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Abstract
Results obtained from expression profilings of renal cell carcinoma using different “ome”-based
approaches and comprehensive data analysis demonstrated that proteome-based technologies and
cDNA microarray analyses complement each other during the discovery phase for disease-related
candidate biomarkers. The integration of the respective data revealed the uniqueness and
complementarities of the different technologies. While comparative cDNA microarray analyses
though restricted to upregulated targets largely revealed genes involved in controlling gene/protein
expression (19%) and signal transduction processes (13%), proteomics/PROTEOMEX-defined
candidate biomarkers include enzymes of the cellular metabolism (36%), transport proteins (12%)
and cell motility/structural molecules (10%). Candidate biomarkers defined by proteomics and
PROTEOMEX are frequently shared, whereas the sharing rate between cDNA microarray and
proteome-based profilings is limited. Putative candidate biomarkers provide insights into their
cellular (dys)function and their diagnostic/prognostic value but still warrant further validation in
larger patient numbers. Based on the fact that merely 3 candidate biomarkers were shared by all
applied technologies, namely annexin A4, tubulin alpha-1A chain and ubiquitin carboxyl-terminal
hydrolase L1 the analysis at a single hierarchical level of biological regulation seems to provide
only limited results thus emphasizing the importance and benefit of performing rather
combinatorial screenings which can complement the standard clinical predictors.
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Introduction
With the completion of the human genome project the emphasis is now moving towards the
understanding of its functional products and the biological significance of approximately
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25.000 human genes. This information has to be complemented by the determination of the
protein expression pattern, which defines the basis to differentiate between normal and
diseased stages. Overall this will lead to a better understanding of the molecular mechanisms
associated with the initiation and progression of diseases and support the design of
innovative therapeutic approaches. In this context a feasible goal is the identification of
novel diagnostic and prognostic biomarkers as well as of therapeutic targets. Global gene
expression profiling using cDNA microarrays allows the simultaneous analysis of the
expression of thousands of genes in a high throughput setting and already has shed some
light on cellular processes related to certain disease pathogenesis [1, 2] . Due to the
existence of complex posttranscriptional processes such as transcript de/stabilization,
translation, posttranslational modifications and protein degradation which determine and
modulate the quality and quantity of expressed proteins, transcription is not coordinately
associated with translation resulting in a limited correlation between mRNA levels and
protein abundance [3] . The differences in protein concentrations are only to 20 – 40%
attributable to altered mRNA levels [4, 5] . Therefore, proteomics represents a
complementary strategy for biomarker detection in malignancies [6, 7] . So far, this
approach mainly used 2-DE analysis followed by mass spectrometry. In addition
PROTEOMEX/SERPA/SPEAR, a combination of classical proteomics with serology, has
been implemented for the detection of putative immunogenic biomarkers in malignancies
[8–11]. Using both transcriptome and proteome-based technologies a number of candidate
biomarkers have been defined in different diseases [8–11]. Such candidate biomarkers could
be employed in the diagnosis, prediction and prognosis of disease or even as therapeutic
targets and are still urgently needed for the discovery, treatment and monitoring of some
malignancies including renal cell carcinoma (RCC).

RCC represents the most prevalent cancer of the kidney, accounts for approximately 3% of
adult malignancies in the Western world [12] and is the 6th leading cause of cancer-related
deaths, whereas localized disease can be cured by nephrectomy. This is not the common
option since symptoms arise late and approximately 55% of the patients exhibit locally
advanced or metastatic RCC at the time of diagnosis. Unfortunately, these patients have a
poor prognosis with a 5-years survival rate < 20%. This is based on the fact that RCC is
moreover resistant to chemo- and radiation therapy. However, immunotherapy as well as a
group of small molecules targeting growth factor receptors, their ligands or tyrosine kinases
showed promising anti-tumor activity [13–15] .

Developments in cDNA microarrays and mass spectrometry (MS)-based functional
proteomics have improved the understanding of the molecular mechanisms involved in
neoplastic transformation and tumor progression at both the mRNA and protein level. Some
transcriptome- and proteome-based studies using RCC lesions or RCC cell lines and
corresponding normal renal epithelium or cell lines derived thereof led to the identification
of RCC-specific changes associated with an altered expression pattern for a number of gene/
protein families [11, 16–26]. These include prognostic factors associated with the growth
rate and metastatic potential of RCC and predictive factors related to the sensitivity and/or
resistance to therapeutic agents [16, 18, 20, 26]. However, further investigations are still
required to receive a more comprehensive knowledge about genes/proteins that are
selectively up- or down-regulated in RCC lesions and during disease progression. This
information in association with clinicopatholigical parameters might lead to a more accurate
stratification of RCC patients based on the risk and thus also influence the intensity of
treatment and surveillance. Recently, a combination of selected tissue markers with standard
clinical predictors was explored by integrating informative markers into a multivariate
prognostic system [27].
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The aim of the current study was to address in particular the complementation capacity of
transcriptome- and proteome-based methods. In the context of discovery of candidate
biomarkers in RCC. The integration of the heterogeneous data generated from these diverse
global technology platforms in combination with the validation procedure using RCC
lesions, autologous normal kidney epithelium as well as RCC and normal renal epithelium
representing cell lines represent the first challenge to develop a database of putative RCC-
specific candidate biomarkers. The low level of concordance (10%) in the mRNA and
protein expression profiling of RCC systems investigated suggested that the analysis at a
single hierarchical level of biological regulation provides only partial results since none of
them can display the given complexity. The candidate biomarkers identified by these
technologies belong to different gene/protein families. Some of them were novel and
unexpected in the context of RCC, while others still await the further description of their
physiological function and regulation. Thus, the implementation of cDNA microarrays in
combination with proteome-based technologies and the subsequent validation of identified
targets is a mandatory approach, which allows to assess the complexity of biological
processes and minimizes the constriction of each technology in the discovery phase of
diagnostic and prognostic candidate biomarkers for RCC.

