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Abstract

All organisms contain thousands of proteins and peptides in their body fluids. A deeper insight into
the functional relevance of these polypeptides under different physiological and pathophysiological
conditions and the discovery of specific peptide biomarkers would greatly enhance diagnosis and
therapy of specific diseases. The low-molecular-weight proteome, also termed peptidome, provides
a rich source of information. Due to its unique features, the technical challenges differ somewhat
from those in “common” proteomics. In this manuscript, we focus on the low-molecular-weight
urinary proteome. We review the methodological aspects of sample collection, preparation, analysis,
and subsequent data evaluation. In the second part of this review, we summarize the recent progress
in the definition and identification of clinically relevant polypeptide markers.
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Basic considerations

Proteins and peptides (polypeptides) in body fluids play an important role in physiology. A
deeper insight into the functional relevance of polypeptides under different physiological and
pathophysiological conditions is one of the main challenges in proteome research [1,2,3,4,5,
6]. Changes (alterations in concentrations or modifications) may reflect normal and/or
pathological processes. Consequently, some polypeptides could serve as biomarkers of specific
diseases. These surrogate biomarkers would have the potential to greatly improve diagnostic
testing and monitoring the response to therapy, and perhaps also aid drug development.

In contrast to polypeptides in tissues and most types of cells, the polypeptides in body fluids
are relatively easily accessible. Among various body fluids, the urine is an especially attractive
source of information. One of the first attempts to define the urinary proteome was published
by Spahr et al. [7,8]. Using LC-MS, tryptic peptides of pooled urine samples were analyzed
and 124 proteins were identified. While this study did not attempt to define any urinary
biomarkers for a disease, it clearly highlighted the plethora of information in the urinary
proteome and also indicated a possible approach towards its mining. In a very recent study,
Adachi et al. identified more than 1,500 proteins (or their fragments) in the urine of healthy
individuals, further underlining the complexity of the human urinary proteome [9].

Several advantages make urine a preferred choice for biomarker discovery:
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1. Urine can be obtained in large quantities using non-invasive procedures.
Consequently, ample material is available for analysis, as well as assessment of
reproducibility or improvement in sample preparation protocols. In addition, repeated
sampling of urine from the same individual is usually easy due to the excellent
cooperation of the subjects.

2. Urine generally contains proteins and peptides of mostly lower molecular mass that
are highly soluble. These lower-molecular-weight compounds (< 30 kDa) can be
analyzed “as is”, avoiding any additional manipulation (e.g., tryptic digests, see
below). Furthermore, only modest attention has been paid to solubilization, a process
with a major influence on the proteomic analysis of cells or tissues.

3. Ingeneral, peptides and small proteins in the urine are relatively stable, probably due
to the fact that urine is “stored” for hours in the bladder, hence proteolytic degradation
by endogenous proteases may be essentially complete by the time of voiding. This is
in sharp contrast to blood, for which activation of proteases (and consequently
generation of an array of proteolytic breakdown products) is inevitably associated
with its collection [10,11]. In two independent sets of experiments, Schaub et al.
[12] and Theodorescu et al. [13] showed that the urinary proteome did not change
significantly when urine was stored up to 3 days at 4°C or up to 6 hours at room
temperature. In addition, urine can be stored for several years at —20°C without
significant alteration of its proteome. However, these considerations may not apply
to specialized applications, such as the recently described urinary exosomes that may
be less stable than the rest of the urinary proteome [14].

4. Changes (both physiological and pathophysiological) in the genitourinary tract and
the kidney are reflected by changes in the urinary proteome. Hence, biomarkers in
the urine defined by these molecular changes would enable diagnosis of disease as
well as assessment of disease progression or response to therapy.

A disadvantage of urine, in contrast to other body fluids, is the wide variation in protein
concentration, due, in part, to differences in the daily intake of fluid. However, this shortcoming
can be countered by standardization based on creatinine [15] or peptides generally present in
urine [16]. Another potential drawback is the inconsistency of the pH that may alter the activity
of proteases and consequently lead to greater variability in the concentration or composition
of particular peptide fragments.

Definition of disease-specific biomarkers in urine, and most likely in other compartments, is
complicated by significant changes in the proteome during the day. These changes are likely
caused by common factors such as variations in the diet, metabolic or catabolic processes,
circadian rhythms, exercise, as well as circulatory levels of various hormones. [17].
Consequently, the reproducibility of any assay is reduced by these physiological changes, even
if the analytical method shows high reproducibility. However, these variations are limited to
a part of the urinary proteome; a basal or “housekeeping” portion that remains unaffected by
these processes facilitates the analysis.

One of the first reports on specific urinary proteomic biomarkers was published in 1979 by
Anderson et al. [18]. Currently, single biomarkers in body fluids are routinely analyzed in
hospitals and clinical laboratories and serve as parameters with variable discriminative values.
However, for most diseases, highly sensitive and specific single markers have not been defined.
Therefore, the focus is shifting from methods to identify a single biomarker to the simultaneous
analysis of a set of markers that form a disease-specific pattern. This approach is likely to
improve the sensitivity and specificity of diagnosis, thus increasing its reliability. However,
such an approach is also more susceptible to errors and bias; hence, special attention must be
paid to the statistical analysis.

Proteomics Clin Appl. Author manuscript; available in PMC 2010 January 26.
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Technical aspects of proteome analysis in body fluids

As for any multidimensional assay, proteome analysis of an increasing number of variables
requires ever more time and effort. In addition, to obtain statistically significant data, expanding
the number of analyzed components requires increasing the number of analyzed samples and,
consequently, greater computing power, thus rendering the task even more difficult. While it
is generally possible to determine the concentration of a single protein within seconds, it would
probably require very long time and the parallel use of an array of high-end mass spectrometers,
to analyze all proteins in a single urine sample. For practical purposes, it is important to find
a balance between the desire for maximal data and the limitations of effort and time for the
analysis. In addition, such an approach must ensure a reproducible analysis (including
sampling, preparation, and data evaluation) and generation of comparable data for future
studies. Collection of data with wide comparability would eliminate the necessity for repeated
control measurements otherwise necessary for validation.

