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Abstract

Purpose—~Proteases have been implicated in cancer progression and invasiveness. We have
investigated the activities, as opposed to simple protein levels, of selected aminopeptidases in
urine specimens to serve as potential novel biomarkers for urothelial cancer.

Experimental design—The unique urinary proteomes of males and females were profiled to
establish the presence of a gender-independent set of aminopeptidases. Samples were also
collected from patients with urothelial cancer and matched controls. A SOP for urine processing
was developed taking into account hydration variation. Five specific aminopeptidase activity
assays, using fluorophoric substrates, were optimized for evaluation of marker potential.

Results—Nineteen exopeptidases and 21 other proteases were identified in urine and the top-5
most abundant aminopeptidases, identical in both genders, selected for functional studies.
Depending on the enzyme, activities were consistently lower (P < 0.05), higher or unchanged in
the cancer samples as compared to controls. Two selected aminopeptidase activities used as a
binary classifier resulted in a ROC curve with an AUC = 0.898.

Conclusion and clinical relevance—We have developed functional assays that characterize
aminopeptidase activities in urine specimens with adequate technical and intra-individual
reproducibility. With further testing, it could yield a reliable biomarker test for bladder cancer
detection or prognostication.
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1 Introduction

Urothelial cancer of the bladder is estimated to affect over 700,000 new individuals and be
responsible for nearly 15,000 deaths in 2013 in the United States [1]. It is the fourth most
common solid tumor in men and eleventh most common in women in the U.S. and is a
major source of healthcare expenditures [2]. The overall 5-year survival rate is above 75%.
Annual expenditures for care exceeded $1 billion in 2000 [3], with a significant proportion
of cost arising from surveillance in survivors. Non-muscle-invasive bladder cancer has a
high rate of recurrence — up to 80% of patients — necessitating frequent invasive
investigations to monitor for disease. A simple non-invasive marker would help offset the
cost and burden of the surveillance schedule. On the other hand, patients with muscle-
invasive disease treated with radical surgery have a 5-year risk of cancer-specific death
between 33-74% [4], and earlier detection would theoretically translate into improved
survival. The identification of useful biomarkers may allow for earlier detection of cancer
and prevention of death, as well as reduction of the economic burden of the disease overall.

An ideal biomarker for bladder cancer diagnosis or surveillance is one that is accurate,
noninvasive, and reproducible, with high sensitivity and specificity. Urine is particularly
well-suited for biomarker discovery 5], given its proximity to the primary malignancy and
ease of collection. Many urinary biomarkers have been investigated and described 6], with
urine cytology remaining the gold standard. Several others are FDA-approved and applied
regularly in clinical practice, including NMP-22 [7], a nuclear matrix protein found at
elevated levels in urine from individuals with bladder cancer, and UroVysion FISH [8].
Urine cytology claims the best specificity, as high as 95%, while the other markers have
values ranging from 50-80%. A newly developed biomarker used independently is unlikely
to surpass the accuracy of the gold standards for diagnosis, but a goal of discovery would be
to integrate a new marker in the process of clinical decision making to improve upon the
diagnostic or prognostic ability of already available tools.

The classic path to cancer biomarker discovery and verification has been by measuring
differential levels of proteins in tissues, plasma, serum or urine, using
immunohistochemical- or mass spectrometric-based screens. Overall, there have been few
assays translated into clinical practice [9, 10] and this disconnect pleads for conceptually
novel biomarker discovery and validation schemes. An example of an alternate approach is
by interrogating the activity of proteins, in particular enzyme families that are relevant with
respect to the disease of interest. In the case of cancer, proteases are one such class as
several of its members have been found implicated in promoting both tumor progression and
suppression [11-14]. Examples of proteolytic activities have been observed in past onco-
peptidomic studies [15-17], whereby subsets of serum peptides provided class
discrimination between patients with different types of solid tumors and control individuals
without cancer [16]. Nearly all relevant peptides sorted into a dozen or so nested sets of
sequences, each the result of exopeptidase activities that confer cancer-specific differences
superimposed on the proteolytic events of the ex vivo coagulation and complement
degradation pathways [16]. In addition, proteomic screens of cultured cancer cells indicated
sizable panels of secreted proteases and protease inhibitors [18-20].
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This current investigation sought to determine if aminopeptidases were present in urine in
sufficient amounts to have utility in detection of urothelial cancer. Our aims were to (i)
identify candidate aminopeptidases present at detectable levels in urine of both males and
females, and to (ii) explore the functional activity of these enzymes as a potential indicator
for presence of bladder cancer. We therefore carried out gender-specific proteomic screens
and developed robust, quantitative assays to selectively measure activities of five individual
aminopeptidases in urine without the need for any sample pre-fractionation or pre-treatment.
Our new approach and related tests are uniquely suited to probe a potentially altered balance
of aminopeptidases and/or their modulators in urine of cancer patients and to prospectively
use that information for diagnostic or prognostic purposes.

