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ABSTRACT

Secreted proteins could modulate the interaction between tumor, stroma 
and immune cells within the tumor microenvironment thereby mounting 
an immunosuppressive tumor microenvironment. In order to determine the secretome-
mediated, von Hippel Lindau (VHL)-regulated cross-talk between tumor cells 
and T lymphocytes peripheral blood mononuclear cells (PBMC) from healthy donors 
were either cultured in conditioned media obtained from normoxic and hypoxic human 
VHL-deficient renal cell carcinoma (RCC) cell line (786-0VHL-) and its wild type (wt) 
VHL-transfected counterpart (786-0VHL+) or directly co-cultured with both cell lines. 
An increased T cell proliferation was detected in the presence of 786-0VHL+-conditioned 
medium. By applying a quantitative proteomic-based approach using differential gel 
electrophoresis followed by mass spectrometry fourteen proteins were identified to 
be differentially expressed within the secretome of 786-0VHL- cells when compared 
to that of 786-0VHL+ cells. All proteins identified were involved in multiple tumor-
associated biological functions including immune responses. Functional studies on 
manganese superoxide dismutase 2 (MnSOD2) demonstrated that it was a regulator 
of T cell activation-induced oxidative signaling and cell death. Direct effects of soluble 
MnSOD2 on the growth properties and interleukin 2 (IL-2) secretion of T cells could 
be demonstrated underlining the critical role of extracellular MnSOD2 levels for T cell 
proliferation and activation.

INTRODUCTION

Despite the recent advances in the detection as 
well as treatment of metastatic renal cell carcinoma 
(RCC) the overall 5 year’s survival rate of RCC patients 
with metastatic disease is still low suggesting a poor 
prognosis and worse clinical outcome of this disease. 
While RCC are refractory to standard therapies and 
only showed an approximately 15 – 20% response rate 
to cytokine treatment, targeted therapies using tyrosine 
kinase inhibitors (TKI) have shown promising results in 
advanced RCC, but their clinical efficacy is limited due to 
the development of resistances to these drugs. Therefore, 
a suitable therapeutic strategy might be the combination 
of anti-angiogenic and immune-based treatment as first-
line therapy this disease [1]. Prior to implementing such 
combinatorial therapeutic concepts, it is important to 

understand how the tumor microenvironment generates 
systemic immune suppression in RCC patients. 
Angiogenesis and immune suppression have been shown 
to support each other in the RCC microenvironment. The 
high pro-angiogenic status of RCC is associated with an 
accumulation of regulatory T cells (Tregs) and myeloid-
derived suppressor cells (MDSC) in the local tumor 
microenvironment [2], in particular in the tumor invasion 
zone. Thus, the high frequency of Tregs and MDSC might 
allow RCC cells to evade immune surveillance thereby 
promoting disease progression [3]. The impaired anti-
tumor immune response in RCC involves T cells, natural 
killer (NK) cells, dendritic cells (DCs), macrophages and 
MDSC [4, 5]. The complex interplay between various 
cell types of the immune system, tumor cells and the 
tumor microenvironment is reflected by a high dynamic 
range of the immune cell infiltrate as well as soluble 
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and physical factors and therefore should be carefully 
accounted for the timing and selection of anti-cancer 
strategies, especially immunotherapy. For example, the 
activation of DC subpopulations at early RCC stages is 
counterbalanced by the co-appearance of Tregs, whereas 
later stages are characterized by an accumulation of 
neutrophils at the tumor site [6]. The presence of tumor-
associated macrophages (TAMs) and high serum levels of 
IL-1β in RCC patients correlate with advanced disease. 
The presence of IL-1β in the tumor microenvironment 
promotes the development of aggressive RCC by inducing 
the expression of matrix metalloproteinase (MMP) 1, 
MMP3, MMP10 and MT1-MMP via activation of the 
transcription factor CCAAT enhancer binding protein β 
(CEBPβ) [7]. Macrophages that infiltrate human RCC 
display significantly enhanced expression levels and 
activity of 15-lipoxygenase-2 (15-LOX2) resulting in 
stimulation inflammation and immune dysfunction [8, 9].

Furthermore, the characteristics of the tissue 
microenvironment including metabolic changes play an 
integral role in supporting the proliferation of cancer cells 
[10, 11] suggesting that metabolic reprogramming might 
affect tumor growth [12, 13]. Indeed, glucose metabolism 
and growth control are tightly linked in proliferating cells 
and involve signal transduction cascades including the 
PI3K/Akt/mTOR pathway [14]. The “Warburg effect” 
describes cells exhibiting a metabolic shift toward aerobic 
glycolysis supporting an increased production of biomass, 
in particular amino acids and nucleic acids [15]. However, 
the metabolic signatures of cancer cells are not passive 
responses to damaged mitochondria, but result from 
oncogene-directed metabolic reprogramming required for 
the alterations of the composition of cellular constituents 
and soluble factors within the tumor microenvironment, 
which is accompanied by changes of the tumor growth 
characteristics. Recent evidence suggests that metabolites 
can be oncogenic by altering cell signaling and blocking 
cellular differentiation [13]. Moreover, the inefficient 
production of ATP associated with the Warburg effect 
results in selective advantages mediated by intracellular 
metabolic shifts, which have also an impact on the 
extracellular tumor microenvironment supporting 
tumor cell growth and survival [11]. This includes an 
increased adenosine concentration, which is involved in 
impaired T cell-mediated tumor rejection and support of 
angiogenesis [11].

Mutation, loss or methylation of both von Hippel-
Lindau (VHL) alleles has been reported in sporadic 
RCC of the clear cell type (ccRCC) and in the inherited 
VHL syndrome. The lack of VHL protein function 
caused metabolic alterations, which lead to a switch 
from oxidative phosphorylation to aerobic glycolysis, 
increased glycogen synthesis along with a switch from 
glucose to glutamine as the major substrate for fatty acid 
synthesis resulting in tumor progression and therapy 
resistance [16]. The VHL gene product is a critical 

component of a multi-protein ubiquitin ligase complex 
targeting the regulatory hypoxia-inducible factor (HIF)-α 
subunits for oxygen-dependent proteolysis [17, 18]. 
The broad metabolic reprogramming is coordinated at 
the transcriptional level by HIF-1, which functions as a 
master regulator to balance oxygen supply and demand 
[16] and activates the transcription of > 100 genes 
involved in a variety of physiological cell processes, 
such as e.g. vascular endothelial growth factor (VEGF), 
glucose transport (glucose transporters), glycolysis 
(glycolytic enzymes), and cell survival (insulin-like 
growth factor 2) [19, 20]. Furthermore, the VHL-induced 
gene regulation can also occur independent of hypoxia 
[20, 21]: Cells defective for the VHL gene product 
constitutively overexpress HIF target genes irrespective 
of the environmental oxygen concentration [22] due to 
the stabilization of HIF-α subunits [23]. Using various 
ome-based approaches a number of studies demonstrated 
a differential gene and protein expression pattern in VHL- 
and VHL+ RCC cells, which is partially overlapping, 
but also distinct from that induced by hypoxia [24–27]. 
However, so far it has not been determined whether and 
how the loss of VHL function affects the secretome 
of RCC cells thereby also modulating the immune 
cell response. In order to study the VHL-mediated 
changes within the tumor microenvironment a pair of 
RCC cell lines that are either defective or expressing 
the wild-type (wt) VHL gene product were used to 
generate conditioned media under normoxic and 
hypoxic conditions and in co-culture experiments with 
peripheral blood mononuclear cells (PBMC). The effect 
of the conditioned media or of the co-cultivation with 
VHL-/VHL+ RCC cell lines on the proliferation rate as 
well as the expression of distinct activation markers was 
determined. The results demonstrate VHL-dependent 
alterations of the RCC secretome, which modulate the 
T cell activation by negatively interfering with T cell 
proliferation and cytokine secretion. This could be linked 
to changes in the extracellular manganese superoxide 
dismutase (MnSOD2) concentration. Thus MnSOD2 
plays an important role in the cross talk between tumor 
and immune cells within the tumor microenvironment 
of RCC.

RESULTS

Reduction of T cell proliferation and activation 
marker (CD25) expression in the presence of 
786-0VHL--conditioned media

To determine whether the VHL reconstitution 
has direct effects on CD3/CD28- or PHA-M stimulated 
immune effector cells, PBMC from healthy donors 
were cultured in media conditioned under normoxic 
(21% O2, 48 h) or hypoxic (1% O2, 48 h, balanced N2) 
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conditions from 786-0VHL- versus 786-0VHL+ cells and 
subsequently analyzed with respect to proliferation, 
composition and function of immune cell subpopulations. 
As shown in Figure 1, PBMC were analyzed by 
flow cytometry using covalent CFSE staining (A / B) 
thereby demonstrating an inhibition of cell proliferation 
in the presence of 786-0VHL--conditioned medium. 
The reduced immune cell proliferation in 786-0VHL-  
normoxic conditioned media was independent of the 
stimulation method used for activation (Figure 1A). 
The inhibition of T cell proliferation was detected in 
both conditioned media alone (Figure 1A) and upon 
co-culture with 786-0VHL- cells in the pre-conditioned 
medium (Figure 1B). Under hypoxic conditions the 
effects on cell proliferation in the presence of 786-0VHL-  
cells and 786-0VHL--conditioned media were increased 
(Figure 1B). Furthermore, cells were grown for 72 
h under normoxic conditions and analyzed by flow 
cytometry for the lymphocyte repertoire using seven-
color staining. Flow cytometry revealed a VHL-
dependent increase in the percentage of peripheral 
blood CD4+ CD25+ T cells within the total CD4+ T cell 
population as well as the percentage of blood CD8+ 
CD25+ T cells within the total CD8+ T cell population 
(Figure 1C). In contrast, other markers analyzed were 
not altered in dependence of VHL and hypoxia (data 
not shown).

