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Abstract

The heterogeneous progression to the development of prostate cancer (PCa) has precluded effective early detection screens. Existing
prostate cancer screening paradigms have relatively poor specificity for cancer relative to other prostate diseases, commonly benign pros-
tatic hyperplasia (BPH). A method for discrimination of BPH, HGPIN, and PCa urine proteome was developed through testing 407
patient samples using matrix assisted laser desorption-mass spectrometry time of flight (MALDI-TOF). Urine samples were adsorbed
to reverse phase resin, washed, and the eluant spotted directly for MALDI-TOF analysis of peptides. The processing resolved over
130 verifiable signals of a mass range of 1000–5000 m/z to suggest 71.2% specificity and 67.4% sensitivity in discriminating PCa vs.
BPH. Comparing BPH and HGPIN resulted in 73.6% specificity and 69.2% sensitivity. Comparing PCa and HGPIN resulted in
80.8% specificity and 81.0% sensitivity. The high throughput, low-cost assay method developed is amenable for large patient numbers
required for supporting biomarker identification.
� 2006 Elsevier Inc. All rights reserved.
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Prostate cancer (PCa) remains the second most common
malignant neoplasm diagnosed in the United States, next
to skin cancer in men [1]. PCa is initiated through a cascade
of asymptomatic events that phenotypically exhibit itself as
high-grade prostatic intraepithelial neoplasia (HGPIN)
[2,3]. Such development may include inflammation as the
possible sequence of proliferative inflammatory atrophy
(PIA) that can eventually led to HGPIN and PCa [4,5].
The existing screen for prostate cancer, digital rectal exam
and serum prostate specific antigen (PSA), lacks specificity
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to distinguish PCa from benign prostate hyperplasia
(BPH), HGPIN, or PIA resulting in unnecessary prostate
biopsies, anxiety, discomfort and costs [6,7].

New diagnostic biomarkers to clinically identify early-
stage of PCa are needed to obviate unnecessary biopsies.
The unique disease-tissue and its microenvironment [8]
express proteins that are subjected to proteolytic activity
resulting in peptides released into the circulation. The urine
is uniquely the product of extensive filtration of low molec-
ular weight molecules in the serum in an individual with
normal renal function. Peptides in urine represent proteins
that have been degraded in blood and based on previous
studies, these degradation products may be important bio-
markers [9,10]. Others have reported having success in
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identifying proteins in urine as biomarkers for cancer pro-
gression [11].

Accordingly, we hypothesize that the urine proteome
contains peptides that can be readily profiled by
MALDI-TOF mass spectrometry for distinguishing
patients with prostate cancer. To this end, we have deve-
loped a high throughput approach for MALDI-TOF anal-
ysis of urine, with subsequent biostatistical analysis to
evaluate large number of specimens.

Materials and methods

Study populations. MALDI-TOF profiling was performed in two study
populations. The initial study population consisted of men seeking a diag-
nostic prostate biopsy in response to a suspicious PSA test or digital rectal
exam. Eligible patients were approached for recruitment in one of several
urology clinics under ‘‘The Tennessee Men Health Control’’ project. Each
subject provided a spot urine sample prior to prostate biopsy, and also
completed a structured research questionnaire to query demographics and
other prostate cancer risk factors. Cancer or HGPIN status was determined
by pathology chart review of biopsy results. In all, 89 men were diagnosed
with PCa, 52 with HGPIN, and 125 controls were confirmed by biopsy
without HGPIN or prostate cancer. Table 1 summarizes the age and PSA
levels of the subjects. The second study population consisted of 103 prostate
cancer patients and 38 men without a history of PCa. Urine was collected by
catheter from prostate cancer patients during radical prostatectomy. Eighty-
six patients had Gleason score sums of 5–7, while the remaining had a
Gleason score of 8–10. Controls without PCa included 38 male patients
reporting no prior history of cancer. All studies were approved by the
Vanderbilt University institutional review board (IRB #040575). Medical
records were reviewed to exclude men with renal insufficiency, liver disease,
HIV, hepatitis, hypoglycemia, or prior bladder surgery. Due to the age
group of the populations in these studies (age 41–65), approximately 80% of
men without HGPIN or cancer had BPH. Similarly, about 80% of HGPIN
and cancer patients had BPH. None of the BPH patients in the study were
under palliative medications (e.g., 5-a reductase inhibitors).

