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Summary 

Hypoxia Inducible Factor (HIF)-2α protein expression in solid tumors promotes stem-like 

phenotype in cancer stem cells and increases tumorigenic potential in non-stem cancer cells. 

Recently, we have shown HIF-1/2α gene expression is correlated to neuroblastoma (NB) poor 

survival and to undifferentiated tumor state; HIF-2α protein was demonstrated to enhance 

aggressive features of the disease. In this study, we used proteomic experiments on NB cells to 

investigate HIF-2α downstream-regulated proteins and/or pathways with the aim of providing 

novel therapeutic targets and/or bad prognosis markers. We verified that pathways mostly altered 

by HIF-2α perturbation are involved in tumor progression. In particular, HIF-2α induces 

alteration of central metabolism and splicing control pathways. Simultaneously, WNT, 

RAS/MAPK and PI3K/AKT activity and/or expression are affected and may impact on the 

sensitivity and the intensity of HIF-2α-regulated pathways. Furthermore, genes coding the 

identified HIF-2α-related markers built a signature able to stratify NB patients with unfavorable 

outcome. Taken together, our findings underline the relevance of dissecting the downstream 

effects of a poor survival marker in developing targeted therapy and improving patient 

stratification. Future prospective studies are needed to translate the use of these data into the 

clinical practice. 
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Introduction 

Hypoxia-inducible factors (HIF-1α, HIF-2α) are key mediators of the cellular response to low 

oxygen concentrations (hypoxia). In the absence of oxygen, they are stabilized against 

degradation and thereby coordinate hypoxia adaptation through the expression of several target 

genes involved in neo-angiogenesis, glucose transport and metabolism, which are required for 

tumor growth and metastasis formation 
1
. HIF-1α participates in the initial response to hypoxia 

being most active during short periods (2–24 h) of intense hypoxia or anoxia (<0.1% O2). 

Conversely, HIF-2α is active under mild hypoxia (<5% O2) or normoxia 
2,3

. Moreover, an 

hypoxia-independent regulation appears probable in the latter case, because there are examples 

of genes whose expression is regulated by HIF-2α in cells grown under normoxic conditions 
4,5

.  

HIF-2α protein expression in tumor perivascular regions promotes stem-like phenotype in cancer 

stem cells and increases tumorigenic potential in non-stem cancer cells 
6,7,8

. HIF-2α-driven 

molecular mechanisms in tumor development are different. For example, HIF-2α overexpression 

as well as the deletion of EPAS1 (HIF-2α coding gene) increases the growth of KRAS-driven 

lung tumors in mice 
9
. Particularly, aberrant HIF-2α levels rise up the expression of VEGFA and 

SNAIL, thus promoting angiogenesis and tumor invasion. By contrast, the complete loss of HIF-

2α reduces the expression of the tumor suppressor Scgb3a1, a HIF-2α target gene 
9
. Thus, the 

pharmacological inhibition of HIF proteins for cancer treatment, whether targeting HIF-1α and 

HIF-2α together or individually, may not be straightforward. Targeting the key actors of 

oncogenic transformation downstream to HIF-2α may be a fascinating way to improve the 

efficacy of tumor-focused therapies 
10

. 

In order to establish the protein networks regulated by HIF-2α and to speculate which HIF-2α- 

related proteins may be therapeutic targets and/or poor prognosis markers, we have focused on 

neuroblastoma (NB), a childhood malignancy of the developing sympathetic nervous system. NB 
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patients present widespread hematogenous-based metastases in over 50% of cases 
11

. Recently, 

introduced targeted therapies for NB patients include the small molecule inhibitor Crizotinib, 

which targets the receptor tyrosine kinase Anaplastic Lymphoma Kinase (ALK); this drug have 

shown good toleration results in a recent Phase 1 dose-escalation trial 
12

. Moreover, monoclonal 

antibody targeting the disialoganglioside GD2 included in an immunotherapeutic regimen 

resulted in a dramatic increase in event-free survival from 46 to 66% 
13

. However, despite these 

recent advances, most high-risk NB patients die as result of the disease 
11

. HIF-2α knockout in 

NB samples impairs tumorigenesis and leads to a less aggressive/more differentiated phenotype 