2 Materials and methods

2.1 Sample collection

Urine samples from healthy volunteers with no known malignancies and from patients
diagnosed with urothelial cancer of the bladder were all collected at Memorial Sloan-
Kettering Cancer Center (MSKCC) following a standard clinical protocol. Details on patient
age and pathologic diagnosis are given in Supplementary table 4 and in section 3.4. All
specimens were collected under an Institutional Review and Privacy Board approved
research protocol at the same location and according to the exact same standard operating
procedure. Samples (30-50mL) were collected and either frozen or immediately centrifuged
at 2000 rpm (Beckman GS-6KR) for 15 minutes at 4°C and the supernatant concentrated
and desalted by ultrafiltration through a Millipore Ultracel 10kD centrifugal filter by
centrifugation at 2000 rpm (Beckman GS-6KR) for 2x30 minutes at 4°C, which
concentrates the sample approximately 30-fold. The protein concentration of the solution
was measured using the Bradford BioRad assay with a bovine serum albumin standard on a
Beckman DU640 spectrophotometer at 595 nm, and taken to normalize the samples for the
enzymatic activity assay. Measurements of creatinine and albumin were made in some cases
with a Siemens DCA Vantage benchtop automated assay. Aliquots of the concentrated urine
are then stored at —80°C.

2.2 Proteomic screen

Gender-specific pools of concentrated urinary protein (2.5-ug per sample) were partially
size-fractionated by SDS-PAGE (~1cm total separation distance past the stacking gel). In
addition, pooled samples from each gender were depleted of the 14-most abundant blood
plasma proteins using a Seppro 1gY14 spin column (Sigma Aldrich), protein eluates
quantitated and, again, separate aliquots of 1-ug each loaded for gel fractionation. The four
lanes of the lightly stained gel were each sliced into five 2-mm pieces for in situ tryptic
digestion and capillary LC-MS/MS analyses. Details of mass spectrometric and data
analysis are given under Supplementary methods.

2.3 Aminopeptidase activity assays

Amino acid and dipeptide derivatives of 7-Amino-4-methylcoumarin (AMC) were used as
substrates for measurements of aminopeptidase activities in urine samples. Ala-AMC, Glu-
AMC, Gly-Pro-AMC, Lys-Pro-AMC, and Pro-Arg-AMC substrates were purchased from

Proteomics Clin Appl. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Taylor et al.

Page 4

MP Biomedicals, Inc., or Bachem Corp., and stored at —20°C as 100-mM stock solutions in
DMSO. Free AMC was purchased from AnaSpec, Inc., amastatin and bestatin from MP
Biomedicals, and sitagliptin from Merck (under the name JANUVIA®). Each activity was
analyzed under the respective optimal conditions as shown in Table 2. The conditions were
initially taken from the literature [21-25] and then further optimized through systematic
studies in our laboratory, evaluating recombinant aminopeptidases, in combination with a
large number of substrates and inhibitors, in an effort to create conditions that favor
interrogating activities of individual enzymes (Yaneva and Tempst, in preparation).

In general, all assays were performed for 2h at room temperature in the presence of excess
substrate (0.5 mM) and with selected inhibitors in a 100-pL total volume. The amount of
urine protein in each assay was determined empirically to yield a read-out in the linear part
of the curve (see table 2). Sample and buffer were first added to each well and the assay was
then started by adding substrate (10 pL) using a multichannel pipetor. For all analyses in the
presence of inhibitors, samples were pre-incubated with the respective inhibitor for 30 min
at RT before adding the substrate. The fluorescence of the released AMC, as a measure of
the enzyme activity, was monitored in a Gemini EM microplate fluorescence reader
(Molecular Devices, Inc.), using opaque 96-well microtiter plates and operated in kinetics
mode with excitation and emission wavelengths of 380 and 460 nm, respectively. The
fluorescent signal was calibrated using known concentrations of free AMC. All assays were
performed in duplicate using different plate readers, with results presented as the averages
and after adjustment for background measurements of the sample alone and the substrate
alone in blank wells.