Materials and methods
Tissue samples, sera and clinical data

Biopsies from RCC of distinct subtypes and normal kidney samples (n = 38) were obtained
from the Department of Urology of the Johannes Gutenberg University (Mainz, Germany)
(Table 1A) and have been previously described in detail [21, 23]. Specimens were collected
following routine nephrectomy and tissue samples were directly cryo-conserved for
subsequent “ome”-based analysis, whereas the remaining tissues were used for pathological
confirmation. In addition, serum was obtained from RCC patients (n = 8) prior to and post
surgery as well as from healthy controls (n = 7). Patients sample procurement followed
standard ethical procedures according to the institutional policy and informed consent was
obtained from each individual.

RCC cell lines and tissue culture
The RCC cell lines established from primary RCC of various subtypes as well as SV40 large
T antigen immortalized RCC and normal kidney epithelium representing cell lines have
been described in detail elsewhere [28-30]. The cells were grown in DMEM supplemented
with 10% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin/100 μg/ml streptomycin,
1% MEM essential amino acids and 1% sodium pyruvate (all components purchased from
Gibco/BRL, Life Technologies, Karlsruhe, Germany) Immortalized cells were grown in the
presence of up to 600 μg/ml Hygromycin B (Roche Diagnostics, Mannheim, Germany). 5 x
106 to 1 x 107 cells were harvested, washed three times in phosphate buffered saline (PBS),
shock frozen as dry pellets and stored in liquid nitrogen until further use.

cDNA microarrays
Total RNA was extracted either from frozen tissue specimens or from cell pellets using the
Trizol reagent (Invitrogen, Carlsbad, CA, USA) and amplified into antisense RNA (aRNA)
[31]. High quality aRNA was subsequently subjected to analysis. Similarly, total RNA from
peripheral blood mononuclear cells pooled from six normal donors was extracted and
amplified to serve as constant reference. Test and reference RNAs were labeled with Cy5
(red) and Cy3 (green) and co-hybridized to a custom-made 17.5K cDNA microarray. The
17.500 spots included 12.072 uniquely named genes, 875 duplicated genes, and about 4.000
expression sequence tags [16, 31].
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Quality validation of transcriptome data
All statistical analyses were performed using the log2-based ratios normalizing the medial
log2 ratio value across the array equal to zero. Validation and reproducibility were
performed using our internal reference concordance system. The level of concordance was
determined by periodically rehybridizing the same arbitrarily selected test sample with the
reference sample as described [31]. The concordance analysis demonstrated a > 95%
concordance level and non-concordant genes due to lack of reproducibility or random biases
were excluded from subsequent analyses. However, the comparison is as yet limited to the
set of upregulated transcripts.

Two-dimensional gel electrophoresis, immunoblotting and protein identification
Biopsy specimen or cell pellets (5 x106 to 1 x 107 cells sample) were extracted with lysis
buffer in 7 M urea (Applichem, Darmstadt, Germany), 2 M thiourea (Sigma-Aldrich
Chemie, Deisenhofen, Germany), 0.2 M dimethylbenzylammonium propane sulfonate
(NDSB, ICN Biomedicals, Eschwege, Germany), 1% dithiothreitol (DTT; Applichem,
Darmstadt, Germany), 4% 3-[(3-cholamidopropyl)dimethylamino]-1-propanesulfonate
(CHAPS; Applichem), 0.5% pharmalytes (Amersham Biosciences, Freiburg, Germany) and
a trace of the dye bromophenol blue (Serva Electrophoresis, Heidelberg, Germany) and the
respective lysates were generated as recently described [21, 29]. Briefly, 300 – 500 μg total
protein/sample were loaded on either linear pH 4 – 7 and pH 6 - 11 or non-linear pH 3 – 10
immobilized pH gradient strips (Immobiline DryStrips, Amersham Biosciences). All
samples were run at least in triplicates. Isoelectric focusing, second dimension SDS-PAGE
separation, gel staining with colloidal Coomassie blue, silver or Ruthenium II
bathophenanthroline disulfonate chelate (RuBPS) was performed as recently published [29,
32].

