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Abstract

Background: The objective of this study was to discover and to validate novel noninvasive biomarkers that distinguish
between benign prostate hyperplasia (BPH) and localized prostate cancer (PCa), thereby helping to solve the diagnostic
dilemma confronting clinicians who treat these patients.

Methods: Quantitative iTRAQ LC/LC/MS/MS analysis was used to identify proteins that are differentially
expressed in the urine of men with BPH compared with those who have localized PCa. These proteins were
validated in 173 urine samples from patients diagnosed with BPH (N = 83) and PCa (N = 90). Multivariate logistic
regression analysis was used to identify the predictive biomarkers.

Results: Three proteins, β2M, PGA3, and MUC3 were identified by iTRAQ and validated by immunoblot analyses.
Univariate analysis demonstrated significant elevations in urinary β2M (P < 0.001), PGA3 (P = 0.006), and MUC3 (P = 0.018)
levels found in the urine of PCa patients. Multivariate logistic regression analysis revealed AUC values ranging from 0.618
for MUC3 (P = 0.009), 0.625 for PGA3 (P < 0.008), and 0.668 for β2M (P < 0.001). The combination of all three
demonstrated an AUC of 0.710 (95% CI: 0.631 – 0.788, P < 0.001); diagnostic accuracy improved even more when these
data were combined with PSA categories (AUC = 0.812, (95% CI: 0.740 – 0.885, P < 0.001).

Conclusions: Urinary β2M, PGA3, and MUC3, when analyzed alone or when multiplexed with clinically defined
categories of PSA, may be clinically useful in noninvasively resolving the dilemma of effectively discriminating between
BPH and localized PCa.

Keywords: Non-invasive biomarkers, Benign prostate hyperplasia, Prostate cancer
Background
Prostate cancer (PCa) is the second most frequently diag-
nosed form of cancer in the world and the sixth most
deadly form of male cancer [1] worldwide. In 2013, in the
United States alone, it is projected that prostate cancer will
account for 28% (238,590) of cancer cases and 10% (29,720)
of cancer deaths [2]. Benign prostatic hyperplasia (BPH) is
the most common benign disease among men worldwide
and its incidence increases with age. PCa and BPH are
common diseases of the aging male [3] and share similar
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symptoms of frequent urination, nocturia, hematuria,
dysuria, difficulty starting and maintaining a steady stream
of urine, erectial dysfunction, and painful ejaculation [4-8].
An elevated serum prostate-specific antigen (PSA) can be
detected with either benign or malignant growth of the
prostate. It is the demographic overlap of BPH and prostate
cancer, and the lack of discrimination between these
two prostate diseases by PSA, that defines the diagnostic
dilemma clinicians face when treating prostate disease.
The PSA test has been widely used as a diagnostic,

screening, and monitoring tool since it was first approved
by the US Food and Drug Administration in 1986 as an aid
for the early detection of prostate cancer [9]. However, this
test lacks high sensitivity and specificity for PCa and PSA
levels are frequently elevated in benign conditions,
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including BPH [10]. PSA levels do not reliably differentiate
between benign and malignant prostate growth. The Pros-
tate Cancer Prevention Trial, conducted on 2950 men, re-
ported that men who had never had a PSA greater than
4.0 ng/mL and who had normal digital rectal exams had a
prostate cancer prevalence of 15.2% in this population [11].
Even patients with the lowest PSA levels (up to 0.5 ng/mL)
had a prevalence of prostate cancer of 6.6%. While the risk
of prostate cancer increases with PSA level, it does not reli-
ably discriminate between benign and malignant disease.
For PSA levels between 4.1 to 10.0 ng/mL, the positive pre-
dictive value (PPV) for prostate cancer is 25% and, for PSA
levels greater than 10 ng/mL, reported PPVs have ranged
from 42 to 64% [12,13]. This leads to a situation in which
men with indolent disease or BPH continue to be overdiag-
nosed and unnecessarily biopsied [14]. Side effects of pros-
tate biopsies have been associated with infection, bleeding,
urinary difficulty, fever, urinary retention, prostatitis, uro-
sepsis, hematuria, and hematospermia [15]. A variety of
permutations of PSA have been utilized to attempt to en-
hance the diagnostic sensitivity and specificity of PSA
screening. However, age-adjusted PSA ranges, PSA velocity,
PSA density, and free PSA fraction have all been disap-
pointing in their ability to discriminate between BPH and
prostate cancer [16], making it very difficult to differentiate
between these two diseases in a clinical setting. In May of
2012, the United States Preventive Services Task Force
(USPSTF) announced that PSA screening for prostate can-
cer demonstrated small potential benefit against a backdrop
of potential harms [17], including misdiagnosis.
The early differential diagnosis between BPH and pros-

tate cancer is essential given the fact that both the outcome
and the treatment of these two prostatic diseases are dis-
tinct [18]. Currently, prostate cancer prognosis is based on
age, elevated levels of PSA, and a prostatic digital rectal
examination (DRE) often followed by prostate biopsy [19],
none of which can distinguish between BPH and prostate
cancer [18]. There is, therefore, an urgent need for novel
biomarkers that can effectively distinguish between pa-
tients with BPH vs. PCa.
The goal of this study was to identify and validate non-

invasive urinary biomarkers that distinguish between BPH
and localized PCa. With the advantage of being in direct
continuity with the prostatic lumen, urine represents a
body fluid that is enriched with proteins from PCa cells
[19] making it useful source of proteins for biomarker dis-
covery. In addition, urine-based tests are truly noninvasive
[20] and more easily accessible than other methods, includ-
ing blood.