2.4 Statistical analysis

Analysis of variation (ANOVA) was done using a Wilcoxon rank-sum test (Mann-Whitney)
before and after adjusting for age, with Benjamini-Hochberg multiple testing correction as
needed. Odds ratios were calculated for each aminopeptidase activity and the 90%
confidence interval (Cl) computed using resampling methods. We then evaluated the
success of candidate binary classifiers as indicators for the presence of bladder cancer, using
the best predictive models that utilize either a single activity assay or the best combination
of 2 assays, by establishing the area under the receiver-operator characteristic curve (AUC)
before and after multiple randomizations of the class labels.

3 Results and discussion

3.1 Gender specificity of the urinary proteome

Several exopeptidases have been detected in urine in past proteomic screens [26, 27] but
little is known about their activities. Furthermore, those analyses have invariably been done
using mixed samples collected from both genders. It is therefore not known whether any
gender-specific or -uneven distribution exists for any of these enzymes. Obviously for a
disease like bladder cancer that affects both men and women, we didn’t want to select a
functional biomarker that, for example, derives solely from the prostate. We therefore
collected urine samples from 5 male and 5 female healthy volunteers to generate two
gender-specific pools that were then processed separately as described under materials and
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methods. MS data derived from all slices of each individual lane were merged and used to
search the UniProt protein database, all as described under supplementary materials and
methods. The full search results are listed in the supplementary proteomics data section and
have been deposited in the PRIDE open access database.

Ten aminopeptidases, 10 carboxypeptidases and 21 additional proteases were positively
identified; judging from the spectral counts, 15 of those 20 exopeptidases were found in
urine of both genders in approximately the same amounts (Figure 1A; Suppl. Table 1).
Overall, we detected 20 exopeptidases (~25% of the estimated ~80 total number human
exopeptidases in the MEROPS [28] database) and 41 proteases (~7.3% of the estimated
~560 total number human proteases in MEROPS) as part of a total 711 confidently
identified urinary proteins (representing ~3.6% of the estimated total number of human
genes). When comparing our results with two previous studies [26, 27], we have now
evidence for at least 24 human urinary exopeptidases (~30% of all estimated human
exopeptidases); of those, 5 aminopeptidases and 9 carboxypeptidases are shared between the
three studies (Figure 1B).

While not the focus of our limited proteomic analysis, we did observe some significant
gender-specific differences in the urinary proteome (Table 1). Among the male-specific ones
were, not surprisingly, PSA (KLK3), prostate stem cell antigen (PSCA) and lactotransferrin
(LTF) [29-31], thus validating several others including the androgen-regulated and/or -
binding proteins submaxillary gland androgen-regulated protein 3B (SMR3B), protein-
glutamine gamma-glutamyltransferase 4 (TGM4) and mammoglobulin-B/secretoglobin 2A1
(SCGB2A1) [32, 33]. On the female side, we found the unique presence of several serpins
and, intriguingly, the EGF-receptor (EGFR/HERZ1). Lastly, several members of the proline-
rich protein family are represented in the urinary proteome in a gender-specific, mutually
exclusive manner.

3.2 Targeted urinary aminopeptidase activity assays

The five aminopeptidases (ANPEP, alanyl aminopeptidase; ENPEP, glutamyl
aminopeptidase; CTSC (a.k.a. DPP1), cathepsin C; DPP4, dipeptidylpeptidase 4; DPP7
dipeptidylpeptidase 7) that were identified in common in all three urinary proteomic
analyses were selected for further activity profiling for several reasons. First, they are all
robustly represented in urine of both genders in approximately the same relative amounts
(Figure 1B; Suppl. Table 1), thus satisfying the major criterion of our search. Second,
judging from the known substrate specificities [28, 34] and based on past efforts by our
group to develop activity assays unique for several individual aminopeptidases (Table 1;
Yaneva and Tempst, unpublished), it was a reasonable hypothesis to be able to discriminate
among the activities of these five proteases as well as to distinguish them from the other,
lower-abundant urinary aminopeptidases (Suppl. Table 1), from all carboxypeptidases
(Suppl. Table 1), and from all other known urinary proteases [27]. Finally, they have not
been previously recognized or evaluated as urinary disease markers of any sort [35], thus
directing our efforts towards bona fide discovery.