Identification of differentially secreted proteins 
in 786-0VHL- versus 786-0VHL+ conditioned media

To determine VHL-dependent differentially 
secreted proteins the protein pattern of 786-0VHL-  
and 786-0VHL+ conditioned media was compared by 
2DE-based proteome analysis. Differentially secreted 
protein spots of the 786-0VHL- versus 786-0VHL+ model 
system (Figure 2A) were then subjected to mass 
spectrometric analysis. Overall, 64 distinct proteins 
were found differentially secreted and identified by mass 
spectrometry. The vast majority of proteins (46 proteins) 
were differentially secreted within normoxic 
conditioned media of 786-0VHL- versus 786-0VHL+ 
cells. 24 proteins were detected to be differentially 
secreted in the presence of hypoxic conditioned 
media of 786-0VHL- versus 786-0VHL+ cells (Figure 2B). 
6 proteins were identified upon culture in normoxic and 
hypoxic conditioned media, including aldose reductase 
(AKR1B1), cofilin-1 (CFL1), glutathione synthetase 
(GSS), plasminogen activator inhibitor 1 (Serpine1), 
superoxide dismutase (MnSOD2) and metalloproteinase 
inhibitor 2 (TIMP2). As listed in Table 1, 14 proteins 
were constantly detected as differentially secreted 
in 3 individual experiments (Figure 2C) upon VHL 
overexpression: 9 proteins were down-regulated and 
5 proteins were up-regulated in conditioned media of 
786-0VHL- versus 786-0VHL+ cells.

Functional annotation cluster analysis

To categorize the biological processes that are 
altered in 786-0VHL+ conditioned media all differentially 
expressed proteins (fold change ≥2.0) were classified using 
the Functional Annotation Cluster (FAC) tool available in 
the Database for Annotation, Visualization and Integrated 
Discovery (DAVID) [http://david.abcc.ncifcrf.gov/home 
.jsp]. DAVID FAC analysis of 46 regulated proteins 
identified using normoxic conditioned media generated 
a total of 11 and 3 functional clusters for up-regulated 
and down-regulated proteins, respectively using default 
parameters. DAVID FAC analysis of the 24 regulated 
proteins identified using hypoxic conditioned media 
generated a total of 5 functional clusters for down-
regulated proteins, respectively using default parameters. 
The Gene ontology (GO) terms ‘‘Biological Process’’, 
‘‘Cellular Component’’ and ‘‘Molecular Function’’ 
were used for annotations. The GO terms with highest 
significance and statistically significant p-values from the 
resulting functional clusters are listed in Tables 2 and 3 
for hypoxic and normoxic conditioned media, respectively. 
Regarding there classification all identified differentially 
secreted proteins are involved in multiple tumor-
associated biological functions and the regulation in the 
786-0VHL+ conditioned media coincides with the reduced 
aggressiveness in the presence of VHL protein (Figure 3).

Gene ontology analysis using GOMiner

Gene ontology (GO) terms for repeatedly 
identified proteins were extracted, and overrepresented 
functional categories for differentially abundant proteins 
were determined by the high throughput GOMiner 
tool (National Cancer Institute, http://discover.nci.nih.
gov/gominer/) [28]. Proteins involved in regulation of 
immune system processes include beta-2-microglobulin 
(B2M), plasminogen activator inhibitor 1 (SERPINE 1), 
mitochondrial superoxide dismutase (MnSOD2) and 
ubiquitin-conjugating enzyme E2 N (UBE2N). The 
proteins B2M and SERPINE 1 were up-regulated in the 
media conditioned by 786-0VHL+ cells, whereas MnSOD2 
and the UBE2N were down-regulated in the respective cell 
culture supernatants.

Validation of representative differentially 
secreted proteins in 786-0VHL- versus 786-0VHL+ 
conditioned media

The up-regulation of B2M and SERPINE 1 as well 
as the down-regulation of MnSOD2 and UBE2N in the 
cell culture supernatants were validated by qPCR using 
oligo-(dT)18 primed cDNA of 786-0VHL- and 786-0VHL+ 
cells incubated for 48 h under normoxic and hypoxic 
conditions (Figure 4). Furthermore, the up-regulation of 
B2M and the down-regulation of MnSOD2 in the cell 
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culture supernatants of 786-0VHL+ cells were validated by 
Western blot analysis using freshly prepared conditioned 
medium (Figure 5A and 6A). B2M is a component of 
the major histocompatibility complex (MHC) class 
I involved in the presentation of peptide antigens to the 

immune system. As intracellular B2M non-covalently 
associates with the 44 kDa heavy chain of the MHC 
class I antigen complex, the VHL-dependent expression 
of B2M and MHC class I antigens (HLA-A, B and C) 
was also analyzed using flow cytometry. In contrast to the 

Figure 1: Reduction of T cell proliferation and CD25 expression within 786-0VHL- conditioned media. PBMC from healthy 
donors were prepared by Ficoll density gradient centrifugation and stimulated directly with anti-CD3 and anti-CD28 antibodies (mouse 
anti-human, BD, 1 μg/ml each) or PHA-M (Sigma-Aldrich, 4 μg/ml) and IL-2 (100 U/ml). “Cells were grown up to 6 days in 786- 
0VHL- or 786-0VHL+ conditioned media (A) or in the presence of 786-0VHL-/VHL+ cells (B), respectively. Cells were analyzed via 
flow cytometry using covalent CFSE staining (Invitrogen) according to the manufacturer’s protocol.” Cells were grown for 6 days under 
normoxic conditions and analyzed via flow cytometry for lymphocyte markers using seven-color staining panels (C) Data are represented 
as mean percentage (%) ± SD based on five independent experiments.
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VHL-dependent 1.7 - and 3.5 - fold up-regulation of B2M 
(p < 0.01) within the cell culture supernatants of 786-0VHL+ 
cells under normoxic or hypoxic conditions, respectively, 
no increase of intracellular B2M or MHC class I heavy 
chain was detectable under these conditions (Figure 5B).

With regard to MnSOD2 the supernatants of 
the 786-0VHL+ RCC cells had 3.8 − fold or 2.1 – fold 
lower MnSOD2 levels compared to the supernatants 
of the 786-0VHL- cells ( p < 0.01) under normoxic or 
hypoxic conditions, respectively (Figure 6A). These 
data were further confirmed by determination of the 
MnSOD2 enzyme activity demonstrating a 2.2 − fold or 
1.8 – fold lower MnSOD2 activity of 786-0VHL+ cells when 
compared to the supernatants of 786-0VHL- cells (p < 0.01) 
under normoxic or hypoxic conditions, respectively 
(Figure 6B).

Inhibition of T cell activation-induced cell 
proliferation and IL-2 secretion by increased 
MnSOD2 levels and activity

To determine whether the reduced MnSOD2 
secretion as a consequence of the VHL reconstitution 

caused an increased proliferation of stimulated immune 
effector cells within the supernatants of 786-0VHL+ cells, 
PBMC from healthy donors were stimulated with anti-CD3 
and anti-CD28 antibodies in the absence and presence of 
recombinant MnSOD2 protein followed by the analysis 
of their proliferation capacity using CFSE staining. As 
shown in Figure 7A, an inhibition of cell proliferation in 
the presence of MnSOD2 protein was detected, which was 
comparable to the diminished immune cell proliferation 
in the presence of MnSOD2 within the supernatants of 
786-0VHL- cells.

To prove whether the reduced cell proliferation 
rate could be linked to MnSOD2-mediated alteration of 
cytokine secretion, the IL-2 concentration was determined 
using a commercial ELISA assay. Therefore, “day 6” 
T cells were re-stimulated with anti-CD3 and anti-CD28 
antibodies in the absence and presence of recombinant 
MnSOD2 protein for 20 and 40 h and their IL-2 secretion 
was subsequently analyzed (Figure 7B). The supernatants 
of MnSOD2-treated re-stimulated “day 6” T cells showed 
1.8 and 2.1 – fold lower IL-2 levels after 20 and 40 h 
of re-stimulation, respectively when compared to the 
supernatants lacking recombinant MnSOD2 ( p < 0.01).

Figure 2: Comparative profiling of cell culture supernatants upon reconstitution of VHL expression in the  
786-0 cell line. (A) Representative protein expression profiles of media conditioned by the parental cell line 786-0VHL- (left panel) and 
its VHL-transfected variant (786-0VHL+, right panel) under normoxic conditions (21% O2, 48 h) is shown. The respective protein pools were 
individually labeled with distinct fluorescence dyes (DIGE technology) and than co-separated by 2-DE as described in the Materials and 
methods section. Differentially expressed proteins are labeled with numbers. Figure B and C show an overview of the conditioned media 
profiling results. The Venn diagrams display the distribution pattern of all differentially secreted proteins under normoxic and hypoxic 
conditions (B) as well as the repeatedly detected secreted proteins (C).
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DISCUSSION

To improve treatment of RCC using combinations 
of anti-angiogenic and immune-based therapy an 
increased knowledge of the interactions between tumor, 
stroma and distinct immune cell types are necessary. 