Methods
Urine collection and processing
This study was approved, and urine collected, according
to the institutional bioethical guidelines of the Institutional
Review Board at the Brigham and Women’s Hospital
(Boston). Samples were obtained in the Urology Clinic
at the Brigham and Women’s Hospital (Boston) before
surgical or other therapeutic interventions. All partici-
pants gave informed consent. The diagnosis of BPH
was made on the basis of clinical parameters which in-
cluded a normal DRE and either a normal PSA level or
a prior negative prostate biopsy if the PSA was ele-
vated. The diagnosis of prostate cancer was made only
in those patients who had confirmatory positive biop-
sies without evidence of metastatic disease. The pa-
tients diagnosed with BPH were followed up for
5 years and were declared prostate cancer free. Sam-
ples were collected in sterile containers as voided
urine and immediately frozen at −20°C and stored as
previously reported [21]. Urine was tested for the pres-
ence of blood and leukocytes using Multistix 9 strips
(Siemens Healthcare Diagnostics Inc., Tarrytown, NY),
and samples containing blood or leukocytes were ex-
cluded [21]. None of the patients had clinical signs or
documentation of prostatitis or UTI.
One hundred seventy-three (173) samples were ana-

lyzed in this study, including samples from patients diag-
nosed with benign prostate hyperplasia (n = 83) and
prostate cancer (n = 90). Specimens taken from patients
with localized cancers were obtained prior to surgical or
other therapeutic intervention. The two groups were not
significantly different with respect to race (% Caucasian:
BPH 80%, PCa 74% P = 0.11, chi-square test). Gleason
scores of the prostate adenocarcinomas ranged from 5
to 9, with 85 out of the 90 (94%) prostate adenocarcin-
omas having Gleason scores of 5–7. We had one patient
who was graded as having a Gleason score 5 by the
pathologist. This was very early in the series. The pros-
tate cancer group included stages T1-T3 with only one
patient diagnosed as a T1a stage on TURP. None of the
patients were diagnosed with metastatic cancer at the
time of sampling. Mean age was not significantly differ-
ent between the PCa and BPH and PCa groups (63.3 vs.
66.1 years, P = 0.15) as reported in Table 1. Samples were
analyzed in a double-blinded manner.

LC/LC/MS/MS identification of differentially expressed
proteins by isobaric tagging with iTRAQ (isobaric tags for
relative and absolute quantitation)
iTRAQ is a state-of-the-art quantitative mass spectrom-
etry approach to identify and quantify components of
the proteome present in biological samples. Proteins
were obtained from human urine by organic precipita-
tion with methanol following our previously published
method [22]. Protein profiling was performed using the
8-plex iTRAQ (AB Sciex, Foster City, CA) labeling
protocol and standard MudPIT methodology coupled
with the 4800 MALDI TOF/TOF Plus instrument to



Table 1 Characteristics of study groups

Characteristics Number of PCa patients (%) Number of BPH patients (%)

Number of patients 90 83

Age, years, mean ± SD 66.1 ± 8.4 63.3 ± 8.7

Race

Caucasian 67 (74.44) 66 (79.5)

Black 10 (11.1) 5 (6.0)

Other 13 (14.44) 12 (14.4)

Ethnicity

African-american 3 (3.3) 4 (4.8)

Hispanic 5 (5.55) 0 (0)

Unknown 57 (63.3) 47 (56.6)

Other 25 (27.7) 32 (38.55)

Biopsy grade

Gleason 5 1 (1.11)

Gleason 6 47 (52.22)

Gleason 7 37 (41.11)

Gleason≥ 8 5 (5.55)

Biopsy stage

T1a 1 (1.11)

T1c 7 (7.77)

T2a 24 (26.66)

T2b 3 (3.33)

T2c 43 (47.77)

T3a 7 (7.77)

T3b 5 (5.55)
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perform the mass spectrometry as previously described
[22]. Protein Pilot 2.0.1 software with the Paragon algo-
rithm [23] was used for peptide and protein identifica-
tion and relative quantitation based on the iTRAQ labels
(Additional file 1).