Urine storage and processing. Collected urine samples were stored in
triplicate 1.8 ml aliquots frozen at �80 �C until analysis. The stored urine
was later thawed and divided into three wells of deepwell 96 well plates
(400 ll each) for desalting and concentration. Urine peptides were desalted
using a mixed bed (50 ll slurry) of both C8 and C18 reversed-phase resins
(1:1 ratio, Alltech Biotechnology), in batch method through hydrophobic
affinity. The resin was separated by centrifugation of the 96 well plates
5 min at 1000g. The unbound urine components were aspirated and the
resin washed three times with 0.1% tri-fluoroacetic acid (Burdick and
Jackson, Muskegon, WI). The peptides were eluted with 5 ll of 75%
acetonitrile (EMD Chemicals Inc., Merk Damstadt, Germany). The eluant
(5 ll) was transferred to another 96-well plate, were mixed with an equal
volume of 10 mg/ml matrix (a-cyano-4-hydroxycinnamic acid, Aldrich
Biotechnology) and spotted onto a MALDI target plate.

Mass spectrometry. Peptide profiles were analyzed with Applied Bio-
systems 4700 model TOF-TOF MALDI mass spectrometer equipped with
a solid-state Nd:YAG laser operating at 200 Hz. Spectra were acquired in
reflector mode geometry (giving resolution capability of multiple isotopes
for each peptide). The acquired spectra were calibrated externally and the
Table 1
Characteristics of patients used in the study described in Figs. 2–4

Mean age Median age Mean PSA Median PSA

PCa 66 66 7.5 5.7
HGPIN 63 64 7.3 5.5
BPH 65 65 7.8 5.4

It should be noted, that all patients were biopsy tested for the diagnosis
provided. However, biopsies can miss PCa or HGPIN due to its highly
focal nature.
peak list was exported as ASCII files to be further processed. Spectral pre-
processing was accomplished using ProTS Data� (Biodesix, Steamboat
Springs, CO). Spectral processing included correction of the baseline,
noise estimation, normalization (according to total ion current), and peak
picking. Only mono-isotopic signals were considered for the subsequent
statistical analysis. The individual peak files were organized by employing
a binning process. Peaks were binned together such that the number of
peaks in a bin from different samples is maximized while the number of
peaks in a bin from the same sample is minimized [12]. Particular windows
or bins were of expanding proportion with peptide mass. Once the bin or
window parameters were established, the m/z values of the samples were
segregated corresponding to the assigned mass (bins).

HPLC fractionation and MS–MS sequencing. In order to identify the
peptide sequences of the distinguishing peptides sufficient protein was
required for sequencing. This was achieved through the pooling the ace-
tonitrile eluant from C8/C18 batch processing of 73 PCa and 122 BPH
individual patient urine samples. 50 ll of each of the pools were frac-
tionated on a BioAdvantage C18 column (100 Å, 250 · 4.6 mm) by HPLC
(Agilent 1100). Ninety-six fractions 1 ml were collected through a linear
gradient of 0% acetonitrile:100% water, 0.1% TFA to 50% acetoni-
trile:50% water, 0.1% TFA. Each of the fractions was spotted on a
MALDI target plate for determination the fractions containing the dis-
tinguishing four m/z values. The remainder of the respective fractions were
reconstituted in 5 ll 70% formic acid and 20 ll 0.1% TFA for LC–MS-MS
analysis on a Waters Q-TOF mass spectrometer. All MS/MS spectra were
searched using automated Mascot algorithm. The HPLC fractions were
also analyzed on MALDI-TOF-TOF (AB 4700, Applied Biosystems) mass
spectrometer to try to gain additional information.

