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Abstract

Background: Urine represents an ideal source of clinically
relevant biomarkers as it contains a large number of pro-
teins and low molecular weight peptides. The comprehen-
sive characterization of the normal urinary proteome and
peptidome can serve as a reference for future biomarker
discovery. Proteomic and peptidomic analysis of urine can
also provide insight into normal physiology and disease
pathology, especially for urogenital diseases.

Methods: We developed an integrated proteomic and pep-
tidomic analytical protocol in normal urine. We employed
ultrafiltration to separate protein and peptide fractions,
which were analyzed separately using liquid chromatog-
raphy coupled to tandem mass spectrometry (LC-MS/MS)
on the Q-Exactive mass spectrometer.

Results: By analyzing six urines from healthy individuals
with advanced age, we identified 1754 proteins by proteomic
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analysis and 4543 endogenous peptides, arising from 566
proteins by peptidomic analysis. Overall, we identified
2091 non-redundant proteins by this integrated approach.
In silico protease activity analysis indicated that metallo-
proteases are predominantly involved in the generation of
the endogenous peptide signature. In addition, a number
of proteins that were detected in normal urine have previ-
ously been implicated in various urological malignancies,
including bladder cancer and renal cell carcinoma (RCC).
Conclusions: We utilized a highly sensitive proteomics
approach that enabled us to identify one of the largest sets
of protein identifications documented in normal human
urine. The raw proteomics and peptidomics data have
been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository with the dataset identifier
PXD003595.

Keywords: mass spectrometry; peptide sequence align-
ment; protease activity analysis; urinary peptidome;
urinary proteome.

Introduction

The kidney plays an important role in the homeostatic reg-
ulation of electrolytes, bone/mineral metabolism, eryth-
ropoiesis, and blood pressure as well as the removal of
metabolic by-products. Abundant serum proteins includ-
ing albumin, immunoglobulin light chains, transferrin,
vitamin D binding protein and myoglobin are filtered at the
glomerulus and reabsorbed by the proximal tubules [1, 2].
Urine is a valuable biological fluid. Urine is composed
of a diverse set of proteins and peptides that are primarily
derived from the kidney, bladder and prostate as well as
systemic circulation [3]. Urinary proteins and peptides are
likely to reflect normal kidney tubular physiology as well
as systemic physiology. Alterations in the urinary proteome
and peptidome may be an indicator of disease. Proteomics is
the large-scale study of proteins within a biological system.
Peptidomics is an emerging field branching from proteom-
ics that enables the comprehensive, qualitative and quan-
titative study of endogenous peptides. Unlike proteomics,
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enzymatic digestion is not required for analysis [4-6].
Moreover, peptidomic profiling offers additional value to
standard proteomic analysis through detection of bioactive
peptides and insight into proteolytic events. Various groups
have applied proteomic and peptidomic analyses for diag-
nostic, prognostic and predictive biomarker identification
in several kidney-related disorders such as acute allograft
rejection [7], RCC [8] and IgA nephropathy [9]. This has
also been shown for systemic conditions including prostate
cancer [10] and ovarian cancer [11]. Urine is an ideal fluid
for such applications as it can be collected in large volumes
non-invasively [12]. This is contrary to other biological
fluids such as blood, where collection is more invasive
and often leads to collection artifacts due to the activation
of proteases [13, 14]. Moreover, the stability of proteins in
urine is relatively high as proteolytic degradation is thought
to be completed by the time of voiding [15].

A number of studies have attempted to characterize
the healthy human urinary proteome. An early study by
Thongboonkerd et al. reported 150 spots by two-dimen-
sional polyacrylamide gel electrophoresis resulting in
the identification of 47 unique proteins in normal human
urine. The identified proteins included transporters, adhe-
sion molecules, complement, chaperones, receptors and
matrix proteins, in addition to others [16]. Another study
observed 1400 spots by two-dimensional electrophoresis
which lead to the identification of 150 unique urinary pro-
teins [17]. In addition, Sun et al. identified 226 unique pro-
teins in normal urine by liquid chromatography tandem
mass spectrometry (LC-MS/MS) [18]. The introduction of
high resolution MS technologies had a major impact, as
the catalog of characterized urine proteins was signifi-
cantly increased. A study by Li et al. identified 1310 non-
redundant proteins in urine by high resolution MS [19].
In addition, Adachi et al. identified 1543 proteins in urine
that provided a useful reference for comparing datasets
obtained using different methodologies [20]. Another
study identified 1823 proteins, of which 671 had not been
previously characterized in urine [21]. A recent study by
Santucci et al. identified 3429 proteins in urine from 12
healthy volunteers. This group found that 1615 proteins
were contained within urinary vesicles while the remain-
ing 1794 proteins were identified using combinatorial
solid-phase peptide ligand enrichment [22, 23].