Quantitative image analysis was performed using the Proteomeweaver™ software (Versions
1.1 – 4.0; Definiens AG/Bio-Rad GmbH, Munich, Germany). Spot patterns were first
normalized for pattern recognition with a pre-match normalization algorithm and
subsequently numerically normalized by a pair-matched normalization algorithm which
computes a normalization factor for every gel in the analysis set resulting in a residual error
between 1.01 and 1.1. Only proteins with a 2-fold altered expression level in the given
match set (tumor/kidney epithelium) or displaying a restricted protein expression pattern to
either tumor or normal kidney cells were considered as differentially expressed. The selected
protein spots were statistically analyzed by the t-test (p < 0.05).

For immunoblotting, proteins from 2DE gels were transferred onto PVDF membranes
(Roche Biochemicals, Mannheim, Germany), blocked in Tris-buffered saline (TBS, 140 mM
NaCl, 10 mM Tris–HCl, pH 7.4) supplemented with 0.4% Tween 20, 5% skim milk (Difco
Laboratories, USA) and 10% horse serum (PAA Laboratories GmbH, Coelbe, Germany)
and then incubated over night at 4 °C with serum (1:50 diluted in TBS, 0.1% Tween 20, 2%
skim milk). Sera were either obtained from RCC patients prior/post radical nephrectomy or
from healthy donors. Specific binding of serum IgG was visualized by using the peroxidase-
conjugated rabbit anti-human IgG antibody (Ab) PO214 (DAKO, Hamburg, Germany) in
combination with a chemiluminescence substrate (Lumi-Light Western Blotting Substrate,
Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's
instructions. Immune reactive spots were subsequently matched with the 2DE spot gel
pattern of the corresponding gel by superimposing the given pattern.

Microanalytical identification of proteins
Protein identification was performed as previously described [29]. Peptide mass
fingerprinting analyses and post-source decay (PSD) fragmentation were performed by
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MALDI-TOF-MS using a Voyager STR Biospectrometry Workstation (Applied Biosystems,
Foster City, CA, USA). Edman degradation was performed using a Procise 494 system
(Applied Biosystems). Database searches employed the Mascot software package (Matrix
Science, Durham, US) [32].

Bioinformatics
The raw data analysis was performed with an in house made web-based application which
provides several tools such as calculating the overlap between different approaches,
functional and subcellular distribution of the identified genes/proteins, generation of 2DE
reference maps. The relevant “ome”-based data, such as mode of regulation, MS-based
identification strategy or annotation of the genes/proteins from the three different
approaches were collected and stored in an in house database. The database was
automatically fed with the latest information from several public domain databases, such as
SwissProt/TrEMBL (http://expasy.org/sprot/) or EBI (http://www.ebi.ac.uk/ego/GSearch)
and used to classify the set of differentially expressed genes/proteins according to their
biological functions and cellular compartments based on the retrieved gene ontology
annotation for each candidate biomarker. Genes not described in the database or for which
the biological process/function or cellular localization were unspecified were categorized as
“unknown”.

Validation of differentially expressed genes/proteins
For RT-PCR analysis total cellular RNA was extracted, transcribed into cDNA and
subjected to semi-quantitative RT-PCR using target-specific primers as recently described
[30]. For Western blot analysis 20 μg protein/lane were size fractionated on SDS-PAGE
prior to blotting on PVDF (Immobilon-P, Roche Biochemicals, Mannheim, Germany) or on
nitrocellulose membranes (Protran, Schleicher & Schuell, Dassel, Germany), blocked,
incubated with target-specific antibodies and subsequently developed with suitable
secondary antibodies as previously published [23].

Immunohistochemistry
Representative paraffin blocks of tumor and normal tissues were selected and cut into 5 μm
sections using a cryostat. For antigen retrieval, consecutive sections were incubated for 2–8
minutes in citrate buffer in a microwave oven followed by a washing procedure with Tris-
buffered saline and an additional incubation with normal swine serum (dilution 1:5, DAKO,
Hamburg, Germany) for 10 minutes. All sections were stained with HE to identify tumor
tissue. Slides were incubated with the primary antibody for one hour at room temperature.
Immunohistochemical stainings were performed as previously described [21, 33] with the
polyclonal antibodies (pAb’s) directed against annexin (ANX) A3 (ab33068, Abcam,
Cambridge, UK) or alpha-enolase (ab35075, Abcam, Cambridge, UK). Immunoreactivity
was detected using the commercially available streptavidin biotin (LSAB)-peroxidase kit
and amino-9-ethylcarbazol (AEC) (DAKO, Hamburg, Germany). Negative controls were
performed by omitting the primary antibody. The extent of immunostaining was scored
according to the following criteria: negative: < 5% positive cells; weak positive: 5 – 25%
positive tumor cells; intermediate positive: 26 – 50% positive tumor cells; strong positive >
50% positive tumor cells.

Results
The profiling of RCC systems at the mRNA and protein level has become a widely used tool
to identify and characterize molecules and/or pathways important for the development of
RCC. Using three distinct experimental strategies, cDNA microarrays, proteomics and
PROTEOMEX 423 unique differentially expressed/immunoreactive genes/proteins have
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been identified in the different RCC systems analyzed. Since the interpretation of the results
requires the presentation of the data in the context of their functional processes and cellular
localization, the sets of genes/proteins identified as differentially expressed/immunoreactive
in RCC versus normal kidney (biopsies/cell lines) were sub-grouped into respective
functional categories and according to their cellular localization based on the latest currently
available information stored in public domain databases. This approach allows the
discrimination between co- or discordant regulated biological pathways and/or processes
disturbed in RCC when compared to normal kidney. Based on the collected experimental
data, selected candidate biomarkers were further validated concerning their differential
expression pattern in a series of RCC systems consisting of either tissue samples and/or cell
lines.

