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Background: The mechanisms that cause castration-resistant prostate cancer remain unknown.
Results:Using high throughput proteomics and subsequent clinical validation, we identified Protein S as being elevated in high
grade/advanced prostate cancer.
Conclusion: Protein S is elevated in aggressive prostate cancer.
Significance: Protein S expression could serve as a biomarker of aggressive prostate cancer.

Androgen deprivation constitutes the principal therapy for
advanced and metastatic prostate cancers. However, this thera-
peutic intervention usually results in the transition to a more
aggressive androgen-independent prostate cancer. The elucida-
tion of molecular alterations during the progression to andro-
gen independence is an integral step toward discovering more
effective targeted therapies. With respect to identifying crucial
mediators of this transition, we compared the proteomes of
androgen-independent (PC3, DU145, PPC1, LNCaP-SF, and
22Rv1) and androgen-dependent (LNCaP and VCaP) and/or
normal prostate epithelial (RWPE) cell lines using mass spec-
trometry. We identified more than 100 proteins that were dif-
ferentially secreted in the androgen-independent cell lines. Of
these, Protein S (PROS1) was elevated in the secretomes of all of
the androgen-independent prostate cancer cell lines, with no
detectable secretion in normal and androgen-dependent cell
lines. Using quantitative PCR, we observed significantly
higher (p < 0.05) tissue expression levels of PROS1 in pros-
tate cancer samples, further indicating its importance in
prostate cancer progression. Similarly, immunohistochemis-
try analysis revealed elevation of PROS1 in high grade pros-
tate cancer (Gleason grade >8), and further elevation in cas-
tration-resistant metastatic prostate cancer lesions. We also
observed its significant (p < 0.05) elevation in high grade
prostate cancer seminal plasma samples. Taken together,

these results show that PROS1 is elevated in high grade and
castration-resistant prostate cancer and could serve as a
potential biomarker of aggressive disease.

Prostate cancer is themost commonly diagnosed solid organ
tumor and the second leading cause of death due to cancer
amongmen inNorthAmerica (1). It is observed as either a slow
growing indolent tumor or as amore advanced aggressive form;
however, the current screening methods are not able to differ-
entiate between these two forms. Prostate-specific antigen is
the most widely used biomarker for prostate cancer. However,
due to a documented lack of specificity, it may also be elevated
in other non-cancerous pathologies, including benign prostate
hyperplasia and prostatitis (2, 3). This inevitably leads to over-
diagnosis and, ultimately, to overtreatment.
Current treatments depend on whether the tumor is local-

ized or has metastasized. Localized prostate cancers are usually
treated with either targeted radiation or radical prostatectomy.
For more advanced and metastatic cancers, the mainstay treat-
ment is androgen deprivation therapy, which is initially very
effective at reducing tumor volume and growth (4, 5). However,
persisting androgen deprivation often results in the selection
and accumulation of cancerous cells that have acquired resis-
tance, leading to the development of androgen-independent or
castration-resistant prostate cancer (4, 5). This genotypic and
phenotypic alteration is accompanied by increased mortality
rates because there are no alternative targeted therapies. Thus,
the understanding of molecular alterations during the progres-
sion to androgen independence becomes of utmost importance
for catalyzing the development of targeted and efficient thera-
peutic options.
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The androgen receptor (AR)3 signaling cascade has been
extensively studied with respect to the progression of andro-
gen-independent prostate cancer. Overall, AR signaling resis-
tance has been attributed to AR gene amplifications, AR gene
mutations, changes in co-regulators or steroidogenic enzymes,
or alternative proteins via outlaw pathways (4–10). However,
recent interest has shifted toward the identification of novel
“bypass” pathways, the so-called AR-independent pathways,
which can play a role in this process as well (11, 12).
High throughput proteomics is a growing field that can vir-

tually be used to study the proteomic signature of any biological
material (13). Numerous studies have been conducted using
proteomics to identify biomarkers for prostate cancer using cell
lines, tissues, and biological fluids, including expressed pros-
tatic secretions (14–21).
Previously, we performed proteomic analysis of the condi-

tioned media of three prostate cancer cell lines (LNCaP, PC3,
and 22Rv1) and identified over 1000 proteins that could serve as
potential biomarkers for prostate cancer diagnosis (16). In the
current study, we performed proteomic analysis of the condi-
tioned media (secretome analysis) of five androgen indepen-
dent cell lines (PC3, DU145, PPC1, LNCaP-SF, and 22Rv1), two
androgen-dependent cell lines (LNCaP and VCaP), and one
normal prostate epithelial cell line (RWPE). In total, we identi-
fied over 3000 proteins, with over 100 proteins being differen-
tially secreted between the AIPC and non-AIPC cell lines. Of
these, Protein S (PROS1) was elevated in all five AIPC cell lines,
with no observed secretion in the normal and androgen-depen-
dent prostate cancer cell lines. Subsequently, we observed
PROS1 overexpression in high grade prostate cancer tissue and
seminal plasma. In addition, PROS1 expression was highly ele-
vated in castration-resistant metastatic prostate cancer speci-
mens. These results demonstrate that PROS1 could serve as a
potential biomarker for high grade prostate cancers as well as
providing new areas for the therapeutic intervention for the
treatment of AIPC patients.

