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Abstract (English)

Introduction: Frequent monitoring of patients with Urothelial Bladder Cancer (UBC) is
required due to high disease relapse rates. This leads to increased associated healthcare
costs and moderated patient compliance. A prevalent need for urine biomarkers which
will enable the timely diagnosis of UBC in a non-invasive manner remains. Moreover,
tumour invasion results in poor prognosis, because of limited treatment options. Thus a
thorough understanding of the underlying molecular processes is needed to guide the
development of therapeutic approaches. To assess both clinical demands, the application
of proteomics technologies appears to be advantageous. Due to the high complexity of
the biological specimens, a thorough investigation on the optimization of the analytical
and post-analytical steps is required. In this thesis, we aim at optimising the
methodologies for urine and tissue quantitative analysis.

Methods: Twelve commercially available Enzyme-Linked Immunosorbent Assays
(ELISASs) were utilized to measure UBC biomarkers in urine. Analysis of the urine and
tissue proteomes was performed using Liquid Chromatography coupled to tandem Mass
spectrometry (LC-MS/MS). Both analytical workflows were optimized, considering type of

the material used.

Results: In the first part, special emphasis was placed on the assessment of the
analytical performance of ELISA assays. Based on the standard curve evaluation,
reproducibility, recovery and linearity analysis, only three out of twelve evaluated assays

comply with the U.S. Food and Drug Administration (FDA) guidelines.

The second part of the thesis was focused on optimization of the sample preparation
strategies for urine proteome analysis. Comparison of four depletion kits, targeting the
removal of highly abundant proteins in urine, revealed high reproducibility of all the
methods used, usually accompanied with good depletion efficiency. However, application

of depletion had no impact on the number of proteins identified by LC-MS/MS.

In the third part of the thesis, label-free and label-based (Isobaric Tags for Relative and
Absolute Quantitation, ITRAQ) quantification methods were evaluated, aiming at
selecting the most suitable method for quantitative tissue proteomic analysis. Both label-
free and iITRAQ (when preceded by fractionation) provided similar protein identification
rate. However, the use of the label-free approach showed an improved sequence

coverage and detection rate of differentially abundant proteins.
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Conclusions: Difficulties in developing ELISA assays in compliance with the regulatory
agency guidelines for analytical validation, imply the need for application of alternative
analytical platforms. Although, the mass spectrometry-based platforms seems to be
advantageous, the success of each approach depends on the optimization of analytical

and pre-analytical steps.

Abstract (German)

Einleitung: Aufgrund der hohen Rezidivraten ist eine haufige Uberwachung der
Patienten mit Urothelialen Blasenkrebs (UBC) erforderlich, dies fuhrt zu einer Erhéhung
der Kosten im Gesundheitswesen und vermindert die Patienten-Compliance. Ein
aktueller Bedarf an nicht-invasiven Harn-Biomarkern, welche die rechtzeitige Diagnose
von primaren und rezidivierenden UBC erleichtern, bleibt unerflllt. Eine Tumorinvasion
fuhrt zu einer schlechten Prognose, so dass ein grindliches Verstandnis der zugrunde
liegenden molekularen Prozesse offensichtlich notwendig ist, um die Entwicklung
geeigneter therapeutischer Ansatze durchzufihren. Um beide klinische Anforderungen
zu bewerten, scheint die Anwendung von Proteomics-Technologien vorteilhaft. Auf Grund
der heterogenen Natur der Krankheit und der hohen Komplexitat der biologischen
Materialien ist eine grindliche Untersuchung der Optimierung der analytischen und
postanalytischen Schritte erforderlich. Daher ist das Ziel dieser Arbeit, verschiedene

Methoden fur die Urin- und Gewebe quantitative Analyse zu optimieren.

Methode: Zwolf kommerziell erhaltliche Immunoassays (Enzyme Linked Immunosorbent
Assay - ELISA) wurden verwendet, um UBC Biomarker im Urin zu messen. Es wurde
parallel eine  Proteomanalyse von Urin und Gewebeproben  mittels
FlUssigkeitschromatographie-Massenspektrometrie (LC-MS/MS) durchgefuhrt. Beide
analytische Workflows wurden unter Berlcksichtigung des verwendeten Materials

optimiert.

Ergebnisse: Im ersten Teil wurde besonderer Wert auf die Beurteilung der analytischen
Leistungsfahigkeit von ELISA-Tests gelegt. Basierend auf der
Standardkurvenauswertung, Reproduzierbarkeit, Recovery- und Linearitats Analyse
entsprachen nur 3 von 12 ausgewerteten Assays den amerikanische Food and Drug-
Administation (FDA)-Richtlinien, dies deutet Beschrankungen von ELISA-basierten

Assays an.
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Der zweite Teil der Arbeit widmete sich der Optimierung der Strategien fur die
Probenvorbereitung. Der Vergleich von vier Depletion-Kits, welche die Entfernung von
hochkonzentrierten Proteinen im Urin ermdglichen, ergab eine hohe Reproduzierbarkeit
aller Methoden, welche in der Regel mit einer guten Verarmungseffizienz begleitet waren.
Jedoch hatte die Anwendung der Depletion-Kits keine Auswirkung auf die Anzahl der
Proteine, die durch LC-MS / MS identifiziert wurden.

Im dritten Teil der Arbeit wurden markierungsfreie und Label-basierte (Isobaric Tags for
Relative and Absolute Quantitation, iTRAQ) Quantifizierungsmethoden ausgewertet mit
dem Ziel, die am besten geeigneten Methoden fur die quantitative Gewebe

Proteomanalyse auszuwahlen.

Sowohl markierungsfreie als auch ITRAQ (angewendet nach der Fraktionierung)
Methoden lieferten eine ahnliche Protein Erkennungsrate. Jedoch wurde mit der
Verwendung des markierungsfreien Ansatzes eine verbesserte Sequenzabdeckung und

Erkennungsrate von differentiell angereicherten Proteinen erreicht.

Schlussfolgerungen: Die Unzulanglichkeit der ELISA-Assays bei der erfolgreichen
Erflllung der Richtlinien der Aufsichtsbehérde Uber die analytische Validierung impliziert
die Anwendung einer, alternativen Analyseplattform, um Proteine zu analysieren und zu
messen, Massenspektrometrie-basierte Plattformen scheinen vorteilhaft zu sein.
Allerdings hangt der Erfolg der MS-basierten Ansatzen stark von der Optimierung der

analytischen und pre-analytischen Schritte ab.

[3]



1. Introduction
ey

Urothelial Bladder Cancer (UBC) is one of the most common cause of deaths
among malignancies of the genitourinary system. More precisely, approximately 429,000
individuals worldwide were diagnosed with UBC [1] and 165,000 patients worldwide
succumbed to the disease in 2012 [1]. Around 80% of patients that are initially diagnosed
with UBC harbour Non-Muscle Invasive Bladder Cancer (NMIBC i.e. stages pTa/pT1 and
CIS), while the remaining patients exhibit Muscle-Invasive Bladder Cancer (MIBC, stages
2 pT2) [2]. Currently, the typical procedure to diagnose UBC relies on invasive cystoscopy
and urinary cytology. Even though, these modalities are considered as “gold standard”
for UBC diagnosis, sub-optimal diagnostic accuracy has been reported, particularly for
urinary cytology. In a meta-analysis by Mowatt et al [3], the use of white-light-cystoscopy
resulted in sensitivity of 71% (49-93%) and specificity of 72% (47-96%), whereas the
application of urinary cytology resulted in sensitivity of 44% (38-51%) and specificity of
96% (94—-98%).

In an effort to address the clinical demand for more accurate diagnostic tools and
reduce the patients’ burden related to the invasive character of cystoscopy, several new
non-invasive diagnostic assays have been developed and already approved by the US
Food and Drug Administration (FDA). This includes immunoassays (e.g. BTA stat®,
NMP22®, ImmunoCyt™/uCyt+™) and a Fluorescence In Situ Hybridization (FISH)-based
assay (i.e. UroVysion™). Although, the diagnostic performance of these tests appeared
to be promising, further investigations in independent and appropriately selected patient
populations failed to reproduce the initial results [4-6]. Therefore, the clinical applicability
of these assays has become questionable. At the same time, the impact of accurate and
timely diagnosis is particularly reflected by disease outcome. The 5-year survival rate for
patients with localized disease is 69.9%, while in case of distant metastases, the survival
drastically decreases to 5.4% [7]. Standard treatment for NMIBC is the transurethral
resection of the tumour followed by intravesical instillations of chemotherapy or Bacillus
Calmette Guérin (BCG), while for MIBC a radical cystectomy is performed [8, 9].
However, limitations of the available therapeutic options underscore the unmet need for
the identification of new targets for therapeutic intervention.

The failure of the commercially available assays is related to both technical and
conceptual limitations. Technical limitations of antibody-based assays generally include
questionable specificity of the antibodies, lengthy development process of the novel
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assays, high cross reactivity and limited multiplex capability [10]. In addition, when
diagnosis of heterogeneous diseases such as UBC is attempted, a single biomarker may
not be efficient to detect the disease. In such a case, the possibility to measure multiple
biomarkers simultaneously is of high relevance. Furthermore, emerging evidence from
recent sequencing analysis of bladder tumor specimens indicates a high phenotypic
variability. Therefore, to improve the characterization of the disease at the molecular level,
omics platforms seem more appropriate. Particularly, the application of high resolution
proteomics techniques allows for the dynamic characterization of a biological system,
including possible environmental factors that likely affect gene expression.

Currently, Liguid Chromatography coupled to tandem Mass Spectrometry (LC-
MS/MS) is one of the most commonly applied platforms for the identification of molecular
determinants of disease. Recent advances in separation technigques as well as sample
preparation procedures enabled a significant increase in the depth of the proteome
analysis, improving thus the identification of low abundance proteins. Importantly and in
order to obtain high quality and biologically meaningful results through the application of
these highly sophisticated platforms, a thorough investigation on possible adjustments
and/ or optimization methodologies is required. This includes acquisition, post-acquisition
analytical steps and statistical analysis. Particularly, in the context of clinical proteomics,
the reproducibility, repeatability and stability of the analytical method is of paramount
importance to assess the differences between control and disease condition.

For this purpose, in the present study, we aimed at optimising the methodologies
for urine and tissue quantitative analysis, focusing on the assessment and adjustment of
analytical procedures as well as data acquisition strategies. In the first part, the analytical
performance of conventional antibody-based Enzyme-Linked Immunosorbent Assays
(ELISA’s) was critically evaluated based on the FDA guidelines for Bioanalytical Method
Validation [11] (Publication 1 [12]). For that purpose, a total of 12 ELISA assays were
used to assess the selected biomarker candidates for UBC in urine. However, the
analytical performance in 75% of the employed kits did not comply with the FDA
guidelines. The suboptimal performance of the presented immuno-based assays can be
attributed to high complexity of the analyzed material and the variability in the compounds
of urine matrix. Both the specificity of the antibodies as well as the efficiency of the binding
to the antigens, have a significant impact on the performance of the ELISA assays. In
addition, presence of protein isoforms that may have a different affinity to the antibody,

have an effect on the linearity of the test. Challenges associated with development of
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ELISA assays to measure urine biomarkers underscores the need for further
improvements. Nowadays, Mass Spectrometry (MS) -based approaches have become a
promising alternative and are now more commonly applied for many indications in the
clinic [13].

Following this, the subsequent part of this PhD thesis was focused on the
application of “state-of-the art” MS-based platforms to analyze urine and tissue samples
(Publication 2 [14] and Publication 3 [15], respectively). On one hand, proteomic
profiling of urine samples is considered as a mine of information about non-invasive
biomarker candidates; on the other hand, global analysis of tissue samples is a suitable
way to investigate disease associated mechanisms. In the second part of the thesis, we
investigated the potential impact of the complexity of urine proteome on the results from
high-resolution LC-MS/MS analysis. In general, the presence of highly abundant urine
proteins affects the accuracy of the quantification and hamper the identification of low
abundance proteins, which could be of used as putative biomarkers. To address this
issue, four commercially available depletion kits were tested. Unfractionated material
served as a reference for this study (Publication 2 [14]). Even though, efficient depletion
of most of the targeted proteins was achieved and the obtained results were highly
reproducible, overall the application of the depletion methods did not bring any added
value in the number of peptides/ proteins that were identified during the LC-MS/MS
analysis. Therefore, the analysis of unfractionated urine samples appears to be beneficial
in this studied context.

The third part of the thesis was devoted to the comparison of quantification
methods routinely applied in quantitative proteomics i.e. Label-Free Quantification (LFQ)
and label-based (i.e. Isobaric Tags for Relative and Absolute Quantitation, iTRAQ)
approach (Publication 3 [15]). Since there is no consensus on which of these two
strategies is best suited for the detection of differentially abundant proteins in tissue
samples, comprehensive comparison of both methods was attempted. Both methods
(LFQ and iTRAQ, when combined with fractionation) resulted in the identification of
comparable numbers of proteins. In addition, the protein sequence coverage and the
capability to detect differentially abundant proteins were advanced when the LFQ
approach was applied. Therefore, the LFQ approach as optimized in this study appears
to be preferable, when a more comprehensive characterization of the disease-associated

mechanisms is attempted.
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2. Methods

2.1. Clinical samples

Urine samples from UBC patients were collected at the Urology clinic of the Laikon
University Hospital, Athens, Greece according to the local ethics regulations. As control
samples, urine samples from patients suffering from benign urological conditions (hernia,
cystitis, benign prostate hyperplasia etc) were considered [12]. Urine samples from
Chronic Kidney Disease (CKD) patients and normal individuals were collected in
accordance to the local ethics committee of Macedonia Academy of Science and Arts
[14]. UBC tissue specimens were collected from patients undergoing transurethral
resection of bladder cancer at the Urology clinic of the Laikon University Hospital, Athens,
Greece and at the Department of Urology and Urological Oncology in Hannover Medicine
School in Germany [15]. A written informed consent was obtained from all individuals.

2.1.1. Urine samples

Measurement of the urine levels of the selected biomarkers was performed using
commercially available ELISA assays in a total of 167 urine samples [12]. This includes
53 urine samples from patients harboring benign urological diseases (control group) as
well as 114 urine samples from patients with primary tumor in the bladder (case group
i.e. stage pTa n=46, stage pT1l n=36 and sage pT2+: n=32). Protein concentration, pH
and hematuria were determined using Bradford assay and standard urine analysis strips
from EMAPOL, respectively. The evaluation of the abundant protein depletion strategies
prior to proteome analysis by MS was performed using pooled urine samples with both
high protein content (from patients with CKD stage IV) and low protein content (from
normal controls) [14]. Around 30 mL of urine samples in each pool was obtained. Cell
debris were removed using the centrifugation at 1,000 x g for 10 min at 4°C. Supernatant

was collected, aliqguoted and stored at -20°C until used.

2.1.2. Tissue samples
Tumor specimens from 8 patients undergoing transurethral resection of bladder
cancer were employed for the analysis including NMIBC (stage pTa, n=4) and MIBC

cases (stage pT2+, n=4) [15]. Staging relied on TNM classification system [16].

2.2. ELISA assays
The analytical validation was performed for 12 commercially accessible ELISA kits.

The following assays were tested: (1) Secreted Protein Acidic and Rich in Cysteine
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(SPARC) - R&D Systems Inc., Catalogue no. DSPOO0, (2) SLIT homolog 2 protein (SLIT-
2) - Cloud Clone Corp., Catalogue no. SEA672Hu, (3, 4) Histone H2B (H2B) - US
Biological Life Sciences, Catalogue no. 025705 and Cloud Clone Corp., Catalogue no.
SEA356Hu, (5, 6) Survivin - Enzo Life Sciences AG, Catalogue no. ADI-900-111 and
R&D Systems Inc., Catalogue no. DSVO0O0, (7-9) Profilin-1 (PFN-1) - USCN LIFE,
Catalogue no. E2122h, US Biological Life Sciences, Catalogue no. 027613 and
Cloud Clone Corp., Catalogue no. SEC233Hu, (10, 11) NRC-Interacting Factor 1 (NIF-1)
- Cusabio Biotech CO. LTD, Catalogue no. CSB-EL026683HU and USCN LIFE,
Catalogue no. E1019h, (12) Proteinase-3 (PR3) - Cusabio Biotech CO. LTD, Catalogue
no. CSB- E13058h. All measurements were performed using ELx800 plate reader
(BioTek Instruments). Assessment of the ELISA kits’ analytical performance in urine
relied on the evaluation of the standard curve, recovery, reproducibility and linearity.
Performance of the assays was considered as satisfactory when the following criteria
were met: a) a good fit of standard curve to the 4 Parameter Logistic nonlinear regression
model was achieved (4PL) (R?> 0.95), b) the percentage of the recovery was in the range
between 80 to 120%, c) intra-assay coefficient of variation was in the range of 0 to 20%
and d) linearity analysis was resulting in a linear fit with R®>0.9 and a slope of 0.9-1.0.
More details on the ELISA assays is reported by Chatziharalambous et al [12].

2.3. Proteomic analysis
2.3.1. Sample preparation

2.3.1.1. Tissue proteomics

Bladder cancer tissue samples (~20 mg) were homogenized in 150 pL of lysis
buffer (4% SDS, 0.1M DTE, 0.1M Tris-HCI pH 7.6) using a blade homogenizer in
combination with sonication. Cell debris and undissolved materials were removed by
centrifugation at 13,000 rpm for 10 minutes. Protein concentration was assessed using
Bradford assay (BioRad) [15]. Subsequently, Filter Aided Sample Preparation (FASP)
method was used to digest extracted proteins [17], separately for label-free and label-

based analysis.

2.3.1.2. Urine proteomics

Amicon Ultra Centrifugal Filter Units (3 kDa cut-off, Millipore) were applied for both
buffer exchange and subsequent concentration of 500 pL of urine aliquots. For the
purpose of buffer exchange, the solutions as recommended by the manufacturer were

used. Subsequently, depletion of highly abundant proteins was performed using four
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commercially available assays including immuno-based (Seppro IgY14, Sigma-Aldrich;
ProteoPrep, Sigma-Aldrich; SpinTrap, GE Healthcare) and ion-exchange kit (ProteoSpin,
Norgen Biotek). The samples were subsequently processed using the manufacturer’s
recommended protocols, with some minor modifications. Each experiment was
performed in five technical replicates per condition (for high or low protein content). A
more detailed description can be found in Filip et al [14]. The protein concentration was
determined by the Bradford assay (BioRad) and the protein extracts were in parallel
analyzed by Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
and processed by FASP prior to LC-MS/MS analysis (as described by Filip et al [14]).

2.3.2. Protein digestion

The bladder tumor and the urine protein extracts were processed using the FASP
protocol as described previously [17] with some minor modifications. Briefly, the protein
extracts were subjected to buffer exchange in Amicon Ultra Centrifugal filter devices (0.5
mL, 30 kDa cut off, Millipore) at 13,000 rpm for 15 minutes at room temperature
conditions. Buffer exchange with 8M urea buffer and 50 mM NH4HCOs buffer as well as
alkylation of the proteins with iodoacetamide, prior to protein digestion were performed.
An overnight digestion with trypsin was conducted (trypsin to protein ratio - 1:100),
followed by peptide elution by centrifugation. For performing iTRAQ labelling, the tissue
protein extracts were processed by FASP, as described above, with some additional
modifications including replacement of 50 mM NH4HCOs3 buffer with 50 mM C7H17NOs3,
reduction of the volume of the solution containing trypsin and decreased volume of the
eluted peptides. More information about the protein digestion protocol can be found in

manuscript by Latosinska et al [15].

2.3.3. ITRAQ labeling
100 ug of tryptic digested peptides (per sample) were labeled using the 8-plex
iITRAQ Reagent kit (AB Sciex) followed the manufacturer's recommendations. 80 ug of
peptide mixture was purified using Pierce C18 Tips (Thermo Scientific), following the
manufacturer's instructions; while the remaining peptide mixture (~700 ug) was purified
and pre-fractionated using a high pH reverse phase chromatography on a Dionex P680
HPLC system. Detailed description is provided in Latosinska et al. [15].

2.3.4. LC-MS/MS analysis
All protein digests were analyzed on a Dionex Ultimate 3000 RSLS nano flow

system (Dionex, Camberly UK), after loading onto a Dionex 0.1%x20 mm 5 ym C18 nano
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trap column at a flow rate of 5 ul/min in 98% 0.1% formic acid and 2% acetonitrile, sample
was eluted onto an Acclaim PepMap C18 nano column 75 pymx50 cm (Dionex,
Sunnyvale, CA, USA), 2 um 100 A at a flow rate of 0.3 pyl/min. The eluent was ionized
using a Proxeon nano spray ESI source operating in positive ion mode into an Orbitrap
Velos FTMS (Thermo Finnigan, Bremen, Germany). Additional information about LC-
MS/MS analysis of urine and tissue proteome is described by Filip et al [14] and

Latosinska et al [15], respectively.

2.3.5. Data processing and analysis

Processing of the raw MS data files was conducted using Proteome Discoverer
v. 1.4 (Thermo Scientific). The protein identification relied on the database search against
Human Swiss-Prot Database [18, 19] using the Sequest search engine [20]. The
evaluation of the false discovery rate was performed by using the Percolator node [21].
The identified peptides were filtered based on mass deviation being below 5 ppm between
the experimental and the theoretical mass, false discovery rate being below 1% and
peptide rank being up to 5. In order to increase the consistency of the data, only peptides
that were reported in more than 60% of the samples (in at least one analyzed group) were
included for analysis. Subsequently, the Occam Razor rule [22] was applied to assign the
identified peptides to proteins. More information about the processing of urine and tissue

proteomics data is presented by Filip et al [14] and Latosinska et al [15], respectively.

2.3.6. Relative quantification

Quantitative proteomics analysis of urine and tissue was performed using label-
free approach. Specifically, the quantification process was based on the peak area of the
precursor ions (i.e. area under the curve), which was calculated based on the extracted
ion chromatogram during the data processing through the Proteome Discoverer Software.
Additionally, for the tissue protein digests labeled with iTRAQ reagents, quantification
using a label-based approach was followed according to the reporter ion intensities in
Proteome Discoverer Software. The data were normalized based on the part per million
(ppm)-normalization method. A detailed description of the quantification strategies is
provided by Filip et al [14] (for proteomic analysis of urine samples) and Latosinska et al

[15] (for proteomic analysis of tissue specimens).
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3. Results

3.1.Publication 1: Analytical performance of ELISA assays in urine: one more

bottleneck towards biomarker validation and clinical implementation.