Classical 2DE-based proteome analysis of RCC lesions and normal kidney epithelium
In this report 21 pairs of RCC samples and corresponding normal kidney epithelium have
been analyzed by classical 2DE-based proteome analysis (Table 1B). This strategy allowed
the detection of 334 proteins exhibiting a distinct/differential expression pattern between
RCC lesions and normal kidney tissues. Protein ontology was employed to group the set of
differentially expressed proteins into distinct protein families based on the closest affinity
for their major biological function and according to their cellular localization. As shown in
Fig. 1A the frequencies within the given functional categories significantly varied: in
particular metabolic enzymes (36%), transport proteins (12%) and proteins associated with
cell motility and cellular structure (10%) were found to be differentially expressed in RCC
lesions when compared to normal kidney epithelium, whereas the frequency within the other
functional protein subclasses in the respective biopsy pairs was < 10% (Fig. 1A). It is
noteworthy that the group “other” (15%) is comprised of functional categories expressed at
< 5% in the sample collection analyzed.

These differentially expressed proteins were mainly found in the cytoplasm (26%),
mitochondria (24%) as well as in the cytoskeleton (10%), but rarely detected on the
membrane (4%) or in the nucleus (4%, Fig. 1B). In addition, 10% of the proteins identified
could not be localized to a specific compartment.

PROTEOMEX as a suitable tool for candidate biomarker detection in RCC
For PROTEOMEX analyses the three RCC cell lines MZ1257RC, MZ1940RC and
MZ2733RC and the normal kidney epithelium representing cell line MZ2733NN were
subjected to 2DE, blotted onto membranes, blocked and subsequently incubated with either
serum obtained from 7 healthy volunteers or from 8 RCC patients prior to the detection of
immunoreactive proteins with an anti-human lgG-specific pAb. Each sample set consisting
of the 4 cell lines was tested with the given serum sample individually (Table 1B).
Employing this approach still provides a challenge which is underlined by the fact that more
than 50% of the immunoreactive proteins detected by this methodology have not yet been
identified. So far, only 50 immunogenic proteins have been identified successfully, which is
partially linked to the enormous complexity at the protein level, their low expression level
and/or the limited sensitivity of mass spectrometry. The highest percentage of putative
biomarkers identified by PROTEOMEX represent stress proteins (26%), proteins essential
for cell motility and restructuring or maintenance of the cytoskeleton (20%) and metabolic
enzymes (20%; Fig. 2A). The classification of the immunoreactive targets into cellular
compartments revealed the highest frequency within the cytoplasm (30%) and in the
cytoskeleton (16%), whereas 8% of the immunoreactive proteins exhibit an unspecified
cellular localization (Fig. 2B). In contrast to the classical proteomics approach,
PROTEOMEX also allowed the identification of targets which were not necessarily
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differentially expressed but likely rather defined by posttranslational modifications, as
previously demonstrated for isoforms of the heat shock protein (HSP) 27 [21].

Putative candidate biomarkers of RCC identified by transcriptomics
Using cDNA microarrays 17 RCC lesions versus corresponding normal kidney epithelium
were analyzed for their distinct mRNA expression pattern (Table 1B) [16] leading to the
detection of 119 genes with significant upregulated transcript levels. Gene ontology was
used to classify the set of upregulated genes according to their biological functions and
cellular compartments. The comparative profiling at the transcriptional level revealed a
increased mRNA expression pattern for genes involved in the control of gene/protein
expression (19%), in signal transduction processes (13%), in cellular metabolism (12%), in
the immune response (11%), transport proteins (8%) as well as molecules involved in cell
motility and cell structure maintenance (7%). The 25% of genes classified as “others” by
this approach were involved in cellular stress (1%), proliferation (4%), ion binding (3%),
cell adhesion (4%), multiple function (1%) next to a group of differentially expressed genes
which despite having ontology annotations could not be assigned to any of the given
functional classes (12%, Fig. 3A). Aside from their physiological function the subset of
upregulated candidate biomarkers were also categorized according to their distinct cellular
localization (Fig. 3B). The leading compartments here are the membrane (24%), the nucleus
(20%), as well as the cytoplasm (19%). Moreover, it is noteworthy that the transcriptomic
profiling revealed the highest frequency of genes assigned to the extracellular region (12%).

Target sharing of candidate biomarkers
As shown in Fig. 4, the target sharing rates between these three technologies strongly
differed. As expected there exists the broadest overlap of candidate biomarkers between the
2DE gel-based proteomics and PROTEOMEX approaches. 28 of the 50 proteins identified
by PROTEOMEX were also found to be differentially expressed using classical proteomics
(Table 2, Fig. 4, 5). In particular, proteins involved in the metabolism and stress responses
as well as in cell proliferation and cytoskeletal formation, such as for example aldose
reductase, HSP 27, endoplasmin, annexin (ANX) A2, moesin and vimentin were found in
the overlapping set of candidate biomarkers/segment (Table 2, Fig. 4, 5).