Fluorescence-based protease assay substrates, such as amino acids or dipeptides N-
terminally coupled to 7-amino-4-methylcoumarin (AMC) have been used to monitor
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aminopeptidase activities in serum [36—38]. Our group has characterized 25 recombinant
aminopeptidases for amino acid (P4 position) or sequence (P, and P4; Py’ and P’)
specificities using 30 different substrates, as well as studied the effects of assay medium
(buffer, pH, ionic strength, divalent metals, etc....) and of various inhibitors: (i) broad-
protease class (e.g., EDTA, PMSF, cystatin), (ii) broad aminopeptidase-specific (e.g.,
bestatin, amastatin), and (iii) single enzyme-specific inhibitors (e.g., sitagliptin inhibits
DPP4 but not DPP7). This allowed us to develop 10 unique, substrate-and-conditions-
dependent assays specific for either single enzymes or small sets (e.g., 2-3) of enzymes
using small volumes of undepleted serum or plasma (Yaneva and Tempst, unpublished). We
call these “direct assays’ as no prior manipulation (e.g., prefractionation, target immuno-
capture) of the samples is required. Five of these assays measure activities of the
aminopeptidases we have selected for analysis in the current study. The conditions are listed
in Table 2 and have only been slightly modified from serum analysis in that 0.5-5g of total
urinary protein is used (for reasons set forth in section 3.3), instead of 2-20uL of serum,
depending on which enzyme activity is measured.

3.3 Optimization of assay conditions

Normal individuals without renal dysfunction excrete, on average, 50-150 mg protein per 24
hours [39]. Albumin accounts for about one third of this amount and Tamm-Horsfall protein
for another third. The remainder is comprised of well over a thousand lower abundance
proteins (see 3.1). In a collected specimen of urine, the total protein concentration will vary,
depending on hydration, diet, and renal function. Indeed, total protein concentration of fresh
samples from healthy individuals ranged from 12 to 60 pg/mL as measured by a Bradford
assay. Aminopeptidase assays are performed in 96-well flat-bottom microtiter plates. Total
assay volume is 100uL with a practical sample volume limit of 50uL. Given this limitation,
we found that use of fresh urine was not feasible as an adequate amount of protein could not
be attained in the well to perform an assay with activity in the linear range (200-15,000
RFU; see below). For instance, when attempting an activity assay of ANPEP (the most
abundant aminopeptidase in urine — Suppl. Table 1), addition of up to 50 pL of fresh sample
achieved readings of less than 500 RFU at 2 hours. Therefore, we tested various methods to
concentrate protein from fresh samples, including precipitation with acetone and membrane
ultrafiltration with a 10kDa cutoff (data not shown). Centrifugal filtration (see materials and
methods) achieved good protein yields and effectively concentrated the specimen
approximately 30-fold, typically from 15 mL to ~0.5mL, with final protein concentrations of
0.3-2 mg/mL. In this way, 2-10pL of processed sample contained enough protein to observe
robust signals for each of the five enzyme activity assays (see below).

