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Abstract

Expressed prostatic secretions (EPS) contain proteins of prostate origin that may reflect the health
status of the prostate and be used as diagnostic markers for prostate diseases including prostatitis,
benign prostatic hyperplasia, and prostate cancer. Despite their importance and potential applications,
a complete catalog of EPS proteins is not yet available. We, therefore, undertook a comprehensive
analysis of the EPS proteome using 2-D micro-LC combined with MS/MS. Using stringent filtering
criteria, we identified a list of 114 proteins with at least two unique-peptide hits and an additional 75
proteins with only a single unique-peptide hit. The proteins identified include kallikrein 2 (KLK2),
KLK3 (prostate-specific antigen), KLK11, and nine cluster of differentiation (CD) molecules
including CD10, CD13, CD14, CD26, CD66a, CD66¢c, CD 143, CD177, and CD224. To our
knowledge, this list represents the first comprehensive characterization of the EPS proteome, and it
provides a candidate biomarker list for targeted quantitative proteomics analysis using a multiple
reaction monitoring (MRM) approach. To help prioritize candidate biomarkers, we constructed a
protein—protein interaction network of the EPS proteins using Cytoscape (www.cytoscape.org), and
overlaid the expression level changes from the Oncomine database onto the network.
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1 Introduction

Expressed prostatic secretions (EPS) are body fluids directly derived from prostate and should
contain proteins of prostate origin, and therefore, may reflect the health status of prostate.
Despite its importance and potential applications as a rich source of prostate disease
biomarkers, the proteome of EPS, i.e., a complete catalog of proteins in the EPS, has not been
established. Only a few proteins have been identified in the EPS from sporadic studies. In 1986,
Lee et al. [1] observed, by 2-DE, a total of 57 major protein groups from specimens of pooled
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prostatic fluid collected by rectal massage from men under 50 years of age with no apparent
prostatic disorders. However, due to limitation of the technologies available at that time, they
were only able to identify a few prostate-associated proteins such as prostatic acid phosphatase
(PAP), prostatic-specific antigen (PSA), and prostate-binding protein (PBP) [1].

The proteome of many body fluids such as nipple aspirate fluid [2], cerebrospinal fluid [3],
cervical vaginal fluid [4], saliva, bronchoalveolar lavage fluid, synovial fluid, tear fluid, and
amniotic fluid (reviewed by [5]) were cataloged previously; and their protein catalogs have
served as a resource for biomarker discoveries for cancers and other human diseases. As far
as we know, an analysis of the EPS proteome by current proteomics technology has not been
done yet. We have therefore planned a study to identify candidate bio-markers from EPS. Our
initial experimental design was to compare EPS from benign prostatic hyperplasia (BPH)
patients or normal individuals to that from prostate cancer patients by ICAT (isotopic coded
affinity tags) labeling coupled with MS/MS analysis; however, we found that it was difficult
to get enough EPS from prostate cancer patients and that the amount we obtained from prostate
cancer patients was not enough for comparative proteomics analysis by ICAT/MS/MS. In more
than 30% of the prostate cancer patients the prostate is hardened, and the gland structure is
greatly damaged, both making it difficult to get sufficient EPS.

Therefore, we had to lower our aim to only cataloging the proteins in the EPS, which we
believed, nonetheless, would still be interesting to the scientific community. In this cataloging
experiment, we have analyzed EPS from normal individuals, BPH patients, and prostate cancer
patients. We undertook a comprehensive analysis using 2-D micro-LC combined with MS/
MS. Using stringent filtering criteria, we identified a list of 114 proteins with at least two
unique-pep-tide hits and additional 75 proteins with only a single unique-peptide hit. The
proteins identified include kallikrein 2 (KLK2), KLK3 (PSA), KLK11, and nine cluster of
differentiation (CD) molecules including CD10, CD13, CD14, CD26, CD66a, CD66c, CD
143, CD177, and CD224. To our knowledge, this list represents the first comprehensive
characterization of the EPS proteome. Gene ontology (GO) analysis of the identified EPS
proteins revealed that they are enriched for proteins in the GO categories such as immunity
and defense, proteolysis, transport, and lipid and fatty acid transport under the category of
biological processes.

Recently, Malmstrom et al. [6] heralded a targeted quantitative proteomics approach for
biomarker discovery and validation to complement the shotgun proteomics approach that has
numerous limitations including limited sensitivity, limited coverage, a high degree of
redundancy, and under sampling, etc. In the targeted quantitative proteomics approach,
candidate proteins are first identified and then quantified in multiple repeated analyses (i.e.,
large amount of samples) using a multiple reaction monitoring (MRM) approach. Candidate
biomarkers can be derived from an analysis of the literature, from specific biological
knowledge or from focused proteomics analysis such as our analysis of the EPS proteome.
Integrative analysis of our EPS protein list with the prostate cancer microarray data from
Oncomine (www.Oncomine.org) [7] revealed a list of 48 EPS proteins which 50% of the array
data support as being upregulated in prostate cancer. Furthermore, we identified 26 EPS
proteins that are prostate-specific/enriched compared with 33 massively parallel signature
sequencing (MPSS) data generated by a collaboration with Solexa [8] using 33 normal tissues.
Comparison of our EPS proteome with that of the proteome of prostasomes, which we
previously characterized [9] through Entrez Gene identifiers, resulted in a common set of 34
proteins. This set includes CD10, CD224, CD13, PSA, PAP, Annexin Al, enolase 1, Ras-
related proteins Rab-3D and Rab-27A, alpha-2-glycoprotein 1, etc. Finally, using Cytoscape
(www.cytoscape.org), we were able to construct a protein—protein interaction network of the
EPS proteins, suggesting that many EPS proteins form a network working in concert. We have
also overlaid the expression changes of the mapped genes from the Oncomine database onto
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this map. This network will help us pinpoint key genes in the network that play important roles
in prostate diseases and will also help us identify a composite panel of markers from different
regions of the map that better reflect the biological state of the prostate and, therefore, constitute
better bio-markers for prostate diseases.