MATERIALS AND METHODS

Cells and Reagents—The human prostate cancer cell lines
PC3, DU145, LNCaP, 22Rv1, and VCaP and the normal pros-
tate epithelial cell line RWPE-1 were purchased from the
American Type Culture Collection (ATCC, Manassas, VA).
The LNCaP-SF cells were kindly provided by Dr. Atsushi Miz-
okami, and the PPC-1 cell line was provided by Dr. Aaron
Schimmer. Cell culture media specified by the ATCC for each
of the cell lines were used as follows: Dulbecco’s modified
Eagle’s medium (DMEM) (ATCC) with 10% fetal bovine serum
(Thermo Scientific) was used for PC3, DU145, and VCaP;
Roswell ParkMemorial Institute (RPMI) (ATCC)with 10%FBS
was used for 22RV1, PPC-1, and LNCaP cells. The normal
RWPE cell line was grown in keratinocyte serum-free media
(ATCC) supplemented with bovine pituitary extract and
recombinant epidermal growth factor. The LNCaP-SF cells
were grown in DMEM supplemented with 10% charcoal-
stripped fetal bovine serum (Invitrogen). All cells were main-

tained at 37 °C with 5% CO2 in a humidified incubator. All
experiments were performed within the first five passages from
the initiation of all cultures.
Cell Culture—Cells were cultured in six T-175 flasks and

allowed to grow in 30 ml of their respective media until they
reached 70% confluence. Generally, cells were allowed to grow
for 48 h for them to achieve this confluence. The medium was
then removed, and cells were washed three times with 20 ml of
PBS (Invitrogen). Following the washes, 30 ml of Chinese ham-
ster ovary serum-free medium (Invitrogen) were added to each
of the flasks, which were then cultured for 2 days. After further
growth, the conditionedmediumwas collected and centrifuged
at 2000 � g for 5 min to remove cellular debris. The resulting
supernatant was transferred to a fresh tube, and total protein
was measured using a Coomassie Blue (Bradford) total protein
assay. Each flask contained roughly 500 �g of total protein, of
which two were combined to generate a total of 1 mg. Because
we initially grew sixT-175 flasks, wewere able to combine them
in three replicates containing a total protein level of roughly 1
mg. The triplicates were then further processed following the
sample preparation protocol below.
Sample Preparation—Each sample containing 1 mg of total

protein was initially dialyzed using a 3.5 kDa molecular mass
cut-off membrane (Spectrum Laboratories, Inc., Compton,
CA) in 5 liters of 1 mM ammonium bicarbonate buffer solution
at 4 °C overnight. The buffer solution was changed twice, and
the sample was then frozen at �80 °C and lyophilized to dry-
ness using a Modulyo freeze dryer (Thermo Electron Corp.).
The resulting dry protein product was denatured in 8 M urea
and reduced with 200 mM dithiothreitol at 50 °C for 30 min.
Samples were then alkylated in 500 mM iodoacetamide while
shaking in the dark for 1 h. Each replicate was then further
desalted using a NAP5 column (GE Healthcare), frozen, and
lyophilized again to complete dryness. Finally, the sampleswere
then digested with trypsin (Promega; sequencing-grade modi-
fied porcine trypsin) at 37 °C overnight using a 1:50 trypsin/
protein concentration ratio. The samples, now containing tryp-
tic peptides, were acidified with formic acid before strong
cation exchange (SCX).
SCX on a High Pressure Liquid Chromatography (HPLC)

System—To reduce sample complexity, the samples were sub-
jected to SCX using an Agilent 1100 HPLC system. The HPLC
system was connected to a PolySULPHOETHYL ATM column
with a 200-Å pore size and a diameter of 5�m(TheNest Group
Inc., Southborough, MA). A total of 12 fractions per replicate
containing the greatest number of peptides based on peak
intensity were eluted and collected to perform mass spectro-
metric analysis. The HPLC fractions were C18-extracted using
ZipTipC18 micropipette tips (Millipore, Billerica, MA) and
eluted in 5 �l of Buffer B (90% acetonitrile, 0.1% formic acid,
10% water, and 0.02% trifluoroacetic acid). An additional 80 �l
of Buffer A (95% water, 0.1% formic acid, 5% acetonitrile, and
0.02% trifluoroacetic acid) were added to each zipped fraction.
Mass Spectrometry (LC-MS/MS)—40 �l of each fraction

were injected into an autosampler on the EASY-nLC system
(Proxeon Biosystems, Odense, Denmark). Peptides were first
collected onto a 3-cm C18 column (inner diameter of 200 �m)
and were then eluted onto a resolving 5-cm analytic C18 col-

3 The abbreviations used are: AR, androgen receptor; AIPC, androgen-inde-
pendent prostate cancer; SCX, strong cation exchange chromatography.
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umn (inner diameter of 75 �m) with an 8-�m tip (New Objec-
tive). This HPLC system was coupled online to an LTQ-Or-
bitrap XL (Thermo Fisher Scientific) mass spectrometer, using
a nano-electrospray ionization source (Proxeon Biosystems) in
data-dependentmode. The fractions were run on a 55-min gra-
dient, and eluted peptides were subjected to one full MS1 scan
(450–1450m/z) in the Orbitrap at 60,000 resolution, followed
by six data-dependent MS2 scans in the linear ion trap. The
following parameters were enabled: monoisotopic precursor
selection, charge state screening, and dynamic exclusion. In
addition, charge states of �1 and �4 and unassigned charge
states were not subjected to MS2 fragmentation.
Protein Identification and Data Analysis—RAW files were

uploaded onto Mascot Daemon (version 2.2), and extract_msn
was used to generate DAT and Mascot generic files. Mascot
generic files were further searched on GPM (Global Proteome
Machine Manager, version 2006.06.01) against the concate-
nated nonredundant IPI.Human version 3.62 database with
parent and fragment tolerances of 7 ppm to generateX!Tandem
files. The DAT and X!Tandem files were then merged and
searched with Scaffold (Proteome Software Inc., Portland, OR;
version 2.0) to generate a file containing protein lists. The final
Scaffold files contained normalized spectral counts for each of
the cell lines, which were subsequently used as a semiquantita-
tivemeasure to compare protein secretion among each cell line.
ProteinCenter (Thermo Fisher Scientific) was used to

