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Definitions and Area of Interest
Urine is an ideal site for studying possible biomarkers of 
human diseases. Sampling of urine is particularly easy and can 
be repeated over time and, for this reason, tests on urine can 
be utilized to monitor clinical outcome and effects of drugs. 
Our objective is to find a reproducible indicator of an event 
or a measure of a process that may have pathological implica-
tions, namely, end products of metabolic pathways, molecules 
involved in intermediary phases, intracellular components, 
circulating proteins, and antibodies, which can be utilized for 
this purpose. The premise is that many of the above molecules 
and proteins of limited size deriving from circulation can be 
detected in normal urine; in addition, several proteins deriv-
ing from the renal tubule and from the downstream urinary 
tract are also excreted into urine independent of their size and 
altogether constitute the normal urine proteome. In patho-
logical conditions, there are modifications of urinary protein 
composition correlated with changes of the glomerular base-
ment membrane integrity (eg, deposition of autoantibodies, 
alteration of the slit-diaphragm, etc.) or simply reflecting a 
perturbation of global renal function as might be typically 
and unselectively occurring in chronic conditions. Before 

considering how renal pathologies modify urinary excretion 
of selected biomarkers, it is crucial to define composition of 
normal urine proteome and discuss how technology differ-
ences may modify this aspect. This is the objective of the first 
review of this series. Other two reviews will consider urine 
proteome in several groups of renal diseases, including idio-
pathic nephrotic syndrome, primary and secondary glomeru-
lonephritis, and diabetes mellitus (review 2) and cystic renal 
diseases, congenital anomalies of the kidney and the urinary 
tract, and tubular disorders (review 3). The objective is to dis-
cuss the methodological approach to both normal and patho-
logical urine in order to define biomarkers to be utilized in 
clinical settings.

Urine proteome. Proteins that are detected in urine and 
derived from the outside (plasma) and inside (glomerular and 
tubular cells) of the kidney according to physiological roles 
constitute the basis of renal function. In particular, plasma 
proteins are subject to a selective process of ultrafiltration 
based on their dimension, charge, and configuration.1,2 
Studies originally performed in the early 80s showed that 
proteins with a molecular mass up to 67 KDa are readily fil-
tered at the glomerular level, but, in some cases, the anionic 
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charge limits the passage due to repulsion by the glomerular 
basement membrane. This is, for example, the case of albu-
min, which has a pI of 4.6 and has a fractional clearance of 
∼0.001.3–6 The final result of what is known as renal selectiv-
ity is that urinary proteins with a size ,45 kDa are freely 
filtered and excreted, whereas, for higher sizes, cationic mol-
ecules have a privileged passage compared with anionic com-
ponents. On the other hand, several proteins are of direct 
renal and urinary tract derivation: they are mainly proteins 
endowed in the renal brush border and are, in some cases, 
produced by tubular epithelia to implement cell defense from 
bacteria. Fragments of proteins can also be detected in urine: 
they derive from digestion occurring partially in the urine 
but, as in the case of albumin, digestion may occur in cir-
culation and represents a still poorly characterized phenom-
enon.7,8 On the other hand, there is a general consensus that 
many peptides of small size deriving from plasma are pres-
ent in urine: they represent a distinct universe from proteins 
and may have an important pathological significance. Spe-
cific technology approaches are utilized for their detection, 
and for this reason, studies on urinary peptides are usually 
presented separately from proteins. An appropriate discus-
sion on urinary peptides requires, for their importance and 
significance, a dedicated review.

Microvesicles/exosomes. Some proteins are excreted 
as part of microvesicles and exosomes that can be defined 
as supramolecular organization systems containing many 
proteins that derive from both circulation and tubular cells. 
Microvesicles and exosomes are obtained by centrifugation/
ultracentrifugation of urine (ie, 17,000 × g for microvesicles 
and 100,000 × g for exosomes) and represent separate com-
partments of the urine proteome. Compartmentalization of 
excreted urinary proteins according to the above concepts 
indicates that 49% of urinary proteins are soluble, 48% sedi-
ment at low speed (vesicles), and 3% are exosome.9

Microvesicles (100–1000 nm in diameter) are intracellu-
lar products of cells that are released to the extracellular space 
by outward budding of plasma membrane.10