Statistical analysis. The main statistical analyses focus on the following
two steps: selecting the important proteins that were differentially
expressed among the histological groups to build a prediction model, and
verifying the prediction model with leave-one-out resampling strategy.

The selection of significant proteins was based on the multiple statistical
methods including, Kruskal–Wallis test, Fisher’s exact test, permutation
t-test, significance analysis of microarray (SAM), weighted gene analysis
(WGA), the mutual-information scoring (Info Score), and Kolmogorov–
Smirnov test, collectively termed the weighted flexible compound covariate
method (WFCCM) [12,13]. The cutoff points for each method were deter-
mined based on the multiplicity of the statistical tests performed as well as
the prediction power of each method. This method was designed to combine
the most significant proteins associated with the biologic status from each
analysis method. In other words, the WFCCM is an extension of the
compound covariate method which allows considering more than one
statistical analysis method simultaneously and reducing the dimensionally
of the problem utilizing the weighted sum of the important predictors.

The class-prediction model was applied to determine whether the
patterns of protein expression could be used to classify tissue samples into
two classes according to the chosen parameter. The determination of
misclassification rate was assessed using leave-one-out cross-validation
class prediction method to estimate generalization error based on resam-
pling. The classification rule selected by the WFCCM method is applied to
the remaining dataset and the center of the two groups (e.g., HGPIN and
PCa) were computed based on the top m/z values (bins) selected by the
WFCCM method. The proportion of the data that are correctly classified
is computed, and it is plotted in Fig. 2 for each ‘‘run’’.

To test consistency between technicians and preparation methods, we
use the number of nonzero entries as the response variable. We applied
Wilcoxon Rank Sum Test to test if there are significant differences between
two technicians and between two preparation volumes (Fig. 1).
Results

Developing a method for MALDI-TOF profiling of urine

An obstacle to obtaining quality spectra (>130 verifiable
monoisotopic signals between 1000 and 5000 m/z) was the



Fig. 1. Analyses of the reproducibility from MALDI-TOF profiles have
the urine proteome and supervised classification of PCa, HGPIN and
control subjects. Urine from three normal subjects was processed 16 times
each as described in the text. Each sample was spotted three times each
and the spectra from the spotted samples analyzed by MALDI-TOF were
assigned bins. The individual signals from each profile were compared and
the variance for signals in a particular bin based on indicated parameters
was plotted.
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removal of salts. After an initial comparison of a variety of
methods including size exclusion centrifugation, ZipTip
cartridges (Millipore), and anion exchange resin (Pierce),
we determined that using a 50:50 mixture of C8 and C18
reverse phase resins (C8/C18 resin) demonstrated superior
results (not shown). There are several reports demonstrat-
ing the use of C8 and C18 separately with different signals
depending on the resin used, however none so far have
combined 2 resin types [14]. This was the method chosen
in the rest of the study for enriching for peptides in urine
since they are optimally profiled by MALDI-TOF analysis.
Fig. 2. The MADLI-MS data collected compare urine proteome of PCa, HGP
(A), as well as HGPIN patients with BPH (B) and PCa (C) patients were plotte
correct assignment (combined) based on increasing number of bins used in the a
the graph shows the approximate number of bins necessary to achieve optim
determined to indicate correct classification rate (y-axis) in relation to the numb
each cohort is indicated in parenthesis.
To test reproducibility and signal stability, we initially
desalted 400 ll of urine from three non-cancer subjects
using the C8/C18 resin (62.5 ll/ml urine, Alltech Biotech-
nology) 16 times each. Samples were processed as described
in the Materials and methods section after initial collection
and following 24 h incubation at room temperature. Each
extraction was spotted in triplicate on the MALDI plate
for analysis. The individual (288) peak files were organized
by employing a standard binning process [12,14]. The inter-
patient spectra were dominant contributors of variance in
the mass range tested (Fig. 1). The incubation time effected
peaks at 1977 and 3344 m/z uniquely and procedural vari-
ance was negligible. Thus, individual patients could be
differentiated despite differences in collection timing. Since
sample collection procedures have been highlighted by oth-
ers in past to contribute to variations in mass spectrometry
analysis [15,16], this was an important initial analysis per-
formed to help determine the robustness of the method.
Distinguishing patients with PCa using MALDI-TOF