2 Experimental procedures
2.1 EPS collection

EPS was collected with patients’ consent and an institutional review board (IRB) approval.

EPS was collected by prostatic massage. About 30-100 pL of EPS was collected from each
individual. The EPS was then diluted with 100 uL of cold PBS and centrifuged at 2000 rpm
for 5 min to remove any possible cellular contamination. The EPS was then stored at —80°C
until analysis.

EPS was collected from three confirmed prostate cancer patients, four BPH patients, and one
normal individual. Their clinical information such as PSA levels is listed in Table 1.

2.2 Trypsin digestion

The EPS samples were treated with DTT followed by iodoacetamide before tryptic digestion.
A standard trypsin digestion protocol
(www.biochem.uwo.ca/wits/bmsl/in_solution_digestion.pdf) was followed using Promega
sequencing grade modified trypsin (V511A). The EPS samples were also run on 1-D
polyacrylamide gels, and four individual bands that showed differences between samples were
cut out and trypsinized. The In-Gel Tryptic Digestion Kit (Pierce Biotechnology) was used for
in-gel trypsin digestion.

2.3 MS/MS analysis

Microcapillary high pressure LC nanoelectrospray IT MS/MS was carried out using an LTQ
linear IT mass spectrometer (Thermo Fisher, San Jose, CA) with an in-house fabricated
microelectrospray source and an HP1100 solvent delivery system (Agilent, Palo Alto, CA).
Samples were automatically delivered by a FAMOS autosampler (LC Packings, San Francisco,
CA) to a 100 um internal diameter fusedsilica capillary precolumn packed to a 2 cm length
with 200 A pore-size Magic CI8A™ material (Michrom Bioresources, Auburn, CA). Once on
the precolumn, the samples were washed with solvent A (0.1% formic acid, 5% ACN) and
then eluted with a gradient of 10-35% solvent B (100% ACN) over 30 minto a 75 um x 10
cm fused-silica capillary column packed with 100 A pore-size Magic C18AQ material
(Michrom) and then into the mass spectrometer at a constant column tip flow-rate of ~300 nL/
min. Eluting peptides were analyzed by uLC-MS and data-dependent uLC-MS/MS acquisition
which selected three precursor ions for MS with a dynamic exclusion of one.

Each EPS sample was injected only once for the MS/MS analysis due to the limited amount
of material. Thermo Finnegan’s Xcalibur Qual Browser (3.0) was used to generate the MS
peak list. The ICIS peak-detection algorithm was used. The SEQUEST algorithm (Thermo
Fisher) was used to search the ipi. HUMAN.v3.21.fasta database that contains 60 824 protein
entries. A detailed SEQUEST search parameter is provided in Supporting Information
Document 1. In brief, mass tolerance was set at 3 Da and fragment ion tolerance at 0 Da. A
one-enzyme terminus search was used, and two amino acid modification options were used,
one for STY phosphorylation (+80) and one for methionine oxidation (+16). A cysteine
modification of +57 Da was used for the EPS proteins from in-solution digestion as they were
alkylated by iodoacetamide. The PeptideProphet™ [10] and Protein-Prophet™ [11] programs
were used for statistical analysis of the identified peptides and proteins. The Xinteract program
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was used to integrate the information. Detailed descriptions of these programs are available at
the web site http://tools.proteomecenter.org/software.php.

2.4 Functional analysis

3 Results

We used the Panther classification system (http://www.pantherdb.org/) to analyze our data in
order to see which GO terms were enriched in the EPS proteins. Prostate cancer microarray
datasets compiled at the Oncomine database (www.Oncomine.org) were used to search for
EPS proteins that were differentially expressed. The one-sided t-test, as used in the Oncomine
website, was used to calculate the p-values. For analyzing and determining prostate-specific
genes, MPSS (http://mpss.licr.org/) datasets containing analyses of normal human tissue were
downloaded [8]. Because liver was not present in these, we added normal liver MPSS data that
we generated ourselves (data now shown). The specificity score was calculated using the
formula listed in the paper by Jongeneel et al. [8], which was defined in our case as the log 2-
transformed ratio of the expression of the gene in the prostate tissue divided by the sum of the
expression levels in all other tissues plus 1 [8]. To categorize the EPS proteins as either classical
or nonclassical secretory proteins, we used signal-peptide prediction servers such as SignalP
3.0, SecretomeP 2.0, and TMHMM (www.cbs.dtu.dk/services/).

To build a protein—protein interaction map of these EPS proteins in prostate, we extracted the
protein—protein interaction data from the HPRD and the NCBI databases (www.hprg.org;
www.ncbi.nlm.nih.gov/). We only extended one layer out to make the connections. We used
Cytoscape (www.cytoscape.org) to display the result.

3.1 A catalog of the proteins identified in the expressed prostatic secretion

We analyzed the proteome of EPS that was collected from three confirmed prostate cancer
patients, four BPH patients, and one normal individual by micro-LC MS/MS analysis. After
filtering the mass spectrum quality by PeptideProphet™ scores [10] of >0.9 and removing
peptides corresponding to trypsin, we obtained a total of 2109 peptides (Supporting
Information Document 2). These 2109 peptides can be reduced to 988 unique peptides
corresponding to 288 unique proteins of which 135 are single-peptide hit proteins. To identify
proteins that have the highest confidence, we further analyzed the data by ProteinProphet™
[11]. Inthe Protein-Prophet™ algorithm, peptides that correspond to more than a single protein
in the sequence database are apportioned among all corresponding proteins, and a minimal
protein list sufficient to account for the observed peptide assignments is derived using the
expectation—maximization algorithm [11]. We reduced the number of proteins identified using
the ProteinProphet™ algorithm to 206 unique proteins. We then filtered the protein list using
the criterion that a protein must have two or more unique peptides identified (133 proteins).
We also manually combined various Ig entries (e.g., heavy chain, light chain, etc.) into one
entry and removed keratin, which we think is derived from contamination during EPS
preparation and handling. We were left with a confidently identified list of 114 proteins (Table
2). To our knowledge, this list represents the first comprehensive characterization of the EPS
proteome. We also identified an additional 75 proteins with only a single unique-peptide hit
(Supporting Information Document 3).