The discriminatory capacity of some selected putative UBC biomarkers was
assessed in urine using typical biochemical assays, like ELISA. The analysis was
conducted for seven candidate biomarkers (i.e. SPARC, SLIT-2, H2B, Survivin, PFN-1,
NIF-1, PR3) using a total of 12 commercially available ELISA kits, aiming at the evaluation
of their analytical performance in urine and the validation of its discriminatory potential.
As presented in Figure 1, the analytical performance of the selected ELISA assays in
urine was extensively investigated, focusing on the standard curve estimation, recovery,
reproducibility and linearity analyses. The performance of the assays was assessed
according to the FDA guidelines for Analytical Validation [11]. Only assays complying with
at least three evaluation criteria were considered as successful. Satisfactory analytical
performance was reported for 3 out of 12 ELISA tests (25%) targeting SPARC, Survivin
and SLIT-2; while the remaining assays for NIF-1, PFN-1, PR3 and H2B showed
insufficient analytical performance. For the latter, even though the standard curve
validation was evaluated as successful, the assays failed to show good reproducibility, or
recovery and linearity in the performed studies.

On the basis of these results, two successfully validated assays were further used
to measure the level of SLIT-2 and SPARC in a larger sample set. Significant increase in
the level of both SLIT-2 and SPARC was demonstrated in UBC (pT2+) vs. other
conditions (p<0.05). Interestingly, a successive increase of the SLIT-2 level in urine was
observed along with the advancement of tumor Grade, but this difference showed no
statistical significance. When analyzing SPARC, Grade 2 UBC tumors showed higher
mean values of the urine levels of this particular protein, compared to Grade 1 and Grade
3 UBC tumors, again though with the observation not being statistically significant. In both
assays, for SPARC and SLIT-2 ELISA measurements, very high standard deviation was
reported. Due to high inter-patients variability and limited statistical power of the study
(for grade analysis: n=79 for SLIT-2, n=40 for SPARC), a more thorough investigation of
the association of SPARC and SLIT-2 with tumor grade is now ongoing.

Conclusively, a thorough analytical validation of the analytical assays creates a
solid, evidence-based background, which is required for reliable measurements of the
biomarker candidates. This study pointed out several challenges associated with the
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development of antibody-based tests for clinical use, being related to the limited assay
reproducibility, linearity and recovery. This indicates a clear need for adoption and

development of alternative strategies to measure urine biomarkers in clinical settings.

Potenial biomarkers for UBC
SPARC, SLIT-2, H2B, Survivin,
PFN-1, NIF-1, PR3

|

Measurments of biomarkers
level in urine by ELISA

| Analytical Validation |
Standard curve evaluation Reproducibility Linearity Recovery
1.4 40 25
1.2 CV 7 8% y =1,0233x + 0,5846 ;ﬁiﬂtweﬁ Mean [SjARC] {ng/ml) | 2,14
el & 20 R?=0997 _ .13 ng/m Expected [SPARC] {ng/ml) 1,57
s 1 T 30 n<: SPARC (n=8) | % Recovery 136%
20,8 » & 15 Negative + | Mean [SPARC] {ng/ml) 7,4
EO‘E | = 20 ::s.? 12.5ng/ml | Expected [SPARC] (ng/ml) 6,25
804 g € gl SPARC (n=8) [% Recovery 118%
:'5,0‘2 %10 E™ 5 Negative + | Mean [SPARC] (ng/ml} 27
H 8 1 50 ng/ml Expected [SPARC] [ng/ml) 25
0 10 100 0 8 o SPARC (n=8) | % Recovery 108%
[SPARC] {ng/m) low  Medium  High 0 10 20
Theoretical [SPARC] (ng/ml)
v
FDA guidelines for Bioanalytical
Method Validation
Analytical Perf
Protein Catalogue No. naylicdl _e_ _ormance_ N
Standard curve Reproducibility Linearity Recovery

SPARC D3SPOO v v v v

SLIT-2 SEAG672Hu v v % v

25705 v x N/A x

H2B

SEA356HuU 4 *® NiA *

SURVIVIN ADI-900-111 v x x x

D3Vo0 v v N/A v

E2122h v x x x

PFN-1 27813 v x x x

SECZ33Hu \4 x x v

EL026683HU '4 x x x

NIF-1
E101%h v v x *
PR3 E13058h v x x x

Figure 1. Study design and summary of the assessment of the analytical performance
for 12 assays, modified from Chatziharalambous et al [12]. As an example, analytical
performance is presented for SPARC assay. (v') Satisfactory and poor (%) analytical
performance are indicated. As shown in the graph, the assays targeting SPARC, SLIT-2
and Survivin showed satisfactory analytical performance, being in compliance with FDA

guidelines.

3.2. Publication 2: Comparison of Depletion Strategies for the Enrichment of

Low-Abundance Proteins in Urine

In order to overcome the presented limitations associated with the application of
ELISA assays, mass spectrometry analysis was applied. Considering the complexity of

the urine proteome and in an effort to improve the identification of the potential biomarkers
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in urine, a comparative analysis of four depletion strategies including immuno-based and
ion-exchange was attempted. For this analysis an initial volume of 500 pyL was used. As
reference condition, unfractionated material was utilized. An overview on the workflow
followed is depicted on Figure 2.

The reproducibility and the efficiency of the depletion methods was assessed using
SDS-PAGE. In all cases, reproducible results were generated, with the highest depletion
efficiency observed for immuno-based methods, in comparison to the ion-exchange
strategy. Apparently, application of the depletion strategies does not increase the number
of peptides and proteins that were identified during LC-MS/MS analysis. Specifically, in
the case of samples with low protein concentration (normal group), the highest number
of peptides was reported for unfractionated urine sample (~ 2,400 peptides); while for
most of the depletion strategies tested (i.e. Seppro IgY14, ProteoSpin and SpinTrap), the
number of peptides identified in depleted samples was significantly lower (~1,500
peptides) in comparison to reference condition. Along these lines, analysis of the urine
samples with high protein content (i.e. disease group) revealed similar number of peptides
identified in fractionated and unfractionated samples (~1,250 peptides). In addition, a
similar number of proteins that were consistently identified in at least 60% of analyzed
samples per methods was observed for both fractionated and unfractionated samples.
Importantly, the identification rate of the proteins in normal urine was around 2- fold higher
than in diseased samples. Highly abundant urine proteins such as albumin, uromodulin
and beta-2-microglobulin were found to be overlapping between both types of the
analyzed samples (fractionated/ unfractionated).

We further evaluated the impact of the depletion methods on the sequence
coverage of targeted and non-targeted proteins. For the aforementioned targeted
proteins, application of the depletion methods for urine samples with low protein content
was associated with decrease in their sequence coverage, although the decrease in the
coverage varied widely in a range between 5% to 90%. In the case of the samples with
high protein content, decrease in the coverage of all targeted proteins was observed after
the application of SpinTrap and ProteoPrep. Of note, application of Seppro IgY14 and
ProteoSpin kit did not have any impact on the sequence coverage of albumin,
immunoglobulin alpha and alpha-1-acid glycoprotein 1 as well as alpha-1-antitrypsin,
respectively. On the contrary, sequence coverage of the proteins, which were not targeted

by depletion kits, remains at the same level for fractionated and unfractionated samples.
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Furthermore, the impact of the depletion strategies on the relative protein abundance was
also studied. It has been shown that for the depletion targets, the application of the
immuno-based methods resulted in a reduction of their relative abundance for both type
of the analysed samples (urine from normal and CKD patients). However, for those
samples that were fractionated with the ion-exchange method, the removal of
serotransferrin (for normal urine) as well as alpha-1-antitrypsin and albumin (for CKD)
was not efficient. In addition, there was no obvious trend in the relative protein
abundance, when the non-target proteins were evaluated. Since the application of the
depletion methods did not generally result in a significant improvement either in the
protein sequence coverage or relative abundance for non-targeted proteins, the use of
these methods to study urine proteome could not be justified, at least in the presented
setting.

To further elaborate on that concept, extensive evaluation of the relative
abundance of albumin (i.e. protein targeted by all depletion methods) was conducted,
prior and after the application of the four kits. Significant reduction in the albumin levels
was reported for normal samples (independently of the applied approach with ~98% and
45% decrease for immuno-based and ion-exchange methods, respectively), while in the
case of urine samples from diseased patients, the application of SpinTrap, ProteoPrep
and Seppro IgY14 allowed for the most efficient depletion of this protein (showing 95%,
91% and 63% decrease, respectively). However, a low depletion efficiency was reported
for ProteoSpin kit. Based on the presented results, the depletion of albumin using
immuno-based kits appears to be more efficient in comparison to the ion-exchange-based
method. This results are in line with the analysis of the depletion efficiency using SDS-
PAGE.

Conclusively, with the use of several depletion methods an effective removal of
highly abundant proteins in urine was achieved, as confirmed by the results that were
obtained during SDS-PAGE and LC-MS/MS analysis. However, these results did not
reflect any increase in identification rate at both the peptide and the protein level.
Therefore, for the purpose of the identification of potential biomarker candidates in urine,

the use of unfractionated material appears to be advantageous.
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Figure 2. An overview on the workflow of urine proteomic study, modified from Filip et al

[14]. The impact of the depletion on proteomic analysis of urine samples is presented.

3.3.Publication 3: Comparative Analysis of Label-Free and 8-Plex iTRAQ
Approach for Quantitative Tissue Proteomic Analysis.

Proteomic analysis in tissue can serve as an excellent tool to identify potential
drug-targets, since tissue proteins directly reflect the pathological alterations that occur
under a pathological condition. To better display the differences between diseased and
healthy conditions, quantitative proteomics seem one of the most appropriate
approaches. However, it is not clear which quantification method is optimal for detection
of biologically relevant differentially abundant proteins, particularly in complex clinical
specimens like tissue. Therefore, in the study presented here, a comparison of commonly
applied quantification strategies i.e. label-free and label-based (iTRAQ) was anticipated.
Towards that end, bladder cancer tissue samples representing NMIBC and MIBC were

analysed. For the label-based approach, two data-acquisition strategies were tested. The
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first one relied on the direct analysis of the labelled peptides in a single LC-MS/MS run,
thus limiting the costs of analysis. On the other hand, the second approach relied on the
analysis of multiple samples, as a result of the application of additional peptide
fractionation prior to LC-MS/MS. Collectively, in the context of this study a total of three
experimental approaches were evaluated (label-free, unfractionated and fractionated
ITRAQ), as also schematically represented in Figure 3.

The same protein extracts from different biological replicates were used for the
analysis with all three strategies. Moreover, in order to obtain a representative output from
each of the methods the application of routinely applied protocols for sample preparation
and subsequent MS analysis was preferred. The results collected from all three methods
were assessed according to the number of the identified proteins, the protein sequence
coverage, and the ability to identify differentially expressed proteins as well as the
reliability of the reported expression trends. In order to further increase the credibility of
the findings, only proteins that were identified based on at least two unique peptides in at
least of three out of four samples at least in one group (pTa or pT2+) were considered for
further evaluation. Based on the above criteria, the application of LC-MS/MS analysis of
tumor tissue samples allowed for identification of a total of 910, 1092 and 332 proteins
using label-free, fractionated and unfractionated ITRAQ, respectively. The protein
sequence coverage as obtained using the label-free method, outperformed both those
derived based on the iTRAQ experiments (as depicted in Figure 3).

In the next step, the capability of the selected methods to detect differentially
abundant proteins (p<0.05, t-test) was assessed. Although, a comparable number of
proteins was identified using label-free and ITRAQ approach (when assisted by an
additional pre-fractionation step), this was not accompanied by a comparable number of
differentially expressed proteins, with higher number of differentially abundant proteins to
be reported by using label-free approach. Specifically, a total of 77 (49/28 up/down-
regulated proteins in pT2+/pTa), 45 (21/24 up/down-regulated proteins in pT2+/pTa) and
6 proteins (1/5 up/down-regulated proteins in pT2+/pTa) were detected using label-free,
pre-fractioned iTRAQ and iTRAQ approach alone, respectively.

To further assess the validity of the proteomics output at the level of both protein
identification as well as the differential expression, the collected data were cross-
correlated with other publicly available data (Proteomics databases [23], Human Protein
Atlas [24] and published data on the disease [25-27]). The vast majority of the proteins
that were identified as differentially abundant (83% and 87% for label-free and iTRAQ,
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when accompanied by fractionation) was found also in normal and/or tumorous
urothelium in all data repositories. When comparing the trend of expression between the
proteomics datasets of this study and the three previously published transcriptomics data
[25-27], 34 out of 77 (44%) and 15 out of 45 (33%) proteins exhibited similar expression
trend at the mRNA level, in label-free and ITRAQ (supported by fractionation),
respectively.

Conclusively, the collected results indicated that two of the tested strategies (label-
free and iTRAQ, when combined to peptide fractionation) allowed for the identification of
a comparable number of proteins. In addition, the analysis of tissue proteomics data by
using the label-free approach provides also an added value with respect to the sequence
coverage (thus increasing also the reliability of protein identifications) and the capability
to detect significantly altered features. Thus, the LFQ approach as optimized in this study
appears to be preferable, when a comprehensive characterization of the disease-related
features is attempted.
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Figure 3. Study design modified from Latosinska et al. [15]. Graphical representation of

the applied workflow for label-free (LFQ) and iTRAQ quantification as well as an overview

on obtained results is presented.
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4. Discussion

The introduction of highly sensitive proteomic platforms can facilitate the
investigation of non-invasive biomarkers as diagnostic tools, as well as the discovery of
novel potential drug targets for UBC treatment. Within this context and considering the
highly sensitive technological platforms that are employed for urine and tissue proteomic
analysis, in this thesis we aimed at optimizing methodologies that will yield reliable results
with possible application in translational research. The analytical steps of: sample
preparation, acquisition of the proteomics data, post-acquisition analytical steps and
statistical analysis, were optimized.

For this purpose, we have analyzed previously identified biomarkers for UBC using
conventional antibody based ELISA assays, routinely applicable in clinical practice.
Considering the translational character of this research, and the potential application of
the findings into clinics, FDA guidelines for Bioanalytical Method Validation were
considered as criteria for assessment of the analytical performance of tested assays [11].
Although, twelve different kits were tested, most of them did not comply with the criteria
outlined by FDA regarding the Analytical Validation. The challenges of the establishment
of reproducible and precise urinary tests are related to the high complexity of urine sample
[11]. Presence of proteins (> 1,500), inorganic ions and organic substances (i.e. urea,
creatinine etc) along with cell/ cellular debris may have a substantial impact on the binding
of the antibodies to targeted proteins during ELISA analysis [28]. In more details, low
recovery as presented in many cases may be associated with the presence of different
substances in urines (including organic and inorganic substances like salts etc), which
may interfere with the recognition of specific antigen. On the other hand, non-specific
protein binding may be reflected by obtaining higher recovery, than expected. Moreover,
previous experiments measuring known amount of spiked protein in urine samples
showed also the high variability in protein recovery, when the numerous proteins were
spiked in urine samples. Variations between the reported recovery were also noted
between assays, suggesting differences in the components of the urine matrix between
samples, having an impact on the accuracy of protein quantification [29].

The limited analytical validity of ELISA based assays in urine have been also
reported by other investigators. Kift et al observed a limited performance of ELISA kit
detecting Neutrophil gelatinase-associated lipocalin, as reflected by the evaluation of
recovery and linearity of the assay [30]. The presented observations underscored the
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variability associated with the performance of immuno-based assays in urine. Therefore,
the analytical validation of the assays is a prerequisite, particularly when the analysis of
valuable clinical material is targeted. All of these shortcomings manifest the difficulties
related to the establishment of analytically valid urine tests using antibodies to measure
putative biomarkers, being also applicable for clinical purposes.

Nowadays, mass-spectrometry based platforms have become a promising
alternative to assess biomarkers in urine or to investigate disease-associated
mechanisms in tissue. Following this principle, at first place we focused on the analysis
of the urine proteome. Considering the challenges associated with the high complexity of
urine [31], and the broad dynamic range of the protein concentration, four depletion
strategies were tested aiming at the removal of highly abundant proteins in urine samples.
The conducted analysis demonstrated better depletion efficiency for immuno-based kits
in comparison to the ion-exchange method, as a result of higher specificity in comparison
to the former methods [32]. Moreover, it has been noted that higher number of proteins
was identified when low protein content samples are analyzed, indicating that regardless
from the different depletion methods tested, the masking effect that is associated with the
presence of highly abundant proteins is sustained. Overall, in this study, the utilization of
selected depletion kits did not result in any improvement either in the sequence or
proteome coverage. The results presented in our study could be to some extent explained
by the following factors: a) due to the high complexity of the urine proteome, the impact
of the depletion on individual proteins cannot be easily predicted, b) the tested depletion
kits might not be so efficient to observe a significant effect on the coverage and c) the low
peptide concentration, could be below of the limit of the detection for the MS technology.
The obtained results are partially in line with other previous investigations. Based on two-
dimensional gel electrophoresis analysis, the application of immuno-based depletion
methods did not have a significant impact on the number of unique proteins that was
reported [33, 34]. On the contrary, in the study by Kushnir et al, an increase in the number
of the identified proteins was observed upon depletion of the urine samples from CKD
patients using MARS column [35]. However, the total number of the identified proteins
was lower than in our analysis. The validity of the proteins identified in this study is
supported by the high overlap between the 100 proteins that were identified in normal
urine and other investigations of urine proteome from healthy individuals [28, 36, 37].

Collectively, considering the limited impact of the depletion on the results of the
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proteomics analysis, at least when a limited volume of urine was used as initial material,
the analysis of unfractionated urine appears preferable.

The second study utilizing MS-based approaches was devoted to the tissue
proteomics analysis. Considering that tissue samples can directly present changes in the
disease pathophysiology, quantitative tissue proteomic analysis presents several
advantages for the discovery of putative biomarkers or drug targets. The present thesis
was focused on an unbiased comparison of two quantification approaches i.e. label-free
and iTRAQ (unfractionated and fractionated analysis) in order to determine which
technique is better suited for the detection of differential protein expression in clinical
samples. To the best of our knowledge, this concept was not explored in the past, since
the previously published reports were mostly focused on the “technical” description of
these two quantification methods, using also not that complex biological material like
tissue [38-41]. In terms of the protein coverage, application of pre-fractionation of iTRAQ
labeled peptides enables superior results over the conventional iTRAQ run; whereas the
extent of the proteome coverage remains comparable with the label-free analysis.
Similarly, in the study by Patel et al, a comparable number of proteins was identified
between label-free and ITRAQ approach, when the latter was supported by an additional
fractionation step [39]. Additionally, the added value of LFQ over the iTRAQ is reflected
by a more confident protein identification (higher protein sequence coverage), that is in
agreement with the already published results [38, 39]. Based on the obtained results, the
label free approach appears to be the preferred option, when the detection of differential
expression is the main objective of the study. Conclusively, label free quantitation may
facilitate the characterization of the molecular mechanisms underlying pathological
conditions. However, due to the possibility of detecting false positive changes, an
increase in the studied sample size, the application of stringent statistical criteria (e.g.
adjustment for multiple testing) and a further validation of findings are required.

In conclusion, thorough optimization of the methodologies that are used to analyze
urine and tissue proteome is a first step and prerequisite for obtaining reliable data.
Properly established analytical workflows can be subsequently applied for the discovery

of novel biomarkers and potential therapeutic targets for the benefits of patients.
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Abstract

ELISA is the main approach for the sensitive quantification of protein biomarkers in body flu-
ids and is currently employed in clinical laboratories for the measurement of clinical mark-
ers. As such, it also constitutes the main methodological approach for biomarker validation
and further qualification. For the latter, specific assay performance requirements have to be
met, as described in respective guidelines of regulatory agencies. Even though many clini-
cal ELISA assays in serum are regularly used, ELISA clinical applications in urine are signif-
icantly less. The scope of our study was to evaluate ELISA assay analytical performance in
urine for a series of potential biomarkers for bladder cancer, as a first step towards their
large scale clinical validation. Seven biomarkers (Secreted protein acidic and rich in cyste-
ine, Survivin, Slit homolog 2 protein, NRC-Interacting Factor 1, Histone 2B, Proteinase-3
and Profilin-1) previously described in the literature as having differential expression in blad-
der cancer were included in the study. A total of 11 commercially available ELISA tests for
these markers were tested by standard curve analysis, assay reproducibility, linearity and
spiking experiments. The results show disappointing performance with coefficients of varia-
tion>20% for the vast majority of the tests performed. Only 3 assays (for Secreted protein
acidic and rich in cysteine, Survivin and Slit homolog 2 protein) passed the accuracy thresh-
olds and were found suitable for further application in marker quantification. These results
collectively reflect the difficulties in developing urine-based ELISA assays of sufficient ana-
lytical performance for clinical application, presumably attributed to the urine matrix itself
and/or presence of markers in various isoforms.
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Introduction

To establish a protein as a disease biomarker, its accurate, sensitive and reproducible detection
and quantification in large numbers of samples representing the biomarker context of use is
necessary. The most common methods for protein biomarker validation are affinity-based
assays, such as enzyme-linked immunosorbent assays (ELISAs). ELISAs have high sensitivity
and reasonable specificity for the detection of protein amounts with concentration ranges of
ng/ml to pg/ml in serum. [1] Major limitations of this approach are the restricted number of
validated ELISAs for human proteins, the costly and lengthy development of novel assays, and
the limited multiplexing due to antibody (Ab) cross-reactivity. [2] These issues hinder the
rapid validation of putative biomarkers derived from high-throughput proteomic and genomic
studies. [3]

Research based on urine proteomics is crucial for the discovery of disease biomarkers espe-
cially of the renal and urogenital systems. In these latter cases, urine is apparently the most
appropriate body fluid that can actually be examined for detecting changes related to patho-
physiology as it is the filtrate of blood by the kidneys in direct contact with the bladder contain-
ing many soluble biomarker proteins. In addition, urine is easily available and can be collected
frequently and in a non-invasive way; consisting collectively an appropriate specimen for
proteomic biomarker research. [4,5]

Along these lines major efforts have been invested in recent years in biomarker investiga-
tions in urine for multiple diseases. [6,7] Bladder cancer (BC) is a major research area where
introduction of effective biomarkers is expected to be of major impact on patient management:
BC has the highest recurrence rate (approximately 30-70%) among all malignancies and
requires extensive patient monitoring for several years. The gold standard for BC initial diag-
nosis and follow up is cystoscopy (endoscopic examination of the bladder), which is invasive
and expensive. Urine cytology which is also used in the clinical setting lacks sensitivity for low
grade tumors and is characterized by inter-observer variability. [8] Thus, non-invasive
approaches with high sensitivity and specificity for early detection of primary tumors and
recurrences are needed. [9,10] An effective BC biomarker could allow reducing the number of
unnecessary cystoscopies especially among patients with low risk disease and as a result
improve the patients’ quality of life.