Exosomes are smaller than microvesicles in size (30–
100 nm in diameter)11–13 and originate through invagi-
nation of the plasma membrane into endosomes. Once 
formed, exosomes are released in the extracellular com-
partment.14,15 Microvesicles and exosomes are identified 
for their protein composition: the former contain B1 inte-
grin, metalloproteinases, and glycoproteins (GPI, GPII, 
GPIII, P-selectin), while exosomes are characterized by 
heat shock protein 70 and tetraspanins (CD63, CD81, and 
CD9).16 Besides proteins, microvesicles and exosomes con-
tain lipids, mRNAs, and miRNA, a variety that suggests 
different functions such as immune modulation, transport 
of proteins, and cell-to-cell communication. In particular, 
urinary exosomes transport immune proteins with direct 
antimicrobial and viral activities that are considered crucial 
for sterility of urinary tract.17

technical Approaches
Here, we present a list of technical issues on urine proteome 
analysis that need to be defined at this initial step because lack 
of clarity on these aspects would introduce variability in results. 
This review would represent a proper site to begin a discussion 
on technical aspects related to urine preparation and protein 
analysis; the aim is to get a consensus prior to starting the 
analysis of urine proteome in pathological conditions.

sampling and storage of urine. There is consensus about 
sampling second morning urine that are added with tablets 
of protease inhibitor immediately after collection, chilled on 
ice, and centrifuged at 4 °C for 10 minutes at 1000 × g to 
eliminate cell debris. This approach is in accord to standard 
protocols and, in particular, with the protocol proposed by 
the European Kidney and Urine Proteomics consortium (for 
details, see at http://www.eurokup.org). Samples can be stored 
at −80 °C until use.

Prefractionation. Methodologies based on sample pre-
treatment and prefractionation have been developed over 
years. The aim is to subfractionate supramolecular structures 
containing proteins (ie, microvesicles and exosomes) and elim-
inate proteins with very high concentration levels in urine (eg, 
uromodulin). Centrifugation (with or without dl-dithiothre-
itol) at 100,000 × g for 120 minutes in an isolation solution of 
30% sucrose is the basic method.18–20 Microvesicles are iso-
lated from the supernatant by centrifugation at 17,000 × g for 
75 minutes at 12 °C. Exosomes are prepared from the superna-
tant deriving from the 17,000 × g centrifugation step and are 
isolated by ultracentrifugation at 100,000 × g for 120 minutes 
at 12 °C. The yield is ∼2 µg of exosome proteins for a milliliter 
of urine.9 Details for preparing exosomes are given in a series 
of reports and are summarized by Alvarez et al.18

There are drawbacks with the ultracentrifugation pro-
cedure mainly represented by the difficulty in handling high 
numbers of samples. In this case, an alternative is to precipi-
tate exosomes with ExoQuick-TC, which is a simple and fast 
approach but unfortunately lacks specificity.21–23

A parallel aim of prefractionation is to minimize protein 
overload and achieve a sort of normalization of relative con-
centrations, a procedure also known as equalization. With this 
approach, low-abundant components are taken at the same 
levels of high-abundant proteins, thus avoiding overload of a 
few selected components and allowing detection of minimal 
components. Combinatorial peptide ligand libraries (CPLLs) 
are an example of technology aimed to achieve this objec-
tive.24–27 They consist of different mixtures of peptides with 
different lengths (six amino acids each),28 one of which at the 
distal site represents the bait, while the proximal backbone 
modulates interactive forces. Specificity of single peptides for 
specific proteins is not absolute, but it is the result of a series of 
factors, varying from temperature, pH, and ionic strength of 
the medium that can be experimentally determined. CPLLs 
are utilized starting from supernatants deriving from ultracen-
trifugation (100,000 × g), which are loaded onto a column of 
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150 µL peptide library beads (ProteoMiner™) equilibrated in 
25 mM phosphate buffer, pH 7.4.29 The eluate in Tris-Sodium 
dodecyl sulfate (SDS) (CPLL beads) and the unbound frac-
tion are preserved at −80 °C until analysis by mass spectro-
metry (MS).

Overall, technologies based on prefractionation represent 
an important option to implement specificity of analysis due to 
removal of proteins contained in microvesicles and exosomes and 
increase sensitivity in the case of equalization. A flowchart for 
prefractionating urine proteins is presented in Figure 1, where 
most of the steps presented above are included. This is a personal-
ized approach utilized in our laboratory that we present and con-
front with other approaches utilized in other laboratories. Based 
on the performance of the composite analysis of urine proteome 
(see the dedicated section on “Normal urine”) and looking at the 
cost/benefit, we consider this flowchart as a practical option for 
urine proteome analysis in pathological states.

Mass spectrometry. Several MS technologies have been 
developed in recent years; their analytical performance differs 
in terms of reproducibility, dynamic range, limit of detection, 
and resolving power.30,31 They have been widely utilized for 
the identification of the protein components of the kidney and 
urinary tract.32

Matrix-assisted laser desorption ionization-time-of-
flight and electrospray ionization after 2DE separation of 
proteins have been the MS techniques of choice in the past 
and were, in particular, utilized for characterization of single 
spots. These approaches have limitations now: they are time 
consuming, present variability, and are of low sensitivity since 
protein recovery is limited by protein staining.