profiling

We next applied our MALDI-TOF profiling strategy to
distinguish patients diagnosed with PCa vs. those with
BPH and HGPIN. Not surprisingly, a number of the sig-
nals were statistically common to all the study populations
(data not shown). Leave-one-out cross-validated class pre-
diction method was used to estimate generalization error
based on resampling in the analysis of the MALDI profil-
ing of the ‘‘The Tennessee Men Health Control’’ study
group (Fig. 2). The study demonstrated 71.2% specificity
and 67.4% sensitivity in discriminating PCa vs. BPH
(Fig. 2A). Comparing BPH and HGPIN resulted in
73.6% specificity and 69.2% sensitivity (Fig. 2B). Compar-
ing PCa and HGPIN resulted in 80.8% specificity and
81.0% sensitivity (Fig. 2C). The patients diagnosed with
IN, and BPH patients. A pair-wise comparisons of PCa and BPH subjects
d to show the sensitivity and specificity as well as the overall probability of
nalysis. The top 150 bins were chosen using leave one out cross-validation,
al probability of correct assignment. The positive classification rate was
er of bins required to achieve the score (x-axis). The number of subjects in



832 A.E. M’Koma et al. / Biochemical and Biophysical Research Communications 353 (2007) 829–834
BPH alone were controls, given that about 80% of HGPIN
and PCa patients also had BPH.

Then in an independent study, a class comparison with
urine samples collected from prostate cancer patients dur-
ing radical prostatectomy (n = 103) and men with no histo-
ry of cancer (n = 38) were compared. In this study MALDI
profiling of urine was sensitive enough to recognize differ-
ences between patients with and without cancer having
80% accuracy achieved through leave-one-out cross valida-
tion methods (data not shown). There were notable differ-
ences in the urine collected from the patient populations in
the two studies, which included the combination of cathe-
ter and spot urine collection and difference in the non-can-
cer group of the second study and BPH in the first study.
Nevertheless, we found four specific signals that were
ranked as the top 10 distinguishable features between the
normal and PCa patient populations common to both
the independent study populations. From the top 10 PCa
vs. control distinguishing signals in the first study deter-
mined by WFCCM, m/z values of 1373.1, 1433.5, 2236.3,
and 2484.6 were also part of the distinguishing signals for
Fig. 3. Distinguishing MALDI-TOF signals that differentiate between PCa a
resolution of the following m/z values (A) 1373.1, (B) 1433.5, (C) 2236.3, and (D
overlaid. The arrowhead indicates the monoisotopic peak. In each panel the offs
noise in the particular regions of the spectra cause the offset to appear greate
PCa vs. control in the second independent study. These dif-
ferentiating signals were verified by visual inspection of the
MALDI-TOF profile using isotope peaks to support the
authenticity of the signal from the noise. Fig. 3 illustrates
an overlay comparison of the mean MALDI profiles from
the BPH and PCa subjects for the respective 1373.1, 1433.5,
2236.3, and 2484.6 m/z values. The 1373.1 m/z and
1433.5 m/z signals were greater in the PCa subjects
(Fig. 3A and B). The m/z values of 2236.3, and 2484.6 were
of greater intensity in the mean BPH subjects vs. PCa sub-
jects (Fig. 3C and D).

Identification of peptide biomarkers

To determine the identity of the distinguishing peptides,
LC–MS/MS sequencing was performed. Adequate protein
concentration and diversity in the two PCa or BPH sam-
ples was achieved through pooling 73 PCa and 122 BPH
individual patient urine samples for subsequent fractionat-
ed on a C18 column through HPLC (Fig. 4). The 96 frac-
tions from each of the HPLC runs were evaluated by
nd BPH patients. Data collected in the reflectron mode enables isotopic
) 2484.6. The BPH (black) and PCa (gray) mean spectra in each panel were
et of the overlaid spectra is set at 0%, however the differing level of baseline

r in some cases.