Several studies have also attempted to characterize the
normal urinary peptidome. One study identified 193 unique
endogenous peptides in normal urine by pfRPLC-MS/MS
analysis [24]. A peptidomic study by Fiedler et al. identi-
fied 427 unique mass signals in normal urine by magnetic
bead (MB) separation followed by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass
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spectrometry [25]. Moreover, Mischak et al. characterized
the healthy urine proteome and peptidome using several
MS platforms across multiple centers. The authors identi-
fied a total of 361 unique endogenous peptides that origi-
nated from 41 proteins by capillary electrophoresis mass
spectrometry (CE-MS) and LC-MS. For proteomic analysis,
the authors employed 1D gel analysis coupled to nano-
LC-MS/MS and 2DE, which allowed for the identification
of 230 unique proteins [26]. Another study assessed the
proteome and peptidome of urinary extracellular vesicles
(UEVs). Analysis by LC-ESI-MS identified a total of 942 pro-
teins by proteomic analysis. In addition, the authors iden-
tified 3115 unique endogenous peptides that were derived
from 973 different protein isoforms [27].

In this study, we characterized the normal urinary
proteome and peptidome of six healthy donors with
advanced age by LC-MS/MS on the high mass accuracy
Q-Exactive mass spectrometer. We identified 1754 proteins
by proteomic analysis in addition to 4543 endogenous
peptides arising from 566 proteins by peptidomic analy-
sis. To our knowledge this is the largest number of normal
urine peptides published to date. Together our integrated
proteomic and peptidomic analytical approach identified
a total of 2091 non-redundant proteins. The dataset pre-
sented here is one of the largest sets of protein identifi-
cations document in normal urine, successfully widening
the existing human urinome. Furthermore, our collection
of proteins and endogenous peptides may prove useful for
future biomarker discovery.

Materials and methods
Sample collection

The study was approved by the Research Ethics Board of St. Michael’s
Hospital. Approximately 20-50 mL of second morning, mid-stream
urine was collected from three healthy female volunteers (65-79 years
of age) and three healthy male volunteers (62-75 years of age) using a
self-sampling method (Supplemental Table 1). All subjects included
in the study had no history of kidney-related or systemic disease. All
urine specimens were individually processed in parallel using the
same reagents and columns to minimize bias in sample preparation.
Following the addition of a protease inhibitor cocktail tablet (Com-
plete™; Roche Diagnostics, Mannheim Germany) the samples were
centrifuged at 2000 g for 10 min at 4 °C and immediately frozen at
—80 °C until further processing.

Proteomic and peptidomic sample preparation

Urine samples were thawed on ice and vortexed to resuspend any
precipitate. The samples were centrifuged at 2000x g. Urine volumes
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were normalized with respect to 90 umol of creatinine per sample
(~3-10 mL per individual). The pH of the urine samples was adjusted
to 8.0 by dropwise addition of 0.5 mol/L ammonium bicarbonate
(ABC). The urine was ultrafiltered using Vivaspin 20 ultracentrifuga-
tion filter devices (10 kDa MWCO; Sartorius Stedim Biotech), accord-
ing to the manufacturer’s protocol. The retentate (proteomic sample)
was recovered following ultracentrifugation and stored at —20 °C
overnight for processing the next day. The filtrate (peptidomic sam-
ple) was recovered following ultracentrifugation and dithiothreitol
(DTT) (Sigma-Aldrich) was added to a final concentration of 2 mM.
The filtrate was then incubated at room temperature for 30 min,
followed by alkylation with 4 mM iodoacetamide (Sigma-Aldrich)
at room temperature in the dark for 45 min. Filtrate samples were
then acidified by dropwise addition of formic acid to pH 4.0. Acidi-
fied samples were passed through a hydrophilic-lipophilic-balanced
reversed-phase cartridge (Oasis HLB). The cartridge [1 mL (30 mg);
Waters cat# WAT094225] was pre-equilibrated with 1 mL 90% ace-
tonitrile (ACN), 0.1% formic acid, and 0.02% trifluoroacetic acid
(TFA). The cartridge was washed with 15 mL buffer A (5% ACN, 0.1%
formic acid and 0.02% TFA). The acidified sample was then loaded
and washed with 15 mL of buffer A. Peptides were eluted by adding
700 pL of 60% ACN, 0.1% formic acid, 0.02% TFA. Eluted samples
were then mixed with equal volumes of ethyl acetate and centrifuged
at 17,000 g for 5 min. The upper layer was discarded and the sample
was reduced to a volume of 200 pL using the Speedvac system. Pep-
tide samples were then stored at —20 °C until further processing.