Direct MS analysis of urine without purification of sin-
gle protein is now the preferred approach since it has the real 
advantage that preliminary steps are not necessary. In this 
case, proteins are recognized by utilizing isobaric tags (Iso-
baric tags for relative and absolute quantitation [iTRAQ ] and 
Tandem mass tags [TMT]) or, in alternative, are not labeled 
prior to analysis, but are recognized based on the technolo-
gies that are reported as label free (label-free quantification 
[LFQ         ]or Data-independent acquisition [DIA]). In the for-
mer case (ie, isobaric labeling), each sample is derived with 
a different isotopic variant of mass tag, and then all samples 
are pooled and analyzed simultaneously. Different peptides 
appear as single peaks with different m/z values. This technol-
ogy has been successfully utilized for comparative analysis in 
numerous experimental contexts. On the other side, the label-
free protein quantification approach is based on two types of 
measurements. In the first case, the intensity of each peptide 
deriving from fragmentation of proteins is evaluated by dedi-
cated softwares (eg, MaxQuant, OpenMS, and DeMix-Q ). 
In the second case, the peak area or the spectral counting 
in the MS/MS analysis relative to a peptide is determined. 
There are several advantages in the label-free quantification 
modes. They are, in fact, cheaper compared with the label-
ing techniques, simpler in terms of sample preparation, and 
less complicated in terms of MS/MS analysis. Redundancy in 
peak detection, low sensitivity, and the crucial point that they 
are only semiquantitative limit the impact of these techniques 
that cannot be utilized for low abundance and small proteins.

More recently, methods that utilize instruments operating 
in parallel reaction monitoring modes,33–36 such as triple qua-
drupole (QQQ ) and/or high-resolution accurate mass, have 
been developed and utilized for validation of protein biomarkers.  
Besides presenting an increased selectivity and sensitivity (eg, 
.1000 peptides in a single Liquid chromatography (LC)-
MS/MS run identified by Orbitrap mass spectrometer), these 
methods allow major flexibility in data processing and an 
increased confidence in identifications.37

sample design and data analysis. Comparative proteom-
ics has the objective to compare protein expression profiles in 
different clinical conditions. Bioinformatics data analysis is a 
crucial aspect due to an extremely large amount of informa-
tion deriving from MS. A good sample design is the first step 
of any experimental approach and requires an a priori proto-
col for the estimation of the number of biological and techni-
cal replications necessary for the analysis. It should be large 
enough to ensure a high probability to detect differences while 
being relatively small to contain costs. To calculate the sample 
size, it is necessary to fix both significance level and power of 
the desired test (usually P = 0.05 and β = 80%).38

Before data analysis, results from MS must be normal-
ized to minimize systematic errors across different experimen-
tal runs.39 Once this is done, a classical statistical approach 
is necessary to test the original hypothesis that one or more 
biomarkers characterize a given disease. Biomarker definition 

Flowchart of procedure for analysis of the urinary proteome

Urine
Centrifuged 1,000 g

Discarded cells debris

Centrifuged 17,000 g

Ultracentrifuged 100,000 g

Pellet
Supernatant
(untreated)*

Supernatant

Supernatant

Microvesicles*

Exosomes*

Unbound* CPLL-Beads*
(Proteominer)

Figure 1. Proposed flowchart for analysis of the urinary proteome. Urine 
is centrifuged to separate cell debris. then, microvesicle and exosome 
fractions (17,000 and 100,000 × g, respectively) are purified. The 
supernatant is ultracentrifuged and treated with Proteominer. The five 
fractions thus obtained (untreated, microvesicles, exosomes, unbound, 
and CPLL beads) are processed by MS analysis.
Note: *analysis by mass spectrometry.

http://www.la-press.com
http://www.la-press.com/journal-biomarker-insights-j4


Santucci et al

44 Biomarker insights 2016:11

requires the demonstration that one protein is differently con-
centrated in urine of different populations (ie, normal versus 
disease/treatment). Classical univariate parametric and non-
parametric tests are used in this context, including t-test, 
ANOVA, Mann–Whitney U test, Wilcoxon test, and Fried-
man test.40 Multivariate methods should be used to reduce 
complexity of a data set.41 A combination of univariate and 
multivariate analyses maximizes the information in most 
cases. A detailed description of these tests is out of the scope 
of this review and we remand to dedicated books.