As secreted proteins are supposed to be involved in 
the interaction amongst these cells within the tumor 
microenvironment the VHL-regulated cross talk between 
tumor cells and T lymphocytes and the involvement 
of the secretome in this process was analyzed in the 
present study.

Table 1: Proteins differentially secreted in media conditioned by 786-0VHL-- versus 786-0VHL+ cells

protein name gene symbol UniProtKB
ID. x-fold change cellular function cellular compartment

aldose reductase AKR1B1 P15121 0.4 ± 0.1 ↓ N/H glyceraldehyde 
oxidoreductase activity

cytosol, extracellular 
space, nucleus

retinal 
dehydrogenase 1 ALDH1A1 P00352 3.5 ± 1.3 ↓ N

aldehyde 
dehydrogenase (NAD) 
activity

cytosol

beta- 
2-microglobulin B2M* P61769 2.9 ± 0.6 ↓ N

component of 
the class I major 
histocompatibility 
complex (MHC)

extracellular space, 
secreted

T-complex protein 
1 subunit zeta CCT6A P40227 0.4 ± 0.1 ↓ H chaperone cytoplasm

cofilin-1 CFL1 P23528 0.4 ± 0.1 ↓ N/H regulation of actin 
cytoskeleton dynamics

cell membrane, 
cytoplasm, 
cytoskeleton, nucleus

cathepsin D CTSD P07339 0.4 ± 0.1 ↓ N acid protease extracellular space, 
secreted, lysosome

glutathione 
synthetase GSS P48637 0.5 ± 0.1 ↓ N/H glutathione biosynthesis cytosol

matrix 
metalloproteinase-2 
(72 kDa type IV 
collagenase)

MMP2 P08253 0.4 ± 0.1 ↓ N

metalloproteinase 
involved in 
angiogenesis, tumor 
invasion, inflammation

cytoplasm, 
extracellular 
matrix, membrane, 
mitochondrion, 
nucleus, secreted

plasminogen 
activator 
inhibitor 1

SERPINE1* P05121 2.2 ± 0.1 ↓ N/H serine protease inhibitor extracellular space, 
secreted

superoxide 
dismutase [Mn], 
mitochondrial

MnSOD2* P04179 0.4 ± 0.1 ↓ N/H destroys superoxide 
anion radicals mitochondrion

metalloproteinase 
inhibitor 2 TIMP2 P16035 2.7 ± 0.4 ↓ N/H irreversible inactivation 

of metalloproteinases
extracellular space, 
secreted

triosephosphate 
isomerase TPI1 P60174 0.4 ± 0.1 ↓ N gluconeogenesis, 

glycolysis cytosol

ubiquitin-
conjugating 
enzyme E2 N

UBE2N* P61088 0.5 ± 0.1 ↓ N polyubiquitination, 
DNA repair cytoplasm, nucleus

WD repeat-
containing 
protein 1

WDR1 O75083 2.5 ± 0.1 ↑ N

induces disassembly 
of actin filaments in 
conjunction with ADF/
cofilin family proteins

cytoplasm, 
cytoskeleton

Proteins involved in regulation of immune system processes are marked in bold.
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To identify differentially secreted proteins in 786-0VHL-  
versus 786-0VHL+ conditioned media responsible for reduction 
of T cell proliferation and activation marker (CD25) 
expression within 786-0VHL- conditioned media (Figure 1), 
the protein pattern of 786-0VHL- and 786-0VHL+ conditioned 
media was compared using 2DE-based proteome analysis. 
The secretome study was performed in vitro by first culturing 
786-0VHL- and 786-0VHL+ cells in serum-supplemented 
medium to obtain a sufficient number of cells. Subsequently 
cells are washed carefully with sterile phosphate-
buffered saline to remove bovine serum proteins followed 
by incubation in serum-free medium up to 72 hours. 
Conditioned medium containing cell-secreted proteins was 
collected and analyzed by 2D gel electrophoresis prior to 
protein identification by mass spectrometry.

Altogether, 64 proteins were found differentially 
secreted in dependence of the VHL status from which 
14 proteins were constantly found in 3 individual 
experiments (Figure 2; Table 1).

The relative low number of recurring proteins 
might be explained by false-positive discoveries due 
to serum proteins or proteins released by dying cells or 
as the result of mechanical injury [29]. The incubation 
of mammalian cells in serum-free medium to avoid 
interference from serum contaminants might affect 
the cell secretome profile. In addition, the length of 
incubation in serum-free medium could also dramatically 
influence the secretome profiles, as increased cell death 
correlates with an increased release of intracellular 
proteins [29].

Table 2: Significantly enriched gene ontology terms detected by FAC in up-regulated and  
down-regulated proteins after cultivation under hypoxic conditions

No. of AC GO Term (fold enrichment) No. of Proteins p-value

up-regulated 0

down-regulated 1 GO:0031988, membrane-bounded vesicle (1.98) 4 0.014

2 GO:0031974, membrane-enclosed lumen (1.28) 6 0.021

3 GO:0043066, anti-apoptosis (1.15) 3 0.016

4 GO:0031012, extracellular matrix (1.14) 3 0.040

5 GO:0006928, cell motion (0.9) 4 0.010

Table 3: Significantly enriched gene ontology terms detected by FAC in up-regulated and  
down-regulated proteins after cultivation under normoxic conditions

No. of AC GO Term (fold enrichment) No. of Proteins p-value

up-regulated 1 GO:0006986, response to unfolded protein (1.69) 4 0.00026

2 GO:0030414, peptidase inhibitor activity (1.60) 3 0.035

3 GO:0031988, membrane-bounded vesicle (1.44) 5 0.015

4 GO:0031400, negative regulation of protein modification 
process (1.10) 3 0.019

5 GO:0004175, endopeptidase activity (1.02) 4 0.034

6 GO:0042981, regulation of apoptotic process (0.93) 6 0.012

7 GO:0016192, vesicle-mediated transport (0.84) 5 0.018

8 GO:0043161, proteasome-mediated ubiquitin-dependent 
protein catabolic process (0.79) 3 0.014

9 GO:0005525, GTP binding (0.78) 3 0.016

10 GO:0046907, intracellular transport (0.67) 5 0.027

11 GO:0005576, extracellular region (0.65) 9 0.015

down-
regulated 1 GO:0006732, coenzyme metabolic process (2.53) 3 0.017

2 GO:0031988, membrane-bounded vesicle (2.48) 5 0.0064

3 GO:0043066, anti-apoptosis (0.84) 3 0.030
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The functional annotation cluster analysis of all 
identified proteins clearly showed an enrichment of 
proteins localized within membrane-bounded vesicles 
or in the extracellular region (Table 2 and 3; Figure 3). 
Furthermore, intracellular proteins like anti-apoptotic 
proteins or proteins of the unfolded protein response were 
additionally identified (Table 2 and 3).

Several intracellular proteins are consistently 
found to be released by cultured mammalian cells into 
the conditioned medium. Although these intracellular 
proteins can be released due to cell death or leakage, there 
is evidence that some of these proteins are secreted via 
non-classical pathways like vesicles and exosomes [30]. 
Often these proteins possess additional extracellular 
functions that are different from their intracellular role. 
Exosomes are small vesicles with an average size ranging 
from 30 to 150 nm. They are believed to originate from 
endosomes and contain a variety of components including 

mRNA, miRNA and proteins such as carbohydrate and 
lipid metabolism enzymes, cytoskeletal components and 
chaperone proteins [31, 32]. Exosomes might play a 
role in protein turnover, serve as carriers for RNA and 
miRNA as well as modulate the immune response [33]. 
The enrichment of proteins that are localized within 
membrane-bounded vesicles clearly showed the 
involvement of exosome release for modification of 
the cell culture supernatants of 786-0VHL- and 786-0VHL+ 
cells. For example, α-enolase (ENO1), a glycolytic 
enzyme, involved in the synthesis of pyruvate, was 
detected in significant amounts in the secretome of almost 
every type of cultured mammalian cell. Additionally, 
it was down-regulated within the supernatant of 
786-0VHL+ cells (regulation factor 0.4). Extracellular or 
cell surface ENO1 was suggested to act as a plasminogen 
receptor mediating extracellular matrix degradation 
and cell migration in cancer and to have diagnostic and 

Figure 3: Classification of the differentially secreted proteins according to their biological processes (A), cellular 
components (B) and their molecular functions (C). 
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prognostic values [34]. Down-regulation of ENO1 within 
the supernatant of 786-0VHL+ cells corresponds with the 
reduced aggressiveness of the 786-0VHL+ cells.

The 14 proteins, which were constantly found 
regulated in dependence of VHL in 3 individual 
experiments, were analyzed with respect to their 
GO terms [28]. The proteins B2M and SERPINE 1 were 
up-regulated in the media conditioned by 786-0VHL+ cells, 
whereas MnSOD2 and the UBE2N were down-regulated 
in this cell culture supernatant. The VHL-dependent down-
regulation of MnSOD2 as well as the upregulation of B2M 
was further validated by qPCR, Western Blot analysis 
as well as MnSOD2 activity assays (Figure 4 and 6). 
In contrast to MnSOD2, B2M protein was just found  
up-regulated within the cell culture supernatants of 
786-0VHL+ cells and not intracellular (Figure 5).