Clinical proteome analysis can be seen as an approach to compare a large number of variables
in a limited number of datasets. Hence, comparability of the data is an extremely important
issue to enable the differential display of a large number of polypeptides in a single,
reproducible and time-limited step with high confidence. As outlined in detail elsewhere
[11], every manipulatory step increases the possibility of introducing artifacts, reduces
reproducibility, and may further increase the complexity of samples. These problems can be
illustrated in the analysis of the proteolytic fragments generated by digestion with trypsin.
While this step is frequently necessary to allow mass spectrometric analysis of proteins, most
investigators have found that this procedure is not entirely reproducible (especially with respect
to incomplete cleavage), generates “unexplainable” mass peaks in the spectra, and increases
the number of analytes. In contrast, peptides and small proteins can be analyzed directly without
proteolytic digestion, thus reducing the time for analysis [16]. By concentrating on peptides
and smaller proteins (below ca. 30 kDa), the information held in the larger proteins may be
lost. However, the advantage of such an approach is that a sample of reduced complexity can
also be analyzed in shorter time, and the loss of information may not be as critical as anticipated.

It is presently impossible to analyze the proteome of a complex biological sample by mass
spectrometry without prior fractionation. Consequently, pre-MS separation is necessary.
Among the methods currently used, 2-DE-MS is the method of choice for the analysis of larger
proteins. However, the method is rather time-consuming, technically challenging, and requires
special consideration to achieve acceptable comparability and reproducibility [4,19,20,21]. In
addition, 2-DE-MS is not suitable for the analysis of smaller polypeptides (<10 kDa). This
issue is also illustrated in Figure 1. As this technology is not the focus of this manuscript and
has been reviewed by others in this issue, we will not expound upon it in this review. Three
different technologies, SELDI, LC-MS and CE-MS, have been used mostly for the analysis of
the low-molecular-weight proteome. The advantages and limitations of these three
technologies with respect to the application towards peptides and small proteins and to the goal
of defining biomarkers are summarized in Table 1.

Liquid chromatography coupled to mass spectrometry (LC-MS)

Liquid chromatography (LC) provides a powerful fractionation method compatible with
virtually any mass spectrometer [4,22,23,19]. LC-columns can separate large amounts of
analytes with high resolution [22,23]. Therefore, if sensitivity of detection is a consideration,
LC may be an excellent choice [24]. A sequential separation using different media in two
independent steps provides a multidimensional fractionation that can generate vast amounts of
information. Multidimensional protein identification technology (MudPIT) [25,26,27,28] or a
2D liquid-phase fractionation approach [29] is well suited for in-depth analysis of body fluids.

Proteomics Clin Appl. Author manuscript; available in PMC 2010 January 26.
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However, the massive datasets may be less helpful than anticipated. Limitations include
difficulties with comparative analysis, in part due to the variability in multidimensional
separations and the substantial time required for analysis of a single sample (generally in days).
Furthermore, the method suffers from its sensitivity to interfering compounds (e.g., lipids or
detergents, large molecules that may precipitate and/or adsorb to the column) [11]. Therefore,
this approach is not well suited for routine clinical analysis. An alternative strategy is thus
needed for subsequent validation and development of an assay with clinical application [30].

Surface-enhanced laser desorption ionization (SELDI)

SELDI is an alternative MS-based approach for the proteomic analysis of body fluids used
frequently in the discovery phase. It is a simple and user-friendly solution to several obstacles
of proteome analysis and has consequently been used in several clinically relevant
investigations [31,32,33,34,35,36,37]. SELDI follows the strategy of reducing the complexity
of samples by fractionation based on selective interactions of polypeptides with different
immobilized matrices. These active surfaces can be reversed-phase or ion-exchange materials,
ligands, receptors, antibodies, or DNA, to name just a few. Due to the selectivity and limited
capacity of the active surface, only a small fraction of the polypeptides in a sample binds to
the surface of the SELDI chip, facilitating the subsequent mass spectrometric analysis of the
originally highly complex samples. Numerous reports on biomarkers for a variety of diseases
have been published using this strategy [38,39,40,12]. However, the utility of SELDI-MS
approaches has been subsequently debated [41,42,43,44]. A drawback of SELDI-MS is
certainly the loss of most of the information contained in a biological sample, consequently
limiting the significance of the data. Additional problems include lack of comparability of the
datasets due to different chip surfaces and conditions, as well as the low capacity and low
resolution of the mass spectrometer. The latter can be solved by the use of more appropriate
mass spectrometers, such as MALDI-TOF/TOF instruments, as described recently by Orvisky
et al. [45]. In this study, the authors enriched for serum peptides by ultrafiltration under
denaturing conditions that allowed efficient profiling and identification of peptides up to 5
kDa. Direct TOF/TOF sequencing of the most abundant peptide identified des-Ala-
fibrinopeptide A as a serum biomarker of hepatocellular carcinoma.

Capillary electrophoresis coupled with mass spectrometry (CE-MS)