Previously, using MS/MS analysis, we cataloged the proteome of prostasomes, which are
prostate-derived organelles in seminal plasma [9]. We reran the SEQUEST search using the
same database and filtered the protein list with the same filtering criteria to make it comparable
to the EPS data. We identified a list of 91 prostasome proteins that have two or more unique-
peptide hits (Supporting Information Document 4). Comparing our EPS proteome with that of
the prostasomes using Entrez Gene identifiers, we identified acommon set of 31 proteins (Table
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3 and Supporting Information Document 5). The common proteins include CD10, CD224,
CD13, PSA, PAP, Annexin A1, enolase 1, Ras-related proteins Rab-3D and Rab-27A, alpha-2-
glycoprotein 1, and others.

3.2 EPS proteins as putative prostate cancer biomarkers

In order to assess whether these EPS proteins have any potential roles in prostate carcinogenesis
and to assess whether any of these may be potential cancer markers, we compared the EPS
protein list that we generated with the transcriptomics data on prostate cancer collected at the
Oncomine database which collects, standardizes, analyzes, and delivers published cancer gene
expression data to the research community (www.Oncomine.org) [7]. There are 11 prostate
cancer microarray datasets that contain normal and cancer tissue type comparisons. Using
p<0.05 as a cut-off score, we tabulated the number of times that a protein was identified as
significantly up- or downregulated. As a protein could be identified as upregulated in one
dataset, but down-regulated in another dataset, we calculated the percentage of times that a
protein was identified as upregulated in these 11 prostate cancer datasets. In the end, we
identified a list of 48 EPS proteins that had more than 50% of the array data in support of their
being upregulated in prostate cancer. We included those genes that were identified as
upregulated only in the one array study in the database. The information was added to Table
3and Supporting Information Document 5. We also mapped these 48 proteins onto the protein—
protein network (Fig. 1), thus creating a map reflecting the disease state (prostate cancer) of
the network.

We have been promoting the idea that organ-specific genes may be rich resources for
identifying cancer bio-markers [12]. We have compared 33 MPSS data generated through a
collaboration with Solexa [7] using 33 normal tissues and used the specificity score defined
by Jongeneel et al. [8] to identify prostate-specific/enriched expressed genes. Using a log 2
enrichment score greater than 1 (meaning that more than 50% of the total combined transcript
copy numbers come from the prostate tissue) as a cut-off score, we identified 26 EPS proteins
that are prostate-specific/enriched, including well-known prostate-specific genes such as
KLK2, PSA, and CD10. This information is also provided in Table 3.

3.3 Functional categorization of the EPS proteins

We used the Panther classification system (http://www.pantherdb.org/) to identify those
functional categories that characterized the majority of the EPS proteins. Using NCBI’s Homo
sapiens genes as reference lists and using the Bonferroni correction for multiple testing, we
identified many enriched biological processes (p<0.05) as listed in Table 4. Biological
processes such as immunity and defense, proteolysis, transport, and lipid and fatty acid
transport are all enriched. Grouped by molecular function, the enriched categories (p<0.05)
are transfer/carrier proteins, proteases and their inhibitors, defense/immunity proteins,
apolipoproteins, and others. All of these data support and further illustrate the functions of the
prostate.

EPS proteins are secreted proteins. Secretory proteins can be divided into two categories:
classical secretory proteins with signal peptides and nonclassical secretory proteins including
those without signal peptides and those that are shed from cell-surface membrane proteins. To
assess the distribution of the EPS proteins between these categories, we used the signal-peptide
prediction servers SignalP 3.0 and SecretomeP 2.0 (www.cbs.dtu.dk/services/). We found that
67 EPS proteins have signal peptides as predicted by the SignalP program and that they are
classical secreted proteins (Table 3 and Supporting Information Document 5). The rest are
probably nonclassical secreted proteins or are shed proteins.
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To understand the function of these EPS proteins in prostate, we retrieved the protein—protein
interactions of the EPS proteins from the HPRD and the NCBI databases (www.hprg.org;
www.ncbi.nlm.nih.gov/) and used Cytoscape (www.cytoscape.org) to display the network
(Fig. 1). This network suggests that many EPS proteins are connected by protein—protein
interactions and, therefore, function in concert in the prostate. This network will provide a basis
for mapping disease genes or biomarkers onto the network and will help us to identify key
therapeutic targets and a panel of biomarkers that reflects the broad physiological function of
the prostate. Such a biomarker panel may better reflect the heath state of the prostate than any
single marker alone.

3.4 MS coverage of the putative PSA peptides

As PSA is currently the marker for prostate cancer diagnosis and as we have identified multiple
peptides by MS that correspond to the PSA protein, we thought it might be interesting to study
these PSA peptides in detail. In silico digestion of PSA produces 22 double-tryptic peptides,
and about 13 of these peptides are in the MW range of 500-3500, detectable by the mass
spectrometer with the settings that we used. We identified 26 peptides (Supporting Information
Document 6) specific to the PSA protein (with an adjusted PeptideProphet™ p>0.7 and manual
inspection of the spectra), which corresponds to a coverage of 54% (141 out of 261 amino acid
residues). To our knowledge, this provides the best coverage in identification of PSA by MS.
We identified five double-tryptic peptides and 21 single-tryptic peptides. The identification of
many single-tryptic sites was probably caused by other proteases in the EPS that digest PSA
prior to our trypsin digestion, as EPS is rich in proteases. We also identified oxidized
methionine (+16) at positions 122 and 139 (Fig. 2 and Supporting Information Document 6)
and a double-tryptic peptide WIKDTIVANP with an uncleaved tryptic site. This information
may be useful in understanding the ionization properties of the PSA peptides and the potential
native cleavage sites of PSA by endogenous enzymes.