Unlike serum that exhibits fairly uniform protein concentration, the levels in urine vary for
the reasons stated above. Activity assay results can therefore not be expressed on a per
volume basis. Instead, enzymatic measurements have been normalized using the total
amount of secreted albumin or creatinine over a 24-h period [39]. We wanted to establish a
relatively simple and accurate normalization method without having to collect patient or
control urine samples around the clock. To this end we measured the amounts of creatinine,
albumin and total protein in 8 urine samples, 2 regular daytime specimens each from 4
individuals (Suppl. Table 2). Two-hour end-points of ANPEP activity assays (in duplicate)
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were also determined for all 8 samples using the equivalent of 1-uL of concentrated sample
per assay. Activity readings (RFU) were then expressed per ug total protein (TP), or RFUs
per pg albumin (ALB), or RFUs per 0.1pg creatinine (CR), and the mean, standard deviation
and coefficient of variation calculated for each: 17.4% (RFU/TP), 29.1% (RFU/ALB) and
36.8% (RFU/CR). As a result, we adopted total protein-based normalization for all further
studies. To further test the robustness of our normalization method we conducted an
experiment whereby urine specimens were collected from one female and one male
volunteer over 4 days and under highly varying conditions: (1) standard daytime collection;
(2) hyperhydrated (by extra fluid intake); (3) dehydrated (restricted fluid intake); (4) first
morning void. Duplicate aliquots (low-uL) containing 1 pg of concentrated total protein
were taken for ANPEP activity analysis. The coefficient of variation for the normalized
measurements over the 4 days varied from 12.4 to 18.6%, depending on the individual
(Suppl. Table 3). We also investigated the effect of repeated freeze/thaw cycles and it was
found to adversely affect aminopeptidase activities (data not shown), indicating content
degradation or loss of protein and/or activity. Our final SOP thus calls for freezing and
storage at —80°C of fresh urine specimens, followed at a later time by thawing, processing
and aliquoting, followed again by immediate freezing and storage for future one-time use.
So at the time of activity measurement, each sample had been frozen and thawed twice.

To optimize each aminopeptidase assay for activity (RFU) read-outs in the linear portion of
the curve, we first established the fluorescence dose-response by mixing free AMC at
various concentrations in assay buffer containing 10 pL of urinary protein concentrate. The
plots shown in Suppl. Figure 1 indicate a linear curve from ~200 to 15,000 RFU, with R2
values =0.997. Based on this information, we titrated the total protein amounts needed to
yield a linear response using an assay for the activities of urinary DPP4 + DPP7 combined
(i.e., Gly-Pro-AMC as substrate without the presence of sitagliptin). This was achieved
when ~0.2 up to 10pg of total protein was used (R% =0.992) (Suppl. Figure 2). This process
was repeated for each of the other proteases we intended to evaluate. Once optimal
procedures had been established, we verified technical reproducibility under slightly
suboptimal conditions (e.g., 500 ng total urinary protein for an ANPEP assay, as shown in
Suppl. Figure 3) and obtained coefficients of variation well below 10%.

3.4 Altered urinary aminopeptidase activities in bladder cancer patients

To explore the use of the aminopeptidase activity tests for functional biomarker discovery,
we analyzed five different proteolytic activities in urine samples from 16 male bladder
cancer patients and from 16 male, comparatively age-matched healthy controls (Suppl.
Table 4), using the optimized conditions as described under section 3.3 and in materials and
methods. The patients had a predominantly urothelial histology. Additional histology
identified included squamous differentiation in 2, glandular in 2, and plasmacytoid in 2.
Specimens were collected prior to or at the time of surgery, with transurethral resection
(TUR) performed in 6 and radical cystoprostatectomy (RC) in 10. Pathologic stage from
TUR or RC was T2 in 9 patients, T3 in 6 and T4 in 1; concomitant carcinoma in situ (CIS)
was identified in 5 patients. Three patients received neoadjuvant chemotherapy prior to the
time of specimen collection, and three patients had received prior intravesical therapy
remote to the time of specimen collection. Of the specimens collected and banked during the
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time coinciding with this study, there were only two women that had tumor stage > T2
(muscle-invasive), which did not represent a cohort with enough variability to report a range
or any valuable assay data. We therefore performed this exploratory investigation in samples
from men with a definite intention to expand our investigation to female patients when
enough samples were collected.

The results of duplicate analyses (Suppl. Table 4) indicated that, first, the inter-individual
variability is more pronounced among cancer patients (c.v. = 70%) than in the control group
(c.v. <50%, except for DPP7 activities), which may reflect the heterogeneity of disease state
and therapeutic history. It is conceivable that prior therapy may have altered the activity
signal, and with a larger sample cohort, this may be possible to stratify or study. At this
point, however, we cannot say if there was a difference in signal based on therapies even
though we feel one would not expect such a difference given that the urine samples were
collected at the time of the reported stage, meaning there was still residual tumor in the
bladder.

