Cell invasion through a three-dimensional extracellular
matrix was assessed by a Matrigel invasion assay using
BD Matrigel Invasion Chambers (BD Biocoat; BD Bio-
sciences, San Jose, CA) with 8.0-�m filter membranes.
PC3, DU145, and LNCaP cells (2.5 � 104) in 200 �l of
SFM or SFM supplemented with 240 nmol/L of recombi-
nant proepithelin were plated onto each filter, and 750 �l
of SFM supplemented placed in the lower chamber. After
24 hours filters were washed, fixed, and stained with
Coomassie Brilliant Blue. Cells on the upper surface of
the filters were removed with cotton swabs. Cells that had
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invaded to the lower surface of the filter were counted
under the microscope.

For wound-healing assays, DU145 cells were seeded
onto 35-mm plates in serum-containing medium until sub-
confluent and then transferred to SFM. After 24 hours, the
plates were scratched with a thin disposable tip to gen-
erate a wound (500 �m) in the cell’s monolayer as pre-
viously described.22,28 The cells were incubated for an
additional 24 hours in SFM without or with purified pro-
epithelin (240 nmol/L). Cells were analyzed and photo-
graphed with an Axiovert 200M cell live microscope
(Zeiss, Thornwood, NY) using the Metamorph Image Ac-
quisition and Analysis software (Universal Imaging,
Sunnyvale, CA) at the Kimmel Cancer Center Confocal
Microscopy Core Facility. BrdU incorporation in a wound-
healing assay was determined using a BrdU cell prolifer-
ation assay, HTS kit (Calbiochem, BD Biosciences) fol-
lowing the manufacturers’ instructions.

Cell Growth Assay

DU145 cells were plated in triplicate at a density of 4 �
104 cells/35-mm plate in serum-supplemented medium.
After 24 hours cells were washed three times in Dulbec-
co’s modified Eagle’s medium and transferred to SFM or
SFM supplemented with 240 nmol/L of proepithelin. Cells
were counted after 48 hours with a hemocytometer.

Immunoblot Detection of Activated Signaling
Molecules

DU145 cells were serum-starved for 24 hours and then
stimulated for 10, 30, and 120 minutes with purified pro-
epithelin (240 nmol/L). Twenty �g of lysates were run on
a 12% gel sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The activation of p90RSK, Akt, ERK1/2,
and S6 ribosomal protein was analyzed by Western im-
munoblot using the PathScan Multiplex Western Cocktail
I (Cell Signaling Technology, Beverly, MA), which pro-
vides a mix of phospho-specific antibodies for different
activated protein. The anti-�-actin polyclonal antibodies
are from Sigma-Aldrich (St. Louis, MO). The total level of
Akt and MAPK was determined by immunoblot using anti-
Akt (Cell Signaling Technology) and anti-ERK1 (Santa Cruz
Biotechnology, Santa Cruz, CA) polyclonal antibodies.

Gene Silencing

Gene silencing of human ERK1/2, Akt, and proepithelin
was obtained by RNA interference using small interfering
RNA (siRNA). DU145 cells were transfected with vehicle
(diethylpyrocarbonate-treated water), control siRNA
(scrambled), or siRNA directed against ERK2, Akt, or
proepithelin (200 pmol) using either TransIT-siQUEST or
TransIT-siTKO reagents (Mirus Bio Corporation, Madison,
WI) according to the manufacturer’s instructions. Scram-
ble and anti-ERK2 (NM 002745, exon 3, sequences not
disclosed by the vendor) or proepithelin (number 11032)
silencer siRNA oligos were from Ambion (Austin, TX).

Scramble and anti-Akt siRNA were from Dharmacon
(Lafayette, CO). Twenty-four hours after transfection,
DU145 cells were starved in SFM for 24 hours and then
stimulated with 240 nmol/L of recombinant proepithelin.
After 24 hours cells were processed and analyzed for
migration and invasion as described above. The expres-
sion of ERK1/2 and Akt proteins was detected by immu-
noblot using anti-ERK1/2 polyclonal antibodies (Santa
Cruz Biotechnology) or anti-Akt polyclonal antibodies
(Cell Signaling Technology). Proepithelin was detected
by immunoblot using anti-proepithelin polyclonal anti-
bodies (Zymed Laboratories, South San Francisco, CA)
and the amount produced by DU145 cells was deter-
mined by enzyme-linked immunosorbent assay (Alpco
Diagnostics, Salem, NH).