4 Discussion

Using micro-LC ESI MS, we cataloged the proteome of EPS. Using stringent criteria, we
identified a list of 114 proteins (Table 1) with at least two unique-peptide hits and an additional
75 proteins that have only a single unique-peptide hit. The PeptideProphet™ scores for these
peptides are all greater than 0.9, and some of the single unique peptides were observed multiple
times.

Proteins identified with only a single unique peptide but seen multiple times (Supporting
Information Documents 2 and 3) may also represent true EPS proteins. For example, KLK11
was identified in the EPS by a single unique peptide that was observed twice. Diamandis et
al. [13] showed that KLK11 existed in seminal plasma and further demonstrated that KLK11
is useful for discriminating between prostate cancer and BPH when used in combination with
PSA[14]. Our list does not represent a complete list of the EPS proteins, as there may be scarce
proteins that were not identified due to the limited dynamic range of our proteomics technology
and due to our limited protein amount. As we have analyzed samples from eight individuals
separately (i.e., eight micro-LC-MS/MS), we believe that we have identified most of the
proteins in the detection range of our proteomics capabilities.

In this cataloging experiment, we have analyzed EPS from normal individual, BPH, and
prostate cancer patients. We also used spectrum counting [15], a semiquantitative method for
label-free quantitative proteomics analysis of complex samples. However, due to small sample
sizes and the fact that we used as much protein as possible from what we got for each individual
to get the maximum recovery, the protein amount was not normalized. Because of these
concerns, we did not believe that the results were reliable and therefore have decided not to
include them in this manuscript. Since we had EPS from only one normal individual but had
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EPS from multiple cancer patients and since the protein list was derived from the EPS of normal
and disease samples, the analysis may be biased toward the diseased EPS.

We observed that the majority of the EPS proteins could be categorized under the GO biological
processes of immunity and defense, proteolysis, transport, and lipid and fatty acid transport.
EPS has been shown to have antibacterial activity which has been attributed to the high zinc
concentration and to the existence of Igs [16-18]. Our identification of 35 proteins involved
in immunity and defense extended our understanding of EPS’s role in antibacterial activity and
immunity. These proteins may help to distinguish different types of chronic prostatitis (CP).
It is difficult to diagnose and differentiate different types of CP such as chronic bacterial
prostatitis, chronic nonbacterial prostatitis and recurrent nonspecific urethritis (NSU) without
prostatitis; because the symptoms are ambiguous [19]. Treatments for CP are not effective and
produce inconsistent results.

The EPS proteins are also enriched with proteins involved in proteolysis, transport, and lipid
and fatty acid transport. Prostate contributes 25-30% of the proteins in human semen [20]. We
identified 23 EPS proteins that are involved in proteolysis and 22 proteins involved in transport.
These proteins may perform important functions in human semen including semen liquefaction
and fertility.

Finding biomarkers directly from serum by MS-based proteomics technology has turned out
to be extremely challenging due to the low dynamic detection range of current mass
spectrometers and the extremely high dynamic range (up to 10-12 orders of magnitude) of
serum proteins [21]. Finding biomarkers directly in blood is a difficult task as potential cancer
biomarkers secreted from a tissue would be diluted in about 5 L of blood, the volume of blood
in an average human adult. Body fluid that is in close proximity to a tissue or organ may have
a higher concentration of proteins (biomarkers) that reflect the disease state, such as cancer,
of the tissue or organ compared to serum or plasma. Therefore, identifying biomarker
candidates from tissues and body fluids first and then validating them in serum is an approach
that many researchers are taking now.

By comparing the proteins identified from EPS with the proteins identified from sera (data not
shown) using direct proteomics analysis, we found that we were able to identify many more
known cancer biomarkers from EPS than from serum samples. The proteins identified from
EPS are also present in normal serum samples, albeit at lower concentrations. For example,
without any abundant protein removal, we were able to identify three KLKs (PSA, KLK2, and
KLK11) from EPS while we were not able to identify any of these KLKs from serum directly
(data not shown). It is well-known that the abundant proteins prevent the identification of lowly
expressed, possible bio-markers by MS. This is exactly the obstacle that makes it extremely
difficult to successfully discover biomarkers directly from the blood, as blood proteins span a
concentration range of at least ten orders of magnitude [21] and the 22 most abundant proteins
constitute 99% of the total blood protein mass [22].

EPS proteins are directly derived from the prostate and changes in their protein expression
patterns or levels may be used as diagnostic indicators of prostate diseases including prostatitis,
BPH, and prostate cancer; and may be also used for disease classification such as differentiating
different kinds of CP or different types or stages of prostate cancer. Such applications have
already been used. Elevation of dipeptidylpeptidase IV (CD26) activity in prostatic secretions
of men with prostate cancer was identified as a possible prostate cancer disease marker [23].
The prostate cancer molecular markers GSTP1 and hTERT in EPS were used as predictors of
biopsy results [24]. Interleukin-1 beta (IL-1 B) and tumor necrosis factor alpha (TNF-a) in the
EPS were used as markers for CP [25].
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The EPS proteins that we identified consist of many interesting ones. For example, we
identified nine CD molecules including CD10, CD13, CD14, CD26, CD 66a, CD 66¢, CD 143,
CD177, and CD224. Many of these CD markers are cell-surface enzymes or adhesion
molecules that play important functions in prostate development and prostate cancer. These
genes may also be targets for prostate cancer therapies. Loss of CD10 (neutral endopeptidase)
is a frequent and early event in human prostate cancer [26]. CD13 expression is absent in most
tumor cells, and a decreased frequency of CD26 (DPP V) expression was found in metastatic
tumors [27]. Circulation of PSA/CD14 double-positive cells was found to be a biomarker
indicating low risk for hematogenous metastasis of prostate cancer [28]. CD66a (CEACAM1)
is an adhesion molecule of the carcinoembryonic antigen family, and its protein expression is
lost in most prostate tumors [29]. Downregulation of CD66a (CEACAML) in human prostate
cancer is correlated with loss of cell polarity, increased proliferation rate, and a Gleason grade
3 to 4 transition [30].