The next day retentate samples were thawed on ice and vor-
texed. Retentate samples were assayed using the bicinchoninic acid
assay (BCA) to determine the protein concentration. An equal mass
of protein (200 pg) was collected from each sample and brought
to a total volume of 100 pL using 50 mM ammonium bicarbonate.
Powdered urea was added to each tube to a final concentration of
8 M for protein denaturation. A final concentration of 20 mM DTT
(Sigma-Aldrich) was added to the retentate samples and incubated
at room temperature for 30 min, which was then followed by alkyla-
tion with 40 mM iodoacetemide (Sigma-Aldrich) at room tempera-
ture in the dark for 45 min. Samples were diluted 4-fold with 50 mM
ABC to reduce the urea concentration to 2 M. The samples were
then digested with trypsin (50:1 protein/trypsin) overnight at 37 °C.
Trypsin digestion was stopped the next day with formic acid to a
final concentration of 1%. The samples were subsequently reduced
to approximately 200 pL using the Speedvac system. Trypsin-
digested protein samples were then stored at —20 °C until further
processing.

Strong cation exchange chromatography

Both proteomic and peptidomic samples were re-suspended in
300 uL mobhile phase A (0.26 M formic acid in 5% ACN). The samples
were injected into a PolySUFLOETHYL A column with a 200-A pore
size and diameter of 5 um (The Nest Group) containing a hydrophilic,
anionic polymer (poly-2-sulfoethyl aspartamide). A 60 min linear
gradient separation was performed on an HPLC system (Agilent 1100)
using mobile phase B (0.26 M formic acid in 5% ACN and 1 M ammo-
nium formate). The eluate was monitored at a wavelength of 280 nm.
In total, 26 fractions per sample were collected for proteomics. Frac-
tions 11-21 were pooled (Frs. 11-13, 14-17, and 18-21). In addition, 12
fractions per sample were collected for peptidomics. Fractions 3-9
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were pooled (Frs. 3-5, 6, and 7-9). Fractions for both proteomic and
peptidomic analysis were collected at a flow rate of 0.2 mL/min.

LC-MS/MS analysis

The proteomic and peptidomic fractions were desalted using an Omix
C18 pipette tip (Agilent) and eluted in 5 uL buffer B (65% ACN, 0.1%
formic acid in H,0). After elution, 60 pL of buffer A (0.1% formic acid
in H,0) were added to each sample and 18 uL were loaded onto a 2 cm
C18 trap column, packed with Varian Pursuit (5 um C18) with an 8 um
tip (New Objective). This LC setup was coupled online to a Q Exactive
(Thermo Fisher Scientific) mass spectrometer with a nanoelectrospray
ionization source (Proxeon Biosystems). Each fraction underwent a
60 min gradient. The eluted peptides were analyzed by tandem mass
spectrometry in positive ion mode. Individual urine specimens were
run in duplicate on the Q-Exactive mass spectrometer.

Data analysis

Both the proteomic and peptidomic raw data were analyzed in Max-
Quant 1.5.2.8 with the integrated Andromeda search engine [28].
Proteins were identified by searching MS and MS/MS data against a
reverted version of the SwissProt human protein database (version
January 2015) for proteomic analysis and a randomized version for
peptidomic analysis. Label-free quantification was carried out as
described by Luber et al. [29]. Protein abundance was calculated on
the basis of the normalized spectral protein intensity.

For proteomic analysis carbamidomethyl cysteine was set as a
fixed modification and oxidized methionine and protein N-acetyla-
tion were set as variable modifications. Trypsin was selected as the
digestion method. A maximum of two missed cleavages was allowed
for proteomic analysis. For peptidomic analysis carbamidomethyl
cysteine was set as a fixed modification and oxidized methionine and
oxidized proline were set as variable modifications. An unspecific
enzyme search was selected as the digestion method. A maximum of
50 missed cleavages were allowed for peptidomic analysis. For both
proteomic and peptidomic analyses, first search peptide tolerance
was set to 20 ppm against a small ‘human-first-search’ database (part
of MaxQuant) for the purpose of mass recalibration and main search
was performed at 4.5 ppm against the SwissProt human protein data-
base (version January 2015) [30]. Both the peptide-spectrum match
and protein false discovery rate was specified at 0.01.