retrieve Gene Ontology annotations and pathway analyses
from the Kyoto Encyclopedia of Genes and Genomes. To visu-
alize and assess networks of overexpressed and underexpressed
candidates, Ingenuity Pathway Analysis (Ingenuity Systems,
Redwood City, CA) software was used. Using this software,
pathway analysis was performed, obtaining information on
canonical pathways and molecular networks that have been
altered, which were determined by Fisher’s exact test.
RNA Extraction and Quantitative PCR—Total RNAwas iso-

lated from cells using an RNeasy kit (Qiagen). cDNA was gen-
erated from 1 �g of total RNA using the Superscript II cDNA
synthesis kit (Invitrogen). LuCaP 96 and LuCaP 96AI xenograft
tissues were frozen in liquid nitrogen and then ground into a
fine powder using amortar and pestle. RNAwas extracted from
the resulting powdered tissue using anRNeasy kit (Qiagen), and
the final RNA product was used for further cDNA synthesis.
Quantitative PCR was conducted using 1� SYBR reagent

(Applied Biosystems), and transcript levels of PROS1 TWSG1,
LTBP1, GBA, PAM, and GAS6 were measured on a 7500 ABI
system. For clinical validation, the TissueScan Prostate Cancer
cDNAArray II was used (Origene). Quantitative PCR was con-
ducted on these samples using the same SYBRGreen reagent as
mentioned above. The following primer sequences were used:
PROS1, GGCTCCTACTATCCTGGTTCTG (forward) and
CAAGGCAAGCATAACACCAGTGC (reverse); GAS6, CCT-
TCCATGAGAAGGACCTCGT (forward) and GAAGCACT-
GCATCCTCGTGTTC (reverse); TBP, TGTATCCACAGTG-
AATCTTGGTTG (forward) and GGTTCGTGGCTCTCTT-
ATCCTC (reverse); TWSG1, CTTTGGGACGAGTGCTGT-
GACT (forward) and GAGAAGGGATCGGTTCATGCAG
(reverse); LTBP1, TGAATGCCAGCACCGTCATCTC (for-
ward) and CTGGCAAACACTCTTGTCCTCC (reverse);

GBA, TGCTGCTCTCAACATCCTTGCC (forward) and TAG-
GTGCGGATGGAGAAGTCAC (reverse); PAM, TGAAGGCA-
CCTGGGAACCAGAA (forward) and CTCTGTGGAAAATC-
ACCAGGTTAT (reverse).
Western Blotting—Protein expression of PROS1, TWSG1,

LTBP1, GBA, and PAM was assessed using Western blot anal-
ysis. Roughly, 30 �g of total protein from LuCaP 96 and LuCaP
96AI were loaded onto an SDS-polyacrylamide gel (4–15%;
Bio-Rad) and transferred onto PVDF membranes (Bio-Rad).
Membraneswere then incubatedwith 5%blocking solution (2.5
g of skim milk powder in Tris buffer solution containing 0.1%
Tween (TBST)) overnight at 4 °C. Membranes were incubated
with rabbit polyclonal antibody against PROS1 (1:1000),
TWSG1 (1:500), LTBP1 (1:100), GBA (1:1000; Sigma), or PAM
(1:1000; Protein Tech) for 1 h at room temperature. The mem-
branes were then washed six times (three 15-min washes fol-
lowed by three 5-min washes) with TBST. Membranes were
then incubated with goat anti-rabbit secondary antibody con-
jugated to alkaline phosphatase (1:3000; Jackson Laboratories)
or goat anti-mouse secondary antibody conjugated to alkaline
phosphatase (1:3000; Jackson Laboratories) for 1 h at room
temperature. After washing with TBST, proteins were detected
using the ECL detection reagent (Siemens). The expression of
GAPDH (Cell Signaling Technology) was used as an internal
standard.
Immunohistochemistry—Prostate cancer tissue microarrays

consisting of eight normal and 40 cancer cores were purchased
fromUS BioMax (Rockville,MD). Themetastatic prostate can-
cer tissue microarray was developed and provided by the GU
Cancer Research laboratories at the University of Washington
(Seattle, WA). Human tissue microarrays of fixed paraffin-em-
bedded metastatic tissues from 23 rapid autopsy patients who
died of prostate cancer (consisting of three tissue microarray
blocks with two replicate cores per metastatic site) were used
for immunohistochemical analyses. All patients had castration-
resistant prostate cancer at the time of autopsy, defined by the
presence of a rising serum prostate-specific antigen following
medical or surgical castration.
Tissue microarrays were deparaffinized in xylene and rehy-

drated using ethanol. Endogenous peroxidase was inactivated
using hydrogen peroxide for 10 min and washed with PBS.
Antigen retrieval was then performed using citrate buffer in a
microwave for 10 min. Slides were then blocked for 5 min in
casein and incubated overnight with the following antibodies:
PROS1 (1:500; Epitomics), TWSG1 (1:50; Abgent), LTBP1
(1:200; Abgent). Rabbit IgG was used on a duplicate slide to
serve as a negative control. Following 10 min of PBS washing,
slides were placed in secondary antibody for 30 min using the
BGX kit (Biogenex, Fremont, CA). After a 10-min wash in PBS,
slides were developed with the addition of 3,3�-diaminobenzi-
dine for 5 min. Slides were then counterstained with hematox-
ylin, dehydrated, and coverslipped.
Seminal Plasma and ELISA—Semen was collected from sus-

pected prostate cancer patients prior to biopsy, allowed to
liquefy at room temperature for 1 h, and centrifuged at 13,000
rpm for 15 min to separate seminal plasma from cells and cel-
lular debris. The seminal plasma was aliquoted into 1.5-ml
Eppendorf tubes and frozen at�80 °Cuntil further use. Clinical
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information for the patients can be found in supplemental
Table S1.
PROS1 protein levels in seminal plasma were assessed using