CE-MS is a second alternative MS-based approach for the proteomic analysis of body fluids.
It has been used in the discovery and validation phases and subsequent application. This
approach is based on CE as a front-end fractionation coupled to a mass spectrometer. CE
separates proteins based on migration in the electrical field (300-500 V/cm) with high
resolution in a single step. CE-MS offers several advantages: (1) it provides fast separation
and high resolution [46], (2) it is quite robust and uses inexpensive capillaries [11], (3) it is
compatible with most buffers and analytes [47], and (4) it provides a stable constant flow,
thereby avoiding gradients in the buffer that may otherwise hamper detection by MS [48]. As
with LC, CE can be interfaced with essentially any mass spectrometer. Several technical
considerations that must be taken into account to achieve stable CE-MS coupling have been
extensively reviewed [49,50,47,51]. The acidity of the buffer generally used for CE-MS
analysis of proteins and peptides prohibits the application of CE for analysis of high-molecular-
weight proteins because they tend to precipitate at low pH. However, large proteins can be
effectively removed by ultrafiltration (see below). As the urinary proteome contains thousands
of different peptides and low-molecular-weight proteins [24,16], this feature of CE-MS does
not appear to represent a drawback. Another limitation of CE-MS is the relatively small sample
volume that can be loaded onto the capillary, leading to a lower sensitivity of detection in
comparison to LC. Improved methods of ionisation by micro- or nano-ion spray have resolved
this challenge to a large extent. In addition, improvements in the detection limits of mass
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spectrometers enable detection in the low- or sub-femtomol range, rendering the issue of
sensitivity less important [52,53,54]. Consequently, CE-MS has become a viable alternative
to the commonly used proteomic technologies and has recently been successfully applied in
several clinical studies [55,56,13].

lonization and choice of mass spectrometers

The two principal choices for coupling separation with mass spectrometry detection are either
off-line coupling with (mostly) MALDI or on-line coupling which is essentially restricted to
electrospray ionization (ESI). Off-line coupling comes with the disadvantage of a loss in
resolution due to fractionation. However, it is technically less challenging than on-line
coupling. MALDI can be easily automated and, in comparison to ESI, generates less complex
spectra of mostly singly charged ions. A major disadvantage for the analysis of complex
samples is the pronounced signal suppression in MALDI that is observed to a lesser degree in
ESI [24]. Online coupling using ESI, while retaining the resolution obtained in fractionation,
is technically more challenging and, in addition, results in spectra of higher complexity due to
multiply charged ions. However, with the availability of suitable software solutions [57], the
latter is not an issue anymore. In light of the technical advancements in the ionspray sources
that enable stable ESI (and consequently eliminate much of the original challenge), the benefits
of ESI appear to outweigh the associated technical challenges.

In addition to coupling, the choice of the mass spectrometer strongly influences the data.
Fourier transform-ion cyclotron resonance (FT-ICR) MS instruments may enthrall
investigators with their high resolution and mass accuracy. However, at least in our hands, FT-
ICR instruments showed lower sensitivity compared to time-of-flight (TOF) mass
spectrometers and are quite expensive. Using TOF, detection limits are in the high-attomol
range [48]. The achieved resolution of approximately 10,000 is sufficient to resolve 6- to 7-
fold charged ions. Masses of ions with higher charges can be determined using conjugated
signals. In comparison, quadrupole or ion-trap mass spectrometers appear to be less well suited
for that purpose due to their lower resolution.

Sample preparation

Urine represents a highly complex mixture of molecules varying widely in polarity,
hydrophobicity, and size. In addition, clear differences between early-stream and midstream
urine samples can be noted ([12] and Mischak et al., unpublished data), further highlighting
the importance of standardized protocols for collection of urine. A sample preparation protocol
should be reproducible and result in minimal, or at least reproducible, loss of polypeptides.
Ideally, a crude unprocessed sample should be analyzed directly, thus avoiding artificial losses
or bias arising from sample preparation. However, this approach is frequently not practical,
due to the presence of interfering compounds, such as aggregates, salts, lipids, and
carbohydrates. Elimination of large-molecular-weight compounds by ultrafiltration has
improved the quality of samples and reproducibility of their analysis. If the ultrafiltration step
is performed in the presence of a detergent and a chaotropic agent (e.g., urea and SDS), protein-
protein interactions (and consequently irreproducible loss of analyte) are avoided [58].
Furthermore, it appears advisable to remove salts and other low-molecular-weight compounds
in a single step using, for example, anion-exchange [59] or reversed-phase materials [60], or
desalting [58]. In addition, the “human error” in sample handling, especially in pipeting, may
affect reproducibility. Robotic handling of the samples improves the reproducibility and should
be considered whenever possible [61].

Clearly, different technologies may require different sample preparation procedures. However,
it cannot be overemphasized that the reproducibility of sample preparation and comparability
of different samples (e.g., from patients showing different degrees of proteinuria) is one of the
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most important considerations in the analysis. Unfortunately, each additional step in sample
preparation is prone to generate new artifacts.

Identification of biomarkers

Current literature indicates that peptidomics enables fast and reliable analysis of polypeptides
from several types of highly complex biological samples, such as urine, blood, or cerebrospinal
fluid [17,62,63]. Although these polypeptides can serve as excellent biomarkers for diagnostic
purposes, their potential physiological role remains unknown as long as their identity, defined
by their amino acid sequence, is not determined. The identification of the defined biomarkers
presents some unique challenges. Generally, the biomarkers cannot be easily isolated and their
sequence analysis must be thus performed from a complex mixture. In addition, potential
biomarkers are likely to be small fragments of larger proteins and frequently post-
translationally modified. Thus, to identify a small and potentially modified fragment of a
protein with a molecular weight greater than 100 kDa requires extensive de novo sequencing.

In “common proteomics”, identification involves separation of intact proteins, enzymatic
digestions, MS analysis of the digestion products, and standard methods for sequencing by
tandem mass spectrometry (MS/MS). However, the commonly used standard methods for MS/
MS sequencing and data evaluation generally do not account for post-translational
modifications (PTM) [9]. Identification of any PTM is essential for identification of a specific
biomarker and requires further characterization. Furthermore, some PTMs may be disease-
specific and can themselves serve as biomarkers (e.g., advanced glycation end-products in
diabetes mellitus [64]). In combination, these issues comprise a large source for errors and
failures in sequence assignments. Sequencing of unmodified biomarkers, in contrast to
assigning a protein’s primary sequence based on the analysis of a tryptic digest, remains a great
challenge. As identification of proteins and characterisation of their PTMs is a difficult task,
particularly for less abundant proteins, many potential markers identified in peptidomic
experiments have been among the abundant proteins [65,66]. Whether these will prove to be
the most robust and/or specific needs to be determined.