Several techniques are now utilized for presenting results. 
In case of comparison between groups, volcano plot is the most 
widely used graphical expression that gives a quick glance of 
results based on univariate statistical tests. In this graphical 
representation, the log2 of the fold change for each protein/
peptide is plotted against the −log10 of its P-value. Heat map 
and two-/three-dimensional scatter plots of principal com-
ponent analysis (PCA) are two graphical representations 
complementary to multivariate cluster analysis. PCA generates 
new components that condense the variability of the samples. 
Each component in PCA is not correlated with another but 

is considered alone and extracted from the mixture to see how 
much it contributes to the systematic variation in the dataset. 
The plot of principal components furnishes an optical view of 
the structure of the data and allows defying sample clusters 
and identifying outliers. We recommend to start with PCA 
and Pearson’s or Spearman’s correlogram (using Euclidean 
distance aggregation method) to define the outliers (quality 
control) and later on, when the outliers are removed, to use 
PCA to define the biological interest of each variable. The 
Venn plot is an easy and descriptive way to compare results 
from different studies and gives a rough idea of how much 
the composition of urinary proteome varies by comparing data 
from different authors (Figs. 2A and B).

Dedicated software simplifies the analysis results, and 
statistical packages are freely available at http://www.r-project. 
org/; we remand to a dedicated literature for a more extensive 
and comprehensive reading.

current knowledge, Limits, and Perspectives
single biomarker/system biology. Years of study 

in the field of renal diseases have indicated that several 
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urinary biomarkers are useful for early diagnosis of acute 
kidney injury and highlighted the concept that systems  
biology/omics and single biomarker approaches will continue 
to be two important wheels to understand the pathophysiol-
ogy of renal disorders. Genetic conditions modifying single 
proteins are an example of how a single biomarker may char-
acterize a disease. On the other hand, complex pathways are 
more likely involved in diseases that produce global changes 
and modify urinary protein composition. Proteomics generates 
large volumes of data, and the combined use of information can 
lead to the understanding of complex biological processes and 
pathological mechanisms. Definition of interactive networks 
in protein pools is a new frontier of research on mechanisms 
of diseases and biomarkers. In the presence of a large amount 
of information, functional analysis of a mixture of proteins is 
carried out using the Gene Ontology (GO) annotation. The 
GO annotation provides a qualitative abstraction of cellular 
components and molecular and biological functions. There are 
various softwares such as Cytoscape (www.cytoscape.org) that 
allow the GO annotation analysis of the main biological pro-
cesses of proteins contained in normal healthy urine (Fig. 3). 

Cytoscape follows a simple work flow and utilizes applications 
such as ClueGO, KEGG, REACTOME, and WikiPathways 
that are available as plug-in in the software. Cytoscape starts 
with data import that builds the interactive protein network 
identified by univariate/multivariate analysis; then, the second 
step consists in matching data with one of the public data-
bases; this generates an interactive network among proteins 
that are linked by nodes and edges according to potential 
interaction (eg, physical, colocalization, coexpression rela-
tionship, pathways, etc.). The values of these attributes are 
determined during the analysis of the network (third and final 
step). In addition, the user may optionally filter the resulting 
network to reduce their complexity by selecting the type of 
network information of interest, thus identifying pivotal pro-
teins. Comparison between normality and pathological states 
requires envisaging a panel of molecular functions and cel-
lular processes potentially involved in a particular disease. 
The interactions between proteins can be established using 
network analysis (Ingenuity Pathway Analysis [IPA]), which 
are generated using the knowledge of the literature data. The 
network analysis allows establishing the hubs of network and 
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316636

CPLL-beads
(1488)

Untreated
(1176)

B Exosomes
(1615)

Unbound
(1345)

Total proteins, non redundant: 3004

Fraction Total Exclusive
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368

1176
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1488
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Figure 2. (a) Venn diagram reporting the seven studies that constitute the main part of knowledge on urine proteome. This diagram shows the number of 
total and unique nonredundant proteins reported in different studies.45,49–54 in the middle of the diagram is reported the number of proteins shared by all 
the studies. With respect to our data,53 we report only proteins with a peptide iD of 1% false discovery rate, at a peptide mass deviation of 10 ppm and a 
minimum of six amino acids per identified peptide. (B) Venn diagram showing how many proteins are separated by the multistep procedure described in 
this report that represents a simplification of what was already described by Santucci et al.53 Utilizing this approach, 3004 nonredundant proteins can be 
detected in normal urine most of which are present in more than one purification fraction; a considerable part of proteins can be detected in exosomes 
(762), followed in order of importance by CPLL beads (386) and the unbound to CPLL (368).
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their potential points of regulation and has the scope to high-
light the biological pathway activated in a pathology.

repositories and peptide atlas. A repository of data on 
composition of urinary proteins is available in ProteomeX-
change (ie, PX),42 which is a consortium of three public 
databases of peptide sequences (ie, PRIDE, MassiVE, and 
PASSEL). They provide a sufficient set of experimental data 
and operate under a common standardization procedure and 
can be viewed in ProteomeCentral (http://proteomecentral.
proteomexchange.org). PASSEL and PRIDE43 also contain 
data for protein identification. Starting from 2004, other pub-
lic databases (Global Proteome Machine Database,44 Peptide-
Atlas,45 MOPED, PaxDb, and Human Proteinpedia) that 
originally focused on plasma proteome collected data on kid-
ney and urinary proteins46; these databases represent a further 
source of information.