an enzyme-linked immunosorbent assay (American Diagnos-
tica). Briefly, seminal plasma samples were diluted 10 times,
and the ELISA was performed according to the manufacturer’s
instructions.
Wound Repair/Scratch Assay—To assess wound repair and

cell migration, LNCaP cells were grown to full confluence in
6-well plates in RPMIwith 10% FBS. Upon reaching full conflu-
ence, the cells were incubated with 10 �g/ml mitomycin-C for
2 h to inhibit cell proliferation, and a standardized scratch was
made down the middle of each well using a 200-�l pipette. The
medium was removed, and cells were washed three times with
PBS to remove any debris caused by the initial scratch. Scratch-
induced cells were then either treated with 2 �g/ml human
purified PROS1 (Enzyme Research Laboratories) or left
untreated. Wound closure was measured by determining the
distance of cells at the ends of the wound 24 and 48 h post-
scratching. After 48 h, cells were fixed and stained with Crystal
Violet dye, and the number of migrating cells was measured by
counting the number of cells found within the middle of the
wound.
Statistical Analysis—All gene expression studies on cell lines

and xenografts consisting of normalized expressionswere com-
pared using a two-tailed t test (GraphPad Prism Software).
Gene expression studies on human prostate cancer and normal
tissue were compared using a non-parametric Mann-Whitney
Test (GraphPad Prism Software). Finally, �2 tests were used to
compare different groups from the immunohistochemistry
data. Differences were considered significant if p values were
less than 0.05. All data are expressed as means � S.E.

RESULTS

Proteomic Profiling of Prostate Cancer Cell Line Conditioned
Media—To identify modulators of androgen-independent
prostate cancer that could serve as potential biomarkers of
aggressive disease, we performed an in depth proteomic analy-
sis of the conditioned media of five androgen-independent
prostate cancer cell lines (DU145, PC3, LNCaP-SF, PPC-1, and
22Rv1), two androgen-dependent cell lines (LNCaP andVCaP),
and one “near normal” prostate epithelial cell line (RWPE).
Briefly, cells were grown in serum-free media; the conditioned
media were collected, reduced, alkylated, and trypsin-digested;
and peptides were subjected to two-dimensional liquid chro-
matography (LC), which consisted of SCX chromatography on
an HPLC system, followed by reverse-phase LC, prior to tan-
demmass spectrometry (MS/MS). After performing the analy-
sis, we identified, with a minimum of two peptides, 1974 pro-
teins in DU145 cells, 1448 proteins in PC3 cells, 1146 proteins
in LNCaP-SF cells, 1426 proteins in PPC-1 cells, 885 proteins in
22Rv1 cells, 1199 proteins in LNCaP cells, 1344 proteins in
VCaP cells, and 943 proteins in RWPE cells, with adequate
reproducibility among the triplicates (Fig. 1A). In total, we
identified 3110 non-redundant proteins with at least two pep-
tides in the conditioned media of the cell lines combined. 723
proteins (of 3110; 23.2%) were common to all cell lines. Among
the androgen-independent cell lines, 1180 proteins were found

to be unique, whereas 335 and 39 proteins were unique to the
androgen-dependent cell lines and normal RWPE cell line,
respectively (Fig. 1B). These data are summarized in Table 1,
and complete lists of proteins identifiedwithin each cell line are
presented in supplemental Tables S2–S9.
To identify gene ontology classifications, which include

molecular function, biological process, and cellular compo-
nents, we utilized the Protein Center database. The top cellular
localization annotations of the proteins identified within each
of the cell lines were cytoplasmic, membrane-bound, or
nuclear. Over 67% of proteins were annotated as being either
cell surface, extracellular, ormembrane-bound.Themajority of
proteins were functionally annotated as either being protein
binding or as having catalytic activity. Finally, the top biological
processes of the proteins weremetabolic processes, followed by
regulation of biological processes and response to stimuli (sup-
plemental Fig. 1).
Prioritization of Candidate Markers of Androgen Indepen-

dence—In order to identify candidates of androgen-indepen-
dent and aggressive prostate cancers, we compared the differ-
ential protein expression based on normalized spectral counts
between our androgen-independent, androgen-dependent,
and/or normal RWPE cell lines. Because we were interested in
finding proteins that are elevated during AIPC, we decided to
set as cut-offs proteins that were found with a minimum of two
peptides within our androgen-independent cell line proteomes
and with less than two peptides in either the androgen-depen-
dent or normal prostate cell line proteomes. This filter resulted
in the selection of 1180 proteins that were unique to at least one
AIPC cell line. The top candidates included proteins that were
expressed in multiple AIPC cell lines, with minimal or no spec-
tral counts in the androgen-dependent or normal cells (Fig. 1C).
To further prioritize the candidate list of proteins, a final data
set of 57 proteins was derived, consisting of proteins that were
secreted in at least three AIPC cell lines with aminimumof two
spectral counts, and with less than one spectral count in all
androgen-dependent cell lines and the normal cell line. Table 2
summarizes these candidates with respect to the observed
spectral counts in each of the cell lines as well as the number
of AIPC cell lines that displayed positive results. The list
contains proteins that were previously studied in the context
of prostate cancer progression, including MGAT5, PAM,
GBA, ROBO1, CD59, MMP1, IGFBP4, CDH2, TGFB2,
ICAM1, EPHA2, and IGFBP5 (22–33), thus providing fur-
ther confirmation for the robustness of our quantification
method.
We next subjected our candidate list to preclustering path-

way analysis using Ingenuity Pathway Analysis. This analysis
revealed twomajor networks that the candidates were enriched
for: 1) cellular movement and 2) cellular function and develop-
ment (Fig. 1D). The candidates had central nodes in theNF-�B,
AKT, ERK, p38 MAPK, TGF�, and TNF signaling cascades, all
of which have been previously documented to be associated
with prostate cancer progression (34–39).
Protein S Is Elevated in Androgen-independent Prostate Can-

cer Cell Lines and Is Activated in the LuCaP 96AI Androgen-
independent Prostate Cancer Xenograft Model—Based on our
initial discovery results, the vitaminK-dependent Protein Swas
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our most interesting candidate, because it was found to be
secreted in all five androgen-independent cell lines, with no
detectable secretion in any of the androgen-dependent or nor-
mal prostate epithelial cell lines (Table 2). The highest secretion
was found in LNCaP-SF cells, with an average spectral count of