New fragmentation technologies such as electron capture dissociation (ECD) with FT-ICR MS
enable localization of even labile PTMs, such as glycosylation. FT-ICR MS offers two
complementary fragmentation techniques for analysis of PTMs by tandem mass spectrometry,
infrared multiphoton dissociation (IRMPD) and ECD [67,68]. ECD fragmentation results in
complementary cleavage of the backbone N-Ca bond with minimal loss of PTMs. ECD FT-
ICR MS has been successfully used to identify urinary polypeptides larger than 8 kDa, owing
to the high mass accuracy of FT-ICR MS [69]. Furthermore, localization of glycosylation sites
in various glycoproteins, including human IgA1, was accomplished using ECD FT-ICR [70].

Additional technologies using electron-based dissociation techniques, such as electron transfer
dissociation (ETD), have shown great promise [71,72], but need to be further developed. Of
note, these technologies have certainly shown the best performance for the sequencing of
urinary peptides (Mischak, unpublished and Coon et al., manuscript in preparation). Other
improvements in the construction of FT mass spectrometers and new software solutions (based
on ProSight PTM) also significantly improved top-down proteomics for MS/MS of proteins
larger than 10 kDa [73]. Patrie et al. identified 101 unique proteins (5-59 kDa) from whole-
cell lysates of Methanosarcina acetivorans using these new approaches. This study also
detected several incorrectly predicted start sites [74]. This and other recent work [75,76]
suggests that, in the near future, PTMSs can be routinely analyzed directly during top-down
proteome analysis with high throughput.

Because the termini of the naturally-occurring polypeptides in the urine have not been
generated by defined enzymatic cleavage and they frequently harbour PTM, direct
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identification of these polypeptide is challenging (for more details, see [24]). Among the greater
obstacles are limited mass accuracy (especially of the MS/MS spectra), the change in parent-
ion mass due to modifications (taking into account all possible modifications results in too
many degrees of freedom), and a bias of the search algorithms towards high sequence coverage
of an unmodified protein. In addition, MS/MS experiments frequently produce a limited
number of preferred fragmentation products (at proline residues, carbohydrate side-chains,
etc.).

In general, any of the separation methods can be interfaced with MS/MS instruments. LC- or
CE-coupling and the advantages and disadvantages of the two separation methods as well as
several different MS/MS instruments have recently been described by Zurbig et al [24]. While
LC coupling has the advantage of higher capacity, hence providing more material for MS/MS
analysis, CE has the advantage that the number of basic amino acids correlates with the
polypeptide migration time at pH 2. This feature facilitates the independent entry of different
sequencing platforms for peptide sequencing of C E-MS-defined biomarkers from highly
complex mixtures.

Alternatively, fractions during an LC or CE separation can be collected and spotted off-line
onto a MALDI target plate. Subsequently, the polypeptides of interest can be analyzed using
MALDI-TOF/TOF [77,11]. This approach has the advantage that the signal of interest can be
located in MS mode and optimal fragmentation conditions can be determined without repeated
separation. However, sequencing of native peptides with MALDI-TOF/TOF frequently seems
to produce data of sufficient quality, due to insufficient mass accuracy. In our hands, more than
90% of the spectra obtained using a Bruker MALDI-TOF/TOF did not allow identification of
the native peptide of interest. Even so, it represents a simple method and several biomarker
candidate peptides have been identified using MALDI-MS/MS, as shown for graft-versus-host
disease [78] or diabetic nephropathy [79].

Data evaluation, bioinformatic approaches in proteomics

The information content of a complex proteome analysis requires adequate tools for data
analysis. The essential information to be extracted includes the identity and quantity of the
polypeptides. A prerequisite for the comparative evaluation of urine (or any other comparative
analysis) is the ability to identify identical compounds with high probability in consecutive
samples. Hence, resolution and accuracy of the parameters for identification are of major
importance. One method to increase the resolution of the MS data is to combine these with the
parameters of the separation (e.g., retention or migration time, but every other unique measure
may serve as an additional or alternative identifying parameter). Software solutions that
automatically select peaks based on parameters such as signal/noise ratio or appearance in
several consecutive spectra have been described, such as MSight [80], DeCyder MS (GE
Healthcare), or MosaiquesVisu [57,11,58]. It is important that the software is able to perform
charge deconvolution with a low error rate and combine peaks (and amplitude) that represent
identical compounds at different charge states, as reported for MosaiquesVisu [57].

Accuracy (and hence resolution) can be improved by calibrating the identifying parameters.
This calibration can be achieved by using external standards or, preferably, internal standards
(e.g., peptides that are frequently present in any sample) [81]. The importance of proper
calibration is also evident from Figure 2. Definition of biomarkers requires the compilation of
datasets to enable comparison and statistical evaluation. If the identifying parameters are not
well defined, meaningful comparison of the data is impossible.

Most, if not all, proteomic studies indicated that a single biomarker does not allow reliable
diagnosis, staging, or prognosis of a kidney disease. This finding immediately raises the
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question of how to combine several biomarkers to provide a diagnostic or predictive pattern.
While a definitive answer is probably still far away, a number of approaches have emerged.

Hierarchical decision tree-based classification methods, such as CART [82,83], were among
the first algorithms to utilize the available information on multiple biomarkers. However,

empirical observations suggested that these approaches were not sufficient because the number
of incorrect predictions made by the classification algorithm increases with the complexity of
the decision tree [84]. The number of datasets available to establish the decision tree is generally
low, resulting in a lack of statistical significance beyond the second or third nodes of the tree.

Support Vector Machines (SVM) (for an example, see [85]) provided a tool to overcome some
of these limitations due to the theoretical principles upon which they are based. Excellent
empirical performance of SVM has been reported in a number of diverse applications [86,87,
84]. These approaches provided superior cross-validated predictive performance, but mixed
results were obtained with blinded datasets. Reliable results have been obtained when the
number of variables was low and substantial differences between the datasets existed.
However, when the differences were more subtle, over-fitting (also referred to as
“memorizing”, a term often employed in Artificial Intelligence research) to the training set and
thus poor classification of blinded datasets was observed (Mischak et al., unpublished data).
To avoid such memorizing effects, the number of variables and dimensions must be lowered.
One approach is to use a linear combination of several biomarkers (e.g. by addition/subtraction
of logarithmic amplitudes). While such an approach does not reflect the complexity of the
problem and hence cannot be considered the best possible classifier, it is also not prone to over-
fitting, and generally performs well in the blinded dataset.