RCC comprises a heterogeneous group of tumors 
with various molecular and cytogenetic abnormalities 
and different histological features as cell types and tumor 
architecture [35]. Untargeted metabolomic analyses of 
murine ccRCC model demonstrated that HIF1α activates 
the transcription of genes that cause increased glucose 

uptake, glycolysis, and lactate production. In addition, it 
diminishes the flux of pyruvate entering the tricarboxylic 
acid cycle accompanied with a decreased oxidative 
phosphorylation identical to those observed in human 
ccRCC samples [36]. Furthermore, molecular genetic 
and proteomic tools led to the discovery of potential 
diagnostic, prognostic and therapeutic biomarkers of this 
disease. In early studies, the 2-DE expression patterns 
from whole renal and RCC tissues resulted in a number 
of differentially expressed proteins associated with 
RCC. This includes MnSOD2, a mitochondrial enzyme 
related to the redox cycle, involved in various regulatory 
functions of cells, which was not present in normal kidney 
tissue [35, 37, 38]. It is noteworthy that there exists a 
large diversity of MnSOD2 levels in various human 
cancers, which is most likely due to the combination 
of heterogeneity of genomic events and environmental 
changes [35].

MnSOD2 is an anti-oxidative enzyme responsible 
for the defense against O2

- radicals released by the 
electron chain as a byproduct of respiration. Moreover, 
MnSOD2 plays a key role in the regulation of human 

Figure 4: Representative qPCR-mediated target validation. 786-0VHL- and 786-0VHL+ cells were cultured under normoxic (21% 
O2, 48 h) and hypoxic (1% O2, 48 h) conditions and subjected to quantitative real-time PCR analysis to determine mRNA levels of B2M, 
MnSOD2, plasminogen activator inhibitor 1 (SERPINE1), and ubiquitin-conjugating enzyme E2 N (UBE2N) using oligo-(dT)18 primed 
cDNA. Mean expression of HPRT and PPIA were used for normalization. Data were represented as mean percentage (%) ± SD based on 
three independent experiments.
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T cell activation since it mediates the first step in the 
mitochondrial oxidative signal generation. Thus, MnSOD2 
represents an important control switch in the process of 
activation-induced oxidative signal generation in T cells.

The TCR-mediated gene expression strictly depends 
on the simultaneous activation of oxidation-dependent and 
calcium-dependent transcription factors. The activation-
induced oxidative signal is generated by different enzymes 
including the NADPH oxidases NOX2 and DUOX1 
[39, 40]. Since the mitochondrial respiratory complex I was 
identified as an essential source of reactive oxygen species 
(ROS) generation upon TCR stimulation mitochondria could 
function as oxidative signaling organelles during T cell 
activation [41, 42]. After the complex I-mediated formation 
of O2

- radicals, the transformation into the oxidative signaling 
molecule H2O2 occurs within the mitochondrial matrix 
[43]. H2O2 diffuses into the cytosol and potentiates TCR 
signaling via reversible inactivation of negative regulatory 
phosphatases or direct influence on NF-κB/AP-1 activity 

or DNA binding occurs [44–46 ]. In order to avoid harmful 
ROS effects as well as to allow signaling integration, the 
TCR-induced generation of mitochondrial oxidative signals 
has to be tightly regulated. Following T cell activation 
the mitochondrial complex I-mediated release of O2

-  
radicals is up-regulated, while MnSOD2 participates in 
generation of mitochondrial H2O2 during the signaling 
phase. In the presence of low MnSOD2 levels, H2O2 
could also be produced by reactions other than O2

- radical 
dismutations, which have substrate/product ratios higher 
than MnSOD2. The resulting increased cytoplasmic H2O2 
levels activate the redox-dependent transcription factors 
NF-κB- and AP-1. As a consequence the expression of 
CD95L, IL-2 and MnSOD2 is initiated. The transcriptional 
upregulation of MnSOD2 results in higher mitochondrial 
concentrations and activity leading to the inhibition of H2O2 
release. The reduced probability of O2

- radicals to participate 
in other H2O2-generating reactions yielding more H2O2/
single O2

- radical than the dismutase reaction itself lowers 

Figure 5: VHL-mediated up-regulation of B2M in the supernatant of 786-0VHL+ cells. The up-regulation of B2M within 
the cell culture supernatant was verified at the protein level (A) as described within the Materials and Methods section. Blots were probed 
with an anti-B2M mAb, whereas the immunostaining with the anti-GAPDH mAb served as a loading control. In addition, the intracellular 
protein levels of B2M as well as HLA-ABC of 786-0VHL- and 786-0VHL+ cells were analyzed by flow cytometry after intracellular staining 
using FITC-conjugated anti-B2M or FITC-conjugated anti-HLA-ABC antibodies (BD) (B) Data are represented as mean percentage (%) 
± SD based on five independent experiments.
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cytoplasmic H2O2 concentrations resulting in a decreased 
NF-κB/AP1 activation [47–49 ].

In this context it was shown that the TCR-induced 
oxidative signal generation as well as the NF- κB/AP1-
dependent IL-2 gene expression inversely correlates 
with the protein content of MnSOD2 [48]. Consequently, 
MnSOD2 over-expression abrogated T cell activation-
triggered mitochondrial ROS production as well as NF-κB/
AP-1-mediated transcription [48]. In line with this report 
the proliferation of TCR-stimulated immune effector cells 
was significantly inhibited in the presence of recombinant 
MnSOD2 protein (p < 0.01) (Figure 7A). Therefore, the 
VHL-mediated increase of cell proliferation of stimulated 
immune effector cells within the supernatants of 786-0VHL+  
cells could at least partly be attributed to decreased 
extracellular MnSOD2 levels and activity. IL-2 secretion of 
TCR-stimulated T cells was also slightly, but significantly 

diminished in presence of recombinant MnSOD2 protein 
(Figure 7B). Upon the internalization into the mitochondria 
the increased amount of extracellular MnSOD2 remove O2

- 
radicals more efficiently thus mimicking the inhibition of 
the signal transduction. Consequently, lowered expression 
of IL-2 resulted in decreased IL-2 secretion in the presence 
of recombinant MnSOD2 (Figure 7B). Our data underline 
the critical role of MnSOD2 in T cell response and suggest 
that MnSOD2 could represent a novel target for (immuno-) 
therapies.

MATERIALS AND METHODS

Chemicals

Recombinant MnSOD2 protein was purchased from 
Abnova (Pforzheim, Germany). Endotoxins were removed 

Figure 6: VHL-mediated down-regulation of extracellular superoxide dismutase (MnSOD2) level and activity. Down-
regulation of superoxide dismutase (MnSOD2) within the cell culture supernatant was also verified at the protein level (A) as described within 
the Materials and Methods section. Blots were probed with anti-MnSOD2 antibodies, whereas the immunostaining with the anti-β-actin 
mAb served as loading control. In addition, MnSOD2 activity was assessed using the Superoxide Dismutase Activity Colorimetric Assay 
Kit as described in the Materials and Methods section (B).
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using the Detoxi-Gel™ Endotoxin Removing Gel (Thermo 
Fisher Scientific, Rockford, IL, USA) according to the 
manufacturer’s instructions prior to sterile filtration using 
a 0.22 mm syringe filter. MnSOD2 activity was analyzed 
using the Superoxide Dismutase Activity Colorimetric 
Assay Kit (Abcam, Cambridge, UK) according to the 
manufacturer’s protocol.

Cell culture and preparation of 
conditioned media

The parental ccRCC cell line 786-0 harboring a 
mutated VHL gene (786-0VHL-) and its counterpart stably 
transfected with a HA-tagged wt VHL gene construct 
(786-0VHL+) have been recently described [26]. Both 
cell lines were grown in Dulbecco’s modified Eagle 
medium (DMEM; Sigma-Aldrich, Munich, Germany) 
supplemented with 10% fetal calf serum (FCS, PAA 

Laboratories GmbH, Coelbe, Germany), 2 mM 
L-glutamine (Lonza, Cologne, Germany), 1% sodium 
pyruvate (GIBCO, Life technologies, Carlsbad, USA), 
1% non-essential amino-acid mixture (GIBCO), and 1% 
penicillin/streptomycin (PAA).

To prepare conditioned media 1 × 106 parental 
786-0VHL- or 786-0VHL+ RCC cells, respectively, were 
seeded in complete medium under conventional conditions 
(37°C, humidified atmosphere, containing 5% CO2) for 
24 hours. Cells were then washed 3 times with phosphate 
buffered saline (PBS) before the medium was changed into 
an FCS-free Roswell Park Memorial Institute Medium 
(RPMI-1640; Sigma-Aldrich) supplemented with 2 mM 
L-glutamine (Lonza), 1% sodium pyruvate (GIBCO), 
1% non-essential amino-acid mixture (GIBCO), and 1% 
penicillin/streptomycin (PAA) and exposed to normoxia 
(21% O2, 5% CO2) or hypoxia (1% O2, 5% CO2, and 
balanced N2) for 48 h. In addition, the apoptosis rate of the 

Figure 7: MnSOD2-induced reduction of T cell proliferation and IL-2 secretion. PBMC from healthy donors were prepared 
by Ficoll density gradient centrifugation, labeled with CFSE according to the manufacturer ’s instructions, and stimulated directly with anti-
CD3 and anti-CD28 antibodies (mouse anti-human, BD, 1 μg/ml each) and IL-2 (100 U/ml). Cells were grown in the absence or presence 
of MnSOD2 (1U/ml) for 20 and 40 h prior to flow cytometry (A).
IL-2 secretion was analyzed using commercial enzyme-linked immunosorbent assay (ELISA) (eBioscience, Austria) using “day 6” T cells 
at a density of 1 × 105 cells/well onto 96-well culture plates in the absence and presence of 1 U/ml MnSOD2 as described in Materials and 
Methods section (B).
Data are represented as mean percentage (%) ± SD based on five independent experiments.
*p-value < 0.05
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cells grown under normoxia and hypoxia was determined. 
Conditioned medium of non-apoptotic cells (apoptosis 
<5%) was collected, centrifuged at 300 × g for 5 min 
and at 5000 × g for 10 min, and finally filtered using a 
0.22 mm syringe filter.