14
. Recently, we have shown HIF-1/2α gene expression is correlated to NB poor survival and to 

undifferentiated tumor state 
5
. Interestingly, we demonstrated that HIF-2α overexpression 

enhances the aggressive features of NB cells by means of the expression of pro-invading and 

anti-adhesive CD55 antigen 
15

.  

In this study, we aimed to unravel the molecular mechanisms that might support HIF-2α induced 

tumor progression by highlighting the proteomic changes induced by HIF-2α perturbation in NB 

cells. To this purpose, a combined 2D-DIGE/nanoLC-ESI-LIT-MS/MS approach and Reverse 

phase protein array (RPPA) were used. Moreover, we verified that the expression of genes 

coding the identified HIF-2α-related proteins generates a signature able to stratify NB patients in 

different risk sub-groups.  
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Experimental Procedures 

Cell cultures 

The human SHSY5Y-pcDNA and SHSY5Y-HIF-2α NB cell clones were generated as already 

described 
15

. The cells were grown in DMEM medium supplemented with 10% heat-inactivated 

fetal bovine serum (FBS), 100 kU/L penicillin, and 100 mg/L streptomycin, at 37 °C, in 5% 

CO2, in a humidified atmosphere. 

 

Protein fractionation 

Cellular pellets from SHSY5Y-pcDNA and SHSY5Y-HIF-2α NB clones were incubated in ice-

cold lysis buffer (250 mM sucrose, 3 mM imidazole, pH 7.4, and 1 mM EDTA) in the presence 

of a protease inhibitor cocktail (Complete Mini EDTA-free, Roche), and were disrupted by 8-10 

passes through a 22-guage needle. Then they were centrifuged at 16,000 x g for 20 min, at 4 °C. 

This procedure allowed us enriching the corresponding nuclear fractions; protein extraction was 

then performed as already described 
16

. 

 

Cy-Dye labeling 

After adjusting the pH value to 8.5, protein extracts (50 µg) from three biological replicates of 

SHSY5Y-pcDNA cells and three replicates of SHSY5Y-HIF-2α cells were labeled separately 

with 400 pmol of Cy3 and Cy5. A pool composed of equal amounts of all the samples (six in 

number) was prepared, labeled with Cy2 and used as a standard on all gels. Labeling reactions 

were performed on ice in the dark, for 30 min, and were quenched by addition of 1 mM lysine 

(final concentration). Samples were mixed and the final volume was adjusted to 450 µL with 7 
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M urea, 2 M tiourea, and 3% CHAPS. The samples were supplemented with 0.5% carrier 

ampholytes pH 3-11 (GE Healthcare, Milan, Italy) and 1% bromophenol blue. 

 

2-D Gel Electrophoresis and DIGE Analysis  

For 2D-DIGE, IPG strips (length, 24 cm; thickness, 0.5 mm) (GE Healthcare) non-linear pH 

gradient range 3-11 were passively rehydrated with 150 µg of tripartite-labeled sample (50 µg for 

each labeled sample and 50 µg internal standard), in the dark, overnight. IEF was performed 

using an IPGphor II apparatus (GE Healthcare) at 20 °C, with a maximum current setting of 50 

µA/strip, in the dark. IEF run conditions were the following: linear voltage up to 200 V in 1 h, up 

to 1000 V in 1 h, up to 1500 V in 1 h, up to 3500 V in 1 h, constant voltage to 3500 V for 3 h, 

linear voltage up to 5000 V in 1 h, constant voltage to 5000 V for 4 h, linear voltage up to 8000 

V for 1 h, and constant voltage to 8000 V, until the total product time × voltage applied was 