In contrast, the number of shared candidate biomarkers between proteome-based methods
and transcriptomics is much lower, in the range of 10%, respectively. Whereas the
overlapping segment between proteomics and transcriptomics is defined by only twelve
candidate biomarkers merely 4 candidate biomarkers are shared between PROTEOMEX and
transcriptomics (Table 2, Fig. 4, 5). These data suggest that transcriptomic profiling detects
indeed a distinct set of genes, which was further supported by differences in the targeting of
membrane and nuclear proteins. The importance of posttranscriptional regulatory
mechanisms in RCC was suggested since for example the candidate biomarker ubiquitin
carboxyl-terminal hydrolase L1 (UCHL1), was detectable at the transcript level, but was not
found at the protein level of some RCC cell lines [30].

Taken together each of these technologies differs in terms of their sensitivity, complexity
and advantages/disadvantages. The total number of candidate biomarkers detected by all of
the experimental strategies is currently limited to 3, namely annexin A4 (ANXA4), tubulin
alpha-1A chain (TUBA1A) and ubiquitin carboxyl-terminal hydrolase L1 (UCHL1) (Table
2, Fig. 4).

Validation of candidate biomarkers identified by “ome”-based technologies
In order to determine whether the results obtained by comparative transcriptomics and
proteomics reflect indeed a common gene/protein expression pattern of RCC lesions, of
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distinct subtypes, of tumor gradings and stagings, target validation of differentially
expressed genes and/or proteins was performed employing RT-PCR, Western blot analysis
and/or immunohistochemistry.

For immunohistochemical stainings either single paraffin-embedded tissue samples or tissue
micro arrays (TMA) consisting of a large series of tumor lesions and corresponding normal
renal epithelium (>200) were employed as recently described [30], whereas for RT-PCR and
Western blot analysis either sets of 7 to 21 established RCC and/or normal renal epithelium
representing cell lines and/or series of respective biopsy specimens were used. Concerning
our own data the initially selected proteins were prioritized concerning their biological
significance, availability of antibodies and relative novelity in RCC. In addition to our own
validation data also validation data obtained by other groups were considered (Table 3).

The simultaneous analysis of the expression pattern in different RCC systems demonstrated
that various members of the HSP family known to be involved in the induction of stress
responses, apoptosis and in the development of anti-tumor immunity were differentially
expressed in RCC lesions when compared to normal kidney epithelium [21, 34]. This was
confirmed by RT-PCR and Western blot analysis on a series of RCC cell lines and short-
term cultures of normal kidney epithelium. In addition, a number of post-translational
modifications for HSP 27 were identified, which were also differentially detected by the
PROTEOMEX approach demonstrating indeed a distinct immune recognition pattern of
HSP 27 variants [21].

Structural proteins like cytoskeletal components are mainly co-regulated at the
transcriptomic and proteomic level in RCC. Using these approaches a significantly
heterogeneous expression pattern of different members of the cytoskeleton including for
example cytokeratin (CK) 8, vimentin and stathmin was found between distinct RCC
subtypes and corresponding normal kidney epithelium. The validation of their expression
patterns by Western blot analysis and immunohistochemistry in a series of RCC systems,
comprised of tumor and corresponding normal epithelium, revealed similar results therefore
confirming the “ome”-based data. Thus, the co-expression of CK8, vimentin and/or stathmin
can be used as a tool to distinguish between the different RCC subtypes, since their
combined expression is in particular associated with RCC of the clear cell type [35].
Moreover, antibody responses in RCC patients were detected against various cytokeratins,
cytoskeletal tropomyosin, F-actin capping protein and vimentin. Thus, some of the
cytoskeletal proteins identified by proteomics and/or PROTEOMEX characterized RCC
subtype-specific changes, which had not been previously reported.

A discordance between mRNA and protein abundance in RCC systems was found for the
differentially expressed family of metabolic enzymes [22, 36, 37], such as enzymes involved
in the carbohydrate, lipid and phosphate metabolism, but also in the maintenance of the
cellular redox potential as well as components of the antigen processing machinery. This
suggests that posttranscriptional alterations in these different cellular processes might play
an important role in RCC. Some of these markers were also detected by the PROTEOMEX
approach and were further validated by Western blot and/or immunohistochemistry. As
representatively shown for members of the fatty acid binding protein (FABP) family [23] an
almost complete loss of L-FABP was found in RCC lesions of the clear cell, chromophilic
and chromophobic subtype, whereas the loss of L-FABP was restricted to about 50% of
benign oncocytoma. Thus, lack of L-FABP is independent of the RCC subtype, but
associated with the malignant phenotype of this disease. In contrast, a RCC subtype-specific
expression pattern was detected for B-FABP in RCC of the clear cell subtype and for H-
FABP in tumors of the oncocytic subtype. Due to the small number of chromophobic and
chromophilic RCC and oncocytomas analyzed thus far, which is based on the relative low
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frequencies of these RCC subtypes, the validation of candidate biomarkers both at the
mRNA and protein level has yet to be performed on a significantly higher number of
specimens in order to bolster their statistical relevance.