There are ongoing projects that will add knowledge and 
focus on structure, functions, and implication of single pro-
teins in pathological processes: Uniprot47 and neXtProt48 are 
two examples of generic databases. The Human Kidney and 
Urine Proteome Project (www.hkupp.org) and the Kidney 
and Urinary PathwayKnowledge Base (KUPKB, www.kupkb.
org) are focused on urine and kidney proteins and also contain 
pathological processes.

Normal Urine
A clear definition of normal urine composition represents the 
basis of any project on urinary biomarkers of diseases. It has 
been the subject of recent studies that overall incorporated 
most of the methodological issues discussed in the preced-
ing sections. There is no uniformity of results mainly due to 
difference in methodological approaches. The final choice 
would be a balance between sensitivity (more proteins mean 
more potential biomarkers), reproducibility, and costs. Few 
studies reporting data on urinary proteome composition in 
normal conditions have been published so far. Overall and 
considering the relevance of results (ie, number of proteins), 
seven studies45,49–54 have been found in the literature. With 
the exception of the study by Santucci et al.53, who utilized a 
multistep procedure, the remaining studies presented data on 
urinary proteome obtained by direct analysis of urine by MS 
or by SDS-PAGE as a prefractionating step. The number of 
proteins described in different reports varies from 559 to 3429, 
only a minimal part of which (108 proteins) is shared by dif-
ferent studies (Fig. 2A). There are, by contrast, many proteins 
described autonomously by single reports varying from 32 in 
the paper by Nagaraj and Mann52 to 1.454 as described by 
Santucci et al.53; 1.716 new proteins are described in the five 
other studies.45,49–51,54 Details on urinary proteome composi-
tion as reported by different authors can be found in databases 
published in related papers.

The best performance has been obtained by prefraction-
ing and equalizing urine that clearly represents a complica-
tion of the method but allows to separate, in a first instance, 

microvesicles and exosomes from soluble proteins and then 
to detect low expression components. Based on the multistep 
procedure described by Santucci et al, we propose here a 
modular approach that consists of four steps (Fig. 2B) that 
overall give the chance to detect 3004 nonredundant pro-
teins in normal urine. Considering exclusive proteins, it 
appears that most are contained in exosomes (762), followed 
by CPLL beads (386). The untreated fraction contains 1176 
proteins, only a minor part being exclusively detectable there. 
This means that the major part of exclusive proteins can be 
detected in exosomes and CPLL beads (ie, 1148 overall). This 
is shown in the Venn plot presented in Figure 2B that summa-
rizes the complex compartmentalization of proteins following 
the procedure presented here. Studies on pathologies should 
consider the results mentioned above and be programmed in 
terms of performance of the different approaches. In parti-
cular, it must be considered that the procedure presented 
here is modular and gives the opportunity to analyze 90% of 
exclusive proteins utilizing a three-step fractioning approach 
(ie, exosomes, CPLL-beads, and unbound) and can be uti-
lized also in a single step.

Unfractionated urine/sDs-PAGe. The number of pro-
teins contained in unfractionated urine is reported by four out 
of seven authors. There are important differences between the 
studies: the best performance was obtained by Farrah et al.45, 
followed by Li et al.50 and Santucci et al.53 Prefractionating 
urine with SDS-PAGE gave little advantage. As reported 
above, only 108 proteins have been described by all studies, 
implying that most are new proteins.

exosomes/vesicles. The composition of urinary exo-
somes is reported in the database ExoCarta (http://www.
exocarta.org),55 which is a public database in constant evo-
lution; the last update has been done in 2015.56 Besides 
ExoCarta, urinary exosomes have been characterized in 
two studies53,57: overall, they described the presence of 
2707 proteins in exosomes and included the original panel 
of 1689 proteins published in ExoCharta plus 1615 proteins 
described by Santucci et al.53 and 1195 by Prunotto et al.57; 
292 are common to the last two studies (Fig. 4). It is of note 
that exosomes contain 762 exclusive proteins (Fig. 2B), 
supporting the concept that their separation from other 
urinary compartments is essential for a correct approach to 
the urine proteome.

cPLLs. Equalization of urinary proteins can be done 
when a sufficient amount of urine is available (ie, 50 mL of 
starting material). It is obtained by utilizing CPLLs fol-
lowing well-defined experimental conditions. While the 
number of proteins recovered with CPLLs is a notable one 
(ie, 1488), the contribution as unique proteins is only par-
tial (ie, 386).