Generation of Proepithelin-Depleted DU145
Cells

DU145 cells were transfected with either the pcDNA3
vector or a pcDNA3 vector expressing an antisense
cDNA against human proepithelin (�31 bp to 374 bp)14

using the TransIt-Prostate transfection reagent (Mirus
Corporation). Cells were selected in medium supple-
mented with 2 mg/ml of G418, pooled, and tested for
proepithelin expression in cell lysates and conditioned
medium by immunoblot using anti-proepithelin polyclonal
antibodies (Zymed Laboratories). Conditioned medium
was prepared as previously described.11

Colony Formation Assay in Soft Agar

Colony formation in soft-agar was performed as previ-
ously described.29 DU145 cells were seeded in 10% fetal
bovine serum-supplemented medium in soft agar at a
density of 6 � 103 cells/35-mm plate and counted after 4
weeks in culture. Colonies �100 �m were scored as
positive.

Immunohistochemical Detection of Proepithelin
in Prostate Tissues

Immunohistochemical analysis of proepithelin levels in
prostate tissues was performed as previously de-
scribed.7 Formalin-fixed, paraffin-embedded sections of
two unidentified prostate carcinomas (Gleason score 7;
pTNM: T3a N0 M0; stage III; not previously treated) were
selected from the Pathology Tissue Bank of Thomas Jef-
ferson University and used to analyze the expression of
proepithelin in normal and adjacent cancerous prostatic
glands. Slides were incubated overnight with 1:50 dilu-
tion of primary goat anti-human proepithelin (Santa Cruz
Biotechnology). We have previously tested the specificity
of anti-proepithelin antibody in normal bladder stained
with primary antibody after affinity depletion with blocking
peptide (Santa Cruz Biotechnology, data not shown).
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cDNA Microarray Analysis

The Oncomine database (Compendia Bioscience, Ann
Arbor, MI) and gene microarray analysis tool, a repository
for published cDNA microarray data (http://www.
oncomine.org),30,31 was explored (30th August 2008) for
mRNA expression of proepithelin (progranulin, PC cell-
derived growth factor) in nonneoplastic and primary
prostate cancers. Statistical analysis of the differences in
proepithelin expression between the aforementioned tis-
sues was accomplished through use of Oncomine algo-
rithms, which allow for multiple comparisons among dif-
ferent studies.30–32 Only studies with analysis results with
P � 0.05 were considered.

Statistical Analysis

Experiments were performed in triplicate and repeated at
least three times. Results are expressed as mean � SD.
All statistical analyses were performed with SigmaStat for
Windows version 3.10 (Systat Software, Inc., Port Rich-
mond, CA). Results were compared by using the two-
sided Student’s t-test. Differences were considered sta-
tistically significant at P � 0.05.

Results

Proepithelin Promotes Migration and Invasion of
Prostate Cancer Cells

Because proepithelin is established as a growth factor
that promotes cell-cycle progression and cell growth of
many cellular systems,16 we sought to determine whether
proepithelin played a role in transformation of prostate
cancer cells. Therefore, we tested whether proepithelin
may promote migration and invasion of various prostate
cancer cells. As a source of proepithelin we used human
proepithelin purified from conditioned medium of 293-
EBNA/proepithelin cells.7 As previously shown, human
proepithelin purified using this methodology is biologi-
cally active with an optimal effective dose at 240 nmol/L,
as determined by migration and invasion assays on 5637
bladder cancer cells.22 Prostate cancer cell lines have
different abilities to migrate: PC3 cells are highly migra-
tory even in SFM whereas LNCaP cells show poor ability
to migrate. Taking into account these differences, we
have expressed the results as percent increase over
SFM. As shown in Figure 1A, 240 nmol/L of purified
proepithelin induced cell migration of prostate cancer
cells. PC3 showed a high level of migration in SFM with
only a modest increase after proepithelin stimulation,
whereas in both LNCaP and DU145 cells proepithelin
promoted a significant increase in migration over SFM
(Figure 1A).

The acquisition by cancer cells of an invasive pheno-
type is a critical step for tumor progression.33 Matrigel-
coated filters are widely used to examine invasive migra-
tion through a three-dimensional extracellular matrix. We
tested the ability of prostate cancer cells to invade a
three-dimensional extracellular matrix by performing in-

vasion assays using Matrigel-coated trans-wells, as we
have recently described.22 Proepithelin (240 nmol/L)
substantially enhanced the ability of the various prostate
cancer cells to invade through Matrigel (Figure 1B) indi-
cating that proepithelin promotes invasion of prostate
cancer cells through a three-dimensional matrix.