23, followed by 20 in DU145 cells, 20 in PPC-1 cells, 8 in 22Rv1
cells, and 3 in PC3 cells. To verify the discovery results, we
performed real-time PCR of PROS1 as well as other top candi-
dates (TWSG1, LTBP1, GBA, and PAM) on various prostate
cancer cell lines to investigate if the gene expression correlated

FIGURE 1. Total non-redundant proteins identified and candidate selection for markers of AIPC. A, Venn diagrams displaying protein identification with
a minimum of two peptides in each of the cell line conditioned media in triplicate. B, overlap of 3110 total non-redundant proteins identified in five androgen-
independent cell lines (DU145, PC3, LNCaP-SF, 22Rv1, and PPC-1), two androgen-dependent cell lines (LNCaP and VCaP), and a normal prostate epithelial cell
line (RWPE). C, heat map depicting the top proteins specifically found secreted in AIPC cell lines (red) but without secretion in either the androgen-dependent
or normal cell lines (black). Scale represents the average spectral counts observed in triplicate experiments (full list of candidates can be found in supplemental
Table S10). D, Ingenuity Pathway Analysis revealed alterations in two main networks: 1) cellular movement and 2) cellular function and development.
Alterations in central nodes (depicted in orange) within ERK, AKT, NF-�B, TGF�, and TNF signaling pathways were observed.
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with the protein expression data. As expected, we observed sig-
nificantly elevated transcript levels of each of the candidates in
androgen-independent cell lines (PC3 and DU145), compared
with the normal (RWPE) and androgen-dependent cells
(LNCaP and VCaP) (Fig. 2A).
To determine whether PROS1 and other top candidates may

play a role during the progression of androgen-independent
prostate cancer, LuCaP96 and its androgen-independent coun-
terpart, LuCaP 96AI, xenografts were utilized. The transcript
and protein expression of PROS1, TWSG1, LTBP1, PAM, and
GBA were assessed using quantitative PCR and Western blot,
respectively. It was shown that all of the candidates displayed
significant increases in their gene expression in the LuCaP 96AI
xenograft-derived cells (p � 0.05) (Fig. 2B). Protein validation
of these candidates usingWestern blotting supported our data,
demonstrating an up-regulation of our identified enzymes in
LuCaP 96AI cells (Fig. 2C). Taken together, our cell line and
xenograft data clearly demonstrate that PROS1 and other top
candidates are elevated at both the protein and transcript level
in androgen-independent prostate cancer cells and could
potentially serve as biomarkers and/or therapeutic targets for
aggressive prostate cancer.
Protein S Expression Is Elevated in High Grade Prostate

Cancer—We then sought to investigate whether PROS1 was
also overexpressed in prostate cancer patients. To examine this,
we measured its transcript levels in normal and human tumor
tissue samples. Using real-time PCR, we found that PROS1
transcript levels were significantly elevated (p � 0.017) by over
2-fold in prostate cancer compared with normal tissue (Fig.
4A).

In addition, using immunohistochemistry, we assessed the
protein expression level of PROS1 in normal (n � 8) and clini-
cally localized prostate cancers of varying grade (n � 40). We
devised a scoring system to assess protein expression, whereby
each core was scored with a 0, 1, 2, or 3, which corresponds to
no staining and low, moderate, or high staining, respectively.
After analysis, we observed a stair-wise expression pattern of
PROS1 staining, with minimal staining in normal cores, mod-
erate staining in low grade prostate cancer (Gleason grade �7),
and increased staining in high grade prostate cancer (Gleason
�8) (Fig. 3A). Normal cores depicted very little positive stain-
ing, with only 13% of cores displaying a score of 2 or greater,
whereas low grade prostate cancer cores had intermediate
expression, staining positively in 25% of cases. Finally, high
grade prostate cancer cores displayed the greatest expression
levels, with 43% of cores staining positively (Fig. 3B). Similarly,
we also assessed the expression of TWSG1 and LTBP1 on these
samples. Both TWSG1 and LTBP1 displayed elevated expres-
sion in cases of high grade prostate cancer; however, the expres-
sion pattern was not as prominent at PROS1 (Fig. 3). These
results indicate that PROS1 is overexpressed in high grade
prostate cancers and may therefore play a role in the progres-
sion of prostate cancer to an advanced stage disease.
Protein S Is Elevated in the Seminal Plasma of Intermediate

and High Grade Prostate Cancer Patients—After observing
increased gene and protein expression of PROS1 in high grade
prostate cancer tissue specimens, we wanted to determine if
elevated PROS1 expression could also be reflected with ele-
vated seminal plasma secretion. We chose to analyze seminal
plasma because it represents the proximal fluid in which pros-

TABLE 1
Total number of proteins identified in triplicate analysis of cell line conditioned medium

RWPE LNCaP VCaP 22Rv1 PPC1 DU145 PC3 LNCaP-SF

Total non-redundant proteins (with �2 peptides) 943 1199 1344 885 1426 1974 1448 1146
No. of peptides identified with . . . a
Only 2 peptides 243 429 477 434 548 689 598 425
Only 3 peptides 110 88 125 108 136 198 150 107
Only 4 peptides 77 79 99 86 127 123 112 79
�5 peptides 513 603 643 227 615 964 588 535

a Based on the average triplicate spectral count value.