Interactive Netwok in Normal Urine
In normal urine, there are some notable groups of proteins with 
similar functions (Fig. 3). The most relevant are regulatory 
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proteins involved in basic functions, such as immune and 
inflammatory responses and proteosome activity. It seems rea-
sonable to have some hopes to define pathological processes on 
the basis of this panel.

Final consideration on Methodology for Urine 
Proteome Analysis
A clear message arising from the above discussion is that there is 
quite a variability in the number of proteins described in normal 

urine by different reports. While some race variability cannot be 
excluded, modification due to gender has been evaluated in single 
reports that cannot explain the results. The laboratory approach 
is, therefore, mainly responsible for this variability, and we must 
be extremely determined in discussing single aspects. The first 
point is to define which urine sample must be analyzed. Shared 
guidelines written by Human Proteome Organization (HUPO) 
are available that should be utilized by all authors (www.hkupp.
org). A second aspect is the choice of a single- or a multistep pro-
cedure. We propose a simple flowchart that starts with analysis 
of untreated urine samples (see for details Fig. 1), followed by 
ultracentrifugation and analysis of exosomes. Microvesicles can 
be analyzed at this step as well. Equalization should be consid-
ered and reserved to specific studies, in which patients allow to 
collect at least 50 mL of fresh normal urine in the second morn-
ing spot. The reasons are that this is not an easy procedure; it is 
time consuming and cannot be utilized in studies enrolling many 
patients and probably in small children.
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Figure 3. GO analysis of proteins purified from urine according to the scheme of Figure 1. The graph shows the main biological processes (circles) 
plotted against the − Log10 P where P-value indicates the probability, after false discovery rate correction, that components of a biological process are 
present in urine; it is calculated on the basis of the number of proteins identified and their interaction considering the data of the literature.
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Figure 4. Venn diagram analysis of exosome proteins as reported in the 
exoCarta database56 and in the two ancillary studies by santucci et al.53 
and Prunotto et al.57

http://www.la-press.com
http://www.la-press.com/journal-biomarker-insights-j4
http://www.hkupp.org
http://www.hkupp.org


Santucci et al

48 Biomarker insights 2016:11

structure and arguments for the paper: GMG, LS, MB. Made 
critical revisions and approved the final version: AB. All the 
authors reviewed and approved the final manuscript.

reFereNces
 1. Brenner BM, Hostetter TH, Humes HD. Molecular basis of proteinuria of 

glomerular origin. N Engl J Med. 1978;298(15):826–33.
 2. Brenner BM, Hostetter TH, Humes HD. Glomerular permselectivity: barrier 

function based on discrimination of molecular size and charge. Am J Physiol. 
1978;234(6):F455–60.

 3. Bruschi M, Santucci L, Candiano G, Ghiggeri GM. Albumin heterogeneity in 
low-abundance fluids. The case of urine and cerebro-spinal fluid. Biochim Biophys 
Acta. 2013;1830(12):5503–8.

 4. Ghiggeri GM, Candiano G, Ginevri F, et al. Renal selectivity properties 
towards endogenous albumin in minimal change nephropathy. Kidney Int. 
1987;32(1):69–77.

 5. Ghiggeri GM, Ginevri F, Candiano G, et al. Characterization of cationic albu-
min in minimal change nephropathy. Kidney Int. 1987;32(4):547–53.

 6. Norden AG, Sharratt P, Cutillas PR, Cramer R, Gardner SC, Unwin RJ. Quan-
titative amino acid and proteomic analysis: very low excretion of polypeptides 
.750 Da in normal urine. Kidney Int. 2004;66(5):1994–2003.

 7. Candiano G, Musante L, Bruschi M, et al. Repetitive fragmentation products of 
albumin and alpha1-antitrypsin in glomerular diseases associated with nephrotic 
syndrome. J Am Soc Nephrol. 2006;17(11):3139–48.

 8. Weyer K, Nielsen R, Christensen EI, Birn H. Generation of urinary albu-
min fragments does not require proximal tubular uptake. J Am Soc Nephrol. 
2012;23(4):591–6.

 9. Zhou H, Yuen PS, Pisitkun T, et al. Collection, storage, preservation, and nor-
malization of human urinary exosomes for biomarker discovery. Kidney Int. 
2006;69(8):1471–6.

 10. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and 
friends. J Cell Biol. 2013;200(4):373–83.

 11. Conde-Vancells J, Rodriguez-Suarez E, Embade N, et al. Characterization 
and comprehensive proteome profiling of exosomes secreted by hepatocytes. 
J Proteome Res. 2008;7(12):5157–66.