Bioinformatic analysis

In silico protease prediction analysis was done using Proteasix
(http://www.proteasix.org/), a publically available prediction tool
that allows for the identification of proteases involved in generating
the observed peptide signature [8, 31]. The observed naturally occur-
ring urinary peptide sequences were aligned with the full-length
SWISS-PROT sequence for cleavage site retrieval. Up to three amino
acid substitutions in the eight amino acid-long cleavage site were
allowed. The percentage frequency plot was generated by calculat-
ing the number of observed cleavage sites per protease related to the
total number of input cleavage sites. In addition, peptide sequence
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alignment was done using a previously described computational
program, peptide extractor (PepEx) [32]. Proteolytic maps display the
position of endogenous peptides in their respective precursor protein
in addition to their abundance.

The Human Protein Atlas (http://www.proteinatlas.org/) was
mined to obtain a list of genes that display elevated transcript abun-
dance in the kidney compared to other tissues. Three hundred and
ninety-seven genes were found to have elevated expression in the
kidney.

Gene ontology (GO) data was retrieved by running gene names
through The Database for Annotation, Visualization, and Integrated
Discovery (DAVID 6.7) (https://david.ncifcrf.gov/) search engine for
biological process, molecular function, and cellular component
annotations. Terms with a p value <0.05 were considered statisti-
cally significant.

Pathway enrichment analysis was carried out using DAVID
6.7 search engine that matches gene names to significant pathways
within the Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base. Terms with a p value <0.05 were considered statistically sig-
nificant.

Statistical analysis

Proteomic and peptidomic inter-individual variances were calculated
from the median coefficient of variation (CV), which is the standard
deviation divided by the mean measurement. Only proteins that had
alabel-free quantification intensity in at least 3 (50%) of the six urine
samples for included for analysis.

Ultracentrifugation

(10 kDa cut-off membrane) Proteins Reduction
{\) {\} Alkylation
Trypsin

Urine collection
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Results

Identification of the normal urinary proteome
and peptidome

We developed an integrated proteomic and peptidomic
protocol which is a multi-level assessment that incorpo-
rates both proteomic and peptidomic profiling of urine
samples, as illustrated in Figure 1. Using a label-free
LC-MS/MS approach we identified 1754 proteins from
six urine samples by proteomic analysis (Supplemental
Table 2A). Supplemental Table 2B displays a complete list
of tryptic peptides identified by proteomic analysis. We
also identified 4543 endogenous peptides arising from
566 proteins by peptidomic analysis as shown in Sup-
plemental Table 3A and B. In total, we identified 2091
non-redundant proteins by combining proteomic and
peptidomic approaches (Figure 2). Inter-individual vari-
ation was calculated for our integrated proteomic and
peptidomic analysis. The inter-individual CV value was
0.65 for our integrated approach. This is consistent with
another study that assessed variability of the normal
urinary proteome, reporting an inter-individual CV value
of 0.66 [33].

ﬁ — [\\}/l l/\ digestiog
> M

]

Q Exactive mass spectrometer

90 umol J
creatinine —_— {\/1 [_é- ——
\_/ s - ~J Reduction
4 Alkylation

Peptides
Sequenced peptides
. GGLSEAKPATPEI |

Protein GGLSEAKPATPEIQ s | <~

identification GGLSEAKPATPEIQE

GGLSEAKPATPEIQEI &

Protein and peptide
identification

i
ipdltea B

Extracted Ethyl acetate

eptides urification
Solid phase pep P

extraction

"
Strong cation exchange
liquid chromatography

i:

Figure 1: An overview of the experimental workflow for urinary proteomic and peptidomic analysis.

Urine is collected and a volume containing 90 umol creatinine is processed further. Samples are then concentrated using a 10 kDa ultra-
filtration unit. Retentate (protein) and filtrate (peptide) samples are reduced and alkylated. Retentate samples are further digested using
trypsin. Peptides are extracted by solid phase extraction and purified using ethyl acetate. Strong cation exchange is then performed on both
proteomic and peptidomic samples. Fractions are desalted and loaded onto the Q Exactive mass spectrometer. Proteins and peptides are

identified using MaxQuant 1.5.2.8.
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Proteomics

Peptidomics

Figure 2: Venn diagram of the 2091 non-redundant proteins
detected in normal urine by proteomic and peptidomic analysis.
The total number of proteins identified was 1754 (proteomics) and
566 (peptidomics).