PBMC of healthy donors obtained from the local 
Department of Transfusion Medicine were isolated from 
heparinized venous blood samples by density gradient 
centrifugation using Leukosep® (Greiner Bio-One, 
Germany) and Biocoll Separation Solution (Biochrome, 
Berlin, Germany). PBMC were either cultured under 
conventional conditions (37°C, humidified atmosphere, 
containing 5% CO2, 72 h) in conditioned media 
supplemented with 10% FCS (PAA) in the presence 
of 100 U/ml IL-2 (PROLEUKIN, Chiron, Ratingen, 
Germany) or co-cultured with 786-0VHL- or 786-0VHL+ 
cells in the presence of conditioned media and directly 
stimulated with plate-bound agonistic anti-CD3 and anti-
CD28 antibodies (mouse anti-human, 1 μg/ml each, BD 
Biosciences, Heidelberg, Germany) or PHA-M (Sigma-
Aldrich). For co-culture experiments 2 × 106 PBMC/well 
were seeded onto six-well culture plates and incubated 
with conditioned media for 120 or 72 hours under 
normoxic or hypoxic conditions, respectively. 786-0VHL- 
or 768–0VHL+ cells were added at a density of 3 × 105 on 
25-mm Anopore tissue culture plate inserts (0.02 μm pore 
size; Nalge Nunc International, Thermo Fisher Scientific).

T cells were isolated from PBMC after labeling 
with allophycocyanine (APC)-conjugated anti-CD3 
antibodies using the EasySep™ Human APC Positive 
Selection Kit according to the manufacturer’s instructions 
(Stemcell Technologies, Grenoble, France). T cells 
were expanded by stimulation with plate-bound anti-
CD3 and anti-CD28 antibodies (mouse anti-human, 
1 μg/ml each) and subsequent culture in IL-2-containing 
(25 U/ml, PROLEUKIN) RPMI-1640 (Sigma-Aldrich) 
supplemented with 10% FCS (PAA) and 2 mM 
L-glutamine (Lonza) for 5–6 days (“day 6” T cells).

Proliferation assay

To evaluate cell proliferation, 1 × 107 PBMC in 
10 ml of PBS were labeled with 5,6-carboxyfluorescein 
succinimidyl ester (CFSE, 0.5 μM, Invitrogen, 
Eugene, USA) according to the manufacturer’s 
instructions. 2 × 106 cells/well were seeded in 6 well 
microtiter plates (TPP, Trasadingen, Switzerland) in 
5 ml of 786-0VHL- or 786-0VHL+ conditioned media or 
in co-culture with 3 × 105 786-0VHL- / 786-0VHL+ cells/
well in the presence of conditioned media followed by 
direct stimulation with plate-bound anti-CD3 and anti-
CD28 antibodies (mouse anti-human, 1 μg/ml each, 
BD Biosciences) and maintained for 5 days in culture. 
10,000 events were analyzed on a BD FACSCanto II flow 
cytometer in combination with the FACSDiva software 
package (BD Biosciences) in a time kinetic. The results 
were expressed as percentage of proliferating cells.

Proliferation assays in the presence of MnSOD2 
were analyzed as described above in the absence and 
presence of 1U/ml recombinant MnSOD2 (Abnova; 
Pforzheim, Germany) within the culture medium for up 
to 40 hours.

Monitoring VHL-dependent alterations 
in the composition and function of T cell 
subpopulations

Seven-color flow cytometric staining was used 
for analyzing VHL-dependent effects on CD3/CD28-
stimulated PBMC. Briefly, 2 × 106 cells/well were seeded 
in 6 well microtiter plates (TPP) in 5 ml of 786-0VHL-

or 786-0VHL+ conditioned media or in co-culture with 
3 × 105 786-0VHL- / 786-0VHL+ cells/well in the presence 
of conditioned media followed by direct stimulation with 
plate-bound anti-CD3 and anti-CD28 antibodies (mouse 
anti-human, 1 μg/ml each, BD Biosciences). After 68 h, 
BD GolgiPlug™ (5 μl) and IL-2 (100 U/ml) were added 
to each cell suspension and further incubated for 4 h. The 
cells were harvested and washed twice with PBS. Surface 
molecules were directly stained with the fluorescence-
conjugated antibodies against CD3, CD4, CD8, CD25 and 
CD45 as well as the respective fluorescence-labelled lgG 
controls (all purchased from BD Biosciences) for 15 min 
at room temperature. Cells were washed with PBS and 
fixed in PBS containing 1% paraformaldehyde. Three 
independent experiments were performed.

Apoptosis assay

To evaluate the VHL-mediated apoptosis induction, 
2 × 106 PBMC were cultured in 5 ml of 786-0VHL-

or 786-0VHL+ conditioned media or in co-culture with 
3 × 105 786-0VHL- / 786-0VHL+ cells/well in the presence 
of conditioned media followed by direct stimulation with 
plate-bound anti CD3-and anti-CD28 antibodies (mouse 
anti-human, 1 μg/ml each, BD Biosciences) for 72 h. 
Apoptosis was determined by flow cytometry after staining 
of cells with APC-annexin V (BD Phamingen™) and 
propidium iodide (2 mg/ml, Sigma-Aldrich) according to 
the manufacturer ’s instructions (BD Phamingen™). The 
stained cells were analyzed using the BD FACSCanto II 
flow cytometer and the FACSDiva software package (BD).

cDNA synthesis and qPCR

Total RNA was extracted from the samples using 
the Nucleospin Extract II kit (Macherey-Nagel, Düren, 
Germany) according to the manufacturer’s instructions. 
cDNA was synthesized from 3 μg RNA treated with 
DNase I (Invitrogen GmbH, Karlsruhe, Germany) using 
oligo dT primers (Fermentas, Mannheim, Germany) and 
the RevertAid™ H Minus First Strand cDNA synthesis 
kit (Fermentas, St. Ingbert, Germany) before qPCR 
was performed with target-specific primers (Table S1) 
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using Platinum® SYBR® Green qPCR SuperMix-UDG 
(Invitrogen) and applying the following parameters for 
40 cycles; denaturation 95°C, 15 s; annealing/elongation 
60°C, 30 s. Relative mRNA expression levels for specific 
genes were normalized to peptidylprolylisomerase 
A (PPIA) and hypoxanthine-guanine phosphoribosyl-
transferase (HPRT). The transcription levels of 786-0VHL- 
cells were set to one and the relative expression ratios in 
786-0VHL+ cells were calculated, respectively.

NaDOC/TCA precipitation

Proteins of the cell culture supernatants were 
precipitated using the sodium deoxycholate (NaDOC)/
TCA precipitation procedure described by Bensadoun and 
Weinstein [50], which allows a quantitative recovery of 
protein samples [51].

The samples were mixed with 10% aqueous NaDOC 
(1:100, by volume). Then 50% aqueous TCA (1:20, by 
volume) was added. After incubation at room temperature 
for 15 min the samples were centrifuged in 50 ml 
centrifuge tubes (Greiner) at 4,500 g and 4°C for 45 min. 
The supernatant was decanted and the pellet was washed 
with 20 ml aqueous ethanol (70%). After incubation at 
−20°C for 15 min, the samples were centrifuged at 4,500 g 
and 4°C for 45 min. The supernatant was decanted and 1 ml 
aqueous ethanol (70%) was added to the pellet followed 
by thorough mixing. Then the pellet was transferred into 
a 1.5 ml cup (Eppendorf). After incubation at −20°C for 
15 min, the samples were centrifuged at 21,000 g and 
4°C for 15 min. The supernatant was decanted and 1 ml 
aqueous acetone (80%) was added to the pellet followed 
by thorough vortexing. After incubation at −20°C for 
15 min, the samples were centrifuged at 21,000 g and 4°C 
for 15 min. The supernatant was decanted and the pellet 
was dried under nitrogen.

Resolubilization of protein pellets

The precipitates of 1 I cell culture supernatant/ 
conditioned media were incubated in 200 μl DIGE lysis 
buffer (30 mM Tris–HCl buffer, pH 8.5, containing 
7 M urea (Applichem, Darmstadt, Germany), 2 M thiourea 
(Sigma-Aldrich) and 4% (w/v) 3 [(3 cholamidopropyl)-
dimethylamino] 1 propane sulfonate (CHAPS; 
Applichem)) at 25°C for 30 min thereby vortexing 
thoroughly. Solubilized proteins were then sonicated using 
two cycles of five impulses (0.5 s/impulse) at 100% power 
(Bandelin UW 2070 sonicator, MS 73 needle; Bandelin, 
Berlin, Germany) and total protein concentration of 
samples was determined as previously described [52].