 12. Gruenberg J, Stenmark H. The biogenesis of multivesicular endosomes. Nat Rev 
Mol Cell Biol. 2004;5(4):317–23.

 13. Thery C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and 
function. Nat Rev Immunol. 2002;2(8):569–79.

 14. Kowal J, Tkach M, Thery C. Biogenesis and secretion of exosomes. Curr Opin 
Cell Biol. 2014;29:116–25.

 15. Mathivanan S, Ji H, Simpson RJ. Exosomes: extracellular organelles important 
in intercellular communication. J Proteomics. 2010;73(10):1907–20.

 16. Cocucci E, Racchetti G, Meldolesi J. Shedding microvesicles: artefacts no more. 
Trends Cell Biol. 2009;19(2):43–51.

 17. Hiemstra TF, Charles PD, Gracia T, et al. Human urinary exosomes as innate 
immune effectors. J Am Soc Nephrol. 2014;25(9):2017–27.

 18. Alvarez ML, Khosroheidari M, Kanchi Ravi R, DiStefano JK. Comparison 
of protein, microRNA, and mRNA yields using different methods of urinary 
exosome isolation for the discovery of kidney disease biomarkers. Kidney Int. 
2012;82(9):1024–32.

 19. Fernandez-Llama P, Khositseth S, Gonzales PA, Star RA, Pisitkun T,  
Knepper MA. Tamm-Horsfall protein and urinary exosome isolation. Kidney 
Int. 2010;77(8):736–42.

 20. Wang Z, Hill S, Luther JM, Hachey DL, Schey KL. Proteomic analysis of urine 
exosomes by multidimensional protein identification technology (MudPIT). 
Proteomics. 2012;12(2):329–38.

 21. Gonzales PA, Pisitkun T, Hoffert JD, et al. Large-scale proteomics and phos-
phoproteomics of urinary exosomes. J Am Soc Nephrol. 2009;20(2):363–79.

 22. Gonzales PA, Zhou H, Pisitkun T, et al. Isolation and purification of exosomes 
in urine. Methods Mol Biol. 2010;641:89–99.

 23. Pisitkun T, Shen RF, Knepper MA. Identification and proteomic profiling of 
exosomes in human urine. Proc Natl Acad Sci U S A. 2004;101(36):13368–73.

 24. Boschetti E, Righetti PG. The ProteoMiner in the proteomic arena: a non-
depleting tool for discovering low-abundance species. J Proteomics. 2008;71(3): 
255–64.

 25. Boschetti E, Righetti PG. The art of observing rare protein species in proteomes 
with peptide ligand libraries. Proteomics. 2009;9(6):1492–510.

 26. Righetti PG, Boschetti E. The ProteoMiner and the FortyNiners: searching for 
gold nuggets in the proteomic arena. Mass Spectrom Rev. 2008;27(6):596–608.

 27. Righetti PG, Boschetti E, Zanella A, Fasoli E, Citterio A. Plucking, pillaging 
and plundering proteomes with combinatorial peptide ligand libraries. J Chro-
matogr A. 2010;1217(6):893–900.

 28. Bachi A, Simo C, Restuccia U, et al. Performance of combinatorial pep-
tide libraries in capturing the low-abundance proteome of red blood cells. 2. 
Behavior of resins containing individual amino acids. Anal Chem. 2008;80(10): 
3557–65.

 29. Candiano G, Santucci L, Bruschi M, et al. “Cheek-to-cheek” urinary proteome 
profiling via combinatorial peptide ligand libraries: a novel, unexpected elution 
system. J Proteomics. 2012;75(3):796–805.

 30. Brunner E, Ahrens CH, Mohanty S, et al. A high-quality catalog of the Droso-
phila melanogaster proteome. Nat Biotechnol. 2007;25(5):576–83.

 31. de Godoy LM, Olsen JV, Cox J, et al. Comprehensive mass-spectrometry-based pro-
teome quantification of haploid versus diploid yeast. Nature. 2008;455(7217):1251–4.

 32. Domon B, Aebersold R. Options and considerations when selecting a quantita-
tive proteomics strategy. Nat Biotechnol. 2010;28(7):710–21.

 33. Maier T, Schmidt A, Guell M, et al. Quantification of mRNA and protein and 
integration with protein turnover in a bacterium. Mol Syst Biol. 2011;7:511.

 34. Malmstrom J, Beck M, Schmidt A, Lange V, Deutsch EW, Aebersold R. Pro-
teome-wide cellular protein concentrations of the human pathogen Leptospira 
interrogans. Nature. 2009;460(7256):762–5.