As a result of extensive research, several biomarker candidates have been identified follow-
ing analysis of the urine proteome of bladder cancer patients. [11-15] Nevertheless, despite
these efforts, no clinical implementation has been achieved yet, in most part due to lack of
appropriate validation studies establishing the biomarker context of use. [16,17] As a first step
towards the validation of previously discovered BC biomarker candidates, the objective of this
study was to evaluate the analytical performance of ELISA assays in urine. Biomarker candi-
dates include the: NRC-Interacting Factor 1 (NIF-1), Histone 2B (H2B), Profilin-1 (PFN-1),
Slit homolog 2 protein (SLIT-2), Proteinase-3 (PR3), and Secreted protein acidic and rich in
cysteine (SPARC) and Survivin. [12,18-20] In several cases (NIF-1, H2B, PFN-1) the associa-
tion of these proteins with BC at the tissue level has been proven [11,12] and initial verification
studies in urine have shown discriminatory potential of these marker for bladder cancer detec-
tion. [12,18,19] Survivin, has been described in multiple studies as a bladder cancer biomarker,
in most cases, based on RT-PCR measurements, [20] but also based on ELISA. [21] Neverthe-
less, no clear added value for the use of this marker has been demonstrated, in part due to sub-
optimal assays for its measurement. [20,22]

In this study, extensive analytical validation of commercially available ELISA assays for
these markers in urine was performed according to FDA guidelines, as a first step towards the
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validation of their clinical use. [23] This is particularly interesting since few studies on the ana-
Iytical performance of ELISA assays in urine are available. [2]

Materials and Methods
Urine samples

Urine samples from benign cases and BC patients were collected at the Urology clinic of the
Laikon University Hospital, Athens, Greece in accordance to the local ethics regulations. The
Ethics committee of Laikon Hospital (protocol number EX618) specifically approved the
research for this study. In all cases, written consent forms were obtained.

The patients were selected according to the following criteria. Cases had bladder cancer pri-
mary tumors; controls suffered from benign urological conditions (hernia, etc).

Clinical data on the urine samples are presented in Table A in S7 File.

The samples were thawed, centrifuged at 2000 rpm for 10 min, and the supernatant was ali-
quoted to volumes ranging from 0.1 to 1.0 ml. Samples were stored at -20°C and aliquots were
thawed for ELISA assays and pH/protein/hematuria determination. Thawed aliquots were not
reused. The pH and hematuria of the urine samples was measured by using standard urine
analysis strips from EMAPOL and are presented in Table A in S7 File. The protein concentra-
tion of the urine samples was measured by the Bradford assay.

ELISA assays
The following commercially available ELISA kits were tested:

o SPARC: R&D Systems Inc., Minneapolis, MN 55413, USA (Catalogue no. DSP00)
o SLIT-2: Cloud Clone Corp., Houston, TX 77082, USA (Catalogue no. SEA672Hu)

« H2B: US Biological Life Sciences, Swampscott, Massachusetts 01907, USA (Catalogue no.
025705) and Cloud Clone Corp., Houston, TX 77082, USA (Catalogue no. SEA356Hu)

« Survivin: Enzo Life Sciences AG, Postfach CH-4415 Lausen/Switzerland (Catalogue no. ADI-
900-111), R&D Systems Inc., Minneapolis, MN 55413, USA (Catalogue no. DSV00)

o PEN-1: USCN LIFE, WUHAN EIAAB SCIENCE CO. LTD, Optics Valley, Wuhan, China
(Catalogue no. E2122h); US Biological Life Sciences, Swampscott, Massachussetts 01907,
USA (Catalogue no. 027613) and Cloud Clone Corp., Houston, TX 77082, USA (USCN Life
Science Inc., Catalogue no. SEC233Hu)

o NIF-1: Cusabio Biotech CO. LTD, Wuhan, Hubei Province 430206, P.R.China (Catalogue
no. CSB-EL026683HU) and USCN LIFE, WUHAN EIAAB SCIENCE CO. LTD, Optics Val-
ley, Wuhan, China (Catalogue no. E1019h)

« PR3: Cusabio Biotech CO. LTD, Wuhan, Hubei Province 430206, P.R.China (Catalogue no.
CSB- E13058h)

The type of plate reader used was ELx800 (BioTek Instruments).

Standard curve validation. Blanks and standards were assayed according to the manufac-
turer’s instructions in each case. All assays were performed in duplicate and in at least 2 differ-
ent days. The mean values of Absorbance vs. Concentration were plotted and a 4 Parameter
Logistic (4PL) nonlinear regression model) fit was applied (R*> 0.95 was acceptable).

Recovery. A negative urine sample was spiked with 3 different standards containing high,
medium and low concentration of the marker, in 4 replicates each time. The standard protein
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provided by each ELISA manufacturer was used for the spiking experiments. The % recovery
was calculated and the acceptable range was 80 to 120%.

Reproducibility. Three urine samples containing high, medium and low concentration of
the marker were selected and at least five technical replicates were assayed to calculate the coef-
ficient of variation (CV %) for intra-assay reproducibility. The acceptable range of CV was
0-20%.

The inter-assay reproducibility was evaluated only for the SLIT-2, Survivin, and SPARC
since these assays had satisfactory intra-assay reproducibility. Aliquots were used in order to
avoid freeze/thaw cycles.

Linearity. A urine sample with high marker concentration based on the present study and
a published report [11] was selected and serial dilutions (1:2 to 1:32) were performed. Each lin-
earity tests was performed in at least 4 replicates and the experimental versus theoretical con-
centrations were plotted. The acceptable range was a linear fit with R*>0.9 and a slope of 0.9-
1.0.

Limit of Detection (LOD) and Limit of Quantitation (LOQ). The LOD was provided by
each ELISA kit manufacturer. The LOQ was determined by interpolating the absorbance of the
lowest or highest standard on the standard curve.

Biomarker evaluation. The t-test was used to evaluate statistical differences between
groups (benign controls and tumor stages; tumor grades 1, 2, 3). The effect of hematuria on
ELISA results for SPARC, SLIT-2, and Survivin was assessed by the chi-square test.

Results

Most of the selected proteins had shown discriminatory power as BC biomarkers based on pre-
vious studies [11,12] However, no data in urine were available for SLIT-2 and SPARC; thereby
these two proteins were initially tested in a small number of BC urine samples and controls

(n =167). In both cases, significantly higher levels of these proteins in BC samples compared to
controls were obtained underscoring the need for their further validation. (Figures A, B in S1
File)

As summarized in Table 1, a total of three ELISA kits targeting respectively SPARC, Survi-
vin and SLIT-2 successfully passed the analytical evaluation tests, whereas a total of 8 assays for
NIF-1, PEN-1, PR3 and H2B showed poor analytical performance (Table 1). SPARC (R&D
Systems, DSP00) and PR3 (Cusabio Biotech Co. LTD, E13058h) results are presented as exam-
ples of successful or poor analytical validation performance respectively (Figs 1-3, Tables 2
and 3), and detailed experimental data for each kit can be found in the supplementary informa-
tion section. For SPARC, the standards yielded reproducible results and a good fit to the 4
Parameter Logistic (4PL) nonlinear regression model (Fig 1A) Similarly, for PR3, the standards
yielded reproducible results and a good fit to the 4PL nonlinear regression model (Fig 1B). In
contrast to SPARC, the PR3 assay failed the rest of the analytical performance tests. For
SPARC, the % recovery for the medium and high standard was 118% and 108% respectively
passing the acceptance threshold (Table 2). Nevertheless, recovery was 136% for the low
SPARC levels, reflecting potential inaccuracies in the marker measurements at low concentra-
tions. (Table 2)

In contrast, for PR3, the % recovery for the low, medium, and high standards was 269%,
135%, and 126% respectively (Table 3) clearly exceeding the allowed acceptable recovery range.
When tested for reproducibility in measurement using high, medium and low biomarker
concentrations, as described in Materials and Methods section satisfactory CV's were obtained
for SPARC. For the low [SPARC] sample a CV of 4%, for the medium [SPARC] sample a CV

of 5% and for the high [SPARC] sample, a CV of 8% was obtained. (Fig 2A)
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Table 1. Summary of analytical performance.

Protein Company Catalogue number Analytical performance
SPARC R&D Systems DSP00 Successful in all assays
SLIT-2 Cloud Clone Corp. SEA672Hu Failed in linearity assay
H2B US Biological Life Sciences 25705 Failed in recovery and reproducibility assays (linearity not possible)
Cloud Clone Corp. SEA356Hu Failed in recovery and reproducibility assays (linearity not possible)
SURVIVIN Enzo Life Sciences ADI-900-111 Failed in recovery, reproducibility and linearity assays
R&D Systems DSV00 Successful in all assays (linearity not possible)
PFN-1 USCN LIFE E2122h Failed in recovery, reproducibility and linearity assays
US Biological Life Sciences 27613 Failed in recovery, reproducibility and linearity assays
Cloud Clone Corp. SEC233Hu Failed in reproducibility and linearity assays
NIF-1 CUSABIO EL026683HU Failed in recovery, reproducibility and linearity assays
USCN LIFE E1019h Failed in recovery and linearity assays
PROTEINASE 3 CUSABIO E13058h Failed in recovery, reproducibility and linearity assays

doi:10.1371/journal.pone.0149471.t001

For PR3, the CV% was above the acceptable 20% limit for the medium and high [PR3] sam-
ples (24% and 21% respectively). The low [PR3] sample had a satisfactory CV (7%). (Fig 2B)

When further tested for linearity the performance of the ELISA assay for SPARC was excel-
lent from dilution 1:2 up to 1:16 (R* = 0.997 and a slope of 1.023). (Fig 3A) The respective val-
ues for PR3 were R? = 0.965 which is acceptable, and a slope of 1.46 which is not acceptable.
(Fig 3B)

The majority of the remaining ELISA Kkits, even though successful for the standard curve
validation, failed either in reproducibility, or in recovery and linearity studies. For example, in
the spiking experiments of pure recombinant standards to negative urine samples, extremely
low (e.g. PFN-1 Elisa kit by US Biological, Figure G in S2 File) or high (e.g. NIF-1 Elisa kit by
CUSABIO, Figure I in S2 File) % recoveries were obtained. It is important to note that particu-
larly poor results were obtained in the linearity test for most of the assays (Figures A-G in S4
File).

The inter-assay reproducibility was evaluated for SLIT-2, Survivin, and SPARC since only
these assays had satisfactory intra-assay reproducibility. The CVs of the inter-assay reproduc-
ibility for these 3 ELISA kits are reported in Table A in S9 File. For SPARC the CV's of the
urine samples with low, medium and high concentration were 29%, 9% and 34% respectively.
For SLIT-2 the CVs of the urine samples with low, medium and high concentration were 43%,
34% and 11% respectively. For Survivin only the CV of a low concentration urine sample could
be assessed and was determined to be 41% (the available clinical urine samples were either

A) B)

orbance (450 nm)

Absorbance (450 nm)

Abs:

1 10 100 01 1 10 100

[SPARC] (ng/mi) [PR3] (ng/mi)

Fig 1. Standard curve validation of A) SPARC (R? = 0.999) and B) PR3 (R? = 0.996).
doi:10.1371/journal.pone.0149471.g001
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A) B)

cv=8% cv=21%

cv=5%
cv=2a%

[SPARC] (ng/mi)
3
[PR3] (ng/mi)

s
0 cv=a%

1 cv=r%
: -
o |

Low (n=8) Medium (n=8) High (n=8) Low(n=s) Medium (n=5) High (n=5)

Fig 2. Reproducibility study results of A) SPARC and B) PR3. Three urine samples with low, medium and
high concentration were used.

doi:10.1371/journal.pone.0149471.g002

negative or had low Survivin concentration). Aliquots were used in order to avoid freeze/thaw
cycles.

The LOD and LOQ for each ELISA kit are listed in Table A in S10 File.

Hemoglobin released from erythrocyte lysis was measured by standard urine analysis strips
(EMAPOL) and its effect on the ELISA assay is reported. (Figure A in S5 File, Table A in S11
File, Table A in S12 File, Table A in S13 File). Hematuria affected significantly only the Survivin
ELISA assay as it is was determined by the chi-square statistical test.

The values of the SPARC and SLIT-2 ELISA kits and their dependence on tumor grade are
presented. (Figures A, B in S6 File) There is a gradual increase in the SLIT-2 values when
tumor grade increases but there is no statistically significant difference. In the case of SPARC
Grade 2 tumors have higher mean value compared to G1 and G3 without any statistically sig-
nificant difference. In both SPARC and SLIT-2 data the standard deviation is very high.

However given the limited number of samples analyzed, a more comprehensive multi-cen-
ter study is under way for evaluating the effect of tumor grade on SPARC and SLIT-2 ELISA
results.

Discussion

Recently, several urine-based bladder tumor markers have been evaluated and are implicated
in non-invasive clinical tests for BC detection. [24,25] The commercially available ELISA
assays include BTA, nuclear matrix protein 22, AccuDx, and UBC. Unfortunately these ELISA
urine biomarkers do not have better performance than cystoscopy and are significantly affected
by the presence of hematuria. There is no clearly demonstrated added value for using them in
initial diagnosis or patient monitoring. [17]

15 y=1,0233x + 0,5846
R?*=0,997

Experimental [SPARC] (ng/ml)
Experimental [PR3] (ng/ml)

116

Theoretical [SPARC] (ng/ml) Theoretical [PR3] (ng/mi)

Fig 3. Linearity results of A) SPARC and B) PR3. For each biomarker a high concentration sample was
serially diluted and theoretical values were compared to the experimental.

doi:10.1371/journal.pone.0149471.g003
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Table 2. Recovery study results of SPARC. Negative urine samples were spiked with low, medium
and high concentration of standard.

Negative + 3.13 ng/ml SPARC (n = 8) Mean [SPARC] (ng/ml) 2.14
Expected [SPARC] (ng/ml) 1.57
% Recovery 136%
Negative + 12.5 ng/ml SPARC (n = 8) Mean [SPARC] (ng/ml) 7.4
Expected [SPARC] (ng/ml) 6.25
% Recovery 118%
Negative + 50 ng/ml SPARC (n = 8) Mean [SPARC] (ng/ml) 27
Expected [SPARC] (ng/ml) 25
% Recovery 108%

doi:10.1371/journal.pone.0149471.t002

Urine complexity hinders the development of methods for precise and reproducible protein
quantitation. [5] Urine contains more than 1,500 proteins, the majority of which are extracellu-
lar and membrane bound along with cells and cellular debris, inorganic ions (K", Na*, Cl” and
Ca®") and organic molecules such as creatinine, urea, and uric acid. All these substances can
hinder the efficient binding of a protein to its corresponding antibody used in an ELISA assay.
[12,26] Variability of urine matrix components such as electrolytes or pH can also have an
effect on antibody binding and therefore on the performance of the immunoassay. [27] In the
case of multiplex bead array assays, to compensate for the impact of matrix effects on biological
fluids, manufacturers have developed standard sample diluents for serum, plasma, cultured
cells. For urine, a diluent of phosphate buffered saline is recommended for use; however this
does not resolve the issue of variability of urine matrix components as the measurements
appear less stable compared to those in serum and plasma. [28] To our knowledge the only uri-
nary protein measured by ELISA in clinical laboratories is albumin. [4]

Nevertheless even in the case of albumin measurements multiple limitations have been
identified, mostly related to the presence of the protein in multiple isoforms. Many of these
forms are considered different to those in plasma. Currently, a reference standard material for
urine albumin is not available therefore serum albumin is used for calibration in urine assays.
In healthy individuals serum albumin, when filtered and excreted in urine, is composed of a
minor amount of intact protein (~4%) and a large amount of albumin fragments with MW in
the 1-15 kDa range (~96%). [29] However, it was shown that diabetic nephropathy gradually
increases the percentage of intact albumin in urine up to 35% in severe cases. [30] Conven-
tional ELISA assays can detect only certain forms of albumin and the antibodies used fail to

Table 3. Recovery study results of PR3. Negative urine samples were spiked with low, medium and
high concentration of standard.

Negative + 1.56 ng/ml PR3 (n = 4) Mean [PR3] (ng/ml) 2.10
Expected [PR3] (ng/ml) 0.78
% Recovery 269%
Negative + 6.25 ng/ml PR3 (n = 4) Mean [PR3] (ng/ml) 4.21
Expected [PR3] (ng/ml) 3.13
% Recovery 135%
Negative + 25 ng/ml PR3 (n = 4) Mean [PR3] (ng/ml) 15.74
Expected [PR3] (ng/ml) 12.50
% Recovery 126%

doi:10.1371/journal.pone.0149471.t003
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bind efficiently to many isoforms. [31] Despite these limitations Albumin ELISA is routinely
used in clinical laboratories mainly for diagnosis of kidney diseases. [32]

In light of these findings for one of the most abundant urinary proteins it is imperative to
evaluate the analytical performance of ELISA kits for the detection of candidate biomarkers in
urine. The FDA guidelines for Bioanalytical Method Validation were followed. [23] Unfortu-
nately, most ELISA assays used in this study did not pass these strict analytical criteria. Some
explanations for these disappointing results are presented along with a comparison to previous
urinary ELISA analytical performance studies.

Low recovery may be due to interference of antigen recognition caused by substances pres-
ent in urine (salts, organic molecules, etc.). High recovery may be due to non-specific binding
of proteins to the antibody immobilized on the ELISA plate. In a study by Taylor et al., in order
to determine the degree of matrix interference in protein measurement in urine, known con-
centrations of 5 proteins (IL-6, IL-8, MCP1, MP1a and TNFa) were spiked in urine samples of
4 kidney disease patients and assayed 4 times each. High variability was observed in protein
recovery in the urine samples even between assays indicating that matrix components differ
among urine samples and also highlighting their ability to variably interfere in accurate protein
measurement. [28]

Inter-assay reproducibility results were not acceptable (high CVs) for the three kits that
yielded satisfactory intra-assay reproducibility (SPARC from R&D Systems, SLIT-2 from
Cloud-Clone Corp. and Survivin from R&D Systems) (Table A in S9 File)

The failure of the linearity test is the major deficiency of most ELISA kits analyzed. A possi-
ble explanation of this deficiency is the fact that in urine proteins exist in multiple forms with
different affinities for the ELISA antibodies. As it was determined for Albumin, urinary pro-
teins are not present only as full length polypeptides but also as numerous low MW peptides
and exhibit unique post-translational modifications (PTMs) different from those in plasma.
[30,31,33] It is possible that some of these forms have higher Kd than the full length and do not
bind to the Ab upon dilution resulting in lower signal. (Figures D, G in S3 File) Moreover, the
linearity of the assay can be affected by the dilution of interfering salts and organic molecules.
As a result protein-Ab binding is enhanced and a higher signal is obtained (Figures A, F in S3
File). In the case of Survivin and SLIT-2, urine sample desalting was performed before ELISA
analysis. Unfortunately the desalting did not increase signal intensity and thus did not improve
assay performance (data not shown). For the two H2B Elisa kits and the Survivin Elisa kit from
R&D Systems the linearity tests could not be performed due to the unavailability of high con-
centration samples and the minimum detectable dose of each kit.

The poor performance of ELISA assays in urine presented in this study is not a unique
occurrence. A comprehensive evaluation of the analytical performance of ELISA assays for
Neutrophil gelatinase-associated lipocalin (NGAL) yielded poor results for recovery and linear-
ity. These findings indicated the presence of variability in urinary immunoassay performance
that needs to be taken into consideration in clinical sample analysis. [34]

The performance of SLIT-2 and SPARC in detecting BC recurrence and/or progression will
be assessed in the context of a large clinical study involving prospectively collected samples.
The effect of confounders, such as hematuria, on the ELISA assays and the diagnostic perfor-
mance of SPARC and SLIT-2 individually or in combination will be evaluated.

The shortcomings of the assays presented in this article reflect the difficulties on developing
robust ELISA in urine for clinical applications. An alternative to ELISA assays would be to
develop MRM (Multiple Reaction Monitoring) methods for determining biomarker concentra-
tion in urine. Beasley-Green et al., employed isotope dilution-mass spectrometry (ID-MS) and
multiple reaction monitoring (MRM) as a reference method to measure full-length albumin
and its fragments in urine. The assay showed outstanding specificity, reproducibility and
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sensitivity. Thus, MRM has the potential to be applied in the clinical setting for biomarker
measurements. [35]
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Abstract

Proteome analysis of complex biological samples for biomarker identification remains chal-
lenging, among others due to the extended range of protein concentrations. High-abun-
dance proteins like albumin or IgG of plasma and urine, may interfere with the detection of
potential disease biomarkers. Currently, several options are available for the depletion of
abundant proteins in plasma. However, the applicability of these methods in urine has not
been thoroughly investigated. In this study, we compared different, commercially available
immunodepletion and ion-exchange based approaches on urine samples from both healthy
subjects and CKD patients, for their reproducibility and efficiency in protein depletion. A
starting urine volume of 500 pL was used to simulate conditions of a multi-institutional bio-
marker discovery study. All depletion approaches showed satisfactory reproducibility (n=5)
in protein identification as well as protein abundance. Comparison of the depletion effi-
ciency between the unfractionated and fractionated samples and the different depletion
strategies, showed efficient depletion in all cases, with the exception of the ion-exchange
kit. The depletion efficiency was found slightly higher in normal than in CKD samples and
normal samples yielded more protein identifications than CKD samples when using both ini-
tial as well as corresponding depleted fractions. Along these lines, decrease in the amount
of albumin and other targets as applicable, following depletion, was observed. Neverthe-
less, these depletion strategies did not yield a higher number of identifications in neither the
urine from normal nor CKD patients. Collectively, when analyzing urine in the context of
CKD biomarker identification, no added value of depletion strategies can be observed and
analysis of unfractionated starting urine appears to be preferable.
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Introduction

Advances in mass spectrometry (MS) have recently facilitated the development of high-
throughput and sensitive analysis methods for proteomics investigations [1-3]. However, pro-
teome analysis of complex biological samples remains challenging, among others due to the
huge abundance differences among individual protein components; for example, in plasma,
the presence of albumin or immunoglobulins (IgG) and other predominant proteins hinder
the detection of less abundant proteins and reduces the efficiency of LC-MS/MS analysis [4].
This masking effect is also expected to be pronounced in the analysis of the urinary proteome
of patients with chronic kidney disease (CKD) who present high levels of urinary albumin [5].
Furthermore, albumin abundance is highly variable between patients with CKD, even with the
same disease etiology, which further complicates the analysis and comparison of the urinary
protein content of these samples [6, 7]. Similarly to plasma [8], the range of protein concentra-
tion in urine spans several orders of magnitude [9, 10]. Due to the fact that the concentration
of potential disease biomarkers might be relatively low, predominant proteins may mask them
and make their identification challenging. Therefore, fractionation and depletion strategies are
generally employed prior to MS analysis [11].