Immunoblot analyses
All 173 urine samples (BPH = 83, PCa = 90) were individu-
ally concentrated using an UltraFree-4 centrifugal filter
device with a molecular weight cut off of 5 kDa (Millipore,
Bedford, MA, USA) as previously reported [21,24]. Protein
expression was detected by immunoblot analyses using
monospecific primary antibodies: apoD, β2M, pepsin A,
uromodulin, ZAG, (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and MUC3 (Thermo Fisher Scientific Inc,
Rockford, IL, USA). Proteins were evaluated via quantita-
tive densitometry and expressed in densitometric units
(DU) (Additional file 1).

Pathways and interactive network systems biology
analysis
Ingenuity Pathway Analysis (IPA 7.0) (http//www.ingenuity.
com) was used to identify key interaction networks and
pathways significantly enriched in BPH and PCa urine
samples. Based on the differentially expressed proteins, we
built a network composed of interactive proteins using
the network building and growing utility in the Ingenuity
Pathway Analysis (IPA) tool. Enriched pathways within
this hierarchical network were ranked using the ratio of
affected proteins and Fisher’s exact test. To identify the key
regulatory molecules within this integrated network, we
used the density of maximum neighborhood component
(DMNC) algorithm [25].

Statistical analysis
Univariate analysis included a comparison of median
levels of the six proteins and PSA between PCa and BPH
patients by the nonparametric Mann–Whitney U-test
since these variables showed some skewness and lack
of normality as tested by the Kolmogorov-Smirnov
goodness-of-fit statistic. Receiver operating characteristic
(ROC) curve analysis was applied to determine the area
under the curve (AUC) as a measure of predictive accur-
acy and the Youden J-index was used to identify the
optimal cutoff value for each biomarker [26]. Multivariate
logistic regression analysis using backward selection with
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the likelihood ratio test to assess significance was applied
to identify the independent predictive biomarkers of PCa
and derive the probability of PCa based on combinations
of these biomarkers (using the optimal cutoff value in
densitometric units) and stratified by PSA level based on
three clinical categories (0–4, 4.1-10, >10 ng/ml). AUC
was also calculated for combinations of biomarkers with
95% confidence intervals to determine whether improved
prediction was achieved by combining significant bio-
markers together using multivariate modeling with the
c index used to quantify the combined predictive accur-
acy [27]. ROC curves were compared by the DeLong test
[28]. Two-tailed values of P < 0.05 were considered statis-
tically significant. Statistical analysis was performed using
IBM SPSS Statistics (version 21.0, IBM, Armonk, NY).
This study was conducted and its results reported in
accordance with the REMARK guidelines [29].

Results
We utilized iTRAQ LC/LC/MS/MS as our technique of
choice to sensitively and accurately identify the urinary
proteome of men with BPH vs. PCa. This approach iden-
tified 25 proteins that were differentially expressed, both
at a significant level and with high confidence, in urines
from men from each of the two groups of interest (PCa
and BPH) (Figure 1). We then performed functional
enrichment analysis and pathways enrichment analysis
of these proteins using Ingenuity Pathway Analysis (IPA)
tools to determine differentially expressed pathways and
functions in PCa as compared to BPH. These proteins
Figure 1 Urinary proteins significantly differentially expressed between BPH
shown with a pseudo color scale (−3 to 3), with red denoting up-regulation an
the rows represent the proteins.
represent a number of different functional categories
including cell assembly and organization, cell signaling,
cell morphology, carbohydrate metabolism, cellular growth
and proliferation, lipid metabolism, androgen and estrogen
metabolism, and DNA replication, recombination, and re-
pair, among others (Additional file 2: Figure S1). Addition-
ally, network analysis identified differences in many focus
hubs (e.g. NFκB, ERK1/2, Collagen, TGFβ, PI3K, and p38
MAPK) with a high degree of interactivity (Figure 2).
25 proteins were differentially expressed in the urine

of patients diagnosed with BPH vs. PCa as originally
identified by iTRAQ (Figure 1). Given that enzyme-
linked immunosorbent assays (ELISA) for these proteins
were not available, nine proteins were tested based on
the availability of antibodies. Of these nine, six proteins
were validated: β-2-microglobulin (β2M), pepsinogen 3,
group 1 (PGA3), intestinal mucin (MUC3), apolipo-
protein D (APOD), alpha-2-glycoprotein 1, zinc (ZAG),
and uromodulin (THP) (Figure 3).
Univariate analysis was performed to compare BPH

and PCa groups with respect to age and each of the six
validated urinary biomarkers (Table 2). These compari-
sons, based on continuous data of the six validated pro-
teins, revealed significant elevations in β2M (P < 0.001),
PGA3 (P = 0.006), and MUC3 25 kDa (P = 0.018). We
then identified the optimal cut-off values using ROC
analysis with the Youden index for each of three signifi-
cant urinary biomarkers, and the analysis indicated ≥ 40
DU for β2M, ≥ 190 DU for PGA3, and ≥ 185 DU for
MUC3. Multivariate logistic regression modeling was
vs. PCa identified by iTRAQ. The relative level of protein expression is
d green denoting down-regulation. The columns represent samples and



Figure 2 Interactive network of the proteins that are differentially expressed in prostate cancer as compared to BPH. The network node and edges
represent proteins and their interactions respectively. The intensity of the node color indicates the degree of up-regulation (red) or down-regulation
(green), while white nodes indicate non-modified proteins that may be affected by post-translational modification. All networks shown were significantly
affected in prostate cancer, with a score >15. The network analysis identified many focus hubs (e.g. NFκB, ERK1/2, Collagen, TGFβ, PI3K, p38 MAPK)
with high degree of interactions.