An important aspect is the indication of the level of confidence in the results. In other words,
a classification such as ‘this urine sample has been drawn from an individual with type II
diabetes’ should also have a numeric score indicating how likely the classification is correct:
i.e. ‘with 90% confidence this urine sample has been drawn from an individual with type 11
diabetes’. Clearly, 90% confidence is more reliable than 50% confidence, especially if there
are only two alternatives to be considered: disease presence versus disease absence (in which
case 50% confidence indicates little more than random guessing). While SVMs provide a very
encouraging classification performance on a range of difficult problems, they generally cannot
assign confidence levels and thus no information is available as to how much the prediction
can be trusted.

A promising probabilistic classification method that shares many of the positive characteristics
of the SVM, but in addition provides the important levels of confidence with each classification
prediction, is based on the Gaussian Process (for a comprehensive, although somewhat
technical, explanation of this methodology, see [88]). A general purpose and computationally
efficient Gaussian Process-based classification method has recently been successfully applied
to the problem of correct prediction of BRCA1 and BRCA2 heterozygous genotypes [89]. The
probabilistic nature of Gaussian Process-based classification methods provides a means of
inferring optimally weighted combinations and possible selection of biomarkers; a detailed
study of this capability is currently ongoing.

No matter which of these approaches is used, two basic considerations apply: 1) the number
of independent variables should be kept to a minimum, certainly less than the number of
samples investigated, and 2) any such approach must be confirmed with a blinded validation
set. It should be imperative to include such a blinded dataset in any report on potential
biomarkers.
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Urinary biomarkers for renal diseases

One of the first applications of urinary peptidome analysis for a clinically relevant questions
was reported by Rogers et al. [90]. With the aim to define renal cell carcinoma (RCC)-specific
biomarkers, the authors investigated urine samples from 218 individuals using SELDI analysis.
Samples from patients before nephrectomy for RCC (n=48), normal healthy volunteers (n=38),
and outpatients with benign diseases of the urogenital tract (n=20) were used as a training set
for biomarker definition. The defined markers were subsequently validated in two blinded
assessments with an initial "blind" group of 32 samples (12 patients with RCC, 11 healthy
controls, and 9 patients as disease controls) and a second group of 80 samples (36 patients with
RCC, 31 healthy volunteers, and 13 patients with benign urological conditions). While in the
first round sensitivities and specificities of 81.8—-83.3% were achieved, the values significantly
declined, ranging from 41.0% to 76.6%, for the second set of samples collected 10 months
later. The authors analyzed possible contributing factors including sample stability, changing
laser performance, and chip variability to assess a long-term robustness of the approach. One
of the main conclusions from this study was the evident need for rigorous evaluation of such
variables that may influence stability/robustness.

One of the main areas of research has been the evaluation of transplant-associated
complications. SELDI has been recently used by Clarke et al. [91] and Schaub et al. [92] to
detect potential biomarkers for allograft rejection in kidney transplant patients. Clusters of five
and three urinary proteins correctly classified 34 and 50 patients, respectively, with high
sensitivity and specificity. Unexpectedly, these two groups defined completely different
biomarkers for the same disorder and neither found differences between patients with an
allograft without rejection versus patients with only native kidneys. In the context of acute
renal allograft rejection, Schaub et al. [65] reported that some of the potentially diagnostic
urinary protein SELDI peaks were derived from naturally-occurring proteolytic fragments of
beta2-microglobulin. Additional experiments showed that proteolysis of urinary beta2-
microglobulin required a pH below 6 and aspartic proteases. Transplant patients with acute
tubulointerstitial rejection had a lower urinary pH than did patients with allografts with stable
function and healthy individuals. In addition, the patients with rejection had greater amounts
of aspartic proteases and intact beta2-microglobulin in the urine.

Wittke et al. [55] used CE-MS to analyze urinary samples from patients with different grades
of subclinical or clinical acute rejection, patients with urinary tract infection and patients
without evidence of rejection or infection. Substantial differences were found between patients
with transplanted kidneys and patients with native kidneys, most likely due to treatment with
cyclosporin A, a calcineurin-inhibitor immunosuppressant. In addition, a distinct urinary
polypeptide pattern identified 16 of the 17 patients with acute tubulointerstitial rejection; these
markers differed from the markers of vascular rejection. Potentially confounding variables,
such as acute tubular lesions, tubular atrophy, tubulointerstitial fibrosis, calcineurin inhibitor
toxicity, proteinuria, hematuria, allograft function, and different immunosuppressive regimens
did not affect the results. However, an additional polypeptide pattern that allowed
differentiating between infection and acute rejection was developed. The defined polypeptide
patterns were further validated in a blinded assessment of samples from transplant patients
potentially exhibiting renal rejection; most samples were correctly classified using these
biomarkers.