Currently, several fractionation methods for protein depletion are available. Some of them
are based on the separation of proteins by physicochemical properties such as charge (ion-
exchange [12]) or size (size-exclusion chromatography [13]), while others target specific pro-
tein groups or ligands, such as glycosyl groups in the case of glycoproteins [14] or biochemical
properties (i.e. immunoaffinity [15]). These affinity chromatography methods are applicable
for a rapid and selective depletion or enrichment of biomolecules from complex samples [16,
17]. The selection of a fractionation strategy depends on the specific study requirements. For
example, combinatorial peptide ligand libraries, allow for the simultaneous depletion of
highly-abundant proteins and enrichment of low-abundance targets, facilitating their detection
by MS [18]. However, this approach requires relatively high amounts of starting material (hun-
dreds of milliliters of urine) to ensure efficient enrichment of low-abundance proteins; other-
wise, high- and medium-abundance proteins would not fully saturate their ligands and
ultimately the elution would have the same profile as initial sample [19-21]. Since in most
cases low volumes of urine (<1 mL) are available when investigating prospectively collected
samples from clinical cohorts, combinatorial ligand peptide libraries do not appear to be appli-
cable for analysis of such individual urine samples. [21]. Strategies based on the depletion of
abundant proteins require lower initial material compared to combinatorial peptide ligand
libraries [21, 22]. These strategies include immuno-based depletion methods involving selec-
tive binding of target proteins to the stationary phase based on affinity. They are considered to
have high specificity and efficiency and achieve rapid purification or concentration of the ana-
lytes [15]. Another depletion strategy is based on ion-exchange chromatography relying on
attraction of oppositely charged molecules as the basis for separation [12].

Depletion of abundant proteins appears especially relevant when investigating the urinary
proteome of CKD patients, where the levels and variability of highly-abundant proteins notice-
ably increase with each stage of CKD [5]. On the other hand, depletion of abundant proteins
causes co-depletion of several low-abundance proteins, hindering their detection [23-25]. Sev-
eral protein depletion kits are commercially available. These kits are generally designated to be
used for plasma samples and their application has been evaluated in several manuscripts (e.g.
[22, 24, 26-28]). Kulloli et al. [28] applied a kit for depletion of 14 abundant proteins in plasma
prior to analysis by LC-MS/MS. The depletion allowed to enrich the sample for low-abundance
proteins and increased the number of identifications compared to the non-depleted sample
(from approx. 71 to 130 proteins). Similarly, Tu et al. [26] observed a 25% increase in the
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number of identifications when kits depleting 7 or 14 high-abundance proteins were applied
prior to the LC-MS/MS analysis. However, the authors questioned the applicability of the
depletion strategy for the identification of disease biomarkers in plasma, since the low-abun-
dance proteins accounted only for 6% of total identifications and 50 of the proteins with the
highest abundance accounted for 90% of total spectral counts. Along the same lines, two-
dimensional gel electrophoresis (2DE) analyses of plasma samples, where depletion of abun-
dant proteins strategy was applied, demonstrated an increase in the number of spots on the gel.
Yet, most of the newly identified spots, represented different isoforms of high-abundance pro-
teins (e.g. albumin, IgGs) [24, 27].

Various protein depletion kits have been also tested on urine samples [29-32]. Afkarian
etal. [31] depleted albumin and IgG from urine of diabetic patients with or without nephropa-
thy. Subsequently, iTRAQ labeling was performed and the samples were analyzed by
2D-LC-MS (MALDI-TOF/TOF). No increase in the number of identified proteins was
observed in the depleted samples, regardless if the patient was normo- or macro-albuminuric.
On the other hand, Kushnir et al. [30] reported a 2.5-fold increase in the number of protein
identifications by LC-MS/MS after depleting 6 highly abundant proteins (albumin, IgG, alpha-
1 antitrypsin, IgA, transferring and haptoglobin) using multiple affinity removal (MARS) col-
umn (Agilent Technologies, Santa Clara, CA). Abundant protein depletion strategies (14
MARS) in conjunction with iTRAQ labeling were also applied for the identification of potential
bladder cancer biomarkers from urine [33]. The depletion strategy allowed increasing the num-
ber of identifications from approximately 300 proteins in the non-fractionated sample to 500,
and the discovery of a potential biomarker panel for bladder cancer [33].

Collectively, based on the existing conflicting data it is presently unclear whether depletion
strategies are of benefit when analyzing urine samples. In this study, we therefore aimed to
assess the effectiveness of different commercially available depletion strategies for the proteome
analysis of urine samples from CKD patients and healthy controls: four different strategies
(three immunodepletion- and one ion-exchange-based) were applied prior to LC-MS/MS anal-
ysis. The efficiency of depletion, reproducibility, and the overall impact of each strategy on the
number of protein identifications and relative protein quantification were assessed.

Materials and Methods
Sample characteristics

Second morning mid-stream urine samples were employed. To remove cell debris, urine was
centrifuged at 1,000xg for 10 min at 4°C. Two pooled urine samples (with a final volume of
approx. 30 mL each) corresponding, to normal and CKD (stage IV) were generated. Protein
content was estimated by Bradford protein assay. To reduce freeze-thaw cycles to minimum,
samples were aliquoted in 500 pL (40 aliquots per CKD and normal pool) and kept at -20°C
until used. Sample collection was performed in accordance to local ethics requirements and the
study was approved by the local ethics committee ("Macedonia Academy of Sciences and Arts";
ethics subcommittee for medicine, pharmacy, veterinary and stomatology: 07-65711, 1-04-
2013). All individuals gave written informed consent.

Chromatography approaches

500 pL urine aliquots (corresponding to a protein content of 29 pg for normal and 437 ug for

CKD sample) were subjected to buffer exchange applying buffers compatible with each deple-
tion method according to the respective manufacturer, and concentrated to a final volume of

20 pL, using Amicon Ultra Centrifugal Filter Units (3kDa cut-off, Millipore).
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Table 1. Characteristics of the applied depletion strategies.

Depletion kit Company Mechanism Depleted proteins
Seppro Sigma Immunodepletion  Albumin, IgG, a1-Antitrypsin, IgA, IgM, Transferrin, Haptoglobin, a2-Macroglobulin, Fibrinogen,
lgY14 Aldrich Complement C3, a1-Acid Glycoprotein (Orosomucoid), HDL (Apolipoproteins A-l and A-Il), LDL
(mainly Apolipoprotein B)
ProteoPrep  Sigma Immunodepletion  Albumin, IgG
Aldrich
SpinTrap GE Immunodepletion  Albumin, IgG
Healthcare
ProteoSpin Norgen lon-exchange Albumin, alpha-1-antitrypsin, transferrin and haptoglobin
Biotek

doi:10.1371/journal.pone.0133773.1001

Such prepared samples were processed with four commercially available kits targeting the
depletion of abundant proteins (Table 1) according to the manufacturers' protocols. To assess
the reproducibility of each method, five technical replicates of each of the urine samples from
healthy controls and from CKD patients per technique were prepared. Depleted samples were
obtained either from the flow-through fraction for three immuno-based kits: Seppro IgY14
(Sigma-Aldrich, Saint Louis, MO, USA), ProteoPrep (Sigma-Aldrich, Saint Louis, MO, USA)
and SpinTrap (GE Healthcare, Little Chalfont, UK) or in the elution fraction for the ion-
exchange kit: ProteoSpin (Norgen Biotek, Thorold, Canada). Protein content after depletion
was quantified by Bradford protein assay. The protocol for each depletion kit is briefly
described below:

Seppro IgY14: (loading capacity: up to 1000 ug of total protein content) After buffer
exchange to “Dilution Buffer” (100 mM Tris-Buffered Saline, Tris-HCI with 1.5 M NaCl, pH
7.4) and concentration to 20 uL, urine sample was further diluted with the “Dilution Buffer” to
a final volume of 500 pL. Depletion column was centrifuged to remove the storage buffer and
the sample was applied to the column. In brief, the sample was thoroughly mixed with the col-
umn resin and incubated on an end-to-end rotator for 15 minutes. This step ensures binding
of target proteins to the resin. Afterwards, the sample was centrifuged and the first depleted
fraction was collected. Subsequently, to increase the recovery rate of proteins not binding to
the resin, 500 pL of “Dilution Buffer” was added onto the column and centrifuged once more.
Two fractions (0.5 mL each), corresponding to depleted sample, were combined prior to filter-
aided sample preparation (FASP) for LC-MS/MS analysis. The depleted sample was analyzed
by SDS-PAGE and LC-MS/MS. To prepare the column for another use, bound proteins were
stripped off the column resin by applying “Elution Buffer” (1 M glycine, pH 2.5) followed by 3
min incubation, according to the manufacturer’s instructions. Afterwards, the column resin
was rinsed and kept in the storage buffer until further use.

ProteoPrep: (loading capacity: up to 3000 pg of total protein content) After buffer-exchange
to “Equilibration Buffer” (low ionic strength Tris buffer, pH 7.4) and concentration to 20 uL,
the sample was further diluted with “Equilibration Buffer” to a final volume of 100 pL. Diluted
sample was then loaded onto the equilibrated column (prepared according to the manufactur-
er’s instructions) and incubated for 10 minutes to allow binding of the target proteins to the
column resin. This step was repeated once. The sample was centrifuged and in order to collect
remaining unbound proteins, 125 pL of “Equilibration Buffer” was added onto the column.
The depleted sample comprised of the flow-through from previous step and the wash (in total
225 pL). The depleted sample was analyzed by both SDS-PAGE and LC-MS/MS. To collect
bound proteins for analysis by SDS-PAGE, the column was eluted twice with 150 uL of “Pro-
tein Extraction Reagent” (40 mM Trizma Base, 7.0 M urea, 2.0 M thiourea and 1% C,BzO
detergent, pH 10.4). Elution fraction was also kept for further analysis by SDS-PAGE.
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SpinTrap: (loading capacity: up to 3000 ug of total protein content) After buffer-exchange
to “Binding Buffer” (20 mM sodium phosphate, 0.15 M sodium chloride, pH 7.4) and concen-
tration to 20 pL, the sample was diluted with the Binding Buffer to a final volume of 100 pL.
The column was equilibrated, the sample was applied onto the column and incubated for 5
min. Unbound sample components were collected by centrifugation, and the column was
washed twice with 100 pL of “Binding Buffer”. The depleted sample comprised of these three
collected fractions (flow-through of the loaded sample and two washes—300 uL) and was fur-
ther analyzed by SDS-PAGE and LC-MS/MS. Bound proteins were eluted by adding 150 pL of
“Elution Buffer” (0.1 M glycin-HCI, pH 2.7) twice. These obtained fractions (300 pL) were also
combined and further analyzed by SDS-PAGE.

ProteoSpin: (loading capacity: up to 500 pg of total protein content) After buffer-exchange
to “Binding Buffer” (20 mM sodium phosphate, 0.15 M sodium chloride, pH 7.4) and concen-
tration to 20 pL, the sample was diluted with the “Column Activation and Wash Buffer” (com-
position not specified by the manufacturer) to a final volume of 500 pL. The column was
activated followed by application of the diluted sample. During this step, the non-targeted pro-
teins bind to the resin. Afterwards, the samples were centrifuged. The flow-through containing
the highly-abundant target proteins was kept for SDS-PAGE analysis. The column was then
washed twice with 500 pL of “Column Activation and Wash Buffer”. 100 pL of the “Elution
Buffer” (composition not specified by the manufacturer) was added and the column was centri-
fuged. This step was repeated twice. Collected fractions (200 pL) were combined. This depleted
sample was analyzed by SDS-PAGE and LC-MS/MS.

1-dimensional gel electrophoresis (SDS-PAGE)

15pL of each chromatography fraction were loaded on a 10% acrylamide gel and SDS-PAGE
was performed. The gels were stained with silver [34].

Sample preparation for LC-MS/MS

Urine samples (5 replicates each) prior to or after subjecting to fractionation (Table 1) were
processed following the FASP protocol, commonly applied in our laboratory as described pre-
viously [35], with minor modifications. Specifically, in brief, samples were concentrated to a
final volume of 50 uL using Amicon Ultra Centrifugal Filter Units (30kDa cut-off, Millipore,
Billerica, MA, USA) at 13,000 rpm and incubated with 0.1 M 1,4-Dithioerythritol for 20 min.
Subsequently, two centrifugal wash steps were performed by adding 200 pL urea buffer (8M
urea in 0.1M TRIS-HCI, pH 8.5). After these centrifugation steps, protein alkylation was con-
ducted by adding 100 uL of iodoacetamide solution (0.05M iodoacetamide in urea buffer) and
incubating the mixture for 20 min in the dark. Afterwards, two additional washes with urea
buffer were performed followed by two washes with ammonium bicarbonate (ABC) buffer
(50mM NH,4HCO;, pH 8). Overnight digestion was conducted by adding trypsin solution in
ABC bulffer (trypsin to protein ratio—1:100). Peptides were eluted by centrifugation followed
by filter washing with 40 uL. ABC solution. The peptide mixture was lyophilized and resus-
pended in 20 uL (for urine from healthy controls) and 200uL (for urine from CKD patients) of
mobile phase A (0.1% formic acid), due to the different protein load of the two samples.

LC-MS/MS analysis

6pL (corresponding to 30% for normal and 3% for CKD samples of the respective total peptide
mixtures) of the prepared peptide mixture were analyzed on a Dionex Ultimate 3000 RSLS
nano flow system (Dionex, Camberly UK). After loading onto a Dionex 0.1x20 mm 5 pm C18
nano trap column at a flow rate of 5 pl/min in 98% 0.1% formic acid and 2% acetonitrile,
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sample was eluted onto an Acclaim PepMap C18 nano column 75 pmx50 cm (Dionex, Sunny-
vale, CA, USA), 2 um 100 A at a flow rate of 0.3 pl/min. The trap and nano flow column were
maintained at 35°C. The samples were eluted with a gradient of solvent A: 0.1% formic acid;
solvent B: 100% acetonitrile, 0.1% formic acid, starting at 2%B for 10 min, rising to 5%B at 11
min, 15%B at 73 min and 55%B at 95 min. The column was then washed and re-equilibrated
prior to injection of the next sample.

The eluant was ionized using a Proxeon nano spray ESI source operating in positive ion
mode into an Orbitrap Velos FTMS (Thermo Finnigan, Bremen, Germany). Ionization voltage
was 2.2 kV and the capillary temperature was 250°C. The mass-spectrometer was operated in
MS/MS mode scanning from 350 to 2,000 amu. The resolution of ions in MS1 was 60,000 and
15,000 for HCD MS2. The top 20 multiply charged ions were selected from each scan for MS/
MS analysis using HCD at 35% collision energy.

Protein identification and data processing

Protein identification was performed using the SEQUEST search engine (Proteome Discoverer
1.4, Thermo Scientific). Protein search was performed against the SwissProt human protein
database (30.10.2013) containing 20277 entries without protein isoforms. The following search
parameters were applied: i) fragment mass tolerance: 0.05Da; ii) full tryptic digestion; iii) max
missed cleavage sites: 2; iv) static modifications: carbamidomethylation of cysteine; v) dynamic
modifications: oxidation of methionine; vi) event detector mass precision: 2 ppm; vii) min. pre-
cursor mass: 600 Da; viii) max. precursor mass: 5000 Da; ix) min. collision energy: 0 eV; x)
max. collision energy 100 eV; xi) target FDR (strict): 0.01; xii) target FDR (relaxed): 0.05; xiii)
FDR validation based on: q-Value. Obtained results were further processed by applying the fol-
lowing filters: i) high confidence (FDR <1%); ii) mass peak deviation: 5 ppm; iii) at least one
unique peptide per protein; iv) peptide and protein grouping were enabled. Additionally, since
the same peptide can be associated with two (or more) different sequences in different experi-
ments and hence be “lost” for comparison, we initially collected information on the top5
ranked sequences. In the next steps using an in-house developed software (described in the
next paragraph), these sequences were harmonized so that the most probable sequence per
peptide is assigned, improving the data consistency.

Specifically, the list of peptides was exported from “Proteome Discoverer” and processed fur-
ther as follows; For each spectrum, the corresponding sequence was defined based on the rela-
tive number of sequence identifications in each sample. The relative quantitative analysis was
performed based on the peptide area values. Obtained sequences for all technical replicates were
merged. Peptides were assigned to the corresponding proteins after merging the list of peptides
from 5 technical replicates. Peptides corresponding to multiple proteins were assigned to the
protein identified based on the highest number of peptides (“Occam’s Razor rule” [36]). Due to
a bug in “Proteome Discoverer”, for a limited number of peptide identifications the area was not
retrieved. If such situation occurred, missing values were replaced by the mean area for the
group. Only peptides reported in more than 60% of the samples (3 out of 5 technical replicates)
were considered for the calculations of the number of peptide and protein identifications, pro-
tein peak areas, sequence coverage, evaluation of consistency and statistical analysis.

Protein peak area was calculated based on the average of top three most abundant peptides
for a given protein. Subsequently, normalization of the protein peak areas was conducted.
Depletion targets and putative targets were excluded from calculating total sample peak area,
since levels of these proteins change between each method applied, introducing bias and falsely
increasing the abundance of other proteins. Therefore, the data were normalized based on
non-target proteins, which, in principle, should remain unchanged. The validity of this method
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was confirmed following a comparison of normalized values to ELISA measurements of albu-
min (data not shown). As putative depletion targets, we consider proteins with high homology
to targeted proteins (Table 1), therefore of potential affinity to the corresponding antibody (for
example, different complement factors—see S2 Table for the list of excluded proteins). Proteins
identified with at least one unique peptide were included in the analysis.

Average protein area based on top 3 peptides

Total peak area (of non — targets) in the sample based on average of top 3 peptides per protein i

Immunoglobulin chains were combined into the following proteins, representing the abun-
dant proteins from the group: Ig gamma-1 chain C region (comprising of lambda, gamma and
kappa and heavy chains), Ig alpha-1 chain C region (comprising of Ig alpha chains and J chain)
and Ig mu chain C region.

Statistical analysis was based on the unequal variance 2-tailed Student's t-test. Proteins with
p-value <0.05 and ratio >1.5 or <0.66 were considered as statistically significant. Additionally,
in the case of relative protein abundance, obtained p-values were adjusted by applying Benja-
mini-Hochberg correction for multiple testing.

Results
SDS-PAGE analysis

Four commercially available depletion kits were employed to estimate their efficiency and
reproducibility in combination with LC-MS/MS analysis of urinary proteins. Five technical
replicates were performed in each case, using urine from normal or CKD patients. In addition,
5 technical replicates of each of the urine from CKD and normal patients (unfractionated -
starting material) were analyzed to assess effectiveness of protein depletion. Since the study
aims at the evaluation of depletion strategies in biomarker discovery using samples from large
clinical cohorts, where typically low-urine volumes are available per researcher, the analysis
was performed using a starting volume of 500 pL (without targeting specific starting protein
amounts, regularly not feasible in such studies).

Fractionation was performed according to the manufacturer’s instructions with minor
adaptations, as described in the Materials and Methods section. Bradford assay was performed
to estimate the total protein content in urine samples after depletion. Protein amounts at differ-
ent steps of the analysis, when determined, are presented in Fig 1. The total protein content
prior to depletion was estimated at 29 pug (normal) and 437 ug (CKD). In the case of normal
sample, the protein content after depletion was below the limit of detection, regardless of the
method applied. For the CKD sample, after applying ProteoPrep and SpinTrap kits, the protein
content was estimated at 48 ug and 65 pg respectively. The highest protein amount remaining
in the sample after depletion was observed for ion-exchange-based ProteoSpin kit, (estimated
at 135 pg). For Seppro IgY14, the respective protein content was below the limit of detection.
As shown, protein measurements in the depleted fraction vary among different methods, as
expected in part based on their specificity.

Depleted urine fractions were then subjected to SDS-PAGE analysis to investigate efficiency
and reproducibility of each depletion strategy. Representative gel fractions per method are pre-
sented in Fig 2 and all of the analyzed SDS-PAGE gels are shown in S1-S5 Figs. Gel patterns of
the depleted fractions indicate reproducibility in all cases (evidenced in S1-S5 Figs), as esti-
mated by their high similarity among technical replicates. As shown based on this gel image
analysis, the immuno-based methods appear to have a higher depletion efficiency compared to
the ion-exchange strategy, in overall agreement with the measured protein concentration.
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Fig 1. Protein amounts at different steps of the analysis as estimated by Bradford measurements. ND: not determined due to measurements being
below the limit of detection (i.e. concentration < 0.2 pug/uL).

doi:10.1371/journal.pone.0133773.g001

Urine peptides and proteins identified by LC-MS/MS

Urine samples prior to or after depletion were processed according to the FASP protocol and
analyzed by LC-MS/MS. The numbers of identified peptides per run for each of the five techni-
cal replicates per method were compared (Fig 3). For urine of healthy controls, the highest
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Fig 2. Representative SDS-PAGE results for fractionated and non-fractionated samples (normal and CKD). The figure represents initial urine, flow-
through and elution for each of the depletion kits applied. The fractions representing depleted sample and albumin as a common protein depleted by all the
kits are marked. |—Initial urine (non-fractionated sample); F—Flow-through fraction; E—Elution. The same protein amounts were loaded onto the gels for

initial sample (lane 2 in all cases). Any observed differences in staining intensities are attributed to differences in the silver staining procedure.

doi:10.1371/journal.pone.0133773.9002

number of peptides was identified from the initial (unfractionated) sample (approx. 2,400 pep-
tides) and in the depleted fraction processed by ProteoPrep kit (approx. 2,150 peptides), fol-

lowed by ProteoSpin, Seppro IgY14 and SpinTrap kits (approx. 1,500 peptides). The most
significant differences in the number of identifications, were found between initial urine and
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Fig 3. Average number of peptides identified per method.
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doi:10.1371/journal.pone.0133773.g003
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Table 2. Comparison of the number of peptide identifications, PSMs, search inputs and TICs for normal and CKD sample.