We demonstrated that lower doses of proepithelin are
also effective in promoting invasion of DU145 by repeat-
ing invasion assays in SFM supplemented with 60, 120,
and 240 nmol/L of recombinant proepithelin (see Supple-
mental Figure S1 at http://ajp.amjpathol.org). Because
DU145 cells showed the strongest response to proepi-
thelin in both migration and invasion assays, we used
them as a primary model to further characterize pro-
epithelin signaling in prostate cancer cells.

Proepithelin Promotes Wound Healing
and Enhances Proliferation of DU145 Cells

We further determined the ability of proepithelin to induce
motility of DU145 prostate cancer cells using an in vitro
wound-healing assay.22,28 DU145 cells were plated at
high density in serum-containing medium (Figure 1C,

Figure 1. Proepithelin induces migration, invasion, wound healing, and cell
growth of prostate cancer cells. Human proepithelin was purified from
conditioned medium of 293-EBNA/proepithelin cells7 as described.27 Migra-
tion (A) and invasion (B) experiments on PC3, LNCaP, and DU145 cells were
performed as described in the Materials and Methods. Values are expressed
as percent increase over SFM �SD. C: The in vitro wound-healing motility
assay in DU145 cells in SFM or SFM supplemented with purified proepithelin
(240 nmol/L) was performed as described in Materials and Methods. Cells
were analyzed with a cell live microscope using the Metamorph Image
Acquisition and Analysis software (Universal Imaging). A minimum of 10
fields per plate was examined. Original magnifications, �100. D: For the cell
growth assay, DU145 cells were plated in triplicate at a density of 4 � 104

cells/35-mm plates. After 24 hours, cells were washed in Dulbecco’s modified
Eagle’s medium and transferred to SFM or SFM supplemented with 240
nmol/L of proepithelin. Cells were counted after 48 hours with a hemocy-
tometer. The data are the average of four independent experiments run in
duplicates �SD.
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time 0). After 24 hours of starvation in SFM, confluent
DU145 cells were wounded (Figure 1C, wound) and in-
cubated for an additional 24 hours in SFM with or without
proepithelin (240 nmol/L). In contrast to control, proepi-
thelin induced a substantial migration of DU145 cells into
the denuded area (Figure 1C).

Recently published data have shown that proepithelin
effectively promoted migration and invasion of 5637 blad-
der22 and breast cancer cells.34 In contrast, it did not
induce substantial mitogenic response in bladder cancer
cells.22 Because proepithelin is mitogenic in other cancer
cell models,15,16 we wanted to determine whether pro-
epithelin may promote cell proliferation of DU145 cells.
Proepithelin induced an increase in cell growth of DU145
compared with SFM-incubated cells (Figure 1D), indicat-
ing that proepithelin is important not only for migration
and invasion of DU145 prostate cancer cells but also for
promoting their proliferation.

Because proepithelin-induced proliferation of DU145
cells may contribute to the healing process of these cells
in a wound healing motility assay, we tested by BrdU
incorporation the proliferation level at the wound edge
and we determined similar levels of BrdU incorporation
between SFM and proepithelin-stimulated DU145 cells at
the wound (see Supplemental Figure S2 at http://ajp.
amjpathol.org). The results suggest that the ability of pro-
epithelin to promote lateral motility (wound healing) can
be separated from the capacity to induce cell prolifera-
tion. Collectively, our results indicate that proepithelin
may play a critical role in prostate cancer by promoting
migration, invasion, and proliferation of prostate cancer
cells.

Signaling Pathways Stimulated by Proepithelin
in DU145 Prostate Cancer Cells

Recent data from our laboratory have shown that proepi-
thelin promotes the activation of the MAPK pathway,
which was required for migration and invasion of bladder
cancer cells.22 To determine the signaling pathway(s)
induced by proepithelin in DU145 prostate cancer cells,
we initially tested the activation of Akt and ERK1/2 ki-
nases using the PathScan Multiplex Western Cocktail I
(Cell Signaling Technology). The PathScan cocktail offers
a unique method to test the activation of multiple path-
ways in one blot, providing a mix of phospho-specific
antibodies for different activated proteins. As shown in
Figure 2A, proepithelin induced in DU145 cells sus-
tained activation of both Akt (up to 2 hours) and
ERK1/2 kinases (up to 30 minutes) compared with
SFM-stimulated cells, with a subsequent stronger ac-
tivation of their downstream effectors, like S6 ribosomal
protein and p90RSK, respectively. The level of Akt and
ERK1/2 proteins was instead not affected by proepi-
thelin stimulation, as determined by immunoblot with
anti-Akt and ERK1 antibodies (Figure 2A). These re-
sults indicate that proepithelin promotes the activation
of both Akt and ERK1/2 kinase pathways in DU145
cells, suggesting that both pathways may be critical for

proepithelin-induced cell proliferation, migration, and
invasion of DU145 prostate cancer cells.