For one differentially expressed target, UCHL1, which represents one of the 3 candidate
biomarkers defined by all three “ome”-based strategies employed, the validation data were
further extended by performing functional assays. The expression of UCHL1 is down-
regulated in the early phase of RCC tumorigenesis, whereas it is re-expressed at the
metastatic stage [30] as determined by RT-PCR, Western blot analysis and
immunohistochemistry on a large series of RCC specimens and RCC cell lines. In addition,
UCHL1 gain of function variants not only exhibited increased cell cycle rates, but also an
improved cell motility and migration capacity, which is in line with features required by
metastatic cells. The down-regulation or lack of UCHL1 is in most cases due to an
epigenetic silencing and can be reverted by demethylating agents (Seliger, personal
communication). Enolase is a surface protein and a key enzyme of the glycolysis. It exerts
multiple functions, serves as a plasminogen receptor on the surface of different cell types,
including epithelial cells and appears to be involved in systemic autoimmune disorders [38,
39] . Alpha-enolase has been shown to be recognized by autoantibodies infections and
autoimmune diseases [40, 41]. In addition, alpha-enolase has been recently identified as a
tumor antigen in non-small-lung carcinoma [42]. We here extended the analysis of alpha-
enolase to RCC, which is mainly expressed at high levels in all RCC subtypes. Only 6% of
chromophilic and chromophobic RCC, respectively, exhibit intermediate and no more than
6% show low or even lack alpha-enolase expression (Fig. 6). Since alpha-enolase was
detected by both proteomics and PROTEOMEX analyses it could be traced by
autoantibodies in the serum of RCC patients. Furthermore, alpha-enolase has the capacity to
function as a HSP and binds cytoskeletal and chromatin structures. Its coordinated
expression together with various HSPs and cytoskeletal components suggests a role in gene
transcription and the pathophysiology of RCC. In this context, it is moreover noteworthy
that HSP 27 and alpha enolase expression in pancreatic cancer might represent candidate
biomarkers for resistance to chemotherapy as well as response prediction [43].

Annexin A3 (ANXA3) represents a rare member of a family of calcium-binding proteins,
which are involved in membrane trafficking, lymphocyte migration and stimulation of
specific immune responses [44]. Furthermore, ANXA3 plays an important role in
angiogenesis [45]. Although ANXA3 has not been intensely analyzed in human tumors, it
appears to represent a promising candidate biomarker for prostate carcinoma when
combined with standard prognostic parameters. Negative staining of ANXA3 correlated
with prognosis and progression of prostate cancer [46, 47]. We here extended the analysis to
RCC demonstrating an extremely heterogeneous expression pattern in the different RCC
subtypes (Fig. 7). In particular, in RCC of clear cell subtype 44% of the tumor lesions
exhibit a strong, 17% an intermediate and 5% a weak expression of ANXA3, whereas 34%
of these RCC lesions totally lack ANXA3 staining. In contrast, the loss of ANXA3
expression was detected in 94% of chromophilic, 87% of chromophobic RCC and in 100%
of adenomas of the oncocytic type (Fig. 7), which is in line with the results obtained in
prostate cancer. In addition, it is noteworthy that ANXA4 another member of the annexin
family was also detected to be differentially expressed/immunoreactive in the RCC systems
analysed, independent from the employed mRNA and/or protein profiling strategy.
Furthermore, these findings are in line with the data provided by Zimmermann and co-
authors [48] describing an increased expression of ANXA4 in RCC, which was even
associated with its altered cellular localization. Thus, ANX family members may be
involved in the development, progression and/or dissemination of RCC and thus way well
serve as putative candidate biomarkers. Taken together the expression/recognition pattern of
the selected putative biomarkers identified by either transcriptomics, classical proteomics or
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PROTEOMEX was largely confirmed for a number of putative RCC biomarkers by at least
one, for the majority of targets even by two of the three independent validation methods
proving that the alterations detected by the different “ome”-based approaches were reliable.