Normal
Analysis Average number of identified Average number of Average number of Search Average total ion current [sum of the peak
method peptides PSMs inputs areas]
Seppro IgY14 1495 4978 15813 7.98E+10
ProteoPrep 2142 6263 18092 2.55E+11
SpinTrap 1306 4363 15685 9.07E+10
ProteoSpin 1575 5184 15725 6.73E+10
Total urine 2380 10650 21576 3.86E+11
CKD

Seppro IgY14 1197 5646 15905 5.06E+10
ProteoPrep 1350 6980 16628 9.02E+11
SpinTrap 1264 6667 16425 8.26E+10
ProteoSpin 1399 8772 19192 2.00E+11
Total urine 1234 9055 22455 4.34E+11

doi:10.1371/journal.pone.0133773.1002

Seppro IgY14, SpinTrap and ProteoSpin kits (p-value < 0.0002). In the case of urine from
CKD patients, no significant difference in the number of detected peptides could be observed
when comparing the output of the different methods (approx. 1250 peptides in the unfractio-
nated and all depleted fractions).

To rule out that differences in the number of identifications is related to undersampling
and/or MS data quality, we investigated the number of obtained peptides, number of PSMs,
search inputs (MS/MS scans), and total ion currents (TICs) obtained in each case. As demon-
strated in Table 2, the average numbers of PSMs, search inputs and TICs were comparable
among CKD and normal samples per depletion strategy. Nevertheless, in the case of CKD, the
number of peptide identifications is lower compared to the respective number from normal.
This suggests that for CKD, a larger fraction of the MS/MS scans is on the same, highly-abun-
dant peptides.

Comparable numbers of proteins identified in at least three out of five replicates per tech-
nique were detected in all cases (approx. 390 in normal and 160 in CKD samples). Overall,
more proteins were detectable in the normal urine than in CKD sample (p-value = 0.0002).
This observation applies for both total urine and fractionated samples (Table 3). All techniques
were found to be reproducible in terms of received protein identifications, as shown in Table 3.
In all cases, at least 80% of identified proteins were detected in all 5 replicates.

Table 3. Total number (sum) of identified proteins per depletion strategy for normal and CKD sample (in at least 3, 4 and 5 technical replicates).
For both depleted and non-depleted sample the number of identifications is higher in normal than in CKD urine.

Normal
Name of the kit Seppro IgY14 ProteoPrep SpinTrap ProteoSpin Total urine
Proteins identified in 5 replicates 287 387 265 276 362
Proteins identified in 4 replicates 321 420 299 315 397
Proteins identified in 3 replicates 354 466 352 361 431
CKD
Name of the kit Seppro IgY14 ProtoPrep SpinTrap ProteoSpin Total urine
Proteins identified in 5 replicates 113 151 159 116 132
Proteins identified in 4 replicates 124 164 172 126 146
Proteins identified in 3 replicates 137 172 185 139 159

doi:10.1371/journal.pone.0133773.t003
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Among the detected proteins, 33% and 36%, which correspond to 205 proteins (normal) or
90 proteins (CKD), are identified by all methods (S6 Fig). These include many highly-abundant
proteins such as albumin, vitamin D-binding protein, clusterin, zinc-alpha-2-glycoprotein,
uromodulin and beta-2-microglobulin (S2 Table). This "core proteome" corresponds to 53%
(+/-7%; normal) and 58% (+/-8%; CKD) of total identifications received per method. In fact,
these common proteins correspond to approx. 95% of the total protein peak area in all analyzed
samples. The percentage of identified proteins that are unique per analysis method is low, in
the range of 10-15% (S2 Table).

To confirm efficiency of analysis, the applied LC-MS/MS protocol was compared to various
alternative experimental conditions including: Top 20 versus Top 10 or Top 7 MS/MS analysis;
injection of 1 versus 4 pg of protein. In all cases no substantial difference to the presented data
could be observed. Importantly, the applied protocol provided average numbers of received
MS/MS scans similar to numbers reported in published high resolution datasets [37, 38].

Changes in protein sequence coverage after protein depletion

Peptide sequences per protein identified from the five technical replicates were combined and
used for coverage calculations (S2 Table). The coverage from depleted samples was compared
with the coverage from initial samples (log, ratio depleted/initial urine) (S7-S10 Figs). For all
samples from healthy controls, the depletion reduced sequence coverage of protein targets
compared to the undepleted urine (from 5% reduction for IgG, up to 90% for serotransferrin in
Seppro IgY14 kit). Similarly, in the case of CKD samples, sequence coverage slightly decreased
for all depletion targets after application of the albumin and IgG depletion kits (ProteoPrep
and SpinTrap) (S8 and S9 Figs). Decrease in the sequence coverage of three target proteins was
not observed after fractionation through Seppro IgY14 (S7 Fig): albumin, alpha-1-acid glyco-
protein 1 and immunoglobulin alpha. Similarly, sequence coverage did not decrease for alpha-
1-antitrypsin after applying ProteoSpin kit (S10 Figs). Among the non-target proteins, no clear
trend or impact on sequence coverage could be observed following application of depletion
strategies (S7-5S10 Figs).

To further investigate this issue, the number of PSMs in relation to sequence coverage was
studied. A positive correlation between protein sequence coverage and PSMs could be observed
in all cases: if the sequence coverage for a given protein was higher in the depleted sample com-
pared to the unfractionated urine, so was the number of respective PSMs. Similarly, decrease in
protein sequence coverage was associated with lower number of PSMs (data not shown). This
correlation was in the range of 60%-70% for normal and 70%-80% for CKD samples.

Changes in relative abundance after protein depletion

To estimate the variability in protein abundance between technical replicates, the coefficient of
variation for the 50 most abundant proteins from each sample and for the whole protein data-
set was calculated (Fig 4). The list of 50 most abundant proteins per method tested is summa-
rized in S3 Table. In the normal urine sample, higher variability was observed for Seppro
IgY14, SpinTrap and ProteoSpin (CVs in the range of 26% for 50 most abundant and 40% for
whole dataset). ProteoPrep and initial urine demonstrated variabilities in the range of 14% for
the 50 most abundant, and 30% for the whole dataset. In the case of CKD samples, all of the
analysis strategies demonstrated similar CV's (approx. 10% for 50 most abundant and 28% for
the whole dataset), with the exception of Seppro IgY14, which showed a higher CV (27% for
the 50 most abundant and 40% for the whole dataset). In all cases the variability increases (by
approxiamately 16% for the 50 most abundant proteins) when low-abundance proteins are
included in the CV calculations.
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Fig 4. Coefficient of variation for 50 most abundant proteins and whole dataset for A) Normal, B) CKD
urine. Normal samples appear having higher variability compared to the CKD samples, nevertheless this
difference is not significant. Additionally and as expected, the variability increases when low-abundance
proteins are included in the CV calculations.

doi:10.1371/journal.pone.0133773.9g004

To evaluate the effect of depletion on relative abundance of proteins, a comparison of relative
abundance of individual proteins between a depletion method and the undepleted urine was
conducted. The enrichment or depletion of proteins was calculated based on the log, ratio of
signal intensity in the depleted against initial urine (S11-S14 Figs). Additionally, in Fig 5 the rel-
ative abundance of 20 most abundant proteins from undepleted urine (for normal and CKD)
was compared to their abundance from corresponding depleted fractions. In the case of deple-
tion targets, the application of immuno-based methods resulted in the reduction of their relative
abundance. This observation is valid for urine from both normal and CKD patients. However,
for the ion-exchange method (S14 Fig), the depletion was not efficient for serotransferrin in nor-
mal urine and for alpha-1-antitrypsin and albumin for CKD. When non-target proteins were
compared, no clear trend in the abundance (increase or decrease) was observed. Collectively,
similarly to protein sequence coverage, protein depletion had a variable impact on protein abun-
dance, suggesting no added value of these strategies for the analysis of urine samples.

The depletion efficiency of the tested kits was also further estimated as follows: the relative
abundance of albumin, as a target for all depletion kits, was compared before and after applica-
tion of the fractionation strategies. As shown in Fig 5, significant depletion of Albumin was
observed for normal samples: (approx. 98% decrease for all three immuno-based methods and
45% decrease for ion-exchange). For the urine from CKD patients, the most efficient depletion
was observed for the albumin and IgG depletion kits: SpinTrap ProteoPrep and (95% and 91%
decrease respectively), followed by the Seppro IgY14 (63% decrease). The depletion was ineffi-
cient in case of using ion-exchange ProteoSpin kit. Collectively, immuno-based methods out-
performed the ion-exchange-based strategy in depleting albumin. Additionally, all three
immuno-depletion kits depleted albumin with similar efficiency in the case of normal samples,
whereas albumin and IgG depletion kits (ProteoPrep and SpinTrap) demonstrated higher
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Fig 5. Relative abundance of 20 most abundant proteins derived from undepleted urine and comparison of their abundance with corresponding
depleted fractions for urine from healthy controls and CKD patients. Efficient depletion of target proteins is observable for all methods, with the
exception of albumin for ProteoSpin in CKD sample. * Denotes significant changes compared to initial urine. ABMP: protein AMBP, ALBU: albumin, IGHG1:
Ig gamma-1 chain region, UROM: uromodulin, KNG1: kininogen 1, APOD: apolipoprotein D, OSTP: osteopontin, PTGDS: prostaglandin-H2 D-isomerase,
P3IP1: phosphoinositide-3-kinase-interacting protein 1, RNAS1: ribonuclease pancreatic, THRB: prothrombin, AMY2B: alpha-amylase 2B, CD59: CD59
glycoprotein, ZA2G: zinc-alpha-2-glycoprotein, MASP2: mannan-binding lectin serine protease 2, IGHA1: Ig alpha-1 chain C region, CD44: CD44 antigen,
EGF: pro-epidermal growth factor, RNAS2: non-secretory ribonuclease, VASN: vasorin, A1AT: alpha-1-antitrypsin, TRFE: serotransferrin, HPT: haptoglobin,
HEMO: hemopexin, A1AG1: alpha-1-acid glycoprotein 1, RET4: retinol-binding protein 4, VTDB: vitamin D-binding protein, FETUA: alpha-2-HS-
glycoprotein, IGLL5: immunoglobulin lambda-like polypeptide 5, APOA1: apolipoprotein A-l, A1AG2: alpha-1-acid glycoprotein 2, APOH: beta-2-glycoprotein
1, CERU: ceruloplasmin.

doi:10.1371/journal.pone.0133773.g005

depletion effectiveness compared to Seppro IgY14 for CKD. These results are in agreement
with the SDS-PAGE analysis (Fig 2), where the highest albumin band intensity reduction was
observed for ProteoPrep and SpinTrap, followed by Seppro IgY14 (see SDS-PAGE Analysis
section). Of note, the relative abundance of Albumin based on MS data is noticeably higher in
the initial CKD sample (approx. 65% of the total peak area) compared to normal (approx. 25%
of the total peak area).

Discussion

The main goal of the study was to evaluate the applicability of depletion of abundant proteins
in urine samples from CKD patients and controls, at starting volumes regularly available from
large clinical cohorts, using commercially available kits, originally designed for plasma. Based
on the gel profiles from SDS-PAGE and the number of identified peptides from LC-MS/MS,
each depletion strategy is reproducible, and in the case of normal samples, albumin as a target
protein is efficiently depleted. For CKD samples, immunodepletion kits efficiently depleted
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albumin and the highest efficiency was observed for albumin and IgG depletion kits (Proteo-
Prep and SpinTrap) followed by Seppro IgY14 (Fig 2 and Fig 5).

The reduced efficiency of Seppro IgY14 may be attributed to potential column overloading-
even though this was not expected to be the case based on the manufacturer’s instructions: Sep-
pro IgY14 is designed to work with plasma, where the concentration of highly-abundant pro-
teins is substantial. Additionally, the loaded protein amount in this study (437 pg) was not
even half of the column binding capacity (1 mg max. column binding capacity). The reason(s)
of the lower efficiency of Seppro IgY14 in depleting albumin in CKD urine is still unknown.
The jon-exchange-based ProteoSpin kit was found to be the least efficient in eliminating target
proteins from both normal and CKD urine. This was expected due to the highly-specific nature
of immuno-based mechanism employed in the other kits [15].

Regardless whether a depletion method was applied or not, the number of protein identifi-
cations from LC-MS/MS analysis were comparable. In all cases, in the urine from CKD patients
fewer proteins were identified in comparison to urine from healthy controls, even though the
number of PSMs, MS/MS scans and TICs were similar per method. This may indicate that,
even upon depletion, the potential masking effect from highly abundant proteins still exists.
After depletion of the target highly-abundant proteins, other non-targeted high and medium-
abundance molecules (e.g. protein AMBP, vitamin D-binding proteins, zinc-alpha-2-glycopro-
tein, uromodulin) likely maintain the masking effect. Alternatively, a large number of proteins
may be below the limit of detection (estimated at low femtomole range for the applied mass
spectrometer) and therefore, any positive impact of depletion on proteome coverage cannot be
observed. Collectively, comparable numbers of received identifications between different strat-
egies, as well as the presence of unique proteins in both fractionated and initial urine indicate
no benefit of depletion for biomarker identification purposes.

Our results are not in agreement with Kushnir et al. [30] findings, where the employment of
a multiple affinity removal (MARS) column allowed increasing the number of identifications
in urine from 60 to 142 in CKD patients. Still, in our presented study the number of protein
identifications is higher in comparison, possibly a result of a less sensitive instrument used by
the authors (Q-TOF equipped with a ChipCube). The immuno-based depletion strategies were
also evaluated in 2D gel proteomics experiments [24, 27, 39, 40]. In these cases the number of
unique identifications did not change significantly following depletion.

In order to evaluate the validity of the obtained protein identifications from urine from
healthy controls, 100 most abundant (as the most reliable) proteins from each analysis method
(i.e. undepleted and fractionated samples), were compared with the identifications from three
manuscripts reporting on the analysis of urine proteome from healthy individuals [41-43]. In
each case, approx. 90 out of the 100 most abundant proteins identified in the present study
were also reported in these manuscripts. When expanding the comparison from the 100 most
abundant to the whole dataset an overlap of approx. 60%, for the normal samples was observed,
similar to the overlap of protein identifications between the three different studies. These simi-
larities between different datasets representing normal urine support the validity of our data.
To estimate the validity of obtained identifications from CKD samples, proteins from all CKD
datasets were compared with molecules associated with renal diseases reported in the literature
[44-46]. Due to the too small sample size tested to evaluate differential expression of these mol-
ecules, our focus was set only on their presence. Several of these disease-associated proteins
were identified in all datasets (i.e. albumin, neutrophil gelatinase-associated lipocalin, cystatin
C, osteopontin, clusterin, beta-2-microglobulin). A few were unique for applied strategies:
metalloproteinase inhibitor 1 was present in three kits (Seppro IgY14, SpinTrap and ProteoS-
pin), fatty acid-binding protein was unique for unfractionated sample and connective tissue
growth factor for SpinTrap kit.
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Based on the available literature data and in line to our observations, a number of non-tar-
geted proteins are also depleted to some degree [23-25], negatively affecting the analysis. This
effect may be related to the fact that targeted proteins may form stable complexes with non-tar-
geted proteins resulting in their co-depletion. This co-depletion mechanism was observed in a
number of studies (i.e. [23-25]). For example, Granger et al. [23] demonstrated that depletion
of albumin removed also low-abundance proteins including cytokines from plasma samples.
Similarly, Stempfer et al. [25], spiked 6 recombinant cytokines in serum samples and showed
that application of depletion methods reduced the cytokine levels.

The application of depletion strategies did not improve the proteome or sequence coverage.
Given that the overall data quality and quantity (as reflected by the number of MS/MS scans—
Table 2) were not significantly affected following fractionation, the fact that no clear increase
in proteome and sequence coverage could be observed may be attributed to the following fac-
tors: proteome complexity rendering effects of depletion per protein are unpredictable, lack of
sufficient depletion to generate an observable impact on coverage as well as peptides (even if
enriched) still remaining below the limit of detection (i.e. undersampling at an individual pro-
tein level).

Comparison of changes in protein abundance for overlapping identifications prior to and
after depletion was also performed by Tu et al. [26] for plasma samples using MARS columns.
In contrast to the present study, where no clear advantage of protein depletion was observed,
the authors found that most of the non-targeted proteins were enriched after depletion. This
discrepancy may be related to: i) depletion was evaluated in plasma samples, not urine, and ii)
significantly higher starting protein content was used.

Target proteins were less efficiently depleted in the urine from CKD patients compared to
normal, regardless of the depletion strategy applied, even though the protein content loaded
onto the depletion column was always (according to the manufacturers protocols) below their
loading capacity. However, it may be that the actual loading capacity is lower than claimed.

In conclusion, the depletion of abundant proteins does not present an added value for the
study of the urine proteome, at least when starting with small urine volumes (less than 1 mL),
regularly available in large clinical studies. No significant improvement in the number of iden-
tifications, protein sequence coverage or relative abundance in comparison to the undepleted
samples were detected using different methods in the current study. Moreover, the depletion
introduced additional variability. Depletion of targeted proteins was substantially more effi-
cient in normal than for CKD samples, suggesting that additional disease-related factors may
impair the depletion efficiency. Therefore, for the urinary proteomics studies especially in the
context of CKD, analysis of total rather than depleted urine appears preferable.

Supporting Information

S1 Table. Peptide lists for all analysis methods.
(XLSX)

$2 Table. Lists of common and unique identifications for depleted samples and initial
urine for all strategies.
(XLSX)

$3 Table. 50 most abundant proteins for each depletion strategy and unfractionated sample
for normal and CKD urine. X denotes that the protein was found as one of the 50 most abun-
dant in the respective analysis method.

(XLSX)
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S1 Fig. SDS-PAGE gel profiles for Seppro I1gY14 depletion kit for normal samples: Depleted
fractions and albumin as a target protein are marked. M—molecular size marker. [—initial
urine. F—Flow-through fraction. W—Wash. E—Elution. 1-4 —consecutive numbers of flow-
through/wash/elution within one replicate.

(TIF)

S2 Fig. SDS-PAGE gel profiles for Seppro IgY14 depletion kit for CKD samples: Depleted
fractions and albumin as a target protein are marked. M—molecular size marker. I—initial
urine. F—Flow-through fraction. W—Wash. E—Elution. 1-4 —consecutive numbers of flow-
through/wash/elution within one replicate.

(TTF)

S3 Fig. SDS-PAGE gel profiles for ProtePrep depletion kit. Depleted fractions and albumin
as a target protein are marked. M—molecular size marker. [—initial urine. F—Flow-through
fraction. E—Elution. I-V—number of technical replicate.

(TIF)

$4 Fig. SDS-PAGE gel profiles for SpinTrap depletion kit. Depleted fractions and albumin
as a target protein are marked. M—molecular size marker. [—initial urine. F—Flow-through

fraction. E—Elution. I-V—number of technical replicate.
(TIF)

S5 Fig. SDS-PAGE gel profiles for ProteoSpin depletion kit. Depleted fractions and albumin
as a target protein are marked. M—molecular size marker. [—initial urine. F—Flow-through
fraction. E—Elution. I-V—number of technical replicate.

(TTF)

S6 Fig. Venn Diagram [47]: unique identifications for urine from A) normal B) CKD
patients. In total 612 and 251 unique proteins, in at least three out of five replicates, were iden-
tified in normal and CKD samples respectively. Approximately 33% of the identifications are
shared between non-depleted and depleted urine in normal or CKD sample.

(TIF)

§7 Fig. Changes in protein sequence coverage for overlapping identifications between Sep-
pro IgY14 depleted sample and initial urine. X axis represents the protein sequence coverage
of the initial urine. The changes after applying the depletion strategy are presented on Y-axis
(with log, scale) as a ratio of depleted versus non-depleted sample. Proteins, with increased
sequence coverage are presented above the ratio of 0 on the Y-scale and with decreased below
the ratio of 0. Proteins with a ratio of 0 show the same coverage in the initial and depleted sam-
ple. Sequence coverage for immunoglobulins is presented as an average coverage for all pro-
teins combined in the group. Protein targets for depletion kit are marked as red dots (see
Table 1). Protein targets for which the protein sequence coverage increased after depletion are
marked by an arrow.

(TIF)

S8 Fig. Changes in protein sequence coverage for overlapping identifications between
ProteoPrep depleted sample and initial urine. X axis represents the protein sequence cover-
age of the initial urine. The changes after applying the depletion strategy are presented on Y-
axis (with log, scale) as a ratio of depleted versus non-depleted sample. Proteins, with
increased sequence coverage are presented above the ratio of 0 on the Y-scale and with
decreased below the ratio of 0. Proteins with a ratio of 0 show the same coverage in the initial
and depleted sample. Sequence coverage for immunoglobulins is presented as an average
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coverage for all proteins combined in the group. Protein targets for depletion kit are marked
as red dots (see Table 1).
(TIF)

S9 Fig. Changes in protein sequence coverage for overlapping identifications between Spin-
Trap depleted sample and initial urine. X axis represents the protein sequence coverage of
the initial urine. The changes after applying the depletion strategy are presented on Y-axis
(with log, scale) as a ratio of depleted versus non-depleted sample. Proteins, with increased
sequence coverage are presented above the ratio of 0 on the Y-scale and with decreased below
the ratio of 0. Proteins with a ratio of 0 show the same coverage in the initial and depleted sam-
ple. Sequence coverage for immunoglobulins is presented as an average coverage for all pro-
teins combined in the group. Protein targets for depletion kit are marked as red dots (see

Table 1).

(TIF)

$10 Fig. Changes in protein sequence coverage for overlapping identifications between
ProteoSpin depleted sample and initial urine. X axis represents the protein sequence cover-
age of the initial urine. The changes after applying the depletion strategy are presented on Y-
axis (with log, scale) as a ratio of depleted versus non-depleted sample. Proteins, with increased
sequence coverage are presented above the ratio of 0 on the Y-scale and with decreased below
the ratio of 0. Proteins with a ratio of 0 show the same coverage in the initial and depleted sam-
ple. Sequence coverage for immunoglobulins is presented as an average coverage for all pro-
teins combined in the group. Protein targets for depletion kit are marked as red dots (see

Table 1). Protein targets for which the protein sequence coverage increased after depletion are
marked by an arrow.