The Activation of the Akt and MAPK Pathways
Is Required for Proepithelin-Mediated
Responses in DU145 Cells

To confirm the role of Akt and ERK1/2 activation in pro-
epithelin-mediated responses in DU145 prostate cancer
cells we performed proepithelin-mediated migration and
invasion experiments in DU145 cells in the presence of
specific inhibitors of either Akt (LY294002) or MAPK
(U0126). LY294002 (30 �mol/L) and U0126 (10 �mol/L)
severely reduced proepithelin-evoked migration (Figure
2B) and invasion of DU145 cells (Figure 2C), confirming
that the activation of both the Akt and ERK1/2 pathways is
necessary for proepithelin-mediated migration and inva-
sion of DU145 prostate cells. The same concentration of
inhibitors had no effect on DU145 cells growing in serum,
indicating that the concentration of inhibitors used is not

Figure 2. Proepithelin-mediated activation of the Akt and MAPK pathway
promotes migration and invasion of DU145 cells. A: DU145 cells were
serum-starved for 24 hours and stimulated with proepithelin (240 nmol/L) for
10, 30, and 120 minutes. The activation of p90RSK, Akt, ERK1/2, and S6
ribosomal protein (top to bottom) was analyzed by Western immunoblot
using phosphoro-specific antibodies as described in Materials and Methods.
The experiment shown is representative of three independent experiments.
Migration (B) and invasion (C) experiments were performed on DU145 cells
as described in Materials and Methods. U0126 (Calbiochem) was used at 10
�mol/L concentration and LY294002 was used at 30 �mol/L concentration.
Values are expressed as percent increase over SFM condition (70 � SD). D:
Top: DU145 cells were serum-starved for 24 hours and then stimulated for 10
minutes with purified proepithelin (240 nmol/L). The activation of Akt and
ERK1/2 in the presence of 10 �mol/L U0126 or 30 �mol/L LY294002 or the
combination of the two was detected by immunoblot with anti-phospho-
specific p90RSK and ERK1/2 (Cell Signaling). Samples were normalized using
anti-�-actin polyclonal antibodies (Sigma-Aldrich). Bottom: Densitometric
analysis of the Akt and ERK activation levels was performed using the Image
J program (National Institutes of Health). Values in arbitrary units from three
independent experiments are shown.
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toxic for exponentially growing DU145 cells (not shown).
To verify that the concentrations of LY294002 and U0126
used for these experiments are effectively inhibiting the
activation of Akt and ERK1/2, we tested by Western blot
the activation of both proteins after stimulation with pro-
epithelin in the presence of the specific inhibitors. Pro-
epithelin-mediated activation of Akt and ERK1/2 was
completely abolished in the presence of LY294002 and
UO126, respectively, establishing the effectiveness of
both inhibitors at the concentration used in the migration
and invasion assays (Figure 2D).

We also determined that the activation of both the Akt
and MAPK pathways is necessary for proepithelin-in-
duced wound healing and proliferation of DU145 cells by
using the same concentrations of LY294002 and U0126
in wound healing and cell growth assays. Both inhibitors
were very effective in inhibiting proepithelin-promoted
wound repair (Figure 3A) and cell growth (Figure 3B) of
DU145 cells indicating that Akt and MAPK are critical
components of proepithelin-mediated biological re-
sponses in DU145 prostate cancer cells.

To further establish the role of Akt and MAPK activation
in proepithelin-induced migration and invasion of DU145
cells, we used Akt and ERK-specific small interference
RNA (siRNA). Our approach yielded almost complete
suppression of endogenous Akt protein expression as
compared with vehicle- or control-treated cells (Figure
4A) and a concurrent suppression of proepithelin-medi-
ated migration (Figure 4B, P � 0.04 values) and invasion
(Figure 4C, P � 0.025) through Matrigel-coated filters.
Suppression of endogenous ERK expression (Figure 4D)
also caused a significant reduction in the ability of DU145
cells to migrate (Figure 4E, P � 0.04) and invade (Figure
4F, P � 0.03) in response to proepithelin. Collectively, our
findings demonstrate an essential role for Akt and MAPK
signaling in proepithelin-dependent regulation of tumor
cell motility and invasion, two key properties of aggres-
sive cancer phenotypes.