Figure 3 Immunoblot analyses of urine samples from BPH and
prostate cancer patients. Representative urine samples were separated
on 4-12% Bis-Tris gels under reducing conditions and were subsequently
subjected to western blot analysis using the appropriate antibody for the
following iTRAQ-identified proteins: mucin 3 fragment (MUC3 25 kDa),
mucin 3 fragment (MUC3 51 kDa), β-2-microglobulin (β2M), pepsinogen
3 (PGA3), apoliprotein D (ApoD), alpha-2-glycoprotein 1, zinc (ZAG) and
uromodulin (THP). One hundred seventy-three (173) urine samples from
patients diagnosed with benign disease (N = 83) and tumor disease
(N = 90) were analyzed.
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then conducted using the chosen cut-off values for each
of the three significant biomarkers in the univariate
analysis as well as for PSA (using three clinically defined
categories: 0–4 ng/mL, 4.1-10 ng/mL, >10 ng/mL). The
probability of PCa was determined using multivariate
logistic regression modeling according to each of three
urinary biomarkers (β2M, PGA3, MUC3) as well as PSA
in the predictive model. Having determined the optimal
Table 2 Comparison of Age and Urinary Proteins Between
PCa and BPH Cohorts

Variable PCa BPH

(N = 90) (N = 83) AUC P value

Age, years, mean 63.3 ± 8.7 66.1 ± 8.4 – 0.15

β2M 143.4 (44.5-289.8) 30.3 (4.2-194.6) 0.658 <0.001*

PGA3 198 (32–329) 106 (8–263) 0.623 0.006*

MUC3 25 kDa 421 (239–490) 322 (93–465) 0.605 0.018*

MUC3 51 kDa 33.0 (6.3-104.9) 18.7 (3.2-68.4) 0.583 0.06

APOD 381 (134–512) 255 (35–486) 0.568 0.14

THP 267 (122–368) 232 (89–377) 0.547 0.30

ZAG 384 (144–529) 351 (89–523) 0.522 0.64

Biomarker data are median (interquartile range) of densitometric units (DU).
AUC = area under the curve. * Statistically significant.



Figure 4 Probability of PCa according to urinary biomarkers
stratified by PSA level: A) Probability of PCa according to β2M
stratified by PSA level, β2M≥ 40 DU (P <0.001) B) Probability of PCa
according to β2M stratified by PSA level, PGA3≥ 190 DU (P = 0.008)
B) Probability of PCa according to PGA3 stratified by PSA level C)
Probability of PCa according to MUC3 stratified by PSA level,
MUC3≥ 185 DU (P = 0.009).
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cut-off value for each biomarker based on the Youden J-
index in receiver operating characteristic (ROC) curve
analysis, we chose to use the binary predictors (i.e.,
above and below each cut-off ) stratified according to
clinically relevant categories of PSA. The probabilities
shown in each panel of Figure 4 are based on two levels
of the biomarker for each of three PSA categories (0–4,
4.1-10, >10 ng/mL). The multivariate modeling strategy
uses the Newton–Raphson algorithm in maximum likeli-
hood estimation (MLE) to derive the probability of PCa
based on combinations of the biomarkers within each
PSA category. Figure 4 illustrates that the estimated
probability of PCa within each PSA category is signifi-
cantly higher in patients who are above the cut-off value
for the biomarker and that the probability of PCa is ele-
vated with increasing PSA. ROC analyses revealed that if
the levels of β2M are less than 40 DU, the PGA3 levels
are less than 195 DU and the MUC3 levels are less than
185 DU, the predictive accuracy is improved to 45%,
53%, and 45%, respectively. However, when the DU
levels are equal to, or higher than, 40 DU of β2M, 195
DU of PGA3 and 185 DU of MUC3, the diagnostic ac-
curacy is significantly improved to 74%, 77% and 72%,
respectively (Figure 4). In addition, the ROC clearly
shows a steeper curve for the three urinary biomarkers
(MUC3, PGA3, β2M), as well as for the three bio-
markers and the PSA categories (Figure 5).
To determine the predictive accuracy of each of the