Another area of interest is the definition of urinary polypeptide biomarkers for chronic renal
diseases. One of the first reports was the analysis of urinary polypeptide markers of
membranous glomerulonephritis by SELDI and CE-MS [93]. Using identical urine samples,
three potential biomarkers were defined using SELDI analysis compared to 200 potential
biomarkers from the CE-MS analysis. The authors concluded that better results can be obtained
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using a panel of well-defined biomarker proteins rather than a few not-too-well-defined peaks.
CE-MS technology was also used for the analysis of the urinary proteome of patients with type
Il diabetes mellitus and the frequently observed diabetic nephropathy [79]. The patients
exhibited variable degrees of renal damage, as evidenced by different magnitudes of
albuminuria. One hundred sixty-eight urinary proteins were present in over 90% of the samples,
suggesting a consistent urinary proteome that was subsequently further investigated and used
for calibration and standardisation [16]. Additional work on urine samples from patients with
other chronic renal diseases suggested that panels of 20 to 50 urinary polypeptide markers
allow not only the diagnosis of a specific (primary) kidney disease, but also the discrimination
(differential diagnosis) with high sensitivity and specificity between different kidney diseases
such as IgA nephropathy, focal-segmental glomerulosclerosis, membranous
glomerulonephritis, minimal-change disease, and diabetic nephropathy [84,66,16]. As an
example, compiled urinary polypeptide patterns from healthy controls and patients with
diabetic nephropathy or IgA nephropathy, as well as the distribution of selected biomarkers,
are shown in Figure 3.

In a recent study, Decramer et al. [56] utilized CE-MS-based urinary proteome analysis to
define specific biomarker patterns for different grades of ureteropelvic junction obstruction, a
frequently encountered pathology in newborns. The patients did not have clinical proteinuria.
Inablinded prospective study, these patterns predicted with 95% accuracy the clinical outcome
of the newborns nine months in advance. These data not only indicated the potential of urinary
proteomics to enable the diagnosis of renal disease, but also suggest to the potential to gauge
the prognosis.

In addition to the diagnosis and prognosis of disease, urinary proteome analysis may be an
excellent tool for fast, non-invasive monitoring of disease progression or response to therapy.
The lack of the ability to monitor these parameters has greatly hampered development of
specific therapeutics in the past. While renal diseases represent a major clinical problem, only
a few disease-specific drugs have been developed so far, due in large extent to the absence of
good monitoring capability.

In a randomized double-blind study, Rossing et al. [94] evaluated the treatment of
macroalbuminuric patients with daily doses of 8 mg, 16 mg, and 32 mg candesartan or placebo
for two months. Examination of the urine samples from these patients with CE-MS revealed
a significant change in 15 of 113 proteins characteristic for diabetic renal damage. Similar data
have been obtained for patients with vasculits (Haubitz et al., manuscript in preparation and
[16]), for whom the vasculitis-specific protein pattern reverted towards normal after treatment.

In addition to the definition of disease-specific polypeptide patterns, stage-specific polypeptide
markers can be defined. Mischak et al. [79] and Meier et al. [95] defined stage-specific
biomarkers for diabetic nephropathy in patients with diabetes mellitus type | or type Il. In both
studies, the individual data sets of healthy volunteers (9 and 39, respectively), patients with
diabetes type | or Il without marcoalbuminuria (28 and 46, respectively), and with intermittent
or persistent macroalbuminuria (16 and 66, respectively) were combined to create typical
polypeptide patterns. In patients with type Il diabetes mellitus and a normal albumin excretion
rate, the detected polypeptide pattern differed significantly from that in patients with greater
albuminuria. Comparable results were obtained for patients with diabetes type I, suggesting
that the urinary proteome contains a much greater variety of polypeptides than previously
demonstrated.

Urinary biomarkers for urological disorders

As urine is in direct contact with the bladder, it is to be expected that urinary biomarkers will
display (pathological) changes in the bladder as well as the urinary tract. Vlahou et al. have
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sougth to define biomarkers for bladder cancer [96,2,97,98], with moderate success.
Subsequently, several other groups have reported preliminary data on the use of SELDI-MS
for detection of urothelial cancer [99,100]. Although the findings were generated by the same
technology, they differed and were not comparable, most likely due to different chip surfaces
and conditions. In a more thorough investigation that also included assessment of blinded
datasets, Munro et al. [101] employed SELDI technology to define biomarkers for recurrent
transitional cell carcinoma (TCC) of the bladder. In this well performed study with extensive
quality control measures and robotic sample handling, the authors established a biomarker
pattern that enabled classification of blinded datasets with 65% specificity and 75% sensitivity.
Theodorescu et al. [13] described the detection and validation of biomarkers of urothelial
carcinoma using CE-MS. In a study of 46 patients with urothelial carcinoma and 33 healthy
volunteers, a bladder cancer-specific urinary proteomic pattern was identified. The model was
refined by an analysis of 366 urine samples from healthy volunteers and patients with malignant
and non-malignant genitourinary diseases. In a blinded assessment, the prediction model based
on 22 polypeptides correctly classified all patients with urothelial carcinoma and all healthy
volunteers (100% sensitivity and specificity). In addition, the differentiation between bladder
cancer from other malignant and non-malignant diseases, such as renal nephrolithiasis, ranged
in sensitivity from 86% to 100%. Additional experiments in a multicenter blinded study
confirmed these results and showed that superficial cancer can be distinguished from muscle-
invasive disease with high accuracy (Theodorescu et al., in preparation).

The analysis of urine as a diagnostic tool was also applied to patients with prostate cancer. The
heterogeneity of progressive prostate cancer (PCa) has hampered development of an effective
early detection assay. Existing prostate cancer screening has relatively poor specificity.
M’koma et al. [102] reported analysis of urine samples from 407 patients using MALDI-TOF
analysis of eluates from reversed-phase material over a mass range of 1,000-5,000. The results
distinguished between PCa and other pathological alterations of the prostate with 70% to 80%
sensitivity and specificity.

In a pilot study [58], CE-MS techniques defined potential urinary markers of prostate cancer.
Forty-seven urine samples from patients who underwent prostate biopsy were analyzed; 26
patients had PCa and 21 had benign prostatic disease. The data indicated several polypeptides
as potential biomarkers for PCa patients, with 92% sensitivity and 96% specificity. Additional
data suggested that the early-stream urine was the best sample for the definition of PCa-specific
biomarkers, indicating that these biomarkers likely originated from prostatic secretions. Based
on these results, the same group refined the prostate-specific pattern with 116 urine samples
from 54 patients with PCa and 62 patients with benign pathology. A pattern of 26 potential
biomarkers was validated in a blinded assessment of urine samples from 36 patients with PCa
and 24 patients with benign prostatic conditions (Theodorescu et al., in preparation). The
prediction model correctly classified 32 of the 36 patients with PCa and 16 of the 24 patients
with benign pathology.