Proepithelin Is Overexpressed in Prostate
Cancers

Because proepithelin is overexpressed in several can-
cers,16 we wanted to determine by immunohistochemical
analysis the level of proepithelin expression in normal
versus prostate cancer sections and showed that proepi-
thelin is present, although at low levels, in normal prostate
[Figure 5, A and B (red arrow)]. Proepithelin was instead
expressed at higher levels in tumor glands [Figure 5, B
(black arrow) and C] from two unidentified prostate car-
cinomas (Gleason score 7; pTNM: T3a N0 M0; stage III;
not previously treated). These results confirmed the data
reported by Pan and colleagues21 in which they mea-
sured proepithelin (GP88) in normal prostate, prostatic
intraepithelial neoplasia, and prostatic adenocarcinoma
tissue samples.

We further analyzed proepithelin expression in avail-
able prostate cancer microarray studies using the Onco-
mine database and gene microarray data analysis tool.30

The analysis evaluated proepithelin mRNA expression

levels for each of the individual studies as well as per-
forming a summary statistic, which takes into account the
significance of the gene expression across the consid-
ered studies. The meta-analysis (Figure 5D) demon-
strated that proepithelin mRNA expression levels were
significantly up-regulated in primary prostate cancers
compared with nonneoplastic samples across six inde-
pendent data sets (total normal/cancer samples � 74 of
204, P � 0.017).30,35–39 In one study40 higher Gleason
scores correlated to higher proepithelin mRNA expres-
sion levels (correlation � 0.458 P � 0.032). No studies
showed a statistical correlation between tumors stages
and proepithelin mRNA expression levels. However,
three independent studies35,39,41 showed decreased
proepithelin levels in metastatic prostate cancers in com-
parison with nonmetastatic prostate carcinomas (P �

Figure 3. U0126 and LY294002 inhibit in vitro closure of a wound and cell
growth of DU145 cells. A: For the in vitro wound-healing motility assay,
DU145 cells were incubated in SFM, SFM with purified proepithelin (240
nmol/L) supplemented or not with 10 �mol/L U0126 or 30 �mol/L LY294002,
or the combination of the two. Cells were analyzed as described in the legend
for Figure 1. The experiment shown is representative of three independent
experiments. B: Cell proliferation experiments were performed as described
in the legend for Figure 1 in the presence of the same concentration of
inhibitors. Data are the average of three independent experiments run in
duplicates �SD. *P � 0.05 compared with proepithelin-stimulated cells
(second column).
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5.4E-4, P � 0.037, and P � 1.6E-4, respectively). Fur-
thermore, proepithelin levels have been shown to be
significantly decreased in treated versus nontreated
tumors after hormone therapy in one study37 (treated/
not-treated � 17 of 23; t � 3.201; P � 0.005). Collec-
tively, these results strongly suggest that proepithelin
may play a critical role as an autocrine growth factor in
the establishment and initial progression of prostate
cancer. In addition, proepithelin could represent a
promising novel clinical marker for diagnosis of pros-
tate tumors.

Proepithelin Contributes in an Autocrine Manner
to the Transforming Phenotype of DU145 Cells

DU145 prostate cancer cells express considerable levels
of proepithelin (250 ng/ml) and exhibit the ability to pro-
liferate and migrate in the absence of serum. We per-
formed a series of experiments to ask whether endog-
enously produced proepithelin may contribute to the
transforming phenotype of DU145 cells. We initially de-
termined the effect of transient proepithelin depletion on
cell proliferation of DU145 cells in a serum-withdrawal
condition. Using siRNA strategies, we achieved almost
complete depletion of endogenous proepithelin levels by
transiently transfecting DU145 cells with specific siRNA
oligos for human proepithelin, as compared with control
oligos and vehicle-transfected cells (Figure 5E, top). Pro-
epithelin depletion induced a considerable reduction of
cell proliferation in a serum-deprived condition of DU145
cells compared with control cells (Figure 5E, bottom),
suggesting that endogenously produced proepithelin
contributes to the ability of DU145 cells to grow in the
absence of serum.