TABLE 2
Top candidate proteins elevated in androgen-independent cell lines based on average normalized spectral count values
Fifty-seven proteins were foundwith aminimumof two peptides in at least three AIPC cell lines andwith less than one peptide in androgen-dependent and normal prostate
epithelial cell lines. For a complete list of the 52 proteins, see supplemental Table S10.

RWPE
(normal)

LNCaP
(AD)a

VCaP
(AD)

22Rv1
(AI)b

DU145
(AI)

PC3
(AI)

PPC1
(AI)

LNCaP-SF
(AI)

Number of positive
AIPC cell lines

Previously studied during
prostate cancer progression?

PROS1 0 0 0 8 20 3 20 23 5
TWSG1 1 0 0 5 6 8 7 9 5
GBA 0 1 0 4 25 5 37 7 5 Ref. 28
PGRMC1 0 1 0 3 3 2 5 4 5
LTBP1 0 0 0 0 11 58 161 18 4
LTBP3 0 0 0 1 27 28 48 22 4
HTRA1 1 1 0 0 11 10 72 12 4
MAN1A1 0 0 0 0 2 5 93 3 4
COL6A2 0 0 0 0 5 38 23 30 4
MGAT5 0 0 0 0 14 10 61 3 4 Ref. 26
PAM 0 0 0 0 32 8 34 8 4 Ref. 27
PCSK1N 0 0 0 30 20 24 0 11 4
CHID1 0 0 0 0 2 7 50 11 4
ROBO1 0 1 0 2 0 9 25 10 4 Ref. 29
CD59 1 1 0 0 2 9 16 6 4 Ref. 30
B4GALT4 0 0 0 0 6 6 14 5 4
B3GAT3 0 0 0 3 7 1 10 3 4

a AD, androgen-dependent cell lines.
b AI, androgen-independent cell lines.
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tatic secretions should be enriched for. We assessed PROS1
levels using ELISA in a variety of seminal plasmas taken from
control (n � 8), prostatitis (n � 8), low grade (Gleason �6, n �
8), and intermediate/high grade (Gleason �7, n � 13) prostate
cancer patients. Clinical information of the seminal plasma
samples can be found in supplemental Table S1. Based on our
analysis, we observed a statistically significant (p � 0.05) eleva-
tion of PROS1 in seminal plasma from intermediate and high
grade prostate cancer patients (Fig. 4B). The area under the
curve of PROS1 being able to distinguish benign (negative
biopsy and prostatitis) and low grade prostate cancers from
intermediate/high grade prostate cancer patients in seminal
plasma was 0.875 (confidence interval � 0.744–1.0, p � 0.001)
(Fig. 4C). These results suggest a potential role of PROS1 as a

biomarker, to assist in the differential diagnosis of high grade
from low grade prostate cancer and/or benign conditions.
PROS1-stimulated Prostate Cancer Cells Have Increased

Migratory Potential—To explore whether PROS1 has a role in
prostate cancer growth or migration, we performed in vitro
scratch assays, in which LNCaP cells were grown to full conflu-
ence, treatedwithmitomycin-C for 2 h, and scratched to induce
wounding. Cells were then either treated with 1–2 �g/ml of
human purified PROS1 or left untreated to serve as controls,
and the amount of wound closure as well as the number of
migrating cells was assessed. We observed that 24 and 48 h
postscratch, there was a statistically significant (p � 0.05)
increase in wound closure in PROS1-treated LNCaP cells (Fig.
5A). Specifically, over 40% of the original wound was healed in

FIGURE 2. Analysis of gene and protein expression levels of PROS1, TWSG1, LTBP1, GBA, and PAM on prostate cancer cell lines and LuCaP96/96AI
xenografts. A, gene expression profiles of top candidates on normal (RWPE), androgen-dependent (LNCaP and VCaP), and androgen-independent (DU145
and PC3) cell lines. B and C, gene and protein expression levels of top candidates are increased in the LuCaP 96AI androgen-independent xenograft model
(*, p � 0.05, Mann-Whitney test). Error bars, S.E.
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PROS1-treated cells compared with less than 20% wound clo-
sure in non-treated control cells (Fig. 5B). In addition, to assess
cell migration during PROS1 stimulation, we fixed and stained
cells after 24 and 48 h of inducing the wound and counted cells
that were found within default squares within the original
wound gap. After analysis, we observed a significant increase
(p� 0.05) in the number ofmigrating cells during PROS1 stim-
ulation (Fig. 5B). Taken together, these data are indicative that
PROS1 has a direct role on prostate cancer cellular processes,
including growth and migration.
PROS1 Transcript Levels Increase after Continuous Growth

in Androgen-deprived Conditions—During androgen depriva-
tion, prostate cancer cells undergo apoptosis due to the absence
of key growth stimuli, in particular androgens. To assess the
effect of androgen deprivation on PROS1 expression, we grew
LNCaP cells in androgen-deprived conditions for varying
times, including 1, 2, and 5 days, and extracted total RNA to
examine the expression levels of PROS1. Interestingly, PROS1
gene expression levels were increased in a time-dependent

manner (Fig. 5C).We also observed an increase in PROS1 tran-
script level in PC3 androgen-deprived cells (data not shown).
Previously, we assessed PROS1 expression in the LuCaP

96/LuCaP 96AI xenograftmodel and observed elevated expres-
sion in the androgen-independent xenograft. We measured
transcript levels of GAS6, a known homologue of PROS1,
which has previously been linked to prostate cancer progres-
sion (45, 46), on these xenografts and found its elevation in
LuCaP 96AI cells (p � 0.05). Taken together, these results fur-
ther support the involvement of PROS1 andGAS6 in the devel-
opment of AIPC.
PROS1 Is Highly Expressed in Cases of Castration-resistant