Fluorescence labeling of protein pellets

All fluorescence labelings were performed in 
DIGE lysis buffer using the Refraction-2D Labeling 
Kit according to the manufacturer’s instructions 

(NHDyeAGNOSTICS, Halle (Saale), Germany). 
Briefly, 25 μg of a mixture composed of equal amounts 
of proteins precipitated from 786-0VHL-- and 786-0VHL+-
conditioned media were labeled for 30 min on ice with 
100 pmol of G-Dye 100 as internal protein standard, 
whereas 25 μg of individual protein representing either 
proteins of 786-0VHL-- or 786-0VHL+-conditioned media 
were independently labeled with 100 pmol of G-Dye 
200 and -300, respectively. The individual labelings were 
performed in a total volume of 21 μl DIGE lysis buffer, 
respectively for 30 min on ice. The reaction was stopped 
by adding 1 μL 10 mM lysine. After an incubation on 
ice for 10 min, an equal amount of 2 × sample buffer 
(7 M urea, 2 M thiourea, 0.4M NDSB-256 (Merck 
Biosciences, Darmstadt, Germany), 4% CHAPS, 2% 
dithiothreitol (DTT; Applichem), 1% pharmalytes 
pH 3–10 (Amersham Biosciences, Freiburg, Germany) 
was added to the mixture before the samples were pooled 
and subjected to 2-DE separation.

Two-dimensional gel electrophoresis (2-DE), 
protein visualization and image analysis

For analytical gels the volume of the labeled protein 
mix was adjusted with Lysis-buffer (7 M urea, 2 M thiourea, 
0.2 M dimethylbenzylammonium propane sulfonate (NDSB 
201, Merck, Darmstadt, Germany), 1% dithiothreitol 
(DTT; Applichem), 4% 3 [(3 cholamidopropyl)-
dimethylamino] 1 propane sulfonate (CHAPS; Applichem), 
0.5% pharmalytes (Amersham Biosciences, Freiburg, 
Germany) and a trace of the dye bromophenol blue (Serva 
Electrophoresis, Heidelberg, Germany) to a final volume 
of 350 μl, whereas for preparative gels 500 μg protein in 
a total volume of 350 μl lysis buffer were loaded. Samples 
were applied to IPG strips (pH 3–10 NL, 18 cm, GE 
Healthcare, Munich, Germany) by in-gel rehydration and 
covered with 450 μl Immobiline DryStrip Cover Fluid (GE 
Healthcare). After 2 h of rehydration, isoelectric focusing 
(IEF) was carried out at 20°C on an Ettan IPGphor 2 unit 
(GE Healthcare) at the following settings: 30 V 10 hrs, 
500 V 1 h, 1000 V 1 h, 5000 V 1 h, and 8000 V up to a total 
of 45,000 Vhrs. The IPG strips were subjected to a 2 step 
strip equilibration procedure, which was performed by 
incubation the strips first for 15 min in 12 ml equilibration 
buffer I (6 M urea, 2% SDS, 50 mM Tris HCl (pH 8.8), 30% 
glycerol, supplemented with 1.5% DTT) followed by 15 min 
in 12 ml equilibration buffer II (6 M urea, 2% SDS, 50 mM 
Tris HCl (pH 8.8), 30% glycerol, supplemented with 4.8% 
iodoacetamide, all chemicals purchased from Applichem). 
SDS-PAGE separation was performed using a PROTEAN 
plus Dodeca Cell (Bio-Rad, Munich, Germany) with gels of 
1.5 mm thickness and an acrylamide/bisacrylamide matrix 
of 2.5% C and 13% T (Serva, Heidelberg, Germany). Strips 
were fixed on vertical SDS-PAGE gels with 1.5% soft 
melting agarose (BioLine GmbH, Luckenwalde, Germany) 
and traces of bromophenol blue. Electrophoresis was 
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performed with constant voltage (20 V, 1 h; 120 V, 15 h) 
at 10°C.

Gel documentation was accomplished by using a 
Fuji FLA 5100 fluorescence-scanning device (Fuji Photo 
Film, Duesseldorf, Germany). The PMT for all scans was 
set to 50 V below the saturation point of the brightest 
spot and all gel images were acquired at a resolution 
of 100 μm.

After 2D separation the preparative gels were 
stained with colloidal Coomassie Blue staining solution 
(10% ammonium sulfate (Applichem), 10% phosphoric 
acid (Merck KGaA), 0.12% Coomassie Brilliant Blue 
G250 (Applichem), 20% methanol (Merck KGaA); [53], 
and thereafter destained by extensive washing in ddH2O. 
Preparative gels were scanned on a conventional scanner 
(UMAX Image Scanner, GE Healthcare) at a resolution of 
600 dpi and stored as TIFF-images.

2D gel image analysis was performed using 
Delta2D Software version 4.0.8 (DECODON GmbH, 
Greifswald, Germany). All gel images were matched 
with the Delta2D software and a synthetic fusion gel 
was prepared. Final spot detection was performed 
on the fused gel. The resulting spot pattern was 
assigned to each of the gels in the experiment. The 
normalization procedure of the Delta2D software for 
DIGE experiments is based on the internal protein 
standard (IPS). The absolute spot volume is divided 
by the accumulated absolute volume of all spots and 
subsequently normalized to the corresponding absolute 
spot volume of the IPS. Furthermore, Student’s t-test 
was performed to assess the statistical significance of 
differentially expressed proteins. Spots whose relative 
expression is changed at least 2-fold (increase or 
decrease) at 95% confidence level (t-test; p < 0.05) were 
considered to be significant and subsequently subjected 
to further analysis.

In-gel digestion and MS

Digestion with trypsin and subsequent spotting of 
peptide solutions onto the MALDI-targets were performed 
as previously described [52] with slight modifications. 
For protein identification the proteins were excised from 
Colloidal Coomassie Brilliant Blue stained 2D gels using 
the Herolab spot hunter (Herolab GmbH, Wiesloch, 
Germany) with a picker head of 1.5 mm diameter and 
destained by addition of 50% (v/v) ACN. Gel pieces were 
washed twice with 100 μl 50% (v/v) ACN and once with 
100 μl 100% ACN. After drying 5 μl trypsin solution 
containing 17 ng/μl trypsin (Promega, Madison, WI, USA) 
in 25 mM NH4CO3 supplemented with 0.4 mM CaCl2 
was added and incubated on ice for 2 h followed by an 
incubation over night at 37°C. If necessary 5 μl of 25 mM 
NH4CO3 supplemented with 0.4 mM CaCl2 were added to 
keep gel pieces hydrated throughout the digest. Gel pieces 
were agitated by sonicating in a water bath for 10 min 

before 1 μl of the supernatant (containing tryptic peptides) 
were mixed with 1 μl of alpha-cyano-4-hydroxycinnamic 
acid (HCCA) matrix (saturated at room temperature in 
50% ACN, 0.1% TFA) and 1 μl of this solution were 
directly spotted on the MALDI-target. Prior to the 
measurement the samples were allowed to dry on the 
target.

Spectra were calibrated externally using Peptide 
calibration standard II (Bruker Daltonics Inc, Bremen, 
Germany). MALDI-TOF-MS was performed on an 
ultrafleXtreme™ mass spectrometer (Bruker Daltonics 
Inc) in positive reflector mode using an accelerating 
voltage of 25 kV. Spectra processing was performed with 
flexAnalysis (3.3.80.0) software for resolution-based peak 
detection using default settings.

The PMF dataset were analyzed using the MASCOT 
search engine (http://www.matrixscience.com) with 
the following parameters: (i) homo sapiens sequences; 
(ii) fixed modification, carbamidomethylation of cysteins; 
(iii) cleavage enzyme, trypsin; (vi) a maximum of 
one missed cleavage was allowed; and mass tolerance 
(monoisotopic), ± 50.0 ppm. Target identification was 
based on the overall sequence coverage of matching 
peptide fragments. Proteins were assigned when the 
MASCOT score exceeded 57 according to the MASCOT-
defined significance threshold for false-positive events 
at p < 0.05.

The heterogeneous set of the identified significant 
differentially expressed proteins was analyzed using 
gene ontology (GOminer) software [28], which 
provides information about gene function and cellular 
localization.

Functional annotation cluster and pathway 
analysis DAVID

Functional annotation cluster analysis was 
performed on the list of up-regulated and down-regulated 
proteins with a fold change of ≥2.0 [http://david.abcc.
ncifcrf.gov/home.jsp]. Only those terms that reported 
a p-value of ≤ 0.05 were selected for analysis. The 
Gene Ontology (GO) terms of cellular components, 
molecular function and biological processes in DAVID 
were employed to categorize enriched biological themes 
in up- and down-regulated protein lists.