Stable Depletion of Endogenous Proepithelin by
Antisense Approaches Inhibits Cell Proliferation,
Wound Healing, and Anchorage-Independent
Growth of DU145 Prostate Cancer Cells

Based on the above results, we wanted to further confirm
the role of endogenous proepithelin in transformation of
DU145 cells by generating DU145 cells where proepithe-
lin expression had been inhibited by stable expression of
antisense proepithelin cDNA. The proepithelin antisense
cDNA fragment has been previously described and in-
hibited proliferation and tumorigenicity of MDA-MB-468
breast cancer cells.42 Mock-, vector-, and antisense pro-
epithelin-transfected DU145 cells were selected for 4
weeks in medium containing G418 and resistant cells
were pooled and tested for proepithelin expression. Im-
munoblot analysis with anti-proepithelin antibodies
showed that antisense proepithelin cDNA transfection
dramatically reduced proepithelin protein expression in
DU145 cells in both cell lysates and conditioned media
(Figure 6A), compared with parental and vector-trans-
fected DU145 cells. Inhibition of proepithelin expression
determined a strong decrease in the ability of DU145
cells to grow in condition of serum deprivation (Figure 6B)
confirming our previous results obtained using siRNA
approaches. We next examined cellular migration of the
various DU145 cells by performing wound-healing motil-
ity assays in SFM: antisense proepithelin DU145 cells
were severely inhibited in their capacity to fill the de-
nuded area (Figure 6C) whereas parental and vector-
transfected DU145 cells were able to substantially close
the wound after 48 hours in culture (Figure 6C). Together,
these results indicate that endogenous production of pro-

Figure 4. Depletion of endogenous Akt and
ERK1/2 proteins effectively reduces proepithe-
lin-mediated migration and invasion of DU145
cells. Gene knockdown for Akt and ERK1/2 was
achieved by siRNA. Twenty-four hours after
transfection, DU145 cells were serum-starved
for 24 hours and then stimulated with 240
nmol/L of purified proepithelin. After 24 hours,
cells were processed and analyzed for migration
(B and E) and invasion (C and F). Values are
expressed as percent increase over SFM (70 �
SD). *P � 0.05 compared with vehicle-treated
control cells (first column). The level of endog-
enous Akt (A) and ERK1/2 proteins (D) was
detected by immunoblot using anti-ERK1/2
(Santa Cruz Biotechnology) or anti-Akt poly-
clonal antibodies (Cell Signaling Technology).
Protein loading was normalized using anti-�-
actin polyclonal antibodies (Sigma-Aldrich).
One representative blot is shown. Densitometric
analysis of the Akt and ERKs protein levels (A
and D) was performed using the Image J pro-
gram (National Institutes of Health). Values in
arbitrary units from three independent experi-
ments are shown.
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epithelin plays an important role in regulating the ability of
DU145 to proliferate and migrate in the absence of se-
rum, one of the distinctive features of transformed cells.

Because one critical parameter of cell transformation is
also the ability of cancer cells to grow in an anchorage-
independent manner,43 we wanted to determine whether
proepithelin depletion of DU145 cells affected their ca-
pacity to form colonies in a soft-agar. Parental and V-
transfected DU145 cells formed several colonies bigger
then 100 �m, with a slight increase in number in V-
transfected cells (Table 1 and Figure 6D), in soft agar
plates. On the contrary, DU145/ASPEP had dramatically
impaired colony formation ability (Table 1 and Figure 6D)
indicating that endogenously produced proepithelin crit-
ically contributed as an autocrine growth factor in pro-
moting anchorage-independent growth of DU145 pros-
tate cancer cells.

Discussion

In this study, we provide several lines of evidence that
underscore a key role for proepithelin in prostate cancer
biology. First, human recombinant proepithelin induces mi-
gration and invasion of PC3, LNCaP, and DU145 prostate
cancer cells. Second, proepithelin stimulates in vitro closure
of a wound and cell proliferation of DU145 prostate cancer
cells. Third, proepithelin-mediated effects on DU145 cells
require the activation of the Akt and MAP kinase pathway,
as determined by using specific pharmacological and ge-
netic inhibitors. Fourth, using siRNA and antisense strate-
gies, we demonstrated that endogenously produced pro-
epithelin by DU145 cells is important for cell growth,
migration, and wound healing in serum-deprived conditions
and it is critical in regulating anchorage-independent
growth in the presence of serum.