significant independent multivariate biomarkers based
on the optimal cutoff values and PSA based on the three
categories, we used ROC analysis to assess the AUC for
single biomarkers and the combination of three with
and without PSA (Table 3). Single biomarkers had AUC
values ranging from 0.618 for MUC3 25 kDa (P = 0.009)
to 0.668 for β2M (P < 0.001); the combination of β2M,
PGA3 and MUC3 25 kDa increased the AUC to 0.710
(95% CI: 0.631 – 0.788, P < 0.001). Predictive accuracy
was 0.734 based on PSA categories alone and signifi-
cantly increased to 0.812 for the three biomarkers com-
bined with PSA categories (P = 0.004, Delong test for
comparing ROC curves). False positive (FPR) and false
negative rates (FNR) are highly relevant in clinical
practice and we have evaluated the FPR and FNR for
each of the three significant multivariate predictive bio-
markers in differentiating between BPH and PCa. It is
clear that compared to each of the three urinary bio-
markers alone, our combined panel of three biomarkers
provide much lower FPRs and FNRs based on all pa-
tients in the study population. The primary objective of
this study was to identify the best set of urinary bio-
markers to improve diagnostic accuracy in differentiat-
ing between BPH and PCa; the misclassification rates
shown above underscore the value of a panel of bio-
markers rather than any one biomarker in isolation.
The combination of three biomarkers together (β2M,
PGA3, MUC3) shows an FPR of 30% in conjunction
with a very low FNR range of 0% to 8%, making this
combination potentially useful in a clinical setting.



Figure 5 Receiver operating characteristic curves for combined
urinary biomarkers in differentiating BPH patients from PCa patients.
White circles represent the ROC curve (AUC = 0.734) for three
clinically relevant PSA categories (0–4, 4.1-10, >10 ng/mL). Black
triangles signify the ROC curve based on the combination of three
urinary biomarkers with PSA categories and demonstrate the highest
diagnostic accuracy (AUC = 0.812), representing significant
improvement (P = 0.004).
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Discussion
This study was designed to evaluate new markers in a
patient population that would undergo screening in
common clinical practice. The U.S. Preventive Task
Force has rejected the utility of PSA screening for pros-
tate cancer and this study was designed to determine if
new urinary markers would be more informative in dis-
criminating between BPH and prostate cancer which is
the problem facing clinicians. Neither PSA nor these
urinary markers are intended to discriminate between
indolent versus aggressive prostate cancer, they are not
intended to be utilized to identify “normal” men who
have neither BPH nor prostate cancer. The clinical chal-
lenge is differentiating BPH from prostate cancer. Al-
though transition zone cancers can account for 10-20%
of prostate cancers, they are not normally diagnosed
with typical initial screening strategies. They are usually
considered when one or more initial sets of routine
transrectal biopsies have been negative for prostate
Table 3 Diagnostic accuracy of biomarkers in predicting PCa

Biomarker AUC

β2M≥ 40 DU 0.668

PGA3≥ 190 DU 0.625

MUC3≥ 185 DU 0.618

PSA categories, ng/mL (0–4.0, 4.1-10, >10) 0.734

β2M + PGA3 + MUC3 0.710

β2M + PGA3 + MUC3 + PSA categories 0.812

AUC = area under the curve; CI = confidence interval, DU = densitometric unit. * Det
cancer and clinical suspicion persists, and such patients
often undergo MRI imaging and more extensive biopsy
regimens. These patients were not included in our rou-
tine screening population.
In recent years, urinary biomarkers have emerged as

an attractive option for the noninvasive detection of PCa
[21,30-32]. Given the complexity of this disease, it is
now widely appreciated that a single marker may not ne-
cessarily reflect the multifactorial nature of BPH or PCa
[30]. A panel, rather than any individual biomarker, will
have a higher likelihood to more accurately distinguish
between BPH and localized PCa in conjunction with
clinico-pathological parameters. This panel of three
newly identified biomarkers β2M, PGA3, and MUC3 ef-
fectively discriminated BPH from localized PCa.
The first protein found to be significantly elevated in

urine of PCa patients was mucin 3 (MUC3), a member of
the membrane-associated mucins, which may be shed from
the cell surface via activation of membrane-associated me-
talloproteinases [33-35]. Previous studies reported a correl-
ation between elevated MUC3 expression and esophageal
[36], gastric [37], breast [38], and colon cancers [39]. We
found that MUC3 was able to differentiate between BPH
and localized PCa. In addition, this ability of MUC3 to dis-
criminate between BPH and localized PCa was strength-
ened when MUC3 was multiplexed with clinically-defined
categories of PSA, making it a prospective biomarker for
differentiating BPH from localized PCa.
We also found Pepsinogen 3, group 1 (PGA3) to be ele-

vated in the urine of PCa patients but not in BPH. PGA3 is
synthesized and secreted by the gastric chief cells of the
human stomach before being converted into the proteo-
lytic enzyme pepsin A, an upstream step in the digestive
process [40]. Low levels of PGA in serum [41], as well as
decreased or lost expression of PGA in gastric tissue and
cancer cell lines, were previously reported [42]. In contrast,
a recent study demonstrated increased mRNA levels of
PGA in seven colorectal cancer cell lines [43]. Interestingly,
our study is the first to report that PGA3 can be used to
effectively distinguish between patients with BPH or with
localized PCa.
Lastly, β2M, a component of the major histocompati-

bility complex class I (MHC I), was the third protein
based on optimal cutoff values from ROC analysis*