(TIF)

S11 Fig. Changes in protein abundance for overlapping identifications between Seppro
IgY14 depleted sample and initial urine. The scatterplots present the protein relative abun-
dance changes after protein depletion in comparison to the initial sample. X axis represents the
normalized protein abundance for initial urine in logarithmic scale (log,). Proteins on the Y
axis (log, scale) above a ratio of 0 are enriched in comparison to initial urine, while those below
the ratio of 0 are depleted. Proteins with a ratio 0 show the same relative abundance in the ini-
tial and depleted sample. Protein abundance for immunoglobulins is presented as a sum of the
abundance for all combined proteins in the group. Protein targets for depletion kit are marked
as red dots (see Table 1).

(TTF)

$12 Fig. Changes in protein abundance for overlapping identifications between ProteoPrep
depleted sample and initial urine. The scatterplots present the protein relative abundance
changes after protein depletion in comparison to the initial sample. X axis represents the nor-
malized protein abundance for initial urine in logarithmic scale (log,). Proteins on the Y axis
(log, scale) above a ratio of 0 are enriched in comparison to initial urine, while those below the
ratio of 0 are depleted. Proteins with a ratio 0 show the same relative abundance in the initial
and depleted sample. Protein abundance for immunoglobulins is presented as a sum of the
abundance for all combined proteins in the group. Protein targets for depletion kit are marked
as red dots (see Table 1).

(TIF)

$13 Fig. Changes in protein abundance for overlapping identifications between SpinTrap
depleted sample and initial urine. The scatterplots present the protein relative abundance
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changes after protein depletion in comparison to the initial sample. X axis represents the nor-
malized protein abundance for initial urine in logarithmic scale (log,). Proteins on the Y axis
(log, scale) above a ratio of 0 are enriched in comparison to initial urine, while those below the
ratio of 0 are depleted. Proteins with a ratio 0 show the same relative abundance in the initial
and depleted sample. Protein abundance for immunoglobulins is presented as a sum of the
abundance for all combined proteins in the group. Protein targets for depletion kit are marked
as red dots (see Table 1).

(TIF)

$14 Fig. Changes in protein abundance for overlapping identifications between ProteoSpin
depleted sample and initial urine. The scatterplots present the protein relative abundance
changes after protein depletion in comparison to the initial sample. X axis represents the nor-
malized protein abundance for initial urine in logarithmic scale (log,). Proteins on the Y axis
(log, scale) above a ratio of 0 are enriched in comparison to initial urine, while those below the
ratio of 0 are depleted. Proteins with a ratio 0 show the same relative abundance in the initial
and depleted sample. Protein abundance for immunoglobulins is presented as a sum of the
abundance for all combined proteins in the group. Protein targets for depletion kit are marked
as red dots (see Table 1). Protein targets for which the relative abundance increased after deple-
tion are marked by an arrow.

(TIF)
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Abstract

High resolution proteomics approaches have been successfully utilized for the comprehen-
sive characterization of the cell proteome. However, in the case of quantitative proteomics
an open question still remains, which quantification strategy is best suited for identification
of biologically relevant changes, especially in clinical specimens. In this study, a thorough
comparison of a label-free approach (intensity-based) and 8-plex iTRAQ was conducted as
applied to the analysis of tumor tissue samples from non-muscle invasive and muscle-inva-
sive bladder cancer. For the latter, two acquisition strategies were tested including analysis
of unfractionated and fractioned iTRAQ-labeled peptides. To reduce variability, aliquots of
the same protein extract were used as starting material, whereas to obtain representative
results per method further sample processing and MS analysis were conducted according
to routinely applied protocols. Considering only multiple-peptide identifications, LC-MS/MS
analysis resulted in the identification of 910, 1092 and 332 proteins by label-free, fraction-
ated and unfractionated iTRAQ, respectively. The label-free strategy provided higher pro-
tein sequence coverage compared to both iTRAQ experiments. Even though pre-fraction of
the iTRAQ labeled peptides allowed for a higher number of identifications, this was not
accompanied by a respective increase in the number of differentially expressed changes
detected. Validity of the proteomics output related to protein identification and differential
expression was determined by comparison to existing data in the field (Protein Atlas and
published data on the disease). All methods predicted changes which to a large extent
agreed with published data, with label-free providing a higher number of significant changes
than iTRAQ. Conclusively, both label-free and iTRAQ (when combined to peptide
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fractionation) provide high proteome coverage and apparently valid predictions in terms of
differential expression, nevertheless label-free provides higher sequence coverage and ulti-
mately detects a higher number of differentially expressed proteins. The risk for receiving
false associations still exists, particularly when analyzing highly heterogeneous biological
samples, raising the need for the analysis of higher sample numbers and/or application of
adjustment for multiple testing.

Introduction

Application of mass spectrometry-based quantitative approaches has largely contributed to the
emerging role of proteomics [1]. Quantitative analysis has been widely applied in various pro-
teomics fields such as a) clinical proteomics [2, 3], b) subcellular proteomics [4, 5] or ¢) interac-
tion proteomics [6, 7]. Moreover, high-resolution, comparative proteomic studies have led to
progress in system biology analysis, particularly in the context of elucidation of the mecha-
nisms underlying pathophysiology of various diseases [8].

Currently, two main types of relative quantification strategies for MS-based proteomics
analysis exist: a) label-based and b) label-free (LFQ) MS-based approaches [9]. In the label-
based approach, the quantification relies on the introduction of stable isotopes. Depending on
the methods for isotope incorporation into the peptides/proteins, several labeling protocols
have been developed including a) metabolic labeling (stable isotope labeling of amino acids in
cell culture), b) chemical labeling (isotope-coded affinity tag, isobaric tag for relative and abso-
lute quantification (iTRAQ), tandem mass tag (TMT)), c¢) enzymatic labeling (oxygen isotope
(*20)) or d) external addition of the labeled synthetic peptides [9]. Label-based methods allow
for the simultaneous analysis of multiple samples in a single MS run (multiplexing), resulting
in reduced analytical variability. This is particularly relevant for the application of TMT and
iTRAQ labeling, since up to eight (for iTRAQ) [10] or ten (for TMT) [11] samples can be ana-
lyzed simultaneously during a single experiment. In these cases, due to the isobaric nature of
labels, labeled peptides appear as a single peak in the full MS scan. However, upon peptide frag-
mentation at the MS/MS level, the isotope-containing reporter ions are released and distin-
guished according to their masses based on the label composition.

On the other hand, the label-free approach does not utilize stable isotopes. In this case, the
quantification is based on spectral counting and intensity-based measurements. In the former
method, quantification occurs at the MS/MS level utilizing the number of fragmentation spec-
tra assigned to peptides that belong to a particular protein. On the contrary, the intensity-
based quantification method is applicable at the MS1 level and the quantification is based on
the estimated area under the curve from the extracted ion chromatogram [9].

Both, iTRAQ and label-free quantification have been widely applied in proteomic research.
Up to date, several studies have been published in order to evaluate their analytical perfor-
mance including precision, accuracy of quantification, protein sequence coverage and quantifi-
cation reproducibility [12-16]. In a few studies, an additional effort was made to evaluate the
biological significance of the findings. These studies included evaluation of a) two Chlamydo-
monas reinharditii strains in the context of biofuel production [16], b) Methylocella silverstris
bacterium cultured under various conditions [13] and c) adenovirus infection of human lung
cells [15]. In the aforementioned studies, functional analysis of differentially expressed proteins
identified in label-free and iTRAQ revealed the de-regulation of proteins associated with the
studied process [13, 15, 16]. However, the contribution of the de-regulated proteins to
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particular biological process varies between both approaches [16], likely as a result of the different
analytical performance of both quantification strategies. Along the same lines, a comprehensive
comparison of the two methods, as applied in the analysis of complex biological samples (such as
tumors) has not been reported yet. Both strategies are advocated and might be used as comple-
mentary approaches [17, 18]. Importantly, performance achieved during the analysis of cell lines
or bacterial strains (as has been reported so far) may not be representative when the biological
variability and/or complexity of samples is high. Based on the above, knowledge on the perfor-
mance of these quantification strategies would provide valuable guidance on which method to
use when dealing with complex and heterogeneous material such as clinical samples.

In this manuscript, we describe a side-by-side comparison of the label-free and label-based
(8-plex iTRAQ) methods, with the latter also preceded by an additional fractionation step. The
central goal was to provide recommendations on which approach to use when investigating pro-
tein differential expression in samples typically used in clinical proteomics. In the presented
study, bladder cancer (BCa) tissue specimens representing two different tumor stages (non-mus-
cle invasive vs. muscle invasive) were evaluated. Specifically, the number of identified proteins,
their sequence coverage, consistency of reported changes and reliability of findings as defined by
agreement with existing transcriptomics data were assessed. To reduce quantification bias, we
attempted to unify the sampling process by utilizing aliquots of the same tissue extracts to obtain
as representative as possible results per method. Sample processing and analysis by mass spec-
trometry were performed according to regularly used/optimized protocols per method.

Materials and Methods
Clinical samples

Bladder cancer tissue specimens were collected from patients undergoing transurethral resec-
tion of bladder cancer in medical centers in Greece (Laikon Hospital, Athens) and Germany
(Department of Urology and Urological Oncology, Hannover Medicine School). The studies
were approved by the respective local ethics committees (for Athens E.S 618-2012 and for
Hannover 614-2009) and all individuals gave written informed consent. Samples from tumor
tissue from 8 patients were employed for the analysis including non-muscle invasive (stage
pTa, n = 4) and muscle invasive bladder cancer cases (stage pT2+, n = 4). Tumor stage was
determined according to TNM classification system [19].

Sample preparation

Approximately 20 mg of bladder cancer tissue was homogenized in 150 uL of lysis buffer (4%
SDS, 0.1M DTE, 0.1M Tris-HCI pH 7.6) using blade homogenizer (three cycles of 30 - 40s) fol-
lowed by sonication (15 s per sample). This protein extraction protocol was selected following
preliminary experiments testing the performance of different homogenization means such as
homogenization by using liquid nitrogen, Potter homogenizer or ultrasonication (data not
shown). Undissolved materials were removed by centrifugation at 13000 rpm for 10 min. Pro-
tein concentration was determined by the Bradford assay (BioRad) and protein extracts were
processed using the FASP [20], separately for LFQ and iTRAQ experiments.

Label free analysis. Equal amount of protein (200 pg) per sample prepared as described
above was first subjected to buffer exchange in Amicon Ultra Centrifugal filter devices (0.5 mL,
30 kDa MW CO, Millipore) at 13 000 rpm for 15 min at room temperature. The protein extract
was mixed with 200 uL of urea buffer (8M urea in 0.1M Tris-HCI pH 8.5) and centrifugal con-
centration was performed. The concentrate was then diluted with urea buffer and centrifuga-
tion was repeated. Subsequently, alkylation of proteins was performed by adding 100 uL of
0.1M jodoacetamide in urea buffer followed by 20 min incubation in the dark. Samples were
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centrifuged at 13 000 rpm for 10 min. Additional series of washes were conducted with urea
(twice) and ABC buffer (50 mM NH,HCOj; pH 8, twice). Overnight digestion was performed
by adding 2 pg of trypsin (stock solution of 500 ng/uL) in 40 uL of ABC (trypsin to protein
ratio 1:100). Peptides were eluted by centrifugation followed by washing with 40 uL of 50 mM
NH,HCO:;. Afterwards, samples were lyophilized.

8-plex iTRAQ labeling. 100 g of protein extract was processed by FASP as described
above with the following modifications a) 50 mM trietylamonium bicarbonate (TEAB) was used
instead of ABC bulffer, b) 1 pg of trypsin was added in 20 puL of 50 mM TEAB and c) peptides
were eluted with 20 pL of 50 mM TEAB. Tryptic digest peptides were labeled using the 8-plex
iTRAQ Reagent kit (AB Sciex) according to manufacturer instructions. Samples from non-inva-
sive tumor tissue (pTa stage) were labeled using 113-116 tags, whereas for the invasive tumors
(pT2+) 117-119 and 121 tags were used. Subsequently, 8 individual samples were mixed and
lyophilized to dryness. To remove excess of the iTRAQ reagents, peptides were re-suspended in
0.1% formic acid and 80 g were purified using Pierce C18 Tips, 100pL bed (Thermo Scientific)
according to manufacturer instructions. As an alternative approach, a high pH reverse phase
chromatography on a Dionex P680 HPLC system was applied to purify and pre-fractionate the
remaining peptide mixture (~ 700 pg). Labeled peptides were lyophilized and redissolved in
250 pL of high pH buffer (0.05% NH,OH, pH 9-9.5) by sonication in a water bath. The solution
was filtered using syringe driven filter unit (0.22 pM PVDEF). After loading of 200 uL onto an
XBridge 4.6 x 150 mm C18 column (BEH Technology) at flow rate of 0.4 mL/min in 0.05%
NH,OH, the sample was eluted with a gradient of solvent A: 0.05% NH,OH in water versus sol-
vent B: 0.05% NH,OH in 100% acetonitrile starting at 5% B for 15 min, then to 35%B at 25 min
then to 80% B at 30 min followed by 5 min rinsing at 80% B. In total, 5 fractions of 1.2 mL were
collected starting from 21 min up to 35 min of the gradient. Prior to the LC-MS/MS analysis, 3 of
these fractions with the lowest peptide content (1, 4 and 5) were pooled.

LC-MS/MS analysis

10 ug of protein digest were loaded onto a Dionex Ultimate 3000 RSLS nano flow system (Dio-
nex, Camberly UK). After loading onto a Dionex 0.1x20 mm 5 pm C18 nano trap column ata
flow rate of 5 pl/min in 0.1% formic acid and 2% acetonitrile, samples were applied onto an
Acclaim PepMap C18 nano column 75 pmx50 cm, 2 um 100 A at a flow rate of 0.3 pl/min. The
trap and nano flow column were maintained at 35°C. The samples were eluted with a gradient
of solvent A: 0.1% formic acid versus solvent B: 80% acetonitrile starting at 1% B for 5 min ris-
ing to 5% B at 10 min then to 25% B at 360 min and 65%B at 480 min.

The eluent was ionized using a Proxeon nano spray ESI source operating in positive ion
mode into an Orbitrap Velos FTMS (Thermo Finnigan, Bremen, Germany). Ionization voltage
was 2.6 kV and the capillary temperature was 200°C. The mass spectrometer was operated in
MS/MS mode scanning from 380 to 2000 m/z. The top 20 multiply charged ions were selected
from each scan for MS/MS analysis using CID at 40% collision energy. The resolution in MS1
was 60,000 and 7,500 at m/z 400 for CID in MS2. For the iTRAQ samples, the top 20 multiply
charged ions were selected from each scan for MS/MS analysis using HCD at 45% collision
energy. AGC settings were 1,000,000 for full scan in the FTMS and 200,000 for MSn. Resolu-
tion in MS2 at m/z 115 was 16,300. Dynamic exclusion was enabled with a repeat count of 1,
exclusion duration of 30 seconds.

Data processing

The processing of the individual raw MS data files was conducted using the commercially avail-
able software Proteome Discoverer v. 1.4.0.288 (Thermo Scientific). An event detection node
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was used at a setting of 2 ppm along with the precursor ion peak detector node. Database
search was carried out against Human Swiss-Prot Database (30/10/2013) [21, 22] containing
only the canonical sequences with 20 277 entries using the Sequest search engine [23] imple-
mented in Proteome Discoverer. The following search parameters were applied: a) precursor
mass tolerance 10 ppm, b) fragment mass tolerance: 0.8 Da and 0.05 Da for label-free and
iTRAQ experiments, respectively, ¢) fixed modification: carbamidomethylation of cysteine (C)
and additionally for the labeling experiment an iTRAQ modification of N-terminus and lysine
residues were added, d) variable modification: oxidation of methionine (M) and in the case of
iTRAQ, the iTRAQ modification on tyrosine (Y) was added, e) allowing one missed cleavage
site. The false discovery rate evaluation was performed by using the Percolator node [24] (Pro-
teome Discoverer 1.4). To verify labeling efficiency, an additional search was performed by set-
ting the iTRAQ 8-plex labels as variable modifications on N-terminus and Lysine (K). In
parallel, the prevalence of the modifications (including oxidation, chemically induced cysteine
modification, chemical and posttranslational modifications) was evaluated by using Preview™
node (v2.6.46, Protein Metrics Inc.) [25] incorporated in the Proteome Discoverer workflow.
To this end, a search was performed for the selected data files from each experimental
approach incorporating the modifications indicated above. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium [26] via the PRIDE partner
repository with the dataset identifier PXD002170.

Protein Identification

The same selection criteria were applied for protein identification in both approaches. Identi-
fied peptides were initially filtered requiring mass deviation below 5 ppm between experimen-
tal and theoretical mass, false discovery rate below 1% (assigned in Proteome Discoverer as
high confidence peptides) and peptide rank up to 5. Peptides were excluded if they contained
an unknown amino acid (X) in the sequence or if the protein accession could not be mapped.
In the case of the label-free approach, the list of the non-redundant peptides for the entire
experiment was then generated, based on the individual datasets (due to its multiplexity nature,
merging was not required in the case of iTRAQ). During the merging of the individual datasets
from the label-free experiment, only peptides with an FDR<1% were included. FDR level was
not assessed again after merging of the data. If sequences with identical number of modifica-
tions, although in different position, were reported, only one sequence was retained. For each
spectrum (as defined by the same m/z and retention time), the best candidate sequence was
defined based on the relative number of sequence identifications per sample (e.g. the sequence
with the highest number of identifications was maintained). The confidence in the interpreta-
tion (based on the XCorr) was taken into consideration in cases where the same number of
sequence identifications was reported. Additionally, only peptides consistently reported in
more than 75% of the samples (at least in one group: pTa and/or pT2+) were considered as
credible. Subsequently, peptides were assigned to the protein according to the Occam Razor
principal [27]. All peptides derived from keratins were excluded as probable contaminations,
and were not taken into consideration during the subsequent analysis. Only proteins identified
based on >2 peptides were considered for further comparative analysis.

Relative Quantification

Label-free quantification. The peak area-based quantification uses precursor ions to
assess the relative abundance of identified proteins in the label-free data. For each precursor
ion, peak area (i.e. area under the curve) is calculated from the extracted ion chromatogram
during data processing in Proteome Discoverer by using the Precursor Ions Area Detector
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node. For the sequences for which no peptide area could be integrated by Proteome Discoverer
(version 1.4; this is a well-known, but not yet corrected problem of this software), the absent
values were replaced with the mean area values calculated in that group (pTa or pT2+). When
the peptide was not identified in the particular sample, the missing values were replaced with
zero. Part per million (ppm)-normalization was conducted for the selected peptides according
to the following formula: Normalized peak area = (Peptide peak area/Total peak area)x10°.
Protein abundance in each sample was calculated as the sum of all normalized peptide areas
for a given protein. Peptides matching to multiple protein IDs were included only for the quan-
tification of the one protein indicated by the Occam Razor rule [27]. The mean protein abun-
dance per groups was then calculated and the average values were log2 transformed. The log2
ratio was then calculated by the subtraction of the log2 transformed mean value obtained for
“e — Jog,Avg.Cases — Log,Avg.Controls ].

control

case and controls [ log,

Label-based quantification. All quantification steps were performed using the Proteome
Discoverer Software (version 1.4). The 8-plex iTRAQ quantification was performed based on
the reporter ion intensities detected by the Reporter Ions Quantifier Node in Proteome Discov-
erer. The reporter ion intensities were corrected for the isotopic impurities using reporter ion
isotopic distribution (S1 Table). When the individual reporter intensities were 0 (the reporter,
or mass, tags are missing in the quantification spectrum), the minimal reported intensity was
assigned to the respective peptide. To provide an accurate quantification of proteins, only pep-
tide spectrum matches with co-isolation interference below 30% were included in the analysis
[28]. Subsequently, for each distinct peptide the abundance was calculated as the median of
reporter ions from all matching spectra, since median is more resistant to outliers. Spectra
were grouped based on mass and sequence, without taking into consideration the peptide
charge. In the case of modifications, the peptides were considered as distinct when modifica-
tions were different. The reporter ion intensities for each individual peptide were represented
as a ratio of the particular reporter ion to the sum of all reporter (as in the case of Libra imple-
mented in Trans Proteomic Pipeline Software [29]). To account for experimental biases (e.g.
unequal loading), the quantification values for each channel were balanced to be equal to
12.5%, which corresponds to the contribution of 1 out of 8 labels for quantification. This is
based on the assumption that the reporter ions are ionized with the same efficiency and in the
case of equal loading comparable total intensity of reporter ions should be obtained for each
label. For protein quantification, only unique peptides were taken into consideration. For each
label, protein abundance was defined as the average of the peptide quantification values
belonging to the given protein, which is expected to better reflect the overall change at the pro-
tein level (in comparison to using the median values), due to the expected ionization efficiency
differences among different peptides. Subsequently, the average values were calculated for
cases and controls, and these values were log2 transformed. The ratio was calculated by follow-
ing subtraction of the mean value obtained for case and controls, as in the case of label-free
approach. As an alternative quantification strategy (referred as analysis 2), balanced quantifica-
tion values were employed to calculate the peptide ratio. The latter was expressed as a ratio of
quantifications values corresponding to pT2+ vs. pTa samples. Similarly, only unique peptides
were considered for protein quantification. Protein ratio was calculated by the averaging of all
quantifiable peptide ratios belonging to each protein and the ratio values obtained were subse-
quently log2 transformed.

Statistical analysis

Statistical analysis was performed using SPSS Statistical Software (SPSS 17.0, IBM). For each
quantification method, the p-value was calculated for the log2 transformed values by using
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independent sample t-test. In the case of the alternative quantification approach tested for the
iTRAQ (analysis 2), the p-value was calculated based on the normal distribution of the ratios
by using R programming language. Proteins with a p-value below 0.05 were considered as sta-
tistically significant. Pearson correlation and regression analysis was calculated in MedCalc
Version 12.1.0.0 (Mariakerke, Belgium).

Assessment of reliability of protein identification and differential
expression

Validity of the received protein identification was assessed by comparison to expression data
from urinary bladder and/ or bladder cancer tissue reported in the Human Protein Atlas
(http://www.proteinatlas.org/ [30]), ProteomicsDB (http://www.proteomicsdb.org/ [31]) as
well as transcriptomic resources (Bgee Database [32]). Credibility of the regulation trend (up-/
down-regulated in pT2+ vs. pTa), as obtained from the proteomic analysis, was evaluated
based on comparison with the mRNA microarray data (GSE3167 [33]) deposited in the Gene
Expression Omnibus [34] as well as literature [35, 36]. The former transcriptomic data
obtained for the pT2+ and pTa bladder cancer stages were analyzed by the GEO2R [37], a web
tool enabling statistical analysis of the data. The information about analyzed samples as well as
the output from the GEO2R is presented in S2 Table. The expression trend reported in proteo-
mics was considered valid when agreement between the proteomic and microarray data was
observed.