Application of urinary proteome analysis to other diseases

While the main focus of urinary biomarker discovery using CE-MS has been genitourinary
diseases, other diseases may also produce urinary polypeptide patterns of diagnostic
significance. A recent report by Nemirovskiy et al. [103] indicated that analysis of urinary
polypeptides improved the assessment of patients with osteoarthritis. Accentuated MMP
activity increases the amount of a 45-mer collagen type Il peptide. The authors found that this
specific fragment in the urine and proposed that the activity of matrix metalloproteases could
be monitored in vivo by measuring the urinary excretion of particular collagen fragments.
Interestingly, several of the urinary proteome biomarkers reported recently were also collagen
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fragments [56,13,55]; therefore, it is tempting to speculate that they indirectly indicate activity
of disease-specific proteases.

Other examples are the clinical follow-up of patients after allogeneic hematopoietic stem cell
transplantation (HSCT) [78,104]. Urine samples from 40 patients after HSCT (35 allogeneic,
5 autologous) and 5 patients with sepsis were collected during a period of 100 days (a maximum
of 10 samples per patient) and analyzed. A pattern consisting of 16 differentially-excreted
polypeptides indicated early graft versus host disease, a severe life-threatening complication
of allogenic HSCT. The pattern of markers discriminated patients with early graft versus host
disease from patients without complications with 82% specificity and 100% sensitivity. A
subsequent blinded multicenter validation study of 100 patients with more than 600 samples
collected prospectively confirmed the results, although with reduced specificity and sensitivity
(Weissinger et al., submitted).

In two independent sets of experiments, Dominiczak et al. and Peter et al. (manuscripts
submitted) examined patients undergoing coronary artery bypass grafting or patients after acute
coronary infarction. Urine samples from patients and controls were analyzed using CE-MS to
identify biomarkers for coronary artery disease. In a blinded assessment based on more than
200 samples, specific urinary biomarkers identified the patients with greater than 90%
sensitivity and specificity. These findings confirmed the association between arteriosclerosis
risk factors and renal dysfunction [105].

Identification of uremic toxins using proteomics

Another application of proteomics that has gained considerable interest is the examination and
definition of potential uremic toxins. Spent dialysate and hemofiltrate fluid is an excellent
source for proteomic analysis, as it contains little albumin and other interfering large proteins.
In 1994, Forssmann et al. [106] used an advanced LC-MS approach to identify proteins from
hemofiltrate using a “peptide bank” with up to 300 different chromatographic fractions
prepared from 10,000 liters of human hemofiltration fluid [107]. With this approach, several
peptides with various biochemical functions were isolated [108,109].

Li et al. [110] examined urine and serum samples from uremic patients and healthy subjects
using LC and MALDI-TOF MS as well as LC/ESI-MS/MS to define uremic toxins. One of
the identified molecules, an octapeptide with molecular weight 1,007.94 Da (Val-Val-Arg-
Gly-Cys-Thr-Trp-Trp), was biologically active; it accelerated the death of rabbits with chronic
renal failure.

Using CE-MS, the effect of different dialysis membranes (low-flux vs. high-flux) on the
number of polypeptides from 1 kDa to 10 kDa (“middle molecules” of uremia) in the dialysate
was investigated [59]. Larger polypeptides (above 10 kDa) were present in only the dialysates
obtained with high-flux membranes, while most of polypeptides in dialysates obtained with
low-flux membranes were smaller than 10 kDa. In a pilot study the potential of CE-MS and
CE-MS/MS to identify uremic retention molecules in dialysis fluids obtained with low-flux
and high-flux membranes was assessed [111]. The results again indicated higher efficiency of
removal of larger peptides using high flux membranes. In an unrelated study, the same
technology was used to identify polypeptides in the plasma of dialysis patients that are
generally absent in the plasma of normal controls [62]. A combination of data from the study
of human plasma and hemodialysate should identify potential uremic toxins. These findings
may lead to improvement of the efficacy of dialysis.
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Pathophysiological role of biomarkers

Although the majority of the potential urinary biomarkers described to date have not been
sequenced, sequences are available for more than 100 such peptides (e.g., [65,58,16,94,66].
Not unexpectedly, most of these peptides are derived from the most abundant proteins in the
blood and urine: albumin, beta 2-macroglobulin, uromodulin, and collagen. Consequently, a
valid question is whether peptidomics is not just another way to measure glomerular injury,
that could probably be assessed with similar precision, but less effort, by meauring albuminuria
[112]. This question cannot be answered with absolute certainty. However, the fact that
differential diagnosis based on urinary proteome analysis is possible [84,66,113] and that
patients in complete remission without albuminuria still exhibit apparently disease-specific
changes in urinary polypeptides [84] strongly suggests that these peptides contain clues about
the pathogenesis and are not merely degradation products. It is tempting to speculate that the
disease-specific peptides may be indirect indicators of the activity of disease-specific proteases,
as recently suggested by Haubitz [66]. This hypothesis is further strengthened by work recently
published by Nemirovsky et al. [103], in which the presence of specific collagen fragments
correlated with the disease-specific activity of matrix metalloproteases.

While the evidence is still scarce, it is an attractive hypothesis that urinary peptides of
diagnostics value are not merely degradation products of abundant larger proteins, but a result
of distinct, disease-specific processes, in many cases due to significant changes in the activity
of proteases A similar scenario may be applicable to albouminuria. Consequently, an albumin-
derived biomarker is not simply “an albumin fragment”, but rather a specific fragment, defined
by its specific C- and N-terminus. Unfortunately, such essential detailed information is
frequently absent (e.g, see the recently published database of urinary proteins [9]). A thorough
examination of the sequences of the urinary peptides and comparison with protease specificities
may strengthen the above hypothesis and lead to better insight into the regulation and
pathophysiological role of specific proteases in many diseases.