Discussion
Analyses integrating mRNA and protein profilings in mammalian cells suggest that there
exists an approximately 60–80% discordance between mRNA and protein abundances,
which is mainly due to posttranscriptional/posttranslational changes [3, 49]. Based on this
knowledge, a combination of transcriptomics and proteome-based technologies seems to be
a promising strategy to provide interesting candidate genes and proteins that can be
developed as potential indicators of diagnostic and prognostic values for RCC or even used
as novel therapeutic target structures. Although it is generally accepted that proteins
represent key molecular entities that play a more direct role in dictating cellular activities
than RNA. Proteome-based analysis are hampered by three major kinds of limitations: (i)
the high dynamic range within the protein expression profiles [50], (ii) the vast complexity
of the proteome to be analyzed and (iii) the technical limitations of the available analytical
methods [51]. Therefore the implementation of both transcriptome and proteome defining
strategies appear to complement each other and facilitate the identification of novel
candidate biomarkers in RCC. However, it is noteworthy that the integration of data from
different technology platforms is a challenge due to the heterogeneity of results. Statistical
and bioinformatic approaches are required to develop a comprehensive data set, which
includes annotations, functional correlations as well as the results of validation studies. The
systematic analysis of the mRNA and/or protein expression pattern of RCC lesions versus
normal renal epithelium provides the first clue into alterations involved in the development
of this disease and further delineates the signaling networks and the regulation of cell
functions during malignant transformation. In addition the identification of markers can be
used for tumor class discovery, by developing algorithms based on transcriptome and
proteome data and by determining the physiological and clinical meaning of the putative
classes [27, 52]. So far, the present study describes the most extensive effort of data
integration from RCC systems using such distinct technology platforms as transcriptome-
and proteome-based analyses and demonstrates advantages and disadvantages of these
various approaches in terms of searching for candidate biomarker detection. We have used
2DE-based classical proteomics and PROTEOMEX in combination with cDNA microarrays
to screen paired RCC lesions and normal kidney. Whereas proteomics enables the
identification of posttranscriptional as well as posttranslational modifications including
degradation products, transcriptome analysis facilitates the identification of genes/candidate
biomarkers coding for hydrophobic, extreme basic or weakly expressed proteins, which are
still difficult to determine by 2DE gel-based analysis [50, 51]. Thus the data obtained with
these different experimental approaches were first collected in an in house designed data
base, converted into a common format by extracting all of the relevant public domain
available information from various databases and subsequently classified into various
functional families and according to their cellular compartments in order to allow their
presentation in comparable charts (Fig. 1–3).

This sub-grouping allows the discrimination between co- and dysregulated gene/protein
families involved in the neoplastic phenotype of RCC. If we compare the categories and
frequencies of shared targets there exists a larger difference between candidate biomarkers
identified by transcriptomics and proteomics than between the proteome-based technologies
employed.

PROTEOMEX appears not only to represent a powerful tool for the detection of immune
reactive proteins, but moreover helps to trim down the long lists of candidate biomarkers
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defined by proteomics through highlighting target structures which are recognized by the
immune system [19–21]. Thus far in particular putative candidates shared between these
approaches showed promising biomarker features. In addition, this technology allows the
identification of putative targets which cannot be detected by the other two technologies
demonstrating the necessity of its implementation to provide complementary information
regarding RCC-specific alterations.

The observed discrepancy of mRNA and protein expression levels in RCC systems is in
accordance with other publications analyzing hematopoietic cells of distinct differentiation
status [53] and lung carcinoma systems [54]. Regarding the comparison between
transcriptomics and PROTEOMEX only 4 targets were shared. These belong to different
proteins families, such as metabolic enzymes (nicotinamide-N-methyltransferase, UCHL1),
structural molecules, tubulin alpha1A chain (TUBA1A) and signal transduction molecules
(ANXA4) (Table 2; Fig. 4, 5). While transcriptomics might identify in particular genes
coding for membrane and/or low abundant proteins, such as genes involved in signal
transduction processes and the regulation of gene/protein expression levels, these markers
might not be easily detected by proteome-based methods due to the extreme complexity of
the proteome and the obvious restrictions concerning both the staining and detection
sensitivity of these methods. The rate of candidate biomarkers defined by all three methods
is currently limited to just three proteins, ANXA4, TUBA1A and UCHL1 (Table 2; Fig. 4).

Based on the low frequency of shared targets between proteome-based methods and
transcriptomics, there exists a capacity of falsification. Proteomics might falsify
transcriptomics, but not vice versa due to the limited correlation of these approaches. Thus
validations of selected markers by Western blot and/or immunohistochemistry and in some
cases RT-PCR analyses were performed. The distinct protein expression patterns between
RCC lesions and normal kidney epithelium obtained by proteomics and PROTEOMEX was
confirmed employing different validation technologies. Since some candidate biomarkers
were monitored on a broad series of tissue samples even RCC subtype- or grading-
dependent target expression pattern were found [20, 23, 30]. Some of the differentially
expressed candidate biomarkers like alpha-enolase and UCHL1 were defined in RCC by
classical proteomics and by PROTEOMEX. The strong expression of alpha-enolase
observed in all RCC subtypes indicates that this molecule might serve as a candidate
biomarker for the discrimination between RCC lesions and normal kidney epithelium. The
detection of autoantibodies directed against this molecule in different infectious and
autoimmune disorders [38], but also in RCC might further suggest that alpha-enolase
represents a potent antibody target. These data stress that (i) overlapping identifications can
be defined by analyzing both the mRNA and protein expression profile, (ii) that all three
technologies are able to identify independently a substantial number of biological targets
with high reproducibility and robustness and (iii) that the discrepancy between the mRNA
and protein abundance is mainly due to the biology of gene expression rather than
measurement errors. In this context it is noteworthy that falsification was shown for UCHL1
[30].