 35. Michalski A, Damoc E, Hauschild JP, et al. Mass spectrometry-based proteom-
ics using Q Exactive, a high-performance benchtop quadrupole Orbitrap mass 
spectrometer. Mol Cell Proteomics. 2011;10(9):M111.011015.

 36. Schwanhausser B, Busse D, Li N, et al. Global quantification of mammalian 
gene expression control. Nature. 2011;473(7347):337–42.

 37. Khristenko NA, Larina IM, Domon B. Longitudinal urinary protein vari-
ability in participants of the space flight simulation program. J Proteome Res. 
2016;15(1):114–24.

 38. Dell RB, Holleran S, Ramakrishnan R. Sample size determination. ILAR J. 
2002;43(4):207–13.

 39. Ejigu BA, Valkenborg D, Baggerman G, et al. Evaluation of normalization 
methods to pave the way towards large-scale LC-MS-based metabolomics pro-
filing experiments. OMICS. 2013;17(9):473–85.

 40. Fay MP, Proschan MA. Wilcoxon-Mann-Whitney or t-test? On assumptions 
for hypothesis tests and multiple interpretations of decision rules. Stat Surv. 
2010;4:1–39.

 41. Jensen KN, Jessen F, Jorgensen BM. Multivariate data analysis of two-dimen-
sional gel electrophoresis protein patterns from few samples. J Proteome Res. 
2008;7(3):1288–96.

 42. Vizcaino JA, Deutsch EW, Wang R, et al. ProteomeXchange provides glob-
ally coordinated proteomics data submission and dissemination. Nat Biotechnol. 
2014;32(3):223–6.

 43. Vizcaino JA, Cote RG, Csordas A, et al. The PRoteomics IDEntifications 
(PRIDE) database and associated tools: status in 2013. Nucleic Acids Res. 
2013;41(Database issue):D1063–9.

 44. Craig R, Cortens JP, Beavis RC. Open source system for analyzing, validating, 
and storing protein identification data. J Proteome Res. 2004;3(6):1234–42.

 45. Farrah T, Deutsch EW, Omenn GS, et al. State of the human proteome in 2013 
as viewed through PeptideAtlas: comparing the kidney, urine, and plasma pro-
teomes for the biology- and disease-driven Human Proteome Project. J Proteome 
Res. 2014;13(1):60–75.

 46. Perez-Riverol Y, Alpi E, Wang R, Hermjakob H, Vizcaíno JA. Making pro-
teomics data accessible and reusable: current state of proteomics databases and 
repositories. Proteomics. 2015;15(5–6):930–49.

 47. UniProt Consortium. Activities at the Universal Protein Resource (UniProt). 
Nucleic Acids Res. 2014;42(Database issue):D191–8.

 48. Gaudet P, Argoud-Puy G, Cusin I, et al. neXtProt: organizing protein knowledge 
in the context of human proteome projects. J Proteome Res. 2013;12(1):293–8.

 49. Adachi J, Kumar C, Zhang Y, Olsen JV, Mann M. The human urinary proteome 
contains more than 1500 proteins, including a large proportion of membrane 
proteins. Genome Biol. 2006;7(9):R80.

 50. Li QR, Fan KX, Li RX, et al. A comprehensive and non-prefractionation on the 
protein level approach for the human urinary proteome: touching phosphoryla-
tion in urine. Rapid Commun Mass Spectrom. 2010;24(6):823–32.

 51. Marimuthu A, O’Meally RN, Chaerkady R, et al. A comprehensive map of the 
human urinary proteome. J Proteome Res. 2011;10(6):2734–43.

 52. Nagaraj N, Mann M. Quantitative analysis of the intra- and inter-individual 
variability of the normal urinary proteome. J Proteome Res. 2011;10(2):637–45.

 53. Santucci L, Candiano G, Petretto A, et al. From hundreds to thousands: widen-
ing the normal human Urinome (1). J Proteomics. 2015;112:53–62.

 54. Zerefos PG, Aivaliotis M, Baumann M, Vlahou A. Analysis of the urine proteome via 
a combination of multi-dimensional approaches. Proteomics. 2012;12(3):391–400.

 55. Mathivanan S, Fahner CJ, Reid GE, Simpson RJ. ExoCarta 2012: database 
of exosomal proteins, RNA and lipids. Nucleic Acids Res. 2012;40(Database 
issue):D1241–4.

 56. Keerthikumar S, Chisanga D, Ariyaratne D, et al. ExoCarta: a web-based com-
pendium of exosomal cargo. J Mol Biol. 2015.[In Press].

 57. Prunotto M, Farina A, Lane L, et al. Proteomic analysis of podocyte exosome-
enriched fraction from normal human urine. J Proteomics. 2013;82:193–229.

http://www.la-press.com
http://www.la-press.com/journal-biomarker-insights-j4