95% CI P value

0.628 – 0.748 <0.001*

0.547 – 0.710 0.008*

0.532 – 0.700 0.009*

0.653 – 0.814 0.007*

0.631 – 0.788 <0.001*

0.740 – 0.885 <0.001*

ermined by the Youden index.
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identified via iTRAQ and validated by immunoblot ana-
lysis. Increased expression of β2M has been previously
associated with breast [44], renal [45], lung [46], colon
[47], and hematologic malignancies [48]. β2M levels
were also significantly elevated in urine [49] and in
serum [50] of prostate cancer patients when compared
to healthy subjects. Ours is the first study demonstrat-
ing that β2M effectively discriminates between BPH
and localized of PCa.

Conclusions
This comprehensive iTRAQ LC/LC/MS/MS analysis,
followed by extensive validation of the candidate urinary
biomarkers, revealed that β2M, PGA3, and MUC3 can sen-
sitively and specifically differentiate between patients with
BPH and localized prostate cancer. When these markers
are multiplexed, their accuracy in differentiating between
BPH and localized PCa is further increased. Importantly,
this small panel of biomarkers, when multiplexed with
clinically defined categories of PSA, effectively distin-
guishes BPH from localized PCa with high sensitivity
and specificity. In summary, noninvasive urine tests
utilizing β2M, PGA3 and MUC3, in conjunction with
clinically defined categories of PSA, have the potential
to significantly enhance the ability to discriminate be-
tween BPH and localized PCa in the clinical setting.

Additional files

Additional file 1: Supplemental methods.

Additional file 2: Figure S1. Supplemental figure.

Abbreviations
BPH: Benign prostate hyperplasia; PCa: Prostate cancer; PSA: Prostate specific
antigen; MUC3: Mucin 3; PGA3: Pepsinogen 3, group 1; β2M: β-2-microglobulin.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MAM conceived of, developed the scientific project and designed the
experiments. AJ, AC, SD, RR and MS performed the experiments. AJ, MKB, DZ,
TAL and MAM analyzed the data. AJ, KRL, DZ, SD, TAL and MAM wrote the
manuscript. All authors read and approved the final manuscript.

Acknowledgments
The authors gratefully acknowledge the generous support of The Ellison
Foundation.

Author details
1Vascular Biology Program and Department of Surgery, Boston Children’s
Hospital, Boston, MA, USA. 2Harvard Medical School, Boston, MA, USA.
3Department of Anesthesia, Boston Children’s Hospital, Boston, MA, USA.
4Genomics and Proteomics Center, Beth Israel Deaconess Medical Center,
Boston, MA, USA. 5Department of Urology, Brigham and Women’s Hospital,
Boston, MA, USA.

Received: 29 August 2014 Accepted: 30 March 2015
References
1. Jemal A, Center MM, DeSantis C, Ward EM. Global patterns of cancer

incidence and mortality rates and trends. Cancer Epidemiol Biomarkers Prev.
2010;19:1893–907.

2. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013. CA Cancer J Clin.
2013;63:11–30.

3. Gooren L. Androgen deficiency in the aging male: benefits and risks of
androgen supplementation. J Steroid Biochem Mol Biol. 2003;85:349–55.

4. Bosch JL, Hop WC, Kirkels WJ, Shröder FH. Natural history of benign
prostatic hyperplasia: appropriate case definition and estimation of its
prevalence in the community. Urology. 1995;46(3 Suppl A):34–40.

5. Guess HA. Epidemiology and natural history of benign prostatic hyperplasia.
The Urol Clin North Am. 1995;22:247–61.

6. Abrams P. New words for old: lower urinary tract symptoms for “prostatism”.
BMJ. 1994;308:929–30.

7. Eckhardt MD, van Venrooij GE, van Melick HH, Boon TA. Prevalence and
bothersomeness of lower urinary tract symptoms in benign prostatic
hyperplasia and their impact on well-being. J Urol. 2001;166:563–8.

8. Siegel R, DeSantis C, Virgo K, Stein K, Mariotto A, Smith T, et al. Cancer
treatment and survivorship statistics, 2012. CA Cancer J Clin. 2012;62:220–41.

9. Pandha H, Sorensen KD, Orntoft TF, Langley S, Hoyer S, Borre M, et al.
Urinary engrailed-2 (EN2) levels predict tumour volume in men undergoing
radical prostatectomy for prostate cancer. BJU Int. 2012;110:287–92.