Comparison with other proteomic and
peptidomic studies

We compared the 1754 proteins identified exclusively by
our proteomics approach to three independent large-
scale studies [20-22]. The overlap between our proteomic
approach and the three other studies is illustrated in
Figure 3A. As shown in Supplemental Table 4, 289 pro-
teins were uniquely identified by our proteomic approach.
We also compared the 2091 proteins identified by our
integrated approach to the same three large-scale prot-
eomic studies. Figure 3B illustrates the overlap between
our integrated method and the three independent studies.
As shown in Supplemental Table 5, we identified 445

A Santucci et al. Marimuthu et al.

Di Meo et al.

Di Meo et al.

Adachi et al.

B santucci et al.
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proteins that were unique to our integrated analytical
approach. Among the unique proteins detected by this
study, 10 (SOST, FXYD4, CYP4A11, TDGF1, MT1H, PTHIR,
GLYAT, HAVCR1, PAH and PDZK1) were found to display
elevated transcript expression in the kidney according to
The human protein atlas (data not shown).

We also compared the 566 precursor proteins iden-
tified by our peptidomic approach to an independent
large-scale study by Liu et al. [27]. The overlap between
our peptidomic approach and the study by Liu et al. is
shown in Figure 4. Moreover, 494 precursor proteins were
uniquely identified by our peptidomic approach (Supple-
mental Table 6).

In addition to protein identifications, we were able to
determine the relative abundance of identified proteins
using our integrated analytical approach. To determine
whether abundant proteins are consistently present in the
urine we assessed the overlap between one hundred of the
most abundant proteins identified in our study to three
independent large-scale studies [20-22]. As shown in Sup-
plemental Figure 1, there was a 96% overlap between the
100 most abundant proteins identified in our study and
the three independent studies.

Characterization of the normal urinary
proteome by gene ontology analysis

Identified proteins were categorized based on GO annotation
including biological process, molecular function and cel-
lular component using DAVID 6.7 search engine. Figure 5A
shows the most significantly enriched terms in the biologi-
cal process category. Proteins (protein numbers in brackets)
were found to map to cell adhesion (241), proteolysis (174)

Marimuthu et al.

Adachi et al.

Figure 3: Comparison between our proteomic and integrated approach and three independent large scale proteomic studies.
(A) Comparison between proteins identified by our proteomic analysis and three independent studies by Santucci et al. [22], Marimuthu

et al. [21] and Adachi et al. [20]. Two hundred and eighty-nine proteins were uniquely identified by our proteomic approach alone. (B) Com-
parison between our integrated proteomic and peptidomic approach and three independent studies by Santucci et al. [22], Marimuthu et al.
[21] and Adachi et al. [20]. A total of 445 proteins were uniquely identified by our integrated analytical approach.
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Di Meo et al.

Liu et al.

Figure 4: Comparison between our peptidomic approach and an
independent study by Liu et al. [27].

A total of 494 proteins were uniquely identified by our peptidomic
approach.

and response to wounding (166). Classification of proteins
based on molecular function shows that a large majority of
proteins are involved in calcium ion binding (236), pepti-
dase activity (138) and carbohydrate binding (133). Figure
5B shows the most significantly enriched terms. Classifica-
tion of proteins based on cellular component revealed that
a large number of proteins are derived from the plasma

A Protein maturation by peptide

bond cleavage, 42 Extracellular structure

organization, 59

Activation of plasma proteins
involved in acute inflammatory
response, 30

Complement
activation, 30
Inflammatory
response, 94

Wound healing, 71

immune
response,
165

Response to

Homophilic cell wounding, 166

adhesion, 63

Acute inflammatory
response, 56

Defense response, 157

Pigment granule, 46

Cytoplasmic membrane-

Melanosome, 46 | bounded vesicle, 140

Vacuole, 85

Extracellular matrix part, 55

External side of
plasma membrane,
69

lysosome, 83 o’
lyticvacuole, 83 - Extracellular matrix, 127

Proteinaceous extracellular matrix, 117 Cell surface, 125

Cell-cell adhesion, 100
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membrane (610) and extracellular region (603). Figure 5C
shows the most significantly enriched terms.