Immunohistochemistry

Immunohistochemical evaluation of Annexin A6 expression (Annexin VI Antibody (N-19),
polyclonal, anti-goat, Sc-1931, Santa Cruz, AB_630873 Antibody Registry ID, dilution 1:200)
was performed on a tissue microarray containing 35 tissue samples (n = 11 non-cancerous
bladder samples, n = 8 pTa tumors, n = 8 pT1 tumors, n = 8 pT2+ tumors). Further visualiza-
tion was performed with diaminobenzidine according to the manufacturer instruction (ultra-
View Universal DAB Detection Kit) and subsequently sections were counterstained with
hematoxylin. Quantification of the staining was performed with Image] software after applica-
tion of color deconvolution [38]. Briefly, 5 images were acquired per section and 10 identical
areas among the sections were selected for measurement. The optical density for the back-
ground was subtracted from all measurements.

Results

Three experimental approaches were evaluated (label-free, unfractionated and fractionated
iTRAQ) aiming to select the optimal strategy for determination of protein differential expres-
sion in highly complex samples employed in clinical proteomics (i.e. non-muscle invasive
(pTa) in comparison to muscle-invasive (pT2+) bladder cancer). The workflow for sample
preparation and data analysis is depicted in Fig 1. Aliquots of the same protein extracts were
used in all cases and all samples were processed by FASP. The lysis buffer was selected based
on preliminary experiments which showed its efficiency (in terms of protein recovery and
reproducibility) for bladder tissue (data not shown). In the case of iTRAQ some minor modifi-
cations of the classical FASP protocol were necessary to ensure compatibility with the subse-
quent labeling, as suggested by the manufacturer and described earlier [39-41]. These include
a reduction of the initial amount of protein processed by FASP (from 200 pg used for LFQ to
100 pg for iTRAQ), and substitution of the ammonium bicarbonate buffer with triethylammo-
nium bicarbonate to avoid interference of the former with labeling via interactions with the
iTRAQ reagents.
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Fig 1. Experimental workflow. The applied workflow for sample preparation and data analysis for LFQ and iTRAQ quantification is graphically depicted.

doi:10.1371/journal.pone.0137048.g001

The impact of possible differences introduced by the sample preparation protocols was
assessed based on the prevalence of defined modifications in both experiments. The analysis
was conducted using Preview™ software [25] and the results were subsequently evaluated
according to the percentage and the fraction of modified peptides (ratio of number of peptides
containing modifications vs. peptides that could possibly contain modification). In general, a
comparable percentage of modified peptides between both approaches (LFQ and iTRAQ) was
obtained, as confirmed by regression analysis (S1 Fig). Most reported modifications were iden-
tical (S3 Table) and the frequency of appearance was generally low. For few modifications,
there was a significant difference between the percentage of modified peptides in LFQ and
iTRAQ including a) formation of Pyro-glu N-terminus, b) carbamylation of methionine, ¢) N-
terminal acetylation of proteins, d) oxidation of methionine/ histidine/ tryptophan and e) car-
bamidomethylation artifacts.
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Mass spectrometry and data analysis were performed according to optimized protocols for
each approach, as described in Materials and Methods. In this way, we targeted to obtain unbi-
ased and representative results for each approach.

Protein identification and Quantification

To ensure validity of the findings, only consistently detected peptides (in at least 75% of sam-
ples of one group (pTa or pT2+) were considered in the LFQ approach. As indicated in Materi-
als and Methods, peptides representing possible contaminations such as keratins were
completely removed from the datasets and thus, the corresponding proteins were not taken
into consideration in further analysis. Based on this threshold, an average number of 5184+550
peptide and 1113+78 protein identifications, including single peptide hits, were reported per
LC-MS/MS run (Table 1). In total the LFQ approach enabled the identification of 6871 pep-
tides corresponding to 1346 proteins. For unfractionated iTRAQ, a total number of 1859 pep-
tides and 664 proteins were reported; pre-fractionation of the labeled peptides increased the
identification rate for both, peptides (6099) and proteins (2064). However, in the two iTRAQ
experiments approximately 49% of the reported proteins were represented by a single peptide
only. The respective percentage for LFQ was 32%. Upon exclusion of proteins represented by a
single-peptide, a total of 332, 1092 and 910 protein identifications are received in the unfractio-
nated, fractionated iTRAQ and LFQ experiments, respectively. The lists of identified peptides
and proteins per technique (including also single-peptide identifications) are presented in 54
Table.

The obtained data were subsequently compared at both peptide (Fig 2A) and protein levels
(Fig 2B). For this analysis and to increase reliability of findings only multiple peptides (> 2)
identifications were taken into consideration. As represented in the Venn diagram (Fig 2A),
782 peptides were reported in all three approaches, which corresponds to 42% and 13% of the
total number of the peptides detected by the non-fractionated and fractionated iTRAQ respec-
tively and 11% of peptides identified by the label-free approach. When comparing the data at
the protein level, 280 proteins were found to be detected by all acquisition methods (Fig 2B).
This overlap corresponds to 84% of the proteins identified by iTRAQ unfractionated, 26% for
iTRAQ-fractionated and 31% for LFQ. When comparing the proteins exclusively detected per
method, an approximately two fold higher number of uniquely identified proteins (433 IDs)
was obtained for the pre-fractionated iTRAQ sample as compared to the LFQ (234 IDs); a

Table 1. Overview of the number of peptides and the corresponding proteins as being identified in the individual MS-runs.

Method

LFQ

iTRAQ

doi:10.1371/journal.pone.0137048.t001

Sample ID # peptide groups # protein groups
3_pTa 5073 1096
11_pTa 5269 1099
16_pTa 5725 1185
19_pTa 3931 937

Mean (SD)_pTa 5000 * 763 1079 £ 103
9_pT2+ 5360 1130
12_pT2+ 5112 1136
15_pT2+ 5516 1169
17_pT2+ 5485 1155

Mean (SD)_pT2+ 5368 + 184 1148 £ 18
10 pg 1859 664
fractionation 6099 2064
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Fig 2. Comparison of peptide and protein identifications in iTRAQ and LFQ experiments. Venn diagrams representing the comparison of all identified
peptides, without considering fixed/variable modifications (A), and proteins (B) from LFQ, fractionated/ unfractionated iTRAQ analysis.

doi:10.1371/journal.pone.0137048.9002

limited number of proteins exclusively identified in the unfractionated samples was also
observed (5 IDs). Of note, in the LFQ approach all identified peptides and proteins have a
quantification value, whereas 76% (1441 out of 1859 peptides) and 81% (4918 out of 6099 pep-
tides) of the peptides detected by the iTRAQ experiments, without and with fractionation,
respectively, could be quantified, as per the iTRAQ restrictions (unique labeled peptides
detected in all clinical samples with a percentage of the co-isolation interference below 30% are
considered as quantifiable in iTRAQ). At the protein level the vast majority of the proteins
without a quantification value were single-peptide identifications. Of the proteins identified
with at least two peptides, the quantification was not possible for 6 out of 332 and 14 out of
1092 proteins in the case of unfractionated and pre-fractionated iTRAQ sample, respectively.

In the case of the label-based approach, two methods were tested to calculate the abundance
at protein level and subsequently assess the protein ratio. Either by calculating the average pep-
tide quantification values (separately for each label) assigned to the protein (analysis 1) or by
employing the averages of the individual peptide ratios (analysis 2) (as described in detailed in
Materials and Methods). To exemplify differences related to the assessment of protein abun-
dance, the two methods were tested for the data obtained from the fractionated iTRAQ sample.
The obtained results are presented in S4 Table. The methods give highly comparable results:
the ratios for de-regulated proteins (as indicated by the primary analysis, analysis 1) as well as
for whole dataset (including proteins identified with >2 peptides) were significantly correlated
between both methods, with the Pearson correlation coefficient of 0.99 (p<0.0001, S2 Fig).
Moreover, comparable numbers of significant changes (p<0.05) were reported using both
methods (45 and 48 for analysis 1 and 2, respectively).
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Fig 3. Evaluation of protein sequence coverage for LFQ and iTRAQ. Average protein sequence coverage was compared for all identified proteins per
technique as well as for the overlapping identifications (A). The total number of identified proteins based on the particular number of peptides (B) and the
average number of peptides per protein are also presented (C).

doi:10.1371/journal.pone.0137048.9003

Coverage of protein sequence

The protein sequence coverage was calculated for all the identified proteins per method and for
the overlapping identifications between the three approaches (Fig 3A). Only multiple-peptide
identifications (>2 peptides) were considered. For iTRAQ experiments, a similar protein
sequence coverage was reported for the unfractionated (13%) and fractionated (11%) sample.
In the case of the LFQ, a significantly higher sequence coverage (22%, p<0.001 independent
sample t-test) in comparison to both iTRAQ approaches was observed. This difference was
even more pronounced when considering the overlapping identifications among different
methods (32% vs. 13%/ 18% for LFQ and non-/ fractionated iTRAQ, respectively) (Fig 3A).
The above observations are further supported by the evaluation of the average number of pep-
tides per identified protein (Fig 3C) as well as a comparison of the number of proteins identi-
fied based on particular number of peptides (i.e. 1, 2, 3 and > 4 peptides/ protein) per
technique (Fig 3B). As shown, comparable numbers of single-peptide identifications were
reported in LFQ (436 IDs) and iTRAQ-unfractionated (332 IDs). Fractionation of the labeled
peptides increased the number of single peptide identifications substantially to 972 IDs. At the
same time, fractionation also resulted in a higher number of multiple-peptides identifications
(> 2 peptides) in comparison to the unfractionated iTRAQ (Fig 3B), but still at an overall
lower average number of peptides per protein in comparison to LFQ (Fig 3C).

Evaluation of differential expression

Assessment of the relative protein abundance is based on the comparison of the quantification
results of pTa (control) versus pT2+ (case) groups. Statistical analysis was used as a criterion to
define the altered protein abundance. Thus, proteins with p-value < 0.05 were considered as
being significantly changed in the case vs. control group. Additionally, the expression trend
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Table 2. Comparison of number of differentially expressed proteins identified by LFQ and iTRAQ approaches.

Regulation Trend (> 2 peptides)

# Up-regulated
# Down-regulated
Total

doi:10.1371/journal.pone.0137048.1002

LFQ iTRAQ iTRAQ + fractionation
49 1 21
28 5 24
77 6 45

(up- or down-regulation in the case group) is represented by the ratio indicating the changes in
the abundance between pT2+ over pTa BCa samples. Based on the statistical analysis (p<0.05),
LFQ enabled identification of a higher number of differentially expressed proteins (77 proteins,
identification based on at least 2 peptides), even in comparison to pre-fractionation of iTRAQ
(45 proteins). The distribution of up- and down-regulated proteins is presented in Table 2.
Three of these proteins were statistically significant in all three methods (Fig 4). On the other
hand, 65 and 32 proteins were found to be statistically significant only in LFQ and fractionated
iTRAQ samples, respectively (Fig 4). Of the former (65 proteins), as presented in Table 3, 49
proteins were identified by the other techniques but a significant difference in the relative
abundance could not be detected. In the case of fractionated iTRAQ, the majority of proteins
reported as uniquely differentially expressed were not identified by other methods.

Proteins with p-value < 0.05 were considered as differentially expressed. Based on the
reported ratios (log, <2 = Log, Avg.Cases — Log,Avg.Controls) proteins were classified as up/

control

down regulated in pT2+ group (case group).

As indicated above, a very low number of identifications along with a low number of differ-
entially expressed proteins were reported for the unfractionated iTRAQ approach in compari-
son to the other two techniques. The dataset obtained for the fractionated iTRAQ sample was
considered as more favorable for the label-based approach and was included in further
analysis.

In total, significantly altered levels of abundance (at least according to one quantification
strategy i.e. LFQ and fractionated iTRAQ) were observed for 71 proteins (out of the overlap-
ping 644 proteins detected by both methods).

To further evaluate the consistency of the reported changes to these 71 proteins, S5 Table,
the comparison of their regulation (up-/ down-regulated in pT2+) as reported by the different
methods was performed. As shown (S5 Table), good consistency was observed: 66 proteins
exhibit the same trend of expression, while 5 proteins appear to have inconsistent results
(Table 4). Among the proteins exhibiting a consistent regulation, Annexin A6 was found to be
increased using both proteomic approaches, but statistical significance was reached only for
the case of LFQ. This expression trend was further confirmed by immunohistochemistry (Fig
5). For those 5 inconsistent quantification results observed between LFQ and iTRAQ, a com-
parison of the quantification values at the peptide level was conducted (Table 5). All of the pro-
teins were quantified based on a comparable number of peptides. As presented in Table 5, the
majority of the common peptides used for quantification were characterized by the opposite
expression trend in the two methods.

Validity of protein differential expression

We next evaluated whether the proteins identified as differentially expressed were previously
detected in normal and/or malignant urothelium using various proteomics resources i.e.
Human Protein Atlas (HPA) [30], ProteomicsDB [31], and gene expression database [32] (S6
Table). The expression of almost all differentially expressed proteins (39 out of 45 in iTRAQ
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Fig 4. Comparison of differentially expressed proteins identified in both iTRAQ experiments and LFQ.
Venn diagrams representing differentially expressed proteins found among the identified proteins after
exclusion of single peptide hits.

doi:10.1371/journal.pone.0137048.g004

and 64 out of 77 in LFQ, respectively) have been confirmed in normal and/or tumorous
urothelium in all data repositories.

In an effort to further investigate the validity of the proteomics results, we compared them
to transcriptomics data [33, 35, 36] from comparison of BCa vs. normal tissue [35], high vs.
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Table 3. Evaluation of the proteins with the altered abundance found as a unique based on the results obtained for three methods.

LFQ iTRAQ iTRAQ + fractionation
Total number 65 2 32
Proteins identified in all three approaches 20 1 5
Proteins identified by two techniques 29 1 9
Exclusively identified 16 - 18

doi:10.1371/journal.pone.0137048.1003

low grade bladder cancer [36] and/or invasive (pT2+) vs. non-invasive (pTa) BCa (Gene
Expression Omnibus ID: GSE3167 [33]) (S6 Table).

The summary of the obtained results for datasets derived from the fractionated iTRAQ and
LFQ is presented in Table 6. Of the differentially expressed proteins detected by LFQ 44% (34/
77) were also found to be differentially expressed at the mRNA level (S6 Table). In the case of
significant changes according to fractionated iTRAQ, the expression trend of 15 out of 45 pro-
teins (33%) was in agreement with the microarray data. As aforementioned, a comparison of
the differentially expressed proteins revealed several proteins as being significant only accord-
ing to one approach.

Of proteins that were detected in both approaches, but found as differentially expressed
only based on one approach, 18 out of 45 for LFQ and 3 out of 14 for iTRAQ were also found
to be differentially expressed at the mRNA level (Table 6, Overlapping IDs). In the case of the
identifications solely detected by one technique (20 for LFQ and 19 for iTRAQ), the differential
expression of 13 proteins (LFQ) and 9 proteins (iTRAQ) was supported by the mRNA data
(Table 6, Unique IDs).

Discussion

Since the introduction of the iTRAQ labeling as a quantification strategy for shotgun proteo-
mics [42], several studies have been published aiming at the comparative analysis of label-free
and iTRAQ performance [12-16]. Considering the advantages of multiplexing, MS analytical
time and the total cost of the experiments is relatively lower in the iTRAQ analysis as compared
to the LFQ. Additionally, since all the samples are measured simultaneously in a single MS run,
the inter-run variations of the protein identification and quantification caused by the data-
dependent acquisition do not exist. Reports presented in the past focused on the detailed “tech-
nical” characterizations of the quantification strategies applied in proteomics (including

Table 4. List of proteins with conflicting expression trend.

iTRAQ + fractionation Label-free

Protein Name #quantified Log2Ratio p- Regulation # Log2Ratio p- Regulation

peptides® value Peptides value
Actin-related protein 2/3 complex subunit 3 3 -0,25 0.04 2 down 2 0.37 0.47 up
Dolichyl-diphosphooligosaccharide—protein 7 -0,06 0.58 down 6 1.23 0.02° up
glycosyltransferase subunit 2
KH domain-containing, RNA-binding, signal 2 -0.25 0.10 down 4 0.63 0.02 # up
transduction-associated protein 1
General vesicular transport factor p115 4 -0.10 0.57 down 3 0.52 0.04 2 up
Heterochromatin protein 1-binding protein 3 3 -0,30 0.04°2 down 6 0.72 0.17 up

Proteins that were found to be differentially expressed only according to one quantification method. Fold changes and p-values are reported.
2 Differentially expressed proteins with p-value <0.05.

doi:10.1371/journal.pone.0137048.1004
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Fig 5. Imnmunohistochemical staining of Annexin A6. Quantification results obtained from non-cancerous tissue and bladder cancer tissues (pTa, pT1
and pT2+) along with the representative images of stained sections are presented. Quantification of the immunoreactivity was conducted by using Image J
software followed by color deconvolution and background subtraction.

doi:10.1371/journal.pone.0137048.9005

reproducibility, accuracy and precision) [12-16]. To the best of our knowledge a comparison
of LFQ and iTRAQ as applied in the investigation of complex clinical samples has not yet been
presented, especially in the context of the detection of the differentially expressed proteins.

We selected bladder cancer tissue specimens from the non-invasive (pTa) and muscle-inva-
sive disease (pT2+) as a prototypic model for comparing the ability of iTRAQ and LFQ to effi-
ciently detect differentially expressed proteins. In addition to the single LC-MS/MS analysis of
the iTRAQ sample, peptide fractionation prior to LC-MS/MS analysis by using a high pH chro-
matography was also tested. All experiments were conducted using optimized protocols per
technique as reported in the literature, to enable unbiased comparison of the two approaches.
However, in order to minimize potential influence of biological and analytical variability on
the quantification results, we applied, as far as possible, comparable sample processing strate-
gies. Specifically, the same tissue extracts were employed in all cases generated using a protocol
(FASP) for bladder tissue optimized in our laboratory. The FASP approach was selected to
enhance both homogenization and protein solubilization process in bladder tumor specimens.
The analyzed tissue specimens are considered difficult to be homogenized, therefore
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Table 5. Comparison of the quantification results at the peptide and protein level for identifications with conflicting expression trends between

fractionated iTRAQ and LFQ.

Protein/ Peptide

Protein Name

Heterochromatin protein 1-binding protein 3

Actin-related protein 2/3 complex subunit 3

Dolichyl-diphosphooligosaccharide—protein
glycosyltransferase subunit 2

KH domain-containing, RNA-binding, signal
transduction-associated protein 1

General vesicular transport factor p115

Peptide sequence used for
quantification

eASYSLIR
mDAILTEAIk
tIPSWATLSASQLAR
SSAVDPEPQVK
LEDVLPLAFTR
GASGSFVVVQK
aYLQQLR
IIGNMALLPIR
IIGNmMALLPIR
sIVEEIEDLVAR
eDQVIQLMNAIFSk
fELDTSER
nFESLSEAFSVASAAAVLSHNR
gEIQHLFR

yHVPVVVVPEGSASDTHEQAILR
LQVTNVLSQPLTQATVK
ISTEVGITNVDLSTVDKDQSIAPK
NPILWNVADVVIK

YIANTVELR
KDDEENYLDLFSHK
ILGPQGNTIK
DSLDPSFTHAMQLLTAEIEK

SGSMDPSGAHPSVR
gPPLPHR
SSQTSGTNEQSSAIVSAR
SQLNSQSVEITK
NDGVLLLQALTR
eQDLQLEELR
gSEDLGSQFTEIFIk
vASSTLLDDRR

Peptide Log2 Ratio

(pT2+ vs. pTa)

iTRAQ
+ fractionation
-0.24
-0,37
-0.30

0.01

-0.43
-0.34
0,21

-0.36
0.15
-0.12
0.09

0.06
-0.56

-0,23

-0.47

0.31
-0.00007

LFQ

0.03
0.32
0.41
1.31
0.24
5.12
0.61
-0.06
2.46

0.62
0.33
1.78
3.65
3.15
0.39
0.55
2.42

0.68

0.27
0.25
2.44

Protein Log2 Ratio
(pT2+ vs. pTa)

iTRAQ
+ fractionation

-0,30

-0.25

-0.06

-0.25

-0.10

LFQ

0.72

0.37

1.23

0.63

0.52

Similarly to the calculation of the relative abundance at the protein level, the peptide ratio values were calculated based on the log-2 transformed average

vales for cases (pT2+) and controls (pTa).

doi:10.1371/journal.pone.0137048.t005

application of buffers containing high concentration of strong detergents (as in the case of
FASP lysis buffer) is advisable. Additionally, application of the same approach for sample prep-
aration and processing is crucial to avoid introducing any analytical bias related to variability
of starting material. Even though the FASP method may not be considered optimal for iTRAQ
analysis, adaptations were made according to existing literature ([39-41] also described in
Materials and Methods). The small difference in the amount of protein initially processed by
FASP (200 pg/ sample in LFQ and 100 pg/ sample in iTRAQ) likely does not affect the obtained
results, since the same amount of protein was finally loaded onto the LC-MS/MS. The lower
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Table 6. Assessment of the validity of the differentially expressed proteins identified in proteomics experiments.

Overlapping IDs

Total Similar expression trend with transcriptomics Not conclusive
Significant only in LFQ 45 18 27
Significant only in iTRAQ 14 3 11
Significant in both metods 12 3 9

Unique IDs

Total Similar expression trend with transcriptomics Not conclusive
LFQ 20 13 7
iTRAQ 19 9 10

The validity of the findings was evaluated by comparing the observed expression trends in this proteomics experiment with several transcriptomic
experiments [35, 36]. Comparison of the detected changes was performed for the differentially expressed proteins reported among overlapping
identifications between iTRAQ and LFQ as well as for the proteins solely detected in one approach (unique IDs). Proteins exhibiting similar expression
trend in transcriptomics are presented in the “similar expression trend” column. In the cases when the expression trend was not in accordance to mRNA
expression level or the data were not available, the findings were classified as “not conclusive”.

doi:10.1371/journal.pone.0137048.t006

starting material in the case of iTRAQ was selected as one vial of the reagent can label between
20 and 100 pg of protein digest. We avoided acetone precipitation, as this can introduce addi-
tional variability and peptide modifications [43]. To assess whether the utilization of different
protocols could introduce unanticipated modifications, we assessed the presence of known
modifications using the Preview™ software [25]. The identity and the prevalence of vast major-
ity of known modifications was similar in the iTRAQ and the LFQ approach (S1 Fig, S3 Table).
This indicates that differences in the sample processing likely did not affect the obtained
results. Following tissue processing, all subsequent steps, including proteins digestion and mass
spectrometry analysis were conducted according to optimized protocols per LFQ and iTRAQ
as described in the literature, in order to obtain representative results per technique.