10. Mazzucchelli R, Colanzi P, Pomante R, Muzzonigro G, Montironi R.
Prostate tissue and serum markers. Adv Clin Path. 2000;4:111–20.

11. Thompson IM, Pauler DK, Goodman PJ, Tangen CM, Lucia MS, Parnes HL,
et al. Prevalence of prostate cancer among men with a prostate-specific
antigen level < or =4.0 ng per milliliter. N Engl J Med. 2004;350:2239–49.

12. Catalona WJ, Richie JP, Ahmann FR, Hudson JA, Scardino PT, Flanigan RC,
et al. Comparison of digital rectal examination and serum prostate specific
antigen in the early detection of prostate cancer: results of a multicenter
clinical trial of 6630 men. J Urol. 1994;151:1283–90.

13. Coley CM, Barry MJ, Fleming C, Mulley AG. Early detection of prostate
cancer. Part1: Prior probability and effectiveness of tests. The American
College of Physicians. Ann Intern Med. 1997;126:394–406.

14. Andriole GL, Crawford ED, Grubb 3rd RL, Buys SS, Chia D, Church TR, et al.
Mortality results from a randomized prostate-cancer screening trial.
New Eng J Med. 2009;360:1310–9.

15. Basch E, Oliver TK, Vickers A, Thompson I, Kantoff P, Parnes H, et al. Screening for
prostate cancer with prostate-specific antigen testing: American Society
of Clinical Oncology Provisional Clinical Opinion. J Clin Oncol.
2012;30:3020–5.

16. Greene KL, Albertsen PC, Babaian RJ, Carter HB, Gann PH, Han M, et al.
Prostate specific antigen best practice statement: 2009 update. J Urol.
2009;182:2232–41.

17. U.S. Preventive Services Task Force recommendation statement. Screening
for Prostate Cancer [http://www.uspreventiveservicestaskforce.org/Page/
Document/RecommendationStatementFinal/prostate-cancer-screening].

18. Yang CC, Sun SS, Lin CY, Chuang FJ, Kao CH. Differentiation of prostate
cancer and benign prostatic hyperplasia: the clinical value of 201Tl SPECT a
pilot study. Ann Nuc Med. 2003;17:521–4.

19. Pal RP, Maitra NU, Mellon JK, Khan MA. Defining prostate cancer risk before
prostate biopsy. Urol Oncol. 2013;31:1408–18.

20. Jamaspishvili T, Kral M, Khomeriki I, Student V, Kolar Z, Bouchal J.
Urine markers in monitoring for prostate cancer. Prostate Cancer Prostatic Dis.
2010;13:12–9.

21. Moses MA, Wiederschain D, Loughlin KR, Zurakowski D, Lamb CC, Freeman MR.
Increased incidence of matrix metalloproteinases in urine of cancer patients.
Cancer Res. 1998;58:1395–9.

22. Afkarian M, Bhasin M, Dillon ST, Guerrero MC, Nelson RG, Knowler WC, et al.
Optimizing a proteomics platform for urine biomarker discovery. Mol Cell
Proteomics. 2010;9:2195–204.

23. Shilov IV, Seymour SL, Patel AA, Loboda A, Tang WH, Keating SP, et al.
The Paragon Algorithm, a next generation search engine that uses
sequence temperature values and feature probabilities to identify peptides
from tandem mass spectra. Mol Cell Proteomics. 2007;6:1638–55.

24. Roy R, Louis G, Loughlin KR, Wiederschain D, Kilroy SM, Lamb CC, et al.
Tumor-specific urinary matrix metalloproteinase fingerprinting: identification
of high molecular weight urinary matrix metalloproteinase species. Clin Cancer
Res. 2008;14:6610–7.

http://www.biomedcentral.com/content/supplementary/s12885-015-1284-z-s1.pdf
http://www.biomedcentral.com/content/supplementary/s12885-015-1284-z-s2.tiff
http://www.uspreventiveservicestaskforce.org/Page/Document/RecommendationStatementFinal/prostate-cancer-screening
http://www.uspreventiveservicestaskforce.org/Page/Document/RecommendationStatementFinal/prostate-cancer-screening


Jedinak et al. BMC Cancer  (2015) 15:259 Page 9 of 9
25. Lin CY, Chin CH, Wu HH, Chen SH, Ho CW, Ko MT. Hubba: hub objects
analyzer a framework of interactome hubs identification for network
biology. Nucleic Acids Res. 2008;36:W438–43.

26. Faraggi D, Reiser B. Estimation of the area under the ROC curve. Stat Med.
2002;21:3093–106.

27. Zurakowski D, Johnson VM, Lee EY. Biostatistics in clinical decision making
for cardiothoracic radiologists. J Thorac Imaging. 2013;28:368–75.