Metastatic Prostate Cancers—Thus far, we have demonstrated
that PROS1 is elevated 1) in vitro, in androgen-independent cell
lines; 2) in localized high grade disease, both at the tissue and
seminal plasma level; and 3) in an androgen-independent xeno-
graft model. Based on these findings, we aimed to examine
PROS1 expression in various castration-resistant metastatic
prostate cancer human samples to identify whether it is dys-

FIGURE 3. Protein expression of PROS1, TWSG1, and LTBP1 in human prostate cancer tissues. A, representative immunohistochemistry images of cases
of normal, low grade (Gleason �7), and high grade (Gleason �8) prostate cancer specimens, under light microscopy (�20). B, immunohistochemical staining
was quantified using a scoring scale of 0, 1, 2, and 3 corresponding to no staining and low, moderate, and high staining, respectively, as blindly determined by
a pathologist. Positive cores were determined to be ones that stained with an intensity of 2 or greater.
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regulatedduringprostate cancermetastasis aswell.Usingourpre-
vious scoring system in a tissuemicroarray, containing castration-
resistantmetastatic lesions to thebone (n�72), lymphnodes (n�
28), and lung and liver (n � 19), we demonstrated substantially
increased PROS1 staining in all metastatic sites (Fig. 6). Specifi-
cally,weobserved15.8%of lungand livermetastasescontainingno
stainingor low staining and84.2%of coreshaving intense staining.
With respect to the lymph node metastasis cores, we found 25%
with lowstainingand75%with intense staining.Withinbonemet-
astatic lesions, 29% of cores displayed low staining, whereas 71%
had intense staining. In contrast, in normal prostate cores, PROS1
staining was very low because themajority of the samples (87.5%)
had little or no staining, and a small proportion (12.5%) hadmod-

erate PROS1 expression. Following statistical analysis, PROS1
expression was found significantly up-regulated in lung and liver
(p�0.001), lymphnode (p�0.002), andbone (p�0.002)prostate
cancermetastatic lesions comparedwith normal prostate samples
(Table 3). In conclusion, PROS1 expression is up-regulated in cas-
tration-resistant prostate cancermetastases and, thus, could serve
as a potential biomarker and therapeutic target for aggressive
disease.

DISCUSSION

In the present study, we aimed to delineate the proteomes of
several prostate cancer and a near normal prostate cell line
conditioned media to identify proteins that are elevated during

FIGURE 4. Expression of PROS1 in seminal plasma specimens of varying Gleason grade. A, using the TissueScan Prostate Cancer cDNA Array II consisting of eight
normal and 36 prostate cancer specimens, the gene expression profiles of PROS1 showed significantly elevated mRNA expression in cancer compared with normal
specimens (*, p �0.05, Mann-Whitney test). B, ELISA analysis of PROS1 protein levels in seminal plasma from negative biopsy (n �8) (positive prostate-specific antigen
test), prostatitis (n � 8), low grade prostate cancer (Gleason �6) (n � 8), and intermediate and high grade prostate cancer (Gleason �7) (n � 13) patients (*, p � 0.05,
Mann-Whitney test). C, the area under the curve (AUC) of PROS1 being able to distinguish benign (negative biopsy and prostatitis) and low grade prostate cancers from
intermediate/high grade prostate cancer patients in seminal plasma was 0.875 (confidence interval (CI) � 0.744–1.0, p � 0.001).
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androgen-independent prostate cancer. Specifically, by using
LC-MS/MS, we performed proteomic analysis on five andro-
gen-independent (DU145, PC3, 22Rv1, PPC1, and LNCaP-SF),
two androgen-dependent (LNCaP and VCaP), and one near
normal (RWPE) prostate epithelial cell line. After performing
experiments in triplicates and using various protein identifica-
tion search engines (X!Tandem,Mascot, and Scaffold), wewere
able to identify between 885 and 1974 proteins with at least two
peptides in each of the cell line conditioned media. In total, we
identified a 3110-non-redundant protein data set, which, to our
knowledge, is the most comprehensive one to date. To inter-
nally validate our approach, we observed among our top candi-
dates, 12 proteins (MGAT5, PAM, GBA, ROBO1, CD59,
MMP1, IGFBP4, CDH2, TGFB2, ICAM1, EPHA2, and
IGFBP5) that have previously been studied or implicated in
prostate cancer progression (22–33). For example,MGAT5has
been shown to mediate enhanced invasion and metastatic
potential for prostate cancer cells through many in vitro inva-
sion assays and xenograft animal models.
After analyzing our candidates, we decided to further inves-

tigate the anticoagulation factor PROS1, because it was found
secreted in only the androgen-independent cell lines, with no

detectable secretions in androgen-dependent or normal pros-
tate epithelial cell lines. After performing clinical validation on
a variety of tissue and seminal plasma samples, we observed
elevation of PROS1 specifically in high grade cases, in addition
to its elevation in castration-resistant metastatic prostate can-
cer cases, which supported our initial goal of identifying mark-
ers of aggressive prostate cancer.
To our knowledge, this is the first study documenting a role

for PROS1with respect to prostate cancer pathogenesis. In fact,
after performingmultiple searches, the only other study thatwe
could find assessing PROS1 in any form of cancer was a study
evaluating various coagulation factor expressions during colo-
rectal cancer development. In the aforementioned studies,
PROS1 staining in colorectal cancer cells was performed; how-
ever, the investigators did not go into further detail aside from
their immunohistochemistry analysis (40). Although PROS1
has been highly studiedwith respect to the coagulation cascade,
recent studies have shown that PROS1 could act as a ligand for
a family of receptor tyrosine kinases, consisting of Tyro3, Axl,
andMer (TAM receptors) (41–44). Interestingly, GAS6, which
shares 40% amino acid identity with PROS1, is a known ligand
for these TAM receptors (41). We also observed GAS6 secre-