Figure 5. Proepithelin is overexpressed in prostate cancer tissues and contributes in an autocrine manner to the transforming phenotype of DU145 cells.
Formalin-fixed, paraffin-embedded sections of nonmalignant human prostate and prostate cancer tissue were deparaffinized in preparation for antigen retrieval
by heating in a microwave oven for 10 minutes. Slides were cooled, rinsed, and immunostained using a goat anti-proepithelin antibody (Santa Cruz Biotechnology)
and visualized with an avidin-biotin method. A and B, red arrow: Normal prostatic glands. B, black arrow, and C: Invasive prostate cancer. At least 10
independent fields were examined. Original magnifications, �400. D: Expression array analysis of multiple prostate cancer microarray data sets was collected and
analyzed, and statistical significance was calculated. Blue: proepithelin expression in normal tissues; red: proepithelin expression in prostate cancers. (a)
Dhanasekaranet et al36 (normal/cancer � 12/25; t-test � �4.8; P � 2.9E-5); (b) Dhanasekaranet al35 (N/C � 22/59; t-test � �4.81; P � 4.3E-5); (c) Holzbeierlein
et al37 (N/C � 4/23; t-test � �4.074; P � 0.01); (d) Welsh et al38 (N/C � 9/25; t-test � �3.03; P � 0.013); (e) Yu et al41 (N/C � 23/64; t-test � �2.279; P � 0.029);
(f) Magee et al39 (N/C � 4/8; t-test � �3.005; P � 0.034). E: DU145 cells were transfected with a specific siRNA for human proepithelin (siPEP) and either DMSO
(Veh) or control siRNA (Con) as described in Materials and Methods. Proepithelin expression in cell lysates (40 �g) was detected by immunoblot at 48 and 72
hours after transfection using anti-proepithelin polyclonal antibodies (Zymed Laboratories). One hundred ng of recombinant protein was loaded as control (PEP).
Twenty-four hours after transfection, cells were washed and transferred in SFM and counted after 24 and 48 hours in a hemocytometer. The experiment is the
average of three independent experiments run in duplicates �SD. *P � 0.05 compared with control oligos-treated control cells (second and fifth columns).
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Although cases of localized prostate cancer are po-
tentially curable by surgery or radiation techniques, there
are no uniformly effective treatments for hormone-refrac-
tory metastatic prostate cancer. Moreover, there is a lack
of reliable prognostic markers that would identify low-or
intermediate-grade prostate cancers that are likely to

progress to metastatic disease after local therapy. The
present study provides the first evidence that the growth
factor proepithelin may play a significant role in prostate
tumor formation and initial progression by promoting pro-
liferation, migration, and anchorage-independent growth
of prostate cancer cells. In addition, we show that pro-
epithelin is overexpressed in prostate cancer compared
with normal prostate, suggesting that endogenous pro-
epithelin may contribute in an autocrine manner to the
transforming phenotype.

In other cellular systems, there are reports that indicate
that proepithelin is also active intracellularly, where it has
been shown to interact with cyclin T144 and regulate
transcriptional elongation.44,45 Co-localization experi-
ments have shown that proepithelin co-localizes with cy-
clin T1 predominantly in the cytoplasm, whereas a protein

Figure 6. Stable depletion of endogenous proepithelin in DU145 cells reduces growth in serum-deprived medium and inhibits anchorage-independent growth.
The generation of DU145/V and DU145/ASPEP has been described in the Materials and Methods. A: Proepithelin expression in lysates and conditioned medium
(medium) (40 �g) of parental (P), vector-transfected (V), and antisense proepithelin DU145 cells (AS) was detected by immunoblot. Secreted proepithelin in
DU145 cells migrates on sodium dodecyl sulfate-polyacrylamide gel electrophoresis slightly slower then intracellular proepithelin and recombinant protein (PEP).
B: Cell growth in SFM was determined as described in the Materials and Methods. The experiment is the average of three independent experiments run in
duplicates �SD. *P � 0.05 compared with V-transfected control cells (second and fifth columns). C: The in vitro wound-healing motility assay in untransfected
and transfected DU145 cells in SFM was performed as described in the Materials and Methods. Cells were analyzed after 48 hours with a cell live microscope using
the Metamorph Image Acquisition and Analysis software (Universal Imaging). A minimum of 10 fields per plate were examined. Original magnification: �100.
D: Colonies in soft agar in serum-supplemented medium were photographed using an Olympus Optic microscope. The experiment is representative of three
independent experiments in duplicates. At least 10 independent fields were examined. Scale bars � 100 �m. Original magnification: �40.