28. DeLong ER, Delong DM, Clarke-Pearson DL. Comparing the areas under two
or more correlated receiver operating characteristic curves: a nonparametric
approach. Biometrics. 1988;44:837–45.

29. McShane LM, Altman DG, Sauerbrei W, Taube SE, Gion M, Clark GM.
Reporting recommendations for tumor marker prognostic studies.
J Clin Oncol. 2005;23:9067–72.

30. Rigau M, Olivan M, Garcia M, Sequeiros T, Montes M, Colás E, et al.
The present and future of prostate cancer urine biomarkers. Int J Mol Sci.
2013;14:12620–49.

31. Roy R, Coticchia CC, Yang J, Moses MA. Biomarkers in Cancer Biology.
In: Vidaya V, Bonventre J, editors. Biomarkers of Toxicity: A New Era in
Medicine. New York: John Wiley and Sons; 2010. p. 355–80.

32. Haj-Ahmad TA, Abdalla MA, Haj-Ahmad Y. Potential Urinary Protein Biomarker
Candidates for the Accurate Detection of Prostate Cancer among Benign Prostatic
Hyperplasia Patients. J Cancer. 2014;5:103–14.

33. Hollingsworth MA, Swanson BJ. Mucins in cancer: protection and control of
the cell surface. Nat Rev Cancer. 2004;4:45–60.

34. Thathiah A, Blobel CP, Carson DD. Tumor necrosis factor-alpha converting
enzyme/ADAM 17 mediates MUC1 shedding. J Biol Chem. 2003;278:3386–894.

35. Thathiah A, Carson DD. MT1-MMP mediates MUC1 shedding independent
of TACE/ADAM17. Biochem J. 2004;382:363–73.

36. Arul GS, Moorghen M, Myerscough N, et al. Mucin gene expression in
Barrett’s oesophagus: an in situ hybridisation and immunohistochemical
study. Gut. 2000;47:753–61.

37. Wang RQ, Fang DC. Alterations of MUC1 and MUC3 expression in gastric
carcinoma: relevance to patient clinicopathological features. J Clin Pathol.
2003;56:378–84.

38. Rakha EA, Boyce RW, Abd El-Rehim D, et al. Expression of mucins (MUC1, MUC2,
MUC3, MUC4, MUC5AC and MUC6) and their prognostic significance in human
breast cancer. Mod Pathol. 2005;18:1295–304.

39. Duncan TJ, Watson NF, Al-Attar AH, et al. The role of MUC1 and MUC3 in
the biology and prognosis of colorectal cancer. World J Surg Oncol. 2007;5:31.

40. Gritti I, Banfi G, Roi GS. Pepsinogens: physiology, pharmacology athophysiology
and exercise. Pharmacol Res. 2000;41:265–81.

41. Westerveld BD, Pals G, Lamers CB, et al. Clinical significance of pepsinogen
A isozymogens, serum pepsinogen A and C levels, and serum gastrin levels.
Cancer. 1987;59:952–8.

42. Ichinose M, Miki K, Wong RN, et al. Methylation and expression of human
pepsinogen genes in normal tissues and their alteration in stomach cancer.
Jpn J Cancer Res. 1991;82:686–92.

43. Tani Y, Akiyama Y, Fukamachi H, et al. Transcription factor SOX2 up-regulates
stomach-specific pepsinogen A gene expression. J Cancer Res Clin Oncol.
2007;133:263–9.

44. Teasdale C, Mander AM, Fifield R, et al. Serum beta2-microglobulin in controls
and cancer patients. Clin Chim Acta. 1977;78:135–43.

45. Hemmingsen L, Skaarup P. Urinary excretion of ten plasma proteins in
patients with renal carcinoma. Scan J Urol Nephrol. 1977;11:41–6.

46. Shuster J, Gold P, Poulik MD. beta 2-microglogulin levels in cancerous and
other disease states. Clin Chim Acta. 1976;67:307–13.

47. Ward DG, Nyangoma S, Joy H, et al. Proteomic profiling of urine for the
detection of colon cancer. Proteome Sci. 2008;6:19.

48. Yang J, Qian J, Wezeman M, et al. Targeting beta2-microglobulin for induction
of tumor apoptosis in human hematological malignancies. Cancer Cell.
2006;10:295–307.

49. Abdul M, Hoosein N. Changes in beta-2 microglobulin expression in prostate
cancer. Urol Oncol. 2000;5:168–72.

50. Gross M, Top I, Laux I, et al. Beta-2-microglobulin is an androgen-regulated
secreted protein elevated in serum of patients with advanced prostate cancer.
Clin Cancer Res. 2007;13:1979–86.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Urine collection and processing
	LC/LC/MS/MS identification of differentially expressed proteins by isobaric tagging with iTRAQ (isobaric tags for relative and absolute quantitation)
	Immunoblot analyses
	Pathways and interactive network systems biology analysis
	Statistical analysis

	Results
	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