Fig. 4. HPLC profiles of the BPH and PCa urine peptides were collected on a diode array detector (Agilent) at 280 nm. All the fractions were analyzed
from the (A) BPH and (B) PCa patient sample pools by MALDI-TOF for the presence of the distinguishing peaks determined from the profiling studies.
Fractions 68 (1373.1 m/z), 70 (2236.3 m/z and 1433.5 m/z), and 74 (2484.6 m/z) were found to contain the MALDI peaks of interest, thus subjected to
subsequent sequencing by LC–MS/MS.
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MALDI-TOF to identify the fraction containing the origi-
nal four distinguishing m/z values (1373.1, 1433.5, 2236.3,
and 2484.6 m/z). Then LC–MS/MS analysis was per-
formed on doubly and triply charged species for each mass
of interest. Due to the small mass of the individual peptides
of interest only the 2484 m/z sample had a protein identi-
fied through five independent fragmentation peptides to
uromodulin using the IPI human database with no enzy-
matic cleavage sites utilized. For the 1374 m/z value there
was a doubly charged mass at 687.42 that required manual
conversion to the singly charged ion for Mascot analysis.
With only a single peptide fragment a manual exact match
was made to semenogelin I isoform b preproprotein. The
very nature of having a single fragment match makes this
identification tentative, however, when identifying peptides
at a small mass range is expected. The other two distin-
guishing peptides could not be identified through LC–
MS/MS or MALDI TOF-TOF methodologies.

In the course of this study, we processed both spot urine
samples and urine collected by catheter at the time of rad-
ical prostatectomy surgery. We found notable differences in
the urine from the patients collected by catheter. Urine col-
lected by catheter exhibited an added repeating peak signa-
ture with a 44 Da separation indicative of contaminating
polyethylene glycol. The polyethylene glycol most likely
is from the lubricant, Surgilube (Fougera, Melville, NY),
used to facilitate insertion of the urethral catheter prior
to surgery. In most cases this contaminant did not detract
from the urine-specific peaks.

Discussion

A combination of markers is likely needed for an early
non-invasive detection for PCa. There are a number of
promising biomarker mining reports analyzing serum,
and urine to a lesser extent, for early detection of PCa
[17–19]. Urine markers being evaluated currently for PCa
diagnostic include PCA3DD3 [1], the use of GSTPi1, and
other DNA methylation biomarkers which when combined
may have higher accuracy [2,3]. In this study we identified
uromodulin and semenogelin I isoform b preproprotein as
two biomarkers that can help enable distinction of PCa,
and BPH. Semenogelin I (1373.1 m/z), is a seminal vesical
derived protein found in the seminal fluid that is cleaved
by PSA [20]. Semenogelin I, having greater intensity in
the PCa patients in our study (Fig. 3A), is associated with
elevated immunoreactivity in hematologic malignancies
and small cell lung cancer [21,22]. Uromodulin (2484.6 m/
z), also called Tamm–Horsfall protein) is the most abun-
dant protein in normal human urine, was down regulated
in PCa patient population tested (Fig. 3D). Uromodulin
is found to bind IL-a and TNF-a with apparent loss in
expression in Wilms’ tumour, mesoblastic nephroma, and
bone metastasizing renal tumour [23,24]. In comparison
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to the most studied PCa biomarker, PSA, serum levels
between 4.1 and 9.9 ng/ml reported greater than 96% spec-
ificity and 20.5–22% level of sensitivity, respectively [25].
The patients screened herein, with a similar PSA distribu-
tion, provided a superior sensitivity yet lower specificity
for prostate cancer. The prediction rate of the MALDI-
TOF profiling results was not improved by the addition
of PSA indices. Uniquely, urine profiling enabled differen-
tiation of HGPIN patients, unattainable by PSA screening,
to potentially limit unnecessary biopsies.

In conclusion the urine processing and MALDI-TOF
analysis described enabled large patient cohorts, each yield-
ing >100 verifiable signals, at a cost of approximately 10
cents per sample.
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