In addition, we compared our significant GO annota-
tions (p<0.001) to over-represented GO terms reported by
Adachi et al. [20]. As shown in Supplemental Figure 2, the
overlap between the two studies was approximately 30%.
Overlapping annotations included calcium ion binding,
growth factor binding, extracellular matrix (ECM) and cell
surface.

Characterization of the normal urinary
peptidome by gene ontology analysis

Identified proteins were mapped to GO categories includ-
ing biological process, molecular function and cellular
component using the DAVID 6.7 search engine. Supple-
mental Figure 3A shows the most significantly enriched
terms in the biological process category. Proteins mapped
to cell adhesion (79), response to wounding (70) and pro-
teolysis (64) in the biological process category. As shown
in Supplemental Figure 3B, proteins mapped to calcium
ion binding (76), structural molecular activity (70), and
peptidase activity (46) in the molecular function cate-
gory. Moreover, Supplemental Figure 3C shows the most

Serine-type peptidase

Endopeptidase activity, 60

activity, 95
Sugar binding, 68 -\

Serine-type
endopeptidase inhibitor
activity, 46

Peptidase activity,
acting on L-amino acid
Peptides, 132
Peptidase inhibitor
activity, 72

Endopeptidase inhibitor
activity, 69

Enzyme inhibitor activity, 90 Growth factor binding, 58

Glycosaminoglycan binding, 63 —/panem binding, 69 Polysaccharide binding, 69

Figure 5: Gene ontology annotations of proteins identified by proteomic analysis.
(A) Biological process, (B) molecular function, and (C) cellular component annotations of identified proteins.
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Figure 6: Predicted protease activity on the endogenous urinary peptide signature.
The percentage of predicted protease/cleavage site combinations was calculated in comparison to the total number of potential cleavage

sites. Up to three amino acid substitutions were allowed.

significantly enriched terms in the cellular component
category. Proteins mapped to extracellular region (260)
and extracellular region part (161).

KEGG enrichment analysis

Significantly enriched pathways were identified. Overlap
was observed between the two approaches. Supplemen-
tal Tables 7 and 8 show a list of the significantly enriched
pathways by proteomic and peptidomic analysis, respec-
tively. For proteomic analysis, complement and coagu-
lation cascades (52), cell adhesion molecules (57), and
systemic lupus erythematosus (42) were significantly
enriched. For peptidomic analysis, complement and coag-
ulation cascades (23), focal adhesion (28) and systemic
lupus erythematosus (17) were significantly enriched.

In silico protease prediction analysis

Using Proteasix, the native urinary peptide signature was
screened against a database that contains 3500 protease/
cleavage site combinations of 191 proteases. As shown in
Figure 6, matrix metalloproteases were found to be pre-
dominantly involved in urinary peptide generation with
MMP-9, -8, -12, and -13 displaying the highest predicted
involvement in the generation of the native peptide sig-
nature. Kallikreins showed a more limited contribution to
the generation of the peptide signature.

Peptide sequence alignment analysis

A computation program called PepEx was used to map the
position of endogenous peptides within their precursor

proteins. APOA1, APOA2, MMP9, FXYD2, and MUC1 were
selected for peptide sequence alignment. As shown in Sup-
plemental Figure 4A, endogenous peptides from APOA1
are derived from the N- and C-terminus, with peptides
aligning at the C-terminus being the most abundant. As
shown in Supplemental Figure 4B, peptides from APOA2
were found to be most abundantly derived from the C-ter-
minus. Supplemental Figure 4C illustrates that endog-
enous peptides from MMP-9 are most abundantly derived
between amino acids 341-392. Supplemental Figure 4D
shows that peptides are most abundantly derived from
the N-terminus of FXYD2. Peptides are most abundantly
derived from the C-terminus of MUC1 (data not shown).