Many of the EPS proteins that we identified have been implicated in prostate cancer. For
example, KLK2 and KLK3 are well-known examples of prostate cancer biomarkers [31]. By
2-DE and MS analyses protein disulfide isomerase was shown to be over expressed in prostate
cancer compared to its expression in benign tissues [32]. Calcium-binding proteins SI00A8
and S100A9 were observed to be upregulated in prostatic intraepithelial neoplasia and
preferentially expressed in high-grade adenocarcinomas by immunohistochemistry staining
when compared to benign tissue that was negative for or showed weak expression of these
proteins [33]. SL00A9 serum levels were significantly elevated in cancer patients compared
with BPH patients or healthy individuals [33]. Prosaposin (PSAP) was identified as a secreted
protein expressed in androgen-independent (Al) prostate cancer cells, and its genomic region
was shown to be amplified in the metastatic Al prostate cancer cell lines PC-3, DU-145, MDA-
PCa 2b, M-12, and NCI-H660; in LuCaP 58; and in two lymph-node metastases [34]. In
addition, PSAP mRNA was shown to be over expressed without evidence of genomic
amplification in the Al metastatic prostate cancer cell lines C4-2B and 1A8-ARCaP [34].
Annexin | protein expression is downregulated in high-grade prostatic intraepithelial neoplasia
(HGPIN) and prostate cancer [35]. Clusterin expression is significantly enhanced in prostate
cancer cells following androgen-withdrawal therapy, confers resistance to androgen ablation,
and helps accelerate the progression to androgen independence [36]. Aberrant expression of
cystatin C in prostate cancer is associated with neuroendocrine differentiation [37]. Some of
the EPS proteins, although not well studied in prostate cancer, were studied in other types of
cancers. For example, Zhang et al. [38] applied serum-proteomics analysis and identified
apolipoprotein A1, transthyretin, and interalpha-trypsin inhibitor heavy chain H4 as markers
for ovarian cancer.

We, as well as many other investigators, have taken the approach of first identifying candidate
biomarkers using mMRNA-expression profiling to compare mRNA expression between normal
tissue and the diseased tissue and then assessing their potential as biomarkers in serum.
However, which of these differentially expressed genes are likely to produce proteins that are
secreted or shed into the serum? We applied the in silico prediction programs SecretomeP,
TargetP, and SingalP (http://www.cbs.dtu.dk/services/), and a computationly predicted human
secretome database was constructed [39]; however, direct evidence for secretion of a protein
will come from proteome analysis of body fluids including the EPS which we have analyzed
here.

A systematic comparison of the EPS proteome with the available microarray data of prostate
tissues (cancer and normal) (www.Oncomine.org) reinforced our initial observation that EPS
proteins are a rich source of putative biomarkers. We identified a list of 48 EPS proteins that
have at least one microarray dataset which compares normal and cancer samples and have more
than 50% of the array data corroborating their upregulation in prostate cancer. Integrated
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analysis with the transcriptomics data from normal human tissues identified 26 EPS proteins
that are prostate-specific/enriched including well-known prostate-specific genes such as
KLK2, PSA, and CD10. We identified six transmembrane epithelial antigen of the prostate 4
(STEAP4) as an EPS protein, the expression of which is enriched in prostate tissue (enrichment
score of 1.74). Other genes in the STEAP family such as STEAP1 and STEAP2 have been
identified in prostate tissues, and their expressions were related to prostate cancer [40,41].
STEAP4 may be a good candidate marker for prostate cancer as well, and therefore it is
worthwhile to investigate this possibility further. Unfortunately, there is no antibody available
against STEAP4. We are currently generating antibodies against this gene and will further
evaluate this gene as a marker for prostate cancer.

In summary, we have characterized the proteome of EPS proteins, which provides a starting
point and a candidate list of biomarkers for prostate cancer. Integrative analysis with both
existing data and our unpublished data suggested many potential candidate biomarkers.
Network analysis revealed that many EPS proteins form a network working in concert. Changes
in the network may reflect the biological state of the prostate. One approach is to use EPS
directly for prostate cancer diagnosis, which offers a less invasive means than performing
biopsies. Using EPS directly as a route for diagnosis may be more accurate than prostate
biopsies as it probably represents the secretion from the whole prostate while biopsies often
sample only a few locations in the prostate making it possible that certain cancerous locations
are missed. However, it may be technically difficult to obtain enough EPS from prostate cancer
patients based on our experience. Another strategy is to evaluate the EPS markers in serum
samples as biomarkers for prostate cancer by using antibody-based approaches as well as by
combining these with the use of MRM-based MS.

In conclusion, we believe that our list may provide a rich source of biomarkers for prostate
diseases such as prostate cancer, BPH, and prostatitis. The potential biomarkers can be
evaluated further by quantitative targeted proteomics, heralded recently by Malmstrom et al.
[6] to complement the shotgun-proteomics approach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

BPH benign prostatic hyperplasia

CD cluster of differentiation

CP chronic prostatitis

EPS expressed prostatic secretions

GAPDH glyceraldehyde-3-phosphate dehydrogenase
GO gene ontology

KLK kallikrein

MPSS massively parallel signature sequencing
PAP prostatic acid phosphatase

PSA prostate-specific antigen

PSAP prosaposin

STEAP six trans-membrane epithelial antigen of the prostate
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Figure 1.