Table 1. Soft Agar Assay in Various DU145 Cell Lines

Cell line Number of colonies

DU145 74 � 16
DU145/V 118 � 34
DU145/ASPEP 3 � 2

Cells were counted after 4 weeks. Colonies �100 �m were
scored as positive. Data are the average of three independent
experiments �SD.
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encompassing epithelins CDE mostly translocates to the
nucleus, where it interacts with cyclin T1.44 These data
strongly suggest that intracellular proepithelin may have
a biological function not only in the cytoplasm but also in
the nucleus, where it might affect the transcriptional
machinery.44,45

We have characterized the signaling pathways acti-
vated by proepithelin in DU145 cells and have shown that
the activation of the Akt and MAPK pathway is required
for proepithelin-induced migration, invasion, and growth
of DU145 prostate cancer cells. This is distinct from our
recently reported data that in 5637 bladder cancer cells,
where proepithelin does not promote the activation of Akt,
suggesting that the PI3K pathway does not play a role in
migration and invasion in these bladder cancer cells.22

Although proepithelin is effective in promoting migration
and invasion of 5637 cells, it is not strongly mitogenic
for these cells, suggesting that proepithelin in some
cell systems may play a more critical role in promoting
a stimulus for migration and invasion rather than for
proliferation.12,46

The ability of cancer cells to migrate and invade
through extracellular matrix is a critical step for tumor
metastasis to occur.33 Our results suggest that proepi-
thelin by promoting MAPK- and Akt-dependent cell
growth, migration, and invasion may play an important
role in the establishment and progression of prostate
cancer. Proepithelin may also determine the transition
from a noninvasive to an invasive phenotype in prostate
and in other solid tumors, where the role of proepithelin in
promoting invasion and migration has been reported as
well.12,28,34

Prostate cancer cells respond in migration and inva-
sion to the purified proepithelin precursor. Furthermore,
DU145 cells produce the 88-kDa precursor protein,
which is detectable by immunoblot in lysates and condi-
tioned medium. These results would indicate that these
cells secrete the proepithelin precursor, which is likely
the bioactive form in prostate cancer cells. Significantly,
endogenous proepithelin is required for growth of DU145
cells in serum deprivation and it is critical for anchorage-
independent growth indicating that proepithelin acts as
an autocrine growth factor in promoting transformation of
DU145 cells. However, we cannot totally rule out the
possibility that some intracellular processing into epithe-
lin peptides might occur and contribute to the biological
response.

Antisense proepithelin-expressing DU145 cells show a
growth rate in monolayer in serum-containing medium
very similar to parental and vector-transfected control
cells. Targeting endogenous proepithelin severely re-
duced but did not completely abolish the ability of DU145
cells to grow in monolayer culture without serum. In con-
trast, the reduction in proepithelin levels had a really
dramatic effect in inhibiting growth of DU145 cells in an
anchorage-independent condition in the presence of se-
rum, a condition that is closer to the cellular environment
in vivo. It is, therefore, reasonable to speculate that tar-
geting of proepithelin may be very effective on metasta-
ses, which can be considered a model of anchorage
independence, because they usually arise from single

cells or small clusters of metastatic cells. These results
strongly suggest that proepithelin may be a very attrac-
tive target in prostate cancer cells with little toxicity to
normal cells. Although our results clearly establish a role
of proepithelin in regulating proliferation and motility of
prostate cancer cells in vitro, further experiments are
required to address the role that proepithelin might play
in regulating these processes in vivo.

In addition to DU145 cells, which are androgen-inde-
pendent and originally cultured from a human prostate
adenocarcinoma brain metastasis,47 we tested proepi-
thelin activity on androgen-dependent LNCaP prostate
cancer cells and, although at a reduced level, proepithe-
lin promoted migration and invasion in these cells. In
contrast, proepithelin was not effective as in DU145 cells
in promoting cell proliferation of LNCaP cells (data not
shown). These results suggest that proepithelin in prostate
cancer may play a role in promoting the progression to the
androgen-independent/hormone-refractory stage of the tu-
mor, which is more aggressive and highly metastatic.

In conclusion, the identification of the growth factor
proepithelin as a novel regulator of transformation of
prostate cancer cells could represent an additional mo-
lecular target for prostate cancer and could provide new
leads for developing novel tumor biomarkers and for im-
proved therapeutic approaches against prostate cancer.
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