When presented as dot plots (Figure 2), the results furthermore illustrate that the median
aminopeptidase activities were generally lower in the cancer group, except for CTSC
activity that was slightly higher. Analysis of variation (ANOVA) indicated that ANPEP and
ENPEP activity assays could distinguish between the cancer and control groups with P
values <0.05 after adjusting for age (Figure 2). To further eliminate the probability that age
could have been a confounding factor in the analysis, we divided both the cancer (CA) and
control (NL) groups in two subgroups each of the 8 youngest and 8 oldest individuals for
further comparison (Suppl. Table 4). Whereas the ‘younger’ CA group (CA-1) and ‘older’
NL group (NL-2) are near perfectly matched (the mean age of CA-1is 61.4 = 5.1 and that of
NL-2 is 61.3 + 5.6), measured ENPEP and especially ANPEP activities could readily
distinguish between the two groups with P values of, respectively, 0.065 and 0.038 (Suppl.
Figure 4).

3.5 Aminopeptidase activities as prospective urinary biomarkers for cancer

Going back to the complete cancer and control groups, we calculated that urinary ANPEP
and ENPEP activities were reasonable predictors of bladder cancer (ANPEP: odds ratio
0.369; 95% confidence interval 0.079, 0.913; p = 0.095; ENPEP: odds ratio 0.496; 95%
confidence interval 0.195, 0.90; p = 0.060; unit value is 1,000 RFU), whereby lower values
are associated with disease as the dot plots in Figure 2 already seemed to imply. The large
95% confidence intervals are the result of the relatively small sample sets and it is
imperative that our analyses are repeated with larger numbers of patients and control
individuals enrolled in the study to confirm the current findings. On the basis of the
available numbers, the performance of ANPEP activity as a classifier between bladder
cancer and control was further illustrated by an area under the ROC curve (AUC) of 0.844
(0.477 after multiple randomizations of the 32 class labels), by far the highest among all
aminopeptidase activities tested for this purpose (Figure 3). Addition of a second variable
didn’t improve the AUC value except for CTSC activity; the ANPEP+CTSC pair allowed
class prediction with AUC = 0.898 (0.508 after multiple randomizations of the class labels).
Therefore, even though the measured CTSC activity did not statistically differ between the
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cancer and control groups in its own right (P value = 0.57 after adjusting for age), it appears
to augment the capacity of the ANPEP activity measurements to do so.

Interestingly, it appeared that the activities of urinary ANPEP are lower in the bladder
cancer than in the control group. This seems in contrast with earlier reports stating that
ANPERP is highly expressed in some carcinomas [40] and that the concentration of its
soluble form is elevated in several types of cancer [41]. Increased ANPEP expression may
also be functionally correlated with metastasis of cancer cells by promotion of angiogenesis
[42]. Of course, the comparison is between urinary activities on the one hand and elevated
amounts in tissue or blood plasma on the other, and so there could be several explanations
for this discrepancy. First, we don’t know whether the relative ANPEP activities in urine
reflect the relative concentrations since the latter have never been established for bladder
cancer patients. Even if ANPEP levels were similar or perhaps higher in cancer patients,
activities could be modulated by denaturation, allosteric changes or the presence of
inhibitors. We and others have noted a large number of protease inhibitors in urine such as
serpins, cytostatins, TIMPs, ITIH4 and others (Supplementary proteomic dataset; [27]). But
whereas these same inhibitors are also abundantly present in blood plasma/serum [43], they
don’t appear to interfere appreciably with exopeptidase activities [16, 17]. Thus, any
putative inhibitor would likely be of a different class and may emanate from the tumor;
however, there is no direct experimental evidence to support such a model at this time. It
should also be noted that the majority of bladder cancer patients with muscle invasive
disease suffer from hematuria, resulting in higher urinary protein concentration [44].
However, this is unlikely to affect normalized aminopeptidase activities (i.e., relative to
protein concentration) as ANPEP and the other four aminopeptidases we have analyzed are
all present in plasma [43]. Thus, as plasma proteins leak into the urine the increase of the
proteases and their concomitant activities would be proportional to the increase of total
protein. The normalization of urinary enzymatic activities should therefore remain
unaffected and not introduce experimental error in the ANPEP or other activity
measurements in patient urine. To further refute the notion that normalized aminopeptidase
activities (ANPEP activity/ug protein) may in fact be correlated with total urinary protein
concentrations (ug/mL) we calculated the coefficient of determination and found low R2
values for both the patient (RZ = 0.117) and healthy control groups (R% = 0.014), indicating
such correlation is weak to nonexistent. Lastly, the statistically relevant reduction of ANPEP
activity in urine of patients appears unigue among the aminopeptidases that were analyzed.
The activities of DPP4 and 7 are only marginally lower and the activity of CTSC is in fact
higher, implying that decreased ANPEP activity is not merely the result of disease related
hematuria as that should affect changes in activity of all five proteases similarly.