Discussion

Anumber of studies have characterized the urine proteome
from healthy individuals. Here, we aimed to expand the
normal urine proteome by combining both proteomic and
peptidomic analysis of urine. Using a label-free LC-MS/
MS approach, we identified 1754 proteins by proteomic
analysis in addition to 4543 endogenous peptides arising
from 566 proteins by peptidomic analysis. To our knowl-
edge this is the largest number of normal urine peptides
published to date. Together our integrated proteomic and
peptidomic analytical approach identified a total of 2091
non-redundant proteins. We compared our proteomic
and integrated approach to three independent large-scale
studies [20-22]. We were able to identify 289 unique pro-
teins by our proteomic approach alone. Moreover, 445 pro-
teins were uniquely identified by our integrated analytical
approach. We also compared our peptidomic approach to
the study by Liu et al. [27]. We were able to identify 494
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unique precursor proteins by our peptidomic approach
alone. Furthermore, we assessed the overlap between one
hundred of the most abundant proteins identified in our
study to three independent large-scale studies. There was
a 96% overlap between the 100 most abundant proteins
identified in our study and three independent large-scale
studies [20-22]. This suggests that abundant proteins are
a stable and recurrent component of the normal urine
proteome. Moreover, inter-individual variation was 0.65
for our integrated proteomic and peptidomic approach.
Our result is consistent with another study that assessed
variability of the normal urinary proteome, reporting an
inter-individual variation of 0.66 [33].

GO is a valuable annotated database providing a
functional description of gene products [34]. Proteins
identified by proteomic and peptidomic analysis were sep-
arately characterized based on GO annotation terms. We
observed an overlap between proteomic and peptidomic
characterization for biological process, molecular func-
tion, and cellular component annotations. Proteins were
also subjected to pathway enrichment analysis. Again,
we observed an overlap between significantly enriched
pathways. Of interest was the unexpected enrichment of
systemic lupus erythematosus. Systemic lupus erythema-
tosus has previously been shown to correlate with age.
In fact, systemic lupus erythematosus is thought to be
a result of reduced clearance of nucleosomal antigens
by DNase-1 [35]. Interestingly, DNase-1 was found to be
reduced in the urine proteome of the elderly [36]. Thus,
we speculate that the identification of systemic lupus ery-
thematosus is due to the advanced age of our subjects. In
addition, we compared our significant GO annotations to
over-represented GO terms reported by Adachi et al. The
overlap between the two studies was approximately 30%.
We speculate that differences in significant GO terms may
have resulted from evaluating the urinary proteome of
different age groups. Here, we focused on a homogene-
ous elderly population ranging between 62 and 79 years
of age whereas the study by Adachi et al. focused nine
healthy individuals between 26 and 61 years of age [20].
Both pathway enrichment and GO analyses provided val-
uable insight into normal physiological processes occur-
ring within our sample population. In addition, pathway
enrichment analysis can also be utilized to identify dys-
regulated pathways in disease, which can help discrimi-
nate disease from control groups. In fact, one study found
that dysregulated pathways can serve as better biomark-
ers for disease compared with single gene markers [37].
Thus, GO and pathway enrichment analysis of the normal
urine proteome and peptidome can serve as a basis for
assessing biological variations in disease.
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Proteases have a critical role in physiological and
pathophysiological processes by irreversibly modifying
the function of their substrate protein [38, 39]. Naturally
occurring urinary peptides are likely to be the byproduct
of upstream proteolytic processing. Using N- and C-termi-
nal cleavage sequences of endogenous peptides, protease
activity can be predicted. Thus, we performed protease pre-
diction analysis to assess which endogenous proteases are
responsible for the observed peptide signature. Consistent
with previous reports, our data revealed that metallopro-
teases are predominantly involved in the generation of the
urinary peptide signature. A study by Klein et al. reported
a high predicted contribution of MMP-2, -3, -8, -9, -12 and
-13 in urinary peptidome generation. Moreover, this group
found ADAMTS4 and ADAMTSS5 to be over-represented.
The authors also reported a limited contribution of plas-
minogen and kallikreins [31]. Similarly, our study revealed
that MMP-9, -8, -12, -13 and -3 significantly contributed to
the urinary peptide signature. Moreover, KLK-4, -8, -11
and -12 had a limited contribution whereas KLK-2 and -6
displayed a larger contribution than what was reported
by Klein et al. The ability to predict protease activity on
the basis of N- and C-terminal cleavage sites allows for a
clearer understanding of biological processes occurring
during normal physiology. As shown by our study, matrix
metalloproteases contribute most to the generation of the
observed peptide profile. Matrix metalloproteases regu-
late physiologic events by remodeling ECM molecules,
altering the ECM microenvironment and modulating the
activity of biologically active molecules by direct cleav-
age, release from bound stores or modulating the activity
of their inhibitors [40-42]. Furthermore, in silico protease
prediction analysis can predict disease-specific changes
in protease activity by comparing peptide profiles in
health and disease [31, 43]. For instance, although matrix
metalloproteases play a crucial role in normal physiol-
ogy, overexpression of active matrix metalloproteases has
been associated with tumor growth, migration, invasion
and metastasis [44]. Moreover, protease prediction analy-
sis can help to define new biomarkers, assess therapeu-
tic efficiency of protease inhibitor treatments and guide
focused validation experiments [38, 45].