Limitations of proteome analysis

Currently, the lack of standards and comparability among different methods appears to be one
of the major limitation of proteome analysis. The vast majority of the published reports cannot
be compared, thereby greatly reducing their relevance. Development of universally accepted
protocols for collection, storage, and preparation of samples, as well as required analytical
performance (e.g., mass resolution and accuracy), will improve the situation considerably. A
first step in this direction may be the recently published suggestions for mandatory standards
and guidelines [30]. The establishment of reliable 2-DE-, LC-, and CE-MS databases based on
data derived from standard protocols would benefit the field. The reports based on different
technologies, albeit promising, clearly indicate a need for standardization and show that a
“common platform” that allows comparison of datasets from different laboratories is urgently
required. Otherwise, these bits of information will never generate a “big picture” that is vital
for proteomics to be applied with its full potential. Given the complexity of the task, it is crucial
that thousands of comparable datasets be available for data evaluation and validation. As this
task cannot be accomplished by individual laboratories, it is also essential to establish standards
for quality control (e.g., minimal requirements for mass accuracy and resolution of the choice
of the mass spectrometers, [30]). An excellent first step in that direction is the “Human Kidney
and Urine Proteome Project” (HKUPP, http://hkupp.kir.jp) that aims to combine the efforts of
leading scientists in the field.

Lack of appropriate and user-friendly bioinformatics software for data analysis also hinders
progress toward clinical applications. So far, no standard has been developed for this, resulting
in a set of different solutions that may work well for particular problems. However, as the
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different groups use highly divergent approaches, the data are generally not comparable. A
repository of all data in a common format, together with specific software solutions generally
available, would be an excellent step towards establishing comparable data and results.

While some analyses of the urinary proteome are quite promising, it is evident that the data
should be further validated in other laboratories. This process may be more difficult than
anticipated because certain technological advances are currently available only in single
laboratories.

Another limitation is the current lack of sequence data for many potential biomarkers. This
may be due to a variety of reasons, such as the above-outlined shortcomings in the sequencing
of naturally occurring peptides (especially if they contain PTMs), and also the scarce quantity
of these potential biomarkers. Peptides present in with small amounts may be detected by MS,
but multiple fragmentation products may escape detection in MS/MS. Improvements in
software solutions for sequence assignment as well as in detection limits of MS/MS instruments
will hopefully shrink these shortcomings in the near future.

Summary and Outlook

From the very first clinical observations of kidney diseases, it became apparent that urinary
proteins reflect renal pathology. In the past, personal skills (simple observation, smelling or
even tasting of urine) were required in renal medicine, and were skillfully performed by our
predecessors. Presently, advanced technologies are available to improve the analytical
description of the protein content of urine. The contribution of proteomics to the understanding
of the pathogenesis, diagnosis, and assessment of response to treatment of disease has been
significant. However, its impact is modest in comparison to the expectations generated by the
more than 25 years of technological progress with proteomics.

Proteome analysis is still far from displaying its full potential as a routine tool for clinical
application. However, the first studies, sometimes with several hundred patients, have clearly
revealed its potential for clinical diagnosis [13,56]. While it may be years or even decades until
the entire urinary (or any other) proteome is explored, these results unmistakably indicate that
urinary proteome analysis can be utilized today to deliver clinically important information.
Certainly, the current technologies can and will be improved. However, application rather than
improvement of the technology should be the primary goal of clinical proteomics. We should
take full advantage of the subset of the proteome that is accessible and contains highly valuable
information for medical assessment, and put its analysis to good use in the clinic.
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Figure 1.

Separation of human urine for proteome analysis. The left panel shows a 2-D gel (courtesy of
Visith Thongboonkerd). Molecular mass (in kDa) is indicated on the left. Most of the low-
molecular-weight proteins remain unseparated in the front. Polypeptides in this mass range can
be analyzed by CE-MS, as indicated in the right panel. Mass (in kDa) is plotted against
migration time (in min), the intensity of the peaks is indicated by height and color.
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Figure 2.

Digital data compilation. Individual datasets from CE-MS analysis of human urine samples
were calibrated using internal standards. The left panel displays these data in a 3-dimensional
contour plot: mass (in kDa on a logarithmic scale) plotted against normalized migration time
(min). The MS signal intensity is represented by the peak height as well as color. The data were
digitally compiled to a group-specific polypeptide pattern, shown in the right panel.
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IgA-N Pattern

Figure 3.

Protein patterns of healthy volunteers (NK), and patients with diabetic nephropathy (DN) and
IgA nephropathy (IgA-N), respectively. Upper panel: compiled patterns consisting of 20 to
100 single measurements, molecular mass (0.8-25 kDa, on a logarithmic scale) against
normalized migration time (18-45 min), peak height and color encode the signal intensity.
Three middle panels: only selected candidate disease-specific biomarkers are displayed on the
same scale. An array of general biomarkers for kidney disease present in DN and IgA-N can
be defined. In addition, biomarkers that are specific for DN or IgA-N can be identified, as
indicated on the right-hand side. Lower panel: zoom of the upper patterns (all peptides analysed,
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1.5-5 kDa, 19-35 min). As evident, several additional biomarkers (of mostly lesser statistical
value) are present, which can be further exploited.

Proteomics Clin Appl. Author manuscript; available in PMC 2010 January 26.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Mischak et al.

Table 1

Comparison of SELDI, LC-MS, and CE-MS methods.

Technology Advantages Limitations

SELDI Easy-to-use system, high throughput, Restricted to selected polypeptides,
automation, small sample volume, low-resolution MS, lack of
TOF/TOF sequencing possible comparability

LC-MS Automation, multidimensional, high Time-consuming, sensitive for
sensitivity, any MS/MS sequencing interfering compounds, restricted mass
possible range

CE-MS Automation, high sensitivity, fast, small Not well suited for larger polypeptides

sample volumes, multidimensional, low
cost, any MS/MS sequencing possible

(>30 kDa)
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