A protein—protein interaction network of the EPS proteins. Colored (yellow and red) nodes
indicate the EPS proteins that we identified by MS. Noncolored nodes are derived from the
human protein—protein interaction databases of HPRD and NCBI. We only retrieved proteins
that interact with an EPS protein, i.e., only one-step retrieval of the protein—protein interaction.
We only showed the large network connecting most of the EPS proteins. Smaller networks and
isolated nodes were not shown. The red color also indicates the nodes with microarray data
from the Oncomine database suggesting that they are upregulated in prostate cancer cells.
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Figure 2.

The tandem mass spectra of the PSA peptide VMDLPTQEPALGTTCY. The methionine is
oxidized (+16) and the cysteine is carbamidated (+57). The top panel shows the MS/MS
spectrum, and the bottom shows the corresponding identified b and y ions (highlighted).
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Clinical information of the patients

Table 1

Patient no.  Diagnosis PSA (ng/mL)  Gleason scores
1 CaP 10.55 2+2

3 CaP >100 4+3

4 CaP 62.3 5+4

5 BPH 3.62 NA

6 BPH 3.98 NA

7 BPH 471 NA

8 BPH 2.18 NA

9 Normal prostate 2.1 NA

Proteomics Clin Appl. Author manuscript; available in PMC 2010 June 16.

Page 15



Page 16

Lietal.

2109 ©)30 JOHQIYUl UOHEIDOSSIP dAD dey ¥ € 59 T T9¥TE000IdI
dg0as Z WI0JOS! UIUSIUAS ‘T-UIUBIUAS 2 z 66 T 98066200IdI
§T409 GT J0JOB} UOHENURIBHIP\UIMOID 6 g z81 T €¥S90€00IdI

a0 adA)-g eseuny auneald € € €9 T 1.6220001dI
(9zao)vdda (92aD) v esepndad |Apndediq 8 S 8'9 T €S687000IdI
TVYNIdY3S uisdAnpue-T-eydly  9¢ ST 76€ T LLTESS00IdI
vdv3ls v Jequisw Ajwey dv3ls ¢ z 76 T T9TS7L00IdI
T T WIojos! € 8seuny aleAniAd € z T T 98T6.¥00IdI
HadvO  (Hadvo) aseusBoipAyap areydsoyd-g-apAyspressdk|o  v1 L T'€C T 8T06T200IdI
2daND asepndadip oy1oadsuou 91j0SOIKD ¢ z €9 T 82/LLT001dI

(0T@2) aInn (0t@o) uisAjudaN € 4 9¢ T €90.¥200ldI

INOLS uisjoid auelquiaw [eiBaiul UaAsS pueq a1ko0iyklg g Z fara) T 2896TZ00IdI
1910V Z olwse|doio ‘unoy 9 9 A T 0vbT2000IdI
6V00TS 6V-00TS Uelod 02 (1) €69 T Z9v./2000IdI

vyl ulwseldopuz ¢z 8 891 T 0€2.20001dI
N4 U103U0IqL JO T WHOJ0S| 9/ 09 v'1e T 8T¥22000IdI
Zsvan Oy uajold [ewosoqu pue uninbign 1T € 6'¢E T 62¥95001dI
1d07 z-unseld ¢ z 67 T TZb0OTO0OIdI
TVT433 € ji-eydje T Jojoe) uonebuola uone|suel) onoAmsing g z €L T LbbS2000IdI
ZONIS z-uijsbouswas  gg €z 792 T STG2000IdI
ddov dvd ¢S 1€ Loy T ¥EY96E00IdI
ozganl ureyo Oz-eleq uingnL - € € 76 T 25.L0000IdI

TON3 Teseloug € z €5 T 8vZS9v00Idl

TINYO T u1a101dodA|6 proe-T-eydly 9 4 7'Se T 62¥220001dI
TONTS T-uljebouswas gy 12 §.2 T 020€2000IdI
NS U1810,doUIWIBSOIIL-EIB] JO 6dSd WI0J0S| €T 9 182 T 609vT¥00IdI

XM VvSd 6 1z S T 8580T000IdI

I DI ¥ z 79T T  Ev6YEYOOIdI

sepndad sopndad obessnoo  (eAMIgegod sal
JoqwiAs 09 uonduiosa@  Jo-ou[elol  anbiun jo ‘0N JUERIER| u19104d uiayoud |41

NIH-PA Author Manuscript

c?9lqel

UOIEWLIOJUI UOITEILNUSPI SIA J1SU) PUE PaIJUSPI SUIA0Id

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Proteomics Clin Appl. Author manuscript; available in PMC 2010 June 16.



Page 17

Lietal.

V80 ureyo eydie g0 Juauodwiod uswajdwod z N4 160 8TOVTYOOIdI
2v0dv 11-v wialoidodijody 2 9 I T ¥S8T2000IdI
TVOdV I-v uijoidodijody  / L €1 T T¥8T2000IdI

9 Jagwiawl ‘(uiungeAo)
98NIdY3s g apeo “Jouqyui aseursioid (auteisho Jo) sules  z [ geT T 669ETS00IdI
dvsd dvsd 01 g 60T T G¢86TZ00IdI

\z0) Vi usuodwioo Juswis|dwod i 1€ 7’02 T GZSEP900IdI

1l unalAyisuell ST 01 STy T 2€¥ez000ld]

d9Id l0ydeoas Bl-onswAlod 2T 8 1 T €.5700001dI
v490d ureyo v 1030e} Yimolb paaisp-ajaeld ¢ z eyl T #S6559001dI
ZHILI ¢H ureyo Aneay Jonqiyur uisdAn-eydpe-io - € ) L T 6STHTS00IdI
dH uigofoideH 9T 1 G'6E T €6¥8L100IdI