Despite the major advances in recent RCC studies obtained by functional transcriptome and
proteome analysis, the discovery of suitable biomarkers for early diagnosis and prognosis of
RCC is still urgently needed. This might in fact be due to an enormous heterogeneity of this
tumor entity. Clearly subsequent studies have to be designed with larger numbers of cell
lines and tissues. However, also on a more proper quantitative comparison of transcriptome
versus proteome data by implementation of quantitative rather than semi-quantitative
proteome techniques such as ICAT and ICPL labeling or 2D-DIGE in combination with
mass spectrometry and a more extensive characterization of the proteins identified so that a
priorization could occur at an early step of the analysis [54]. In order to achieve this goal it
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will be important in the future to combine the complementary quantitative ”ome”-based
technologies and to focus the analysis on different subtypes of RCC as well as different
tumor grading and staging profiles and to perform multivariable analysis using
clinicopathological parameters including the survival of patients. Furthermore, a detailed
view on molecular changes in pathways known to be altered in RCC, like the Von-Hippel-
Lindau (VHL) protein pathway, will present an innovative approach to identify novel
markers [55, 56]. Although a new group of targeting kinase inhibitors recently showed
promising results in the treatment of RCC patients [14, 15], the identification of molecular
biomarkers suitable as clinical tools still remains a priority of research in this disease.
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Figure 1.
Classification of unique proteins identified by classical proteomics. The pie charts display
the classification of differentially expressed proteins identified by classical proteomics of 21
RCC lesions and corresponding normal kidney epithelium according to (A) functional
protein classes and (B) cellular compartments. Each segment in the pie charts represents
either a functional gene family (A) or a cellular compartment (B) as indicated by the
respective labels. In addition, the relative distribution is indicated as % of the total target
number analyzed. Functional protein classes and distribution into cellular compartments <
5% were combined and categorized as “other”.
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Figure 2.
Classification of unique proteins identified by PROTEOMEX. The pie charts display the
classification of differentially expressed protein spots defined by PROTEOMEX using three
RCC cell lines and one normal renal epithelium representing cell line and based on
immunostainings obtained with serum samples from 7 healthy individuals and 8 RCC
patients, respectively according to (A) functional protein classes and (B) the subcellular
distribution of the identified targets. The layout is in analogy to Fig. 1
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Figure 3.
Classification of differentially expressed genes identified by transcriptome analyses. The pie
charts display the data sets obtained by transcriptomics of 13 RCC lesions of the clear cell
type, 1 chromophobic and 2 chromophilic RCC lesion along with corresponding normal
kidney epithelium and 1 leiomyosarcoma according to their function (A) and cellular
localization (B). The layout is in analogy to Fig. 1.
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Figure 4.
Combined target sharing between the different “ome”-based approaches. Each of the distinct
“ome”-based technologies is represented by an oval. The total number of targets identified
via the given approach is listed in brackets. The number of shared proteins between the
different approaches is stated in the overlapping segments, whereas the three candidate
biomarkers defined by all three approaches are stated in the core segment according to their
gene names.
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Figure 5.
Relative distribution pattern of the distinct gene/protein families and compartments using the
three ”ome”-based technologies. The bar plots display the relative distribution pattern of
genes/proteins which are differentially expressed/immunoreactive applying the various
techniques. Black bars represent the number of genes identified by transcriptomics, white
bars the number of proteins identified by classical proteomics and grey bars represent the
PROTEOMEX targets. (A) illustrates the relative distribution of the gene/protein families,
(B) the subcellular distribution of the proteins. The total number of genes/proteins in each
bar segment is listed under n.
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Figure 6.
Immunohistochemical analysis for alpha-enolase expression by tissue micro arrays
technology. RCC tissue micro arrays were stained with the alpha-enolase specific antibody
as described in Material and methods section. Panel A shows the staining pattern of RCC of
clear cell subtype, panel B that of chromophilic subtype, panel C that of chromophobic
subtype and panel D renal cell adenomas of oncocytic type. Light grey segments indicate
strong positive, dark grey segments intermediate, black segments weak staining and blank
segments no staining. The relative staining frequencies are indicated by providing the
respective percentage for each segment.
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Figure 7.
Immunohistochemical analysis for annexin A3 expression by tissue micro arrays
technology. RCC tissue micro arrays were stained with the annexin A3 specific antibody as
described in Material and methods section. Panel A shows the staining pattern of RCC of
clear cell subtype, panel B that of chromophilic subtype, panel C that of chromophobic
subtype and panel D renal cell adenomas of oncocytic type. Light grey segments indicate
strong positive, dark grey segments intermediate, black segments weak staining and blank
segments indicate no staining. The relative staining frequencies are indicated by providing
the respective percentage for each segment.
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Table 1

Characteristics of RCC samples analyzed by transcriptome- and proteome-based approaches.

A: Details of the patients and samples.

Group Sex (m/f) Mean age (y) Clinical details

subtype number

oncocytoma 1/1 49 (±11) - 2

leiomyosarcoma 1/0 78 - 1

RCC 20/12 62 (±24) clear cell 32

2/1 64 (±9) chromophilic 3

0/2 58 (±16) chromophobic 2

B: Number of samples analyzed using different techniques

cDNA microarrays classical proteomics PROTEOMEX

number of cases or cell lines (NN/RC) 17/17 21/21 1/3

number of serum samples (NN/RC) - - 7/8

number of targets 119 334 50
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