76,000 Vh for each strip. The strips were equilibrated in 6 M urea, 2% SDS, 20% glycerol, and 

0.375 M Tris–HCl (pH 8.8), for 15 min, in the dark, in the presence of 0.5% w:v DTT, and then 

in the presence of 4.5% w/v iodacetamide in the same buffer, for additional 15 min. Equilibrated 

IPG strips were transferred onto 11% polyacrylamide gels, within low-fluorescence glass plates 

(ETTAN-DALT 6 system, GE Healthcare). Second-dimension SDS-PAGE was performed by 

using a DALT II electrophoresis unit (GE Healthcare) at 2 W/gel for 12 h. Gels were scanned 

with a Typhoon 9400 variable mode imager (GE Healthcare), using appropriate 

excitation/emission wavelengths for Cy2 (488/520 nm), Cy3 (532/580 nm), and Cy5 (633/670 

nm). Images were acquired in the Image-Quant software (GE Healthcare) and analyzed by using 

the DeCyder 6.0 software (GE Healthcare) 
16

. A DeCyder differential in-gel analysis (DIA) 

module was used for spot detection and pair-wise comparison of each sample (Cy3 and Cy5) to 

the Cy2 standard present in each gel. The DeCyder biological variation analysis (BVA) module 

Page 6 of 38

ACS Paragon Plus Environment

Journal of Proteome Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

7 

 

was used to simultaneously match all the proteomic maps from the gels, and to calculate average 

abundance ratios and P values across the triplicate sets of samples (Student’s t-test). 

For preparative gel electrophoresis, 1 mg of unlabeled sample was used to passively rehydrate 

the IPG strips. The first and second dimension runs were conducted as described above. After 2-

D electrophoresis, the separated proteins were visualized using a highly sensitive fluorescent 

stain (SYPRO Ruby Protein Gel Stain, Life Technologies). Briefly, the resolved polypeptides 

were fixed in 7% acetic acid/50% methanol solution for 30 min, and stained overnight. The gels 

were washed in 7%acetic acid/10% methanol for 30 min, and in H2O for 30 min. Finally, gels 

were scanned as mentioned above. 

 

Mass spectrometry analysis and protein identification 

Protein spots were excised from the preparative gel, alkylated, digested with trypsin and 

identified as previously reported 
17

. Peptide mixtures were desalted by µZip-TipC18 (Millipore, 

USA) using 50% v/v acetonitrile/5% v/v formic acid as eluent before nanoLC-ESI-LIT-MS/MS 

analysis. Tryptic digests were analyzed using a LTQ XL mass spectrometer (Thermo, USA) 

equipped with a Proxeon nanospray source connected to an Easy nanoLC (Thermo, USA). 

Peptide mixtures were separated on an Easy C18 column (10 – 0.075 mm, 3 µm) (Thermo, USA) 

18
. Mobile phases were 0.1% v/v aqueous formic acid (solvent A) and 0.1% v/v formic acid in 

acetonitrile (solvent B), running at total flow rate of 300 nL/min. Linear gradient was initiated 20 

min after sample loading; solvent B ramped from 5% to 35% over 15 min, from 35% to 95% 

over 2 min. Spectra were acquired in the range m/z 400–1800. Acquisition was controlled by a 

data-dependent product ion scanning procedure over the 3 most abundant ions, enabling dynamic 

exclusion (repeat count 1 and exclusion duration 60 s); mass isolation window and collision 

energy were set to m/z 3 and 35%, respectively. MASCOT search engine version 2.2.06 (Matrix 
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Science, UK) was used to identify protein spots from a non-redundant human database (NCBI 

downloaded June 2014), using nanoLC-ESI-LIT-MS/MS data. Database searching was 

performed selecting trypsin as proteolytic enzyme, a missed cleavages maximum value of 2, Cys 

carbamidomethylation and Met oxidation as fixed