Western blot analysis

Aliquots of 50 μg of solubilized protein/lane were 
separated on 12% SDS-PAGE gels and subsequently 
transferred onto nitrocellulose membranes (Schleicher 
& Schuell, Dassel, Germany). Membranes were 
processed as previously described [54] using target 
protein-specific primary antibodies directed against 
beta-2-microglobulin (B2M) (kindly provided by 
Dr. Soldano Ferrone; [55]), MnSOD2 (Abfrontier, 
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Aachen, Germany), GAPDH (Cell signaling) or β-actin 
(Sigma-Aldrich) in combination with horse-radish 
peroxidase (HRP)-conjugated secondary antibodies (Cell 
Signaling, Frankfurt, Germany). Protein bands were 
visualized with LumiLight Western Blotting substrate 
(Roche, Mannheim, Germany) and recorded with a LAS 
3000 CCD camera system (FUJIFILM, Duesseldorf, 
Germany). The co-detection of the GAPDH or β-actin 
signal, respectively, for each lane on the given blot served 
as loading control and the relative protein expression 
level for each target were defined using AIDA software 
(Raytest, Sprockhoevel, Germany).

MnSOD2 activity assay

MnSOD2 activity of conditioned media was 
analyzed using the Superoxide Dismutase Activity 
Colorimetric Assay Kit (Abcam, Cambridge, UK) 
according to the manufacturer’s protocol using freshly 
prepared and undiluted 786-0VHL-- and 786-0VHL+-
conditioned media. MnSOD2 activity was analyzed 
after incubation up to 60 min using a microplate 
reader (MRX-TC, DYNEX Technologies, Denkendorf, 
Germany). The absorbance values were expressed as 
percentage of the supernatant of 786-0VHL- cells.

Determination cell proliferation and IL-2 
secretion in the absence and presence of 
MnSOD2

IL-2 secretion was analyzed using commercial 
enzyme-linked immunosorbent (ELISA) assay 
(eBioscience, Austria) based on the supplier’s protocol. 
Therefore, “day 6” T cells were plated at a density of 
1 × 105 cells/well onto 96-well culture plates in 200μl 
of RPMI-1640 (Sigma-Aldrich) supplemented with 10% 
FCS (PAA) and 2 mM L-glutamine (Lonza) in the absence 
and presence of MnSOD2 (1U/ml, Abnova via Biozol, 
Eiching, Germany). T cells were directly stimulated 
with plate-bound anti-CD3 and anti-CD28 antibodies 
(mouse anti-human, 1 μg/ml each, BD) in a time kinetic 
fashion (20 h, 40 h). Next, the supernatants were cleared 
by centrifugation and measurements were performed 
according the manufacturer’s instructions using 100 μl cell 
culture supernatants.

Statistical analysis

The results were expressed as mean ± standard 
deviation of at least three independent experiments. The 
data were analyzed using the SigmaPlot software (Systat 
Software, Erkrath, Germany). Differences between 
groups were examined for statistical significance using 
the Student’s t test. A value of p < 0.05 was considered as 
statistically significant.

Abbreviations

15-LOX2, 15-lipoxygenase-2; B2M, b2-
microglobuline; ccRCC, clear cell RCC; CFSE, 
carboxyfluorescein succinimidyl ester; DC, dendritic cells; 
ENO1, α-enolase; FAC, Functional annotation cluster 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 
GO, gene ontology; HIF, hypoxia-inducible factor; HPRT, 
hypo-xanthine-guanine phosphoribosyl-transferase; IL, 
interleukin; IPS, internal protein standard; MDSC, myeloid-
derived suppressor cells; MMP, matrix metalloproteinase; 
NK, natural killer; PBMC, peripheral blood mononuclear 
cells; PPIA, peptidylprolylisomerase A; RCC, renal cell 
carcinoma; MnSOD, manganese superoxide dismutase; 
TAM, tumor-associated macrophages; TKI, tyrosine kinase 
inhibitors; UBE2N, ubiquitin-conjugating enzyme E2 N; 
VEGF, vascular endothelial growth factor; VHL, von Hippel 
Lindau; wt, wild-type.

 ACKNOWLEDGMENTS AND FUNDING

We would like to thank Dr. Soldano Ferrone for 
kindly providing the monoclonal antibody directed against 
beta-2-microglobulin (B2M). This work was supported by 
the Mildred Scheel Krebshilfe (109247) and the Deutsche 
Forschungsgemeinschaft GRK 1591.

CONFLICTS OF INTEREST

No potential conflicts of interest were disclosed.

REFERENCES

1. Finke JH, Rayman PA, Ko JS, Bradley JM, Gendler SJ, 
Cohen PA. Modification of the tumor microenvironment as 
a novel target of renal cell carcinoma therapeutics. Cancer 
journal. 2013; 19:353–364.

2. Ning H, Shao QQ, Ding KJ, Gao DX, Lu QL, Cao QW, 
Niu ZH, Fu Q, Zhang CH, Qu X, Lu JJ. Tumor-infiltrating 
regulatory T cells are positively correlated with angiogenic 
status in renal cell carcinoma. Chinese medical journal. 
2012; 125:2120–2125.

3. Sell K, Barth PJ, Moll R, Thomas MA, Zimmer N, 
Oplesch E, Gudo M, Schrader M, Hofmann R, Schrader AJ. 
Localization of FOXP3-positive cells in renal cell carci-
noma. Tumour biology: the journal of the International 
Society for Oncodevelopmental Biology and Medicine. 
2012; 33:507–513.

4. Geissler K, Fornara P, Lautenschlager C, Holzhausen HJ, 
Seliger B, Riemann D. Immune signature of tumor infiltrat-
ing immune cells in renal cancer. Oncoimmunology. 2015; 
4:e985082.

5. Santoni M, Berardi R, Amantini C, Burattini L, Santini D, 
Santoni G, Cascinu S. Role of natural and adaptive 



Oncotarget43436www.impactjournals.com/oncotarget

immunity in renal cell carcinoma response to VEGFR-TKIs 
and mTOR inhibitor. International journal of cancer Journal 
international du cancer. 2014; 134:2772–2777.

6. Minarik I, Lastovicka J, Budinsky V, Kayserova J, 
Spisek R, Jarolim L, Fialova A, Babjuk M, Bartunkova J. 
Regulatory T cells, dendritic cells and neutrophils in 
patients with renal cell carcinoma. Immunology letters. 
2013; 152:144–150.

7. Petrella BL, Vincenti MP. Interleukin-1beta mediates 
metalloproteinase-dependent renal cell carcinoma tumor 
cell invasion through the activation of CCAAT enhancer 
binding protein beta. Cancer medicine. 2012; 1:17–27.

8. Daurkin I, Eruslanov E, Stoffs T, Perrin GQ, 
Algood C, Gilbert SM, Rosser CJ, Su LM, Vieweg J, 
Kusmartsev S. Tumor-associated macrophages mediate 
 immunosuppression in the renal cancer  microenvironment 
by activating the 15-lipoxygenase-2 pathway. Cancer 
research. 2011; 71:6400–6409.

9. Kusmartsev S. Enhanced 5-lipoxygenase activity 
and  elevated eicosanoid production in kidney tumor 
 microenvironment contribute to the inflammation and 
immune suppression. Oncoimmunology. 2012; 1:249–251.

10. Gatenby RA, Gillies RJ, Brown JS. Of cancer and cave fish. 
Nature reviews Cancer. 2011; 11:237–238.

11. Mediavilla-Varela M, Luddy K, Noyes D, Khalil FK, 
Neuger AM, Soliman H, Antonia SJ. Antagonism of 
 adenosine A2A receptor expressed by lung adenocar-
cinoma tumor cells and cancer associated fibroblasts 
inhibits their growth. Cancer biology & therapy. 2013; 
14:860–868.

12. Sundaram S, Johnson AR, Makowski L. Obesity, 
 metabolism and the microenvironment: Links to cancer. 
Journal of carcinogenesis. 2013; 12:19.

13. Ward PS, Thompson CB. Metabolic reprogramming: 
a  cancer hallmark even warburg did not anticipate. Cancer 
cell. 2012; 21:297–308.

14. Yecies JL, Manning BD. mTOR links oncogenic signaling 
to tumor cell metabolism. Journal of molecular medicine. 
2011; 89:221–228.

15. Vander Heiden MG, Cantley LC, Thompson CB. 
Understanding the Warburg effect: the metabolic 
 requirements of cell proliferation. Science. 2009; 
324:1029–1033.

16. Semenza GL. HIF-1 mediates metabolic responses to intra-
tumoral hypoxia and oncogenic mutations. The Journal of 
clinical investigation. 2013; 123:3664–3671.

17. Cockman ME, Masson N, Mole DR, Jaakkola P, 
Chang GW, Clifford SC, Maher ER, Pugh CW, Ratcliffe PJ, 
Maxwell PH. Hypoxia inducible factor-alpha binding and 
ubiquitylation by the von Hippel-Lindau tumor suppres-
sor protein. The Journal of biological chemistry. 2000; 
275:25733–25741.

18. Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, 
Salic A, Asara JM, Lane WS, Kaelin WG Jr. HIFalpha 

targeted for VHL-mediated destruction by proline 
 hydroxylation: implications for O2 sensing. Science. 2001; 
292:464–468.

19. Semenza GL. Regulation of mammalian O2 homeostasis 
by hypoxia-inducible factor 1. Annual review of cell and 
developmental biology. 1999; 15:551–578.

20. Wykoff CC, Sotiriou C, Cockman ME, Ratcliffe PJ, 
Maxwell P, Liu E, Harris AL. Gene array of VHL mutation 
and hypoxia shows novel hypoxia-induced genes and that 
cyclin D1 is a VHL target gene. British journal of cancer. 
2004; 90:1235–1243.