FIGURE 5. LNCaP cells were treated with human purified PROS1, and a wound repair scratch assay was performed. PROS1-treated cells (1 or 2 �g/ml) had
significantly increased wound repair (A) and an increase in migrating cells (B) compared with untreated cells 24 and 48 h postscratch (*, p � 0.05, Mann-Whitney
test). C, LNCaP cells were grown in androgen-depleted conditions for a 5-day period. PROS1 gene expression levels increased the longer the cells were grown
in androgen-depleted conditions (*, p � 0.05, Mann-Whitney test). A similar expression profile was observed with PC3 cells (data not shown). D, PROS1 (Fig. 2B)
and its homologue GAS6 transcript levels were increased in the LuCaP 96AI androgen-independent xenograft model (*, p � 0.05, Mann-Whitney test). Error
bars, S.E.
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tion in two AIPC cell lines (DU145 and LNCaP-SF), with no
detectable secretions in either the androgen-dependent or nor-
mal prostate cell lines. Previously, GAS6 has been shown to
have increased affinity for the Axl protein (41). In regard to
prostate cancer pathology, Sainaghi et al. (45) demonstrated
that Axl could be activated by GAS6 in DU145 and PC3 cells,
resulting in the phosphorylation of theMEK protein, leading to
increased cell survival and proliferation. Shiozawa et al. (46)
went a step further and observed that upon GAS6/Axl stimula-
tion, prostate cancer cells had increasedmetastatic and invasive
properties, particularly to bone. Both of these studies demon-
strate that TAM receptors, specifically Axl, and their corre-
sponding ligands (GAS6) are able to promote prostate cancer

tumorogenesis. The question of whether PROS1 is able to act in
a similar way has yet to be elucidated. However, from our anal-
ysis, we also observed increased cell migration upon stimulation
with PROS1 as well as its elevated expression in high grade and
metastatic disease, further providing evidence that it may be pro-
viding a survival advantage for prostate cancer cells. However, the
mechanistic role of PROS1and its potential downstreamsignaling
cascade still requires further exploration.
PROS1 shares 40% amino acid identity with GAS6, and both

proteins have identical structural domains, including a �-glu-
tamic acid domain, which is integral for vitaminK binding, four
epidermal growth factor (EGF)-like modules, and two tandem
laminin G domains that are structurally related to those of the
sex hormone binding globulin (41). PROS1, but notGAS6, con-
tains a unique thrombin cleavage domain, which is important
for its functions within the coagulation cascade (41). Interest-
ingly, two recent studies conducted on mouse neuronal cells
showed that upon chemically induced cell injury, PROS1 was
able to activate AKT and induce an anti-apoptotic cascade,
resulting in reduced cell death (47, 48). The response was spe-
cific to PROS1 binding to the TYRO3 receptor and not Axl or
Mer. These results marked a novel role for PROS1 outside of
the coagulation cascade as a signaling molecule. Also, it was
observed that the lamininGdomains in particular were integral
for the binding of PROS1 and subsequent activation of its
downstream signaling pathway (47, 48).
The novel role of PROS1 as a signaling molecule in the neu-

ronal mouse model provides an interesting explanation as to

FIGURE 6. Expression of PROS1 in castration-resistant metastatic prostate cancer to the bone, lymph node, liver, and lungs. Representative immuno-
histochemistry images of PROS1 staining in normal prostate (A), liver metastasis (B), bone metastasis (C), lymph node metastasis (D), and lung metastasis (E) of
the prostate are shown. Images were taken under light microscopy (�20). F, immunohistochemical staining was quantified using a scoring scale of 0, 1, 2, and
3, corresponding to no staining and low, moderate, and high staining, respectively, as blindly determined by a pathologist. Positive cores were determined to
be ones that stained with an intensity of 2 or greater.

TABLE 3
PROS1 expression in castration-resistant metastatic prostate cancers

Tissue type
Number of

positive coresa
Staining

percentage
p value compared
with normalb

%
Normal
prostate

1/8 12.5 NAc

Lung and
liver
metastasis

16/19 84.2 0.0009

Lymph
node
metastasis

21/28 75.0 0.0026

Bone
metastasis

51/72 70.8 0.0022

a Positive staining means a score of 2 or higher, based on the pathologist’s score
(see Fig. 3 legend).

b p value was calculated using a �2 test.
c Not applicable.
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why it may possibly become activated in high grade and aggres-
sive prostate cancer. During aggressive prostate cancer, andro-
gen deprivation is usually the gold standard therapy.Many cells
undergo apoptosis during this treatment; however, some are
able to evade the therapy and continue growing in the absence of
androgens. A possible hypothesis for our observed increase in
PROS1expression in aggressiveprostate cancer couldbedue to its
potential involvement in activating downstream anti-apoptotic
pathways, which in turn provide a survival advantage for cancer
cells and promote their progression to AIPC. Further experimen-
tation needs to be conducted to determine more precisely the
functional roleofPROS1and itspotentialdownstreamsignaling in
aggressive disease. In addition, PROS1 as a therapeutic target
becomes of interest because the development of potential mole-
cules that can possibly inhibit PROS1 signaling function without
altering its coagulation properties presents an interesting avenue
of therapeutic intervention.
Overall, in this study, we demonstrate that PROS1 is a novel

marker of high grade and castration-resistant metastatic pros-
tate cancer, which warrants further functional validation
through the use of relevant in vitro and in vivo models. Our
present findings provide sufficient evidence that PROS1 plays
an important role in prostate cancer pathogenesis and suggest
an interesting area for therapeutic intervention for a disease
that lacks targeted treatments.
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