Our peptidomic analysis allowed detection of endoge-
nous peptides derived from proteins implicated in various
urological malignancies, including APOA1, APOA2, MMP9,
FXYD2, and MUCI. Several reports have demonstrated
that urinary levels of APOA1 and APOA2 are elevated in
bladder cancer [46, 47]. In addition, elevated levels of
MMP9 were found to correlate with poor prognosis in RCC
[48, 49]. A study by Gaut et al. was first to report the poten-
tial utility of FXYD2 in the diagnosis of chromophobe RCC
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[50]. Another study found that MUC1 is overexpressed in
clear cell RCC [51]. Furthermore, differential expression
of MUC1 in RCC was found to correlate with metastatic
disease and poor prognosis [52]. Thus, the characteriza-
tion of the normal urine proteome and peptidome may
prove useful in identifying variations in the abundance of
disease biomarkers.

While an extensive list of urinary proteins based on
the detection of tryptic peptides has been presented,
these studies usually lack measurements of abundance. A
clear benefit of our integrated analysis is the robust rela-
tive quantification of proteins and endogenous peptides.
Moreover, our label-free method has several technical
advantages. A label-free strategy allows for direct com-
parison of MS signals between any number of samples in
contrast to label-based methods that have a finite number
of “plexes” [53]. It can also capture peptides with N-termi-
nal post-translational modifications, which are omitted in
labeling methods that rely on free amine groups [54]. Label-
free quantification also eliminates the cost and complexity
associated with labeling, minimizing variations in sample
preparation. Label-free methods are also applicable to
any kind of sample, including many clinical samples that
cannot be directly labeled [53, 55]. As a result, this is an
ideal strategy for shotgun proteomic and peptidomic analy-
sis. We do acknowledge some limitations of our study. For
instance, a small number of subjects were assessed, which
likely had an effect on the number of protein identifica-
tions. However, our integrated analysis still provided one
of the largest sets of protein identifications as well as the
largest number of peptides documented in normal human
urine to date. In addition, the reported proteome and pepti-
dome profiles are more representative of an older age group
since protein signatures were generated by analyzing urine
specimens from healthy donors between the ages of 62 and
79 years. This may raise concerns on how representative
the data are of the healthy population. However, we specu-
late that our data is relevant for genitourinary diseases that
occur frequently in later life. In fact, the median age for RCC
diagnosis is between 60 and 65 years of age [56]. Bladder
cancer also occurs most frequently in later life, with a
median age of diagnosis at 69 years for men and 71 years
for women [57]. Moreover, several studies have assessed the
impact of age on the urinary proteome and peptidome [36,
58]. A study by Bakun et al. identified 22 proteins that were
differentially expressed in the urine proteome of younger
subjects compared to elderly subjects. The protein profiles
that differed in the elderly included those involved in tissue
remodeling, coagulation and fibrinolysis, low-grade inflam-
mation and immune and metabolic dysregulation [36].
Nkuipou-Kenfack et al. identified age-correlated peptides
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that predominately originated from collagen, uromodulin
and fibrinogen. Interestingly, fibrillary and basement mem-
brane collagen fragments showed decreased age-related
excretion whereas uromodulin and fibrinogen fragments
showed increased age-associated excretion. In our study,
the most abundant endogenous peptides were derived from
uromodulin which is consistent with the report by Nkuipou-
Kenfack et al. [58]. Thus, the assessment of the urinary pro-
teome and peptidome in healthy individuals with advanced
age may prove useful in discriminating physiological alter-
ations that occur as a result of aging from pathophysiologi-
cal alterations that occur frequently in later life.

Conclusions

Characterization of the normal urinary proteome and pep-
tidome can provide insight into normal physiology and
can be the basis for non-invasive biomarker discovery.
Employing an integrated label-free LC-MS/MS approach
allowed us to characterize a total of 2091 proteins with
high-confidence. Since cancer is a disease that occurs
more frequently in later life, the data presented here rep-
resent a group of healthy individuals within a clinically
relevant age range. Our analysis provides one of the largest
sets of protein identifications documented in normal
human urine and may prove a useful reference for future
biomarker discovery.
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