In summary, we have described a new approach and related tests uniquely suited to probe a
potentially altered balance of aminopeptidases and/or their modulators in urine of bladder
cancer patients. Fluorescent assays as employed here have advantages over most
conventional protein measurements, including low cost, parallel high-throughput analysis,
ease of use, portability, and being fully transparent to the entire urine proteome. These tests
offer the option of a targeted, enzymatic readout that may be either a supplement or a
practical alternative for the classical biomarker discovery and verification techniques. We
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anticipate that as we scale up these efforts using the same general methodology, we will
expand the number of protease activity tests for prediction of cancer, including urinary
endoproteases that may be assayed using FRET-based fluorescent read-outs. The assays may
also have diagnostic value, either alone or in combination with existing tests, for identifying
cancer subtype and stage or may mark a given clinical outcome of interest. Thus, the current
study provides a framework for screening of additional samples, across a wider range of
disease stage and grade, toward the goal of validating our findings and developing a reliable
predictive measurement for detection of malignancy.

4 Concluding remarks

Urothelial cancer of the bladder is responsible for numerous deaths and a major source of
healthcare expenditures. Identification of useful, non-invasive, novel biomarkers may allow
improving upon direct diagnostic or prognostic ability of already available tools. However,
the classic path to cancer protein biomarker discovery has yielded disappointingly few
assays translated into clinical practice so far. In this work, we have taken an alternate
approach by interrogating the activity of proteins, more specifically of urinary
aminopeptidases, as a means to biomarker discovery. The results of a proof-of-principle
study suggest that ANPEP activity, either by itself or in combination with CTSC activity,
may be a potential candidate as urinary indicator for the presence of bladder cancer. We
expect that future uses and implementation of aminopeptidase or other enzymatic activity
tests will go well beyond those provided in the current account. If those future developments
are successful and, as a result, effective functional cancer biomarker panels emerge, it would
have a major clinical impact.
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Clinical Relevance

Urothelial cancer of the bladder is responsible for many deaths and a major source of
healthcare expenditures. Identification of useful, novel biomarkers may allow improving
upon direct diagnostic or prognostic ability of already available tools. In this work, we
have taken an alternate approach by interrogating the activity of one class of enzymes —
aminopeptidases — in urine of patients, wanting to establish a distinction based on
enzymatic function as opposed to simple protein levels as a means to biomarker
discovery. Our limited study presented here suggests that a panel of two selected urinary
aminopeptidase activities may emerge as a candidate binary classifier and as an indicator
for the presence of bladder cancer. If future developments and large-scale screens are
successful and, as a result, effective functional cancer biomarker panels materialize, it
would have a major clinical impact for non-invasive cancer detection and
prognostication.
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Figure 1. Aminopeptidases in the human urinary proteome
A. Gender-specific proteomic analysis (this work). Pooled female and male urine samples

were separately analyzed by LC-MS/MS of tryptic peptides, before and after immuno-
depletion of 14 abundant plasma proteins (see section 2.2, supplementary methods and
materials, and supplementary proteomics data). The number of proteins uniquely detected
(2-peptide minimum) in each gender, as well as those in common, are shown in the Venn
diagram. Identified exopeptidases are indicated.
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B. Comparison of three urinary proteomic analyses. Exopeptidases positively identified by
Adachi et al [26], Marimuthu et al [27] and in this study are shown in the Venn diagram.
Note that the published urinary proteomes are of mixed gender composition. The five
aminopeptidases detected in all three studies were taken for further functional assays.

Proteomics Clin Appl. Author manuscript; available in PMC 2015 June 01.