The pivotal goal of the study was an evaluation of both quantification approaches, label-
based and label-free, particularly focusing on the number and credibility of the identified dif-
ferentially abundant proteins. To address this objective, sequence and proteome coverage as
well as the capability of both techniques to detect the significantly altered proteins and, more
importantly, the credibility of the identified changes were evaluated. This latter assessment was
based on the comparison with existing expression data at the mRNA [32] and protein levels.
The later included data deposited in Human Protein Atlas ([30], http://www.proteinatlas.org/)
and ProteomicsDB ([31], http://www.proteomicsdb.org/) as well as relevant scientific literature
[35, 36]. Since not only protein identification, but also the quantification process might be
uncertain for single-peptide hits, we decided to assess the performance for all three acquisition
methods based on proteins represented by at least 2 peptides identified.

Comparison of proteome coverage

In our study, analysis of bladder tumor samples revealed a more than 2 times higher number of
multiple-peptides based protein identifications in the label-free (910 IDs), than in the iTRAQ
approach (332 IDs). However, this difference appears to be overcome when labeled peptides
are pre-fractionated (1092 IDs). Along the same line, Patel et al. [13] reported a comparable
number of proteins identified by both approaches during proteomics analysis of bacterium
Methylocella silverstris (384 and 425 proteins were identified in iTRAQ and LFQ, respectively).
In this report, the authors applied an additional peptide fractionation step prior to the MS anal-
ysis of iTRAQ samples [13]. In iTRAQ it was shown that, due to an increase in the average ion
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charge state, there is a significant reduction in the number of identifications [44]. Further, the
iTRAQ 8-plex was reported to result in reduced protein annotation rate in comparison to the
iTRAQ 4-plex [10]. During fragmentation, the loss of fragments of the label tag from precursor
ions may occur, which causes some difficulties in the interpretation of the fragmentation spec-
tra by the current search engines leading to the reduced peptide scoring.

We used the same set of tissue extracts for both experiments and sample processing was
comparable (including homogenization and protein digestion), which minimized the biological
and sampling variability on the number of detected proteins by LFQ and iTRAQ. The differ-
ences in fragmentation type of precursor ions, number of MS runs and MS run time are a con-
sequence of utilizing standardized protocols for each strategy. Therefore, the collected data
should reflect the optimized performance of each individual approach per se.

As indicated above, different fragmentation methods for data acquisition were applied:
HCD in iTRAQ and CID in label-free experiments. For iTRAQ, HCD is mandatory for quanti-
fication, since the low masses of the reporter ions prohibit their detection in the ion trap. This
was accompanied with the application of different thresholds for the fragment mass tolerance.
However, this difference has been shown to not have a marked effect on the data [45]. To assess
the possible influence of fragmentation strategy on the observed differences in the number of
identified proteins, one of the selected tissue extracts from the label-free analysis was analyzed
in duplicate under both experimental conditions i.e. CID and HCD fragmentation. This
approach resulted in comparable number of total protein identifications (2270 and 2564 for
CID and HCD, respectively) (S7 Table). Another explanation of the lower number of proteins
identified in iTRAQ is related to the number of MS runs conducted per experiment. Since
data-dependent acquisition is, to some extent, a stochastic process, the number of conducted
MS runs in an experiment has an impact on the total number of identified peptides/ proteins.
In the case of the LC-MS/MS analysis, consistently detected peptides (minimum frequency of
75% in one group) from 8 runs contribute to the total number of identified proteins. On the
other hand, due to the multiplex character of the iTRAQ approach, all samples are analyzed in
a single MS run. Performing duplicate runs of the iTRAQ sample (but in lower quantity than
used for the presented results, e.g. 6 pg) leads to a slight increase in the total number of the
identified proteins from 707/ 663 (for 1st / 2nd run) to 861 (S8 Table). Nonetheless, the num-
ber of identifications is comparable with the results obtained when 10 pg of protein was ana-
lyzed in a single run (664 proteins).

Advantages of iTRAQ are reduced MS run time and the ability to analyze multiple samples
in a single run. Even though multiplexing in the iTRAQ approach may reduce the cost of
experiments (by an 8 fold reduction of the MS run time) as well as decreased the inter-run vari-
ability, the added value of these features appears to be limited. However, after application of
the pre-fractionation step an improved identification rate is achieved, being similar to the
results obtained for LFQ. At the same time an advantage of shorter MS analytical time is main-
tained. In addition, some complementarity of both approaches is demonstrated [17, 18].

Collectively, based on our results, application of the fractionation strategy prior MS run pro-
vides superior results over conventional iTRAQ, and matches the increased number of identifi-
cation in LFQ in part brought about by the multiple MS runs.

Evaluation of quantification strategies

The quantification of the LFQ results was based on the sum of precursor ion areas for all pep-
tides belonging to a protein. In iTRAQ the intensity of reporter ions is utilized. If the ion can-
not be assessed, quantification is not possible [13]. This inability to perform quantification was
experienced in about 6% of all peptides identified. The impaired quantification efficiency in
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iTRAQ might be related to insufficient peptide labeling [13]. However, in our experiments
high labeling efficiency was observed. As an example, in the case of the fractionated iTRAQ
sample, among the group of 1181 unquantifiable peptides (out of 6099), in 75 of these peptides
the quantification value was not reported. High labeling efficiency is also supported by the
results obtained using the Preview software (Protein Metrics Inc) [25]. The efficiency of the
labeling is estimated based on percentage of labeled peptides vs. all possible labeling targets, as
assessed based on the 100 most representative proteins in the dataset [25]. In our case, ~98%
of peptides containing K and ~ 100% of peptides N-termini were detected as labeled. Compa-
rable results were also obtained during the additional search in Proteome Discoverer, where
the iTRAQ labels (N-termini, K) were set as variable modification. Over 99% of reported pep-
tides carried the modification on N-terminal residue and/or lysine. In our study, the vast
majority of unquantifiable peptides resulted from the criteria applied for inclusion of peptides
for quantification including percentage of co-isolation interference (939 out of 1181 unquanti-
fiable peptides) and peptide sequence uniqueness (167 out of 1181 peptides). Specifically, co-
isolation (precursor mixing) is a well-known problem in iTRAQ, caused by selection of the pre-
cursor ions in a user-defined m/z window [28, 46, 47]. In this case, the co-isolation of other
precursor ions may lead to contribution of non-related reporter ions to quantification. This
has an impact on the accuracy of the quantification process. Sandberg et al. evaluated the
impact of precursor mixing on the accuracy of the quantification [28]. For this purpose, a lysate
of the breast cancer cell line (MCF7) was spiked with 57 standards and the effect of precursor
mixing was investigated by co-analyzing iTRAQ (8-plex) and TMT (6-plex) labeled peptides.
The bigger impact of the quantification accuracy was observed for the lower abundant proteins,
which are particularly interesting as biomarker candidates. To reduce the effect of the precur-
sor mixing on quantification accuracy, only spectra with the percentage of the co-isolation
interference below 30% were included, yielding a good quantification accuracy [28].

Two different data analysis strategies were employed for the iTRAQ experiment. To keep
similar criteria for identification of differentially expressed proteins between both, iTRAQ and
LFQ, we have calculated the protein abundance based on averaging the quantification values
from associated peptides. However, this approach may affect one of the strengths of the
iTRAQ i.e. quantification at the level of MS/MS spectrum for each individual peptide. Consid-
ering this fact, we compared the conducted data analysis with the classical approach, where the
protein abundance is calculated as an average of the peptide ratios belonging to the protein.
Both methods enabled detection of comparable numbers of differentially expressed proteins,
with the obtained ratios being highly consistent between both approaches, confirming that the
obtained results were not affected by the selection of the quantification workflow. To further
evaluate the quantification results, addition of the internal standard could be of substantial
help and has been proven to be successfully applied by Sjodin et al during the evaluation of
quantification results from various label-based and label-free techniques [14].

Coverage of protein sequence

Our data demonstrate a general increase in protein sequence coverage in LFQ in comparison
to both iTRAQ experiments, in agreement with previously published results [12, 13]. On the
other hand, the limitation of MS-based approaches to identify low abundance proteins during
global-proteomic analysis still exist [48]. Typically, difficulties in the detection of low abun-
dance proteins are related to masking by proteins of higher abundance. During data-dependent
acquisition, not all of the present ions are selected for fragmentation and usually, the ones
excluded are the low-abundance peptides. As a result, the identification of low abundance pro-
teins is often limited to single peptides. The additional pre-fractionation step resulted in an
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increased number of identified proteins with a single peptide. Hence, the application of the
fractionation method may have a clear added value especially for the identification of low
abundance proteins. However, the credibility of these findings has to be carefully assessed by
the other techniques.

Detection of differentially expressed proteins and their biological
reliability

Differentially expressed proteins were defined based on the statistical analysis (p<0.05, indepen-
dent sample t-test) to enable comparison based on the level of confidence. The fold change
threshold was not taken into consideration, since the reported magnitude is not conclusive, par-
ticularly when comparing two quantification approaches which differ in performance. A mean-
ingful comparison of the differential abundance based on the reported ratio appears
questionable, since different thresholds are routinely applicable for each approach. On the other
hand, even if a substantial change is observed, if it is not of statistical significance, then due to the
low confidence should not be reported as a difference. However, when the interpretation of dif-
ferentially expressed proteins in the specific biological context is of highest relevance, the assess-
ment of the reliability of proteomic findings can be supported by volcano plots. The latter
evaluation helps to eliminate apparent significant changes with low fold change, before the spe-
cific FDR is reached; thus the number of false positive changes will decrease in comparison to the
analysis utilizing solely the level of significance as a criterion for defining differential expression.

A higher total number of changes was observed in the LFQ experiment (77 proteins) vs.
both iTRAQ experiments (6 and 45 proteins were reported for the iTRAQ sample, without and
with fractionation, respectively), which corresponds to 8% of total identifications in LFQ and
4% of quantified proteins in the fractionated iTRAQ sample. This trend was also observed pre-
viously by others (e.g. comparison of non-infected vs. infected with adenovirus human lung
epithelial cells A549 [15] or Chlamydomonas reinhardtii sta6 and cwl5 strains [16]).

In the data presented here, we observe that the highest fold change range of reported ratios
was reported in label-free (-9.41 up to 9.33) and exceed the range observed in both iTRAQ exper-
iments, being particularly prominent for the un-fractionated (-2.03 up to 1.88) vs. fractionated
sample (-1.72 up to 2.60). This likely reflects underestimations of the ratios in iTRAQ due to iso-
topic impurities, sample complexity or efficiency of chromatography separation and is consistent
with previous studies [16]. Overall, a good agreement in the measured relative abundance, as
defined by the two strategies (e.g. up/ down regulated proteins according to the ratios), was
observed. Preliminary results of immunohistochemical staining (IHC) for Annexin A6 confirm
its increased expression in invasive tumors in line with the proteomics results (Fig 5).

Our analysis showed that among the reported significantly altered proteins (according to at
least one method, LFQ or fractionated iTRAQ) only 5 proteins showed an inconsistency in the
reported ratios. As reported in Tables 4 and 3 out of these 5 proteins were significantly differ-
entially expressed only according to the LFQ analysis, and 2 proteins exhibited a significant
change according to the fractionated iTRAQ. In general, in both approaches confidence in
quantification results is supported by the comparable number of peptides contributing to pro-
tein quantification. On the other hand, since the confidence level of the differential expression
for one of the methods is limited (p>0.05), the validity of the results from this particular
method cannot be established. To evaluate the observed discrepancies, a literature search was
conducted to examine concordance of our findings with published reports. However, the
deregulation of these proteins has not been reported in the context of bladder cancer invasion
(pT2+ vs. pTa). Thus, the reported changes in protein abundance has to be further verified in
independent experiments such as Western Blotting or immunohistochemistry. Preliminary
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results of IHC staining for Annexin A6 confirm its increased expression in invasive tumors in
line with the proteomic quantification results (Fig 5).

To further assess the reliability of the protein identification, the expression of the identified
proteins in urothelium and bladder tumor was checked based on available data from proteo-
mics and transcriptomics resources (S6 Table). The presence of almost all proteins in urothelial
epithelium and/or bladder tumor was confirmed, thus supporting the reliability of the identifi-
cation process. As presented, most of these proteins have been previously identified by other
MS-based or immune-based experiments in the bladder (according to ProteomicsDb [31] or
Human Protein Atlas [30]).

To further assess the credibility of the observed significant changes, a comparison of protein
expression trends with transcriptomic studies [33, 36] for the invasive (pT2+) vs. non-invasive
(pTa) and high versus low grade bladder cancer was performed. With the knowledge that some
of these comparisons may not entirely correspond to changes at the protein level related to inva-
sive versus non-invasive cancers, a higher percentage of confirmed differentially expressed pro-
teins was observed for LFQ (34 out of 77 proteins, 44%) versus fractionated iTRAQ (15 out of 45
proteins, 33%). These data also showed that among the overlapping proteins, but found to be sig-
nificant only according to one method, the 40% and 21% of the changes, as respectively indicated
by LFQ and iTRAQ approach, were confirmed by transcriptomic data. Along the same line, a
higher percentage of the confirmed changes among the proteins solely detected by one approach,
was reported for LFQ (65%) compared to fractionated iTRAQ (47%) (Table 6). Consequently,
based on the higher number of confirmed changes, the LFQ appears to have a better capability to
detect differentially altered proteins in comparison to iTRAQ. However, since many of the
changes could not be supported by the transcriptomic data, to make up for the risk of false associ-
ations received by both techniques, analysis of a higher number of samples and/or more stringent
statistical analysis (e.g. adjustment for multiple testing) may be helpful.

Conclusions

The presented work represents an unbiased comparison of two quantification approaches i.e.
label-free and iTRAQ (unfractionated and fractionated analysis) in order to determine which
technique is better suited for the detection of differential protein expression in clinical samples.
In terms of the number of identified proteins, application of pre-fractionation of iTRAQ
labeled peptides enables superior results over the conventional iTRAQ run; whereas the num-
ber of identified proteins was comparable to the LFQ. Based on the obtained results, the label
free approach appears to be the preferred option, when the detection of differential expression
is a main objective of the study. LFQ provides both a higher number and a higher percentage
of differentially abundant proteins for which the change was also supported by the transcrip-
tomics data. Additionally, the added value of LFQ over the iTRAQ is reflected by the more con-
fident protein identification (higher protein sequence coverage). However, when time on the
instrument or cost is a significant issue, iTRAQ may be the method of choice, when the pre-
fractionation step is applied. Conclusively, label free quantitation may facilitate the characteri-
zation of the molecular mechanisms underlying pathological conditions. However, due to the
possibility to detect false positive changes, an increase in the studied sample sizes, when possi-
ble application of stringent statistical criteria (e.g. adjustment for multiple testing) and further
validation of findings are required.

Supporting Information

S1 Fig. Evaluation of the prevalence of modifications in label-based and label-free experi-
ments using regression analysis (95% CI). Both analysis were performed based on average
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percentage of recognized modifications [number of peptides containing modifications/ num-
ber of peptides that could possibly contain modification * 100%]. For iTRAQ, results obtained
from the fractionation experiment are shown. The average percentage of modified peptides
was assessed based on the values obtained separately for each fraction; whereas for the label
free experiment 3 randomly selected samples were evaluated. For the purpose of this analysis,
iTRAQ derived modifications were excluded (Lysine and N-terminus set to a fixed modifica-
tion of 304). The modifications exhibiting significantly different prevalence in iTRAQ and
LFQ were highlighted.

(TTF)

S2 Fig. Evaluation of protein quantification strategies for iTRAQ experiment. Pearson cor-
relation analysis was performed for protein log2 ratios obtained for all quantified proteins (A)
and significantly altered proteins, as indicated by analysis 1 (B). Only proteins identified with
at least 2 peptides were included. In the case of analysis 1, protein abundance relied on the
averages of peptide quantification values for each label and the protein ratio was calculated
based on log2 transformed average values for cases and controls; whereas in the case of analysis
2, the protein ratio was calculated by averaging the ratios for individual peptides and the value
was log2 transformed.

(TTF)

S1 Table. Overview on the reporter ion isotopic distribution for iTRAQ (8-plex).
(DOCX)

$2 Table. Trascriptomics data for pT2+ vs. pTa generated by the GEO2R based on the data
deposited in Gene Expression Omnibus (ID: GSE3167) [33].
(XLSX)

S3 Table. Evaluation of the modification prevalence as calculated by Preview software. The
percentage and the fraction (number of peptides containing modifications vs. number of pep-
tides that could possibly contain modification) are reported for the iTRAQ (non-fractionated/
fractionated) and the LFQ experiments. In the case of the label-based approach supported with
fractionation, the values are presented separately for each fraction); whereas for the label free
experiment three randomly selected samples were evaluated.

(XLSX)

$4 Table. List of identified peptides and proteins in both iTRAQ experiments and LFQ.
Quantification values and expression trends as being obtained by using the label-free and
iTRAQ approach are presented. In addition, in the case of the quantification of the results
obtained after fractionation of iTRAQ sample, the ratios calculated based on the two protocols
i.e. a) averaging of the peptide intensities belonging to protein, which was initially applied as
well as b) alternative approach based on the calculation of protein ratios as an average of the
peptide ratios.

(XLSX)

S5 Table. Comparison of the expression trend for differentially expressed proteins found
among overlapping identifications between LFQ and iTRAQ approach.
(XLSX)

S6 Table. Evaluation of reliability and relevance of identified changes in the iTRAQ and
LFQ approach. The biological reliability of protein identifications was evaluated based on the
data collected in proteomic (Human Protein Atlas [30], ProteomicsDB [31]) and gene expres-
sion (Bgee Database [32]) databases. Additionally, credibility of the detected changes was
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assessed through the comparison of mRNA expression in non-muscle invasive (pTa) vs. mus-
cle invasive BC (pTa) [33], BCa cancer vs. normal tissue [35] and high grade vs. low grade BCa
cancer [36]. (-) This protein-coding gene was not found as differentially expressed in presented
studies. (}) Proteins characterized by the similar expression trend with the transcriptomic
study.

(XLSX)

S7 Table. Evaluation of the number of proteins identified by using various fragmentation
methods (HCD and CID). Results represent the total number of protein identifications from
duplicate runs for selected sample. The presented lists were exported from Proteome Discov-
erer using following peptide filters: high confidence, AM<5ppm and rank 1. Further evalua-
tion, apart exclusion of keratins, was not anticipated for the purpose of this comparison.
(XLSX)

S8 Table. List of proteins identified in duplicate runs of the unfractionated iTRAQ sample.
Common and unique proteins for each run are presented. The presented list of peptides were
exported from Proteome Discoverer using following peptide filters: high confidence,
AM<5ppm and rank 1. Further evaluation, apart exclusion of keratins, was not anticipated for
the purpose of this comparison.

(XLSX)
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Table 1. Overview of the number of peptides and the corresponding proteins as being identified in the individual MS-runs.

Method Sample ID # peptide groups # protein groups
LFQ 3_pTa 5073 1096
11_pTa 5269 1099
16_pTa 5725 1185
19_pTa 3931 937
Mean (SD)_pTa 5000 + 763 1079 £ 103
9 pT2+ 5360 1130
12_pT2+ 5112 1136
15_pT2+ 5516 1169
17_pT2+ 5485 1155
Mean (SD)_pT2+ 5368 + 184 1148 £ 18
iTRAQ 10 ug 1859 664
fractionation 6099 2064
doi:10.1371/journal.pone.0139268.t001
PLOS ONE | DOI:10.1371/journal.pone.0139268 October 1, 2015 2/3
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Table 5. Comparison of the quantification results at the peptide and protein level for identifications with conflicting expression trends between

fractionated iTRAQ and LFQ

Protein/ Peptide

Protein Name

Heterochromatin protein 1-binding protein 3

Actin-related protein 2/3 complex subunit 3

Dolichyl-diphosphooligosaccharide—protein
glycosyltransferase subunit 2

KH domain-containing, RNA-binding, signal
transduction-associated protein 1

General vesicular transport factor p115

doi:10.1371/journal.pone.0139268.t002

Peptide sequence used for
quantification

eASYSLIR
mDAILTEAIk
tIPSWATLSASQLAR
SSAVDPEPQVK
LEDVLPLAFTR
GASGSFVVVQK
aYLQQLR
IIGNMALLPIR
IIGNmMALLPIR
sIVEEIEDLVAR

eDQVIQLMNAIFSk
fELDTSER
NFESLSEAFSVASAAAVLSHNR
QEIQHLFR
yHVPVVVVPEGSASDTHEQAILR
LQVTNVLSQPLTQATVK
ISTEVGITNVDLSTVDKDQSIAPK
NPILWNVADVVIK

YIANTVELR
KDDEENYLDLFSHK

ILGPQGNTIK
DSLDPSFTHAMQLLTAEIEK
SGSMDPSGAHPSVR
gPPLPHR
SSQTSGTNEQSSAIVSAR
SQLNSQSVEITK
NDGVLLLQALTR
eQDLQLEELR
9SEDLGSQFTEIFIk
vASSTLLDDRR

Reference

1.

Peptide Log2 Ratio (pT2

+ vs. pTa)

iTRAQ

+ fractionation
-0.24
-0,37
-0.30

0.06
-0.56

-0,23

-0.47

0.31
-0.00007

LFQ

0.03
0.32
0.41
1.31
0.24
5.12
0.61
-0.06

2.46

0.62
0.33
1.78
3.65
3.15
0.39

0.55
2.42
0.68

0.27
0.25
2.44

Protein Log2 Ratio (pT2

+ vs. pTa)

iTRAQ
+ fractionation

-0,30

-0.25

-0.06

-0.25

-0.10

LFQ

0.72

0.37

1.23

0.63

0.52

Latosinska A, Vougas K, Makridakis M, Klein J, Mullen W, Abbas M, et al. (2015) Comparative Analysis
of Label-Free and 8-Plex iTRAQ Approach for Quantitative Tissue Proteomic Analysis. PLoS ONE 10
(9): e0137048. doi:10.1371/journal.pone.0137048 PMID: 26331617
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