994 urey ewweb ushounqy Jo v-ewwes €1 o1 L'6T T €T.6T200IdI

Zvo ¢ ssedpAyue ouogqued ¢ [ GEeT T ¥I¥8TZ00IdI

VD T sseipAyue oluogued € GT T €865T200IdI

HOdV T uBjoidodk|B-z-eleg 6 L G'9T T 82886200IdI
a0dv 00T-g uialoudodijody 4 g1 T 6¢¢zz000IdI
19V usbouisuaolbuy ¢ z 7’9 T 02ezeooold!
IMHvd T-rquislold ¢ z zze T /¥586200IdI
did urajoud a|qIonpul-unde|old 62 81 919 T ¥.622000IdI

4N 10yoey A1onqiyur uonelBiw afeydosdeN g 14 GLT T 9/2€62001dI
(r2zad)1199 (usbnue zzao) T esepndadsuenjAwen|b-ewwes ¢ € 59 T T068T000IdI
TONIdY3S JUEBLIRA |]] UIqWOIIUY G ) Ger T 6.T2e000Id!
OdIN asepixosadojeAw Jo /H wiojos| L 4 89 T 9559€200IdI
TONM T-usfouluIy Jo MINH Wiojos| £ 4 g€l T 82€2€000Idl

29 utajold Bulpuig-Q uILENA b 4 6'LT T Z18S55001dI

994 ureyo eleq usbounqry v 4 Syl T .6v86200IdI

Tv43a T uisuajep |1ydonnau o Jeiuils £ € G'se T 80¥T#00IdI

OSHY u1s101dodAIB-sH-z-eydly ¥ [ €9 T T€¥ZZ000IdI
VoV aseulBesedse-1-(jAuiwesoon|BjAeoe-N-e100)-(N z S T 65292000IdI

THal olwse|doko (davN) eseusBoipAysp srentoos| € € 89 T €2¢z/20001dI
sepndad sepndad obesonco  (efMIIGeqOId sal

JoquiAs 09 uondiiosa  joou jelol  anbiun jo 'oN JUERIER] u1soad uigoad 141

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Proteomics Clin Appl. Author manuscript; available in PMC 2010 June 16.



Page 18

Lietal.

€150 ouneishy ¢ z 8.7 T €622€000IdI
do ulwseidojnisd - T 8 g1l T T09.T000IdI
H40 H J03oey Juswie|dwod ¢ z TE T 6€.62000IdI
a40 g Jojoej Juswiddwod g z L€ T 2£66€900IdI
(999@0) 9 aInoajow
(999a0)9NVOV3D uoIsaype |139 paye|al-usbiiue oluoAiquisourosed € LET T ZT.20001dI
(2990D) ¢ wuoyos! T 3|ndBjOW
(e9902)TNVOVID uolsaype |39 paje|al-usbnue sluokiquisourdred g 4 TV T 006T¥900IdI
¥1a0 1D uabnue uonenualayIp a1K00UON  Z [ 66 T 09262000IdI
a1V ulwngre wnes - Gey 148 9L T 2/85v.001dI
(evTao)
(ev1@d)30V LW0J0s1 dnjewos ‘awAzua Bureauod-uisuslofuy g [ 97T T TSLLEV00IdI
Wzv uningo|Bosoew-z-eydly O € G'6T T €008.100IdI
8VdSH uzloud e@ T2 e3eubod Yoous 1esH ¢ z L€ T 598£0000IdI
SXAyd G-UIXOpaIIX0IRd G € 9 T €9965.00IdI
AVHMA uo|isda uleloid e-€-vT ¥ 4 78 T 9T800000IdI
ZA3doa GHOTZO UIBl0Md z 67 T £59v6200IdI
TN4d T-ulyold 9 4 v'LE T 1699T200IdI
v.zavy V.z-gey uisiod pajejol-sey 9 € GT T 8586T200IdI
aeavy ae-qey urejoud pajejas-sey z Z6T T 8082£000IdI
n1o T WIO0JOSI ULIBISN|D ‘ULIBISND €T T L97 T 29¢16200IdI
1490 T (HdAVN) aselonpas [Auoged € z 8'6 T 98856200IdI
1dOZV Uiz ‘7 uejoidook|B-z-eydly - €6 8¢ 9 T 62,99T00IdI
(€T@0)d3dNVY (e1@D) N ssepndadouiwy €1 9 9'9 T ¥2eTezooldl
TVYXNY TV UXeuuy € € §'se T ET¥6r500IdI
yso asejonpal auolyrenib jo owseidoiky 9 € T T §/S6S2001dI
20dN 173 urejoud Alogesoss [ewhpipids g g 7'vEe T 6.STOE00IdI
92NN T Wioyos! oLsed ‘g Ny 1 ST 90T T 9/.T0v00IdI
OYH u1101dodA|6 you-auIpisIH - 2 z 8'€ 16'0  T/€22000IdI
XdH uixedowsH 0T 6 8'€C T 88%22000IdI
vaH eyde nungns uigojfowsH /6 85 1’88 T $TL0T¥00IdI
1V oseleled € € €9 T 9E¥S9v00IdI
sapndad sopndad abesancy  (efMIiqegoad sal
JoquiAs 09 uondiiosa  joou jelol  anbiun jo 'oN JUERIER] u1soad uigoad 141

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Proteomics Clin Appl. Author manuscript; available in PMC 2010 June 16.



Page 19

Lietal.