Page 17

15000+

10000+

5000

ENPEP
p =0.095/0.041*

ole
—

8000

6000+

4000

2000+

Cancer Control

DPP7 .
p=0.921/0.614*

Cancer Control

15000+

10000

5000+

* CTSC
p =0.146 / 0.570*

Cancer Control

* after adjusting for age

Figure 2. Specific activities of five aminopeptidases in urine of bladder cancer patients and

Activities were measured using fluorescence-based assays as described in section 2.3 and
table 2. Data points are the average of duplicate analyses performed on two different plate
readers and are expressed as relative fluorescence units; median and interquartile ranges are
indicated on the dot plots. Analysis of variation (Wilcoxon rank sum test) was carried out
before and after (*) adjusting for age. Details on patients and healthy volunteers are
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Bladder cancer diagnosis using urinary aminopeptidase activities
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Figure 3. Urinary aminopeptidase activities as candidate classifiers of bladder cancer
Receiver operator characteristic (ROC) curves are shown and the areas under the curve

(AUC) calculated using ANPEP activity or ANPEP+CTSC paired activities (see Figure 2
and supplementary table 4) as the variable(s). AUC calculations were then repeated after
multiple randomizations of the class labels.
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Table 1

Human urinary proteins with a high degree of gender-specificity

Page 19

Proteins identified in the immuno-depleted samples (see section 2.2) are listed, together with the UniProt
accession numbers, estimated molecular mass, and total spectral counts. Known prostate-derived proteins are
in bold [29-33]. The complete protein identification set is listed under Supplementary Proteomics Data.

Human Urinary Proteome:

Female Depleted

Male Depleted

Identified Proteins: Uniprot Ac.# ~Mr Assigned Spectra
Prostate-specific antigen GN=KLK3 KLK3_HUMAN 29 kDa 0 178
Lactotransferrin GN=LTF TRFL_HUMAN 77 kDa 0 131
Protein-glutamine gamma-glutamyltransferase 4 GN=TGM4 TGM4_HUMAN 77 kDa 0 111
Submaxillary gland androgen-regulated protein 3B SMR3B_HUMAN 8 kDa 0 53
GN=SMR3B

Salivary acidic proline-rich phosphoprotein 1/2 GN=PRH1 PRPC_HUMAN 17 kDa 0 45
Programmed cell death 6-interacting protein GN=PDCD6IP PDC61_HUMAN 97 kDa 0 41
Neogenin GN=NEO1 NEO1_HUMAN 160 kDa 0 32
Moesin GN=MSN MOES_HUMAN 68 kDa 0 32
Desmoplakin GN=DSP DESP_HUMAN 332 kDa 0 31
Extracellular glycoprotein lacritin GN=LACRT LACRT_HUMAN 14 kDa 0 27
C-type lectin domain family 14 member A GN=CLEC14A CLC14_HUMAN 52 kDa 0 25
Bone marrow proteoglycan GN=PRG2 PRG2_HUMAN 25 kDa 0 20
Prostate stem cell antigen GN=PSCA PSCA_HUMAN 13 kDa 0 20
Proline-rich protein 4 GN=PRR4 PROL4_HUMAN 15 kDa 0 19
Limbic system-associated membrane protein GN=LSAMP LSAMP_HUMAN | 37 kDa 0 18
Folate receptor alpha GN=FOLR1 FOLR1_HUMAN 30 kDa 0 16
Mammaglobin-B GN=SCGB2A1 SG2A1_HUMAN 11 kDa 0 14
Desmoglein-2 GN=DSG2 DSG2_HUMAN 122 kDa 0 14
Galectin-7 GN=LGALS7 LEG7_HUMAN 15 kDa 0 14
Small proline-rich protein 3 GN=SPRR3 SPRR3_HUMAN 18 kDa 154 2
Serpin B3 GN=SERPINB3 SPB3_HUMAN 45 kDa 147 5
Leukocyte elastase inhibitor GN=SERPINB1 ILEU_HUMAN 43 kDa 47 0
Cornulin GN=CRNN CRNN_HUMAN 54 kDa 47 4
small proline-rich protein 1A 1P100914840 10 kDa 30 0
Epidermal growth factor receptor GN=EGFR EGFR_HUMAN 134 kDa 30 0
Small proline-rich protein 2E GN=SPRR2E SPR2E_HUMAN 8 kDa 23 0
Fatty acid-binding protein, epidermal GN=FABP5 FABP5_HUMAN 15 kDa 18 1
Involucrin GN=IVL INVO_HUMAN 68 kDa 18 0
Trefoil factor 3 GN=TFF3 TFF3_HUMAN 9 kDa 16 0
Glutathione S-transferase A2 GN=GSTA2 GSTA2_HUMAN 26 kDa 15 0
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