21. Bluyssen HA, Lolkema MP, van Beest M, Boone M, 
Snijckers CM, Los M, Gebbink MF, Braam B, Holstege FC, 
Giles RH, Voest EE. Fibronectin is a hypoxia-independent 
target of the tumor suppressor VHL. FEBS letters. 2004; 
556:137–142.

22. Iliopoulos O, Levy AP, Jiang C, Kaelin WG Jr, 
Goldberg MA. Negative regulation of hypoxia-inducible 
genes by the von Hippel-Lindau protein. Proceedings of 
the National Academy of Sciences of the United States of 
America. 1996; 93:10595–10599.

23. Maxwell PH, Wiesener MS, Chang GW, Clifford SC, 
Vaux EC, Cockman ME, Wykoff CC, Pugh CW, 
Maher ER, Ratcliffe PJ. The tumour suppressor protein 
VHL targets hypoxia-inducible factors for oxygen-depen-
dent  proteolysis. Nature. 1999; 399:271–275.

24. Boysen G, Bausch-Fluck D, Thoma CR, Nowicka AM, 
Stiehl DP, Cima I, Luu VD, von Teichman A, Hermanns T, 
Sulser  T, Ingold-Heppner B, Fankhauser N, Wenger RH, 
Krek W, Schraml P, Wollscheid B, et al. Identification 
and functional characterization of pVHL-dependent cell 
surface proteins in renal cell carcinoma. Neoplasia. 2012; 
14:535–546.

25. Craven RA, Hanrahan S, Totty N, Harnden P, Stanley AJ, 
Maher ER, Harris AL, Trimble WS, Selby PJ, Banks RE. 
Proteomic identification of a role for the von Hippel Lindau 
tumour suppressor in changes in the expression of mito-
chondrial proteins and septin 2 in renal cell carcinoma. 
Proteomics. 2006; 6:3880–3893.

26. Leisz S, Schulz K, Erb S, Oefner P, Dettmer K, 
Mougiakakos D, Wang E, Marincola FM, Stehle F, 
Seliger B. Distinct von Hippel-Lindau gene and hypoxia-
regulated alterations in gene and protein expression patterns 
of renal cell carcinoma and their effects on metabolism. 
Oncotarget. 2015; 6:11395–11406.

27. Unwin RD, Craven RA, Harnden P, Hanrahan S, Totty N, 
Knowles M, Eardley I, Selby PJ, Banks RE. Proteomic 
changes in renal cancer and co-ordinate demonstration 
of both the glycolytic and mitochondrial aspects of the 
Warburg effect. Proteomics. 2003; 3:1620–1632.

28. Zeeberg BR, Feng W, Wang G, Wang MD, Fojo AT, 
Sunshine M, Narasimhan S, Kane DW, Reinhold WC, 
Lababidi S, Bussey KJ, Riss J, Barrett JC, Weinstein JN. 
GoMiner: a resource for biological interpretation of 



Oncotarget43437www.impactjournals.com/oncotarget

genomic and proteomic data. Genome biology. 2003; 
4:R28.

29. Brown KJ, Formolo CA, Seol H, Marathi RL, Duguez S, 
An E, Pillai D, Nazarian J, Rood BR, Hathout Y. Advances 
in the proteomic investigation of the cell secretome. Expert 
review of proteomics. 2012; 9:337–345.

30. Nickel W. Pathways of unconventional protein secretion. 
Current opinion in biotechnology. 2010; 21:621–626.

31. Keller S, Sanderson MP, Stoeck A, Altevogt P. Exosomes: 
from biogenesis and secretion to biological function. 
Immunology letters. 2006; 107:102–108.

32. Pant S, Hilton H, Burczynski ME. The multifaceted  exosome: 
biogenesis, role in normal and aberrant  cellular function, and 
frontiers for pharmacological and  biomarker opportunities. 
Biochemical pharmacology. 2012; 83:1484–1494.

33. Mignot G, Roux S, Thery C, Segura E, Zitvogel L. Prospects 
for exosomes in immunotherapy of  cancer. Journal of 
 cellular and molecular medicine. 2006; 10:376–388.

34. Capello M, Ferri-Borgogno S, Cappello P, Novelli F. alpha-
Enolase: a promising therapeutic and diagnostic tumor 
 target. The FEBS journal. 2011; 278:1064–1074.

35. Sarto C, Deon C, Doro G, Hochstrasser DF, Mocarelli P, 
Sanchez JC. Contribution of proteomics to the molecu-
lar analysis of renal cell carcinoma with an emphasis on 
manganese superoxide dismutase. Proteomics. 2001; 
1:1288–1294.

36. Minton DR, Fu L, Chen Q, Robinson BD, Gross SS, 
Nanus DM, Gudas LJ. Analyses of the transcriptome and 
metabolome demonstrate that HIF1alpha mediates altered 
tumor metabolism in clear cell renal cell carcinoma. PloS 
one. 2015; 10:e0120649.

37. Sarto C, Frutiger S, Cappellano F, Sanchez JC, Doro G, 
Catanzaro F, Hughes GJ, Hochstrasser DF, Mocarelli P. 
Modified expression of plasma glutathione peroxidase and 
manganese superoxide dismutase in human renal cell carci-
noma. Electrophoresis. 1999; 20:3458–3466.

38. Sarto C, Marocchi A, Sanchez JC, Giannone D, Frutiger S, 
Golaz O, Wilkins MR, Doro G, Cappellano F, Hughes G, 
Hochstrasser DF, Mocarelli P. Renal cell carcinoma and 
normal kidney protein expression. Electrophoresis. 1997; 
18:599–604.

39. Jackson SH, Devadas S, Kwon J, Pinto LA, Williams MS. 
T cells express a phagocyte-type NADPH oxidase that 
is activated after T cell receptor stimulation. Nature 
 immunology. 2004; 5:818–827.

40. Kwon J, Shatynski KE, Chen H, Morand S, de Deken X, 
Miot F, Leto TL, Williams MS. The nonphagocytic NADPH 
oxidase Duox1 mediates a positive feedback loop during T 
cell receptor signaling. Science signaling. 2010; 3:ra59.

41. Kaminski M, Kiessling M, Suss D, Krammer PH, Gulow K. 
Novel role for mitochondria: protein kinase Ctheta-
dependent oxidative signaling organelles in activation-
induced T-cell death. Molecular and cellular biology. 2007; 
27:3625–3639.

42. Kaminski MM, Sauer SW, Klemke CD, Suss D, Okun JG, 
Krammer PH, Gulow K. Mitochondrial reactive oxygen 
species control T cell activation by regulating IL-2 and 
IL-4 expression: mechanism of ciprofloxacin- mediated 
 immunosuppression. Journal of immunology. 2010; 
184:4827–4841.

43. Lambert AJ, Brand MD. Reactive oxygen species 
 production by mitochondria. Methods in molecular biology. 
2009; 554:165–181.

44. Droge W. Free radicals in the physiological control of cell 
function. Physiological reviews. 2002; 82:47–95.

45. Gloire G, Legrand-Poels S, Piette J. NF-kappaB activation 
by reactive oxygen species: fifteen years later. Biochemical 
pharmacology. 2006; 72:1493–1505.

46. Reth M. Hydrogen peroxide as second messenger in 
lymphocyte activation. Nature immunology. 2002; 
3:1129–1134.

47. Gardner R, Salvador A, Moradas-Ferreira P. Why does SOD 
overexpression sometimes enhance, sometimes decrease, 
hydrogen peroxide production? A  minimalist explanation. 
Free radical biology & medicine. 2002; 32:1351–1357.

48. Kaminski MM, Roth D, Sass S, Sauer SW, Krammer PH, 
Gulow K. Manganese superoxide dismutase: a regulator of 
T cell activation-induced oxidative signaling and cell death. 
Biochimica et biophysica acta. 2012; 1823:1041–1052.

49. Liochev SI, Fridovich I. The effects of superoxide 
 dismutase on H2O2 formation. Free radical biology & 
medicine. 2007; 42:1465–1469.

50. Bensadoun A, Weinstein D. Assay of proteins in the 
 presence of interfering materials. Analytical biochemistry. 
1976; 70:241–250.

51. Arnold U, Ulbrich-Hofmann R. Quantitative protein 
 precipitation from guanidine hydrochloride-containing 
solutions by sodium deoxycholate/trichloroacetic acid. 
Analytical biochemistry. 1999; 271:197–199.

52. Lichtenfels R, Ackermann A, Kellner R, Seliger B. 
Mapping and expression pattern analysis of key  components 
of the major histocompatibility complex class I antigen 
processing and presentation pathway in a representative 
human renal cell carcinoma cell line. Electrophoresis. 2001; 
22:1801–1809.

53. Candiano G, Bruschi M, Musante L, Santucci L, 
Ghiggeri GM, Carnemolla B, Orecchia P, Zardi L, 
Righetti PG. Blue silver: a very sensitive  colloidal 
Coomassie G-250 staining for proteome analysis. 
Electrophoresis. 2004; 25:1327–1333.

54. Leich F, Stohr N, Rietz A, Ulbrich-Hofmann R, Arnold U. 
Endocytotic internalization as a crucial factor for the 
 cytotoxicity of ribonucleases. The Journal of biological 
chemistry. 2007; 282:27640–27646.

55. Pellegrino MA, Ng AK, Russo C, Ferrone S. Heterogeneous 
distribution of the determinants defined by monoclonal 
antibodies on HLA-A and B antigens bearing molecules. 
Transplantation. 1982; 34:18–23.