‘wresboud w,19ydoiduisiold ayy \Eom

agH uiqo|b eiaq 0} JeiwIS € z G'6€ T GTTZ001dI
b g [ 8 T 0£8¥8.001dl
417 ULLIBJSUBNOIET G 0z 8'6€ T 2/89€.001dI
1/1a0 usbnue /,TAD JO T wioos| 4 96 T ¥¥/62001dl
€0 €2 19euodwoo Jusweldwod 65 L€ 6'6T T €29¥9100Idl
oa1v uisloidodA(B-gar-eydly 6 8 20T T §6822000IdI

Z wiojosi (asesswos! ayeydsoydasoli])
TIdL (IN11) aseuswost ajeydsoydasoLi) 0} eiwils 9 z gzt T 2€89v.001dl
TdIAIILL T JoNquyus sseutsjoldojeBN - ¢ [ Lyt T 2622€000Idl
41 ULLIBJSUBNOIRS 6/ 1z §1E T €9%22000Idl
TENIdY3S Joyqyur aseiserd aykoodna v € 6 T v¥¥,2000Idl
SVNIdY3S Joyqyur ssesjoud auLes ewseld 0T 8 8'8C T T¢z/0000Idl
EVNIdY3S uisdAnowAyonue-T-eydly 8T 1T € T 166055001dI
8v00TS 8V-00TS Ulelold 6T 8 G'Ge T /¥0,0000IdI
NDAd wioy apasnw ‘asejhioydsoyd usboak| £ v A T 0£T8T200IdI
TXQA¥d ureloid B 6T ‘T-UIXOpaIIXOIRd € € 1781 T #/800000Idl
HA9Hd ‘aseusboipAysp eressoh|Boydsoyd € € 8'G T 8¥5zr900Idl
zviad 2V 9selowos|-apyInsip ulalold G [ L T T.STT000IdI
7IN410 ¥ UIPSWOBO ¥ € 98 T §S2zz000ldl
417 2T ursjod Bumqiyui-ymolo €01 €€ 44 T 09886200IdI
dgesIvoT uiajold Butpuig-g-unosges 9z 6 ST T €19€2000IdI
ZNOT Zuieoodi] 0T L 8.2 T #90€v001dl
7EXOH yE-XOH UI8104d X0gOSWOH ¥ [ 4 T 0VSyT000IdI
199H T-ewweb 1ungns uigojfowsH ¢z 4 24 T 90£0cco0ldl
asH elj9p Hungns ulgo|BowsH €€ € 706 T TT0ELY00IdI
agH ©190 Jungns ulqo|fowsH 6 Ly €16 T §S/¥59001dl
dg9204 urejoud Butpuiq 96) Jo uswbesy o4 0 8 Gy T 9562¥200IdI
V1S0 v uneisky g z G592 T G2€zeoooldl
sopndad sapndad abesancy  (efHIIqegoad sal
JoquiAs 09 uondiiosa@  Jo ou jeyol  anbiun jo 'oN JU8249d usload uigoid Idl

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Proteomics Clin Appl. Author manuscript; available in PMC 2010 June 16.



Page 20

Lietal.

NIH-PA Author Manuscript

ON LT'T SSA aMo 116220001dI1
SOA 6T'T saA  (92@0) vddd  €5687000IdI
SOA 89T T 0 ON TVNIdY3S £/T€55001d1
ON L1 ON ydv3als T9TS¥.001dI
ON 00°¢ SSA CINMd 9876.7001dI
ON 00¢ SSA HAdVO 8106T200IdI
ON 00'¢ T 0 SSA ¢ddND 8¢/,/7001dI
J10youe Jeubis FAA ssA  (0TAD) ANW  £90.72001dI
Joyaue [eubis 18¢C ON INOLS ¢896T2001dI
ON 00°€ € 0 SSA 1910V 0¥¥T20001dI
ON JARS ON 6V00TS ¢9v¥.20001dl
SOA [4%3 ON Tvdl 0€¢.c0001dl
SOA [433 ON TNd 8T¥220001dI|
ON e 14 4 ON ¢svdan 627957001d|
ON 16°¢€ 9 T SSA Tdo1 T.¥0T000IdI
ON [4%4 ON Tv1433 L¥¥520001d1
SSA 16V 4 0 SSA ¢ON3S ST¥S20001d|
SOA [4%] SSA ddoVv ¥E€¥96€001dI1
ON A SSA ocgant ¢5/.00001dI
ON 62°S T 0 S8A TON3 8%7¢59¥001d|
SOA 09 ON TINJO 6¢¥72¢20001dI
SOA w9 SSA TON3S 020€z0001dI
SSA S¢’L ON dNSIN 609¥T¥7001dI
SOA 6.°8 ¥ € ON EX 8580T0001dI
SOA ve'6 € 4 ON A E€V6¥EY00IdI
$9402S  BUILOJUO Ul aUILWOodUO Ul
uonoipaad  juswiyoiua  palenbaudn  pajenbaiumop  sewoselsold (4aquinu 141)
dreubis oyelsodd  se payuep| se paynuap| urpunod  joquihs 09 us1o.1d
s19se1Rp J3Y10 Y1IM sulalold Sd3 9z Jo sisAjeue aalelbaiul
€9lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Proteomics Clin Appl. Author manuscript; available in PMC 2010 June 16.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Lietal.

Table 4

Enriched GO terms in the EPS proteins

NCBI: H. sapiens genes (REF)  EPS proteins  Expected p-value
Biological process
Immunity and defense 1263 35 588 1.03E-16
Proteolysis 893 23 416 3.31E-09
Blood circulation and gas exchange 87 9 041 1.28E-08
Blood clotting 84 9 039 4.49E-08
Transport 1237 22 5.76 0.00000172
Protein metabolism and modification 2858 29 1331 0.00109
Lipid and fatty acid transport 114 6 053 0.00259
Miscellaneous 129 5 06 0.0115
Complement-mediated immunity 52 4 024 0.0166
Molecular function
Transfer/carrier protein 305 19 142 1.16E-14
Protease inhibitor 118 14 055 1.14E-13
Serine protease inhibitor 72 9 034 1.62E-08
Other transfer/carrier protein 110 9 051 0.000000507
Protease 531 14 247 0.0000059
Defense/immunity protein 362 10 1.69 0.000241
Serine protease 175 8 0.82 0.000308
Cysteine protease inhibitor 20 4 0.09 0.000561
Select regulatory molecule 1152 17 537 0.00072
Apolipoprotein 26 4 012 0.00125
Peroxidase 28 4 013 0.00167
Complement component 46 4 021 0.0114
Oxidoreductase 582 9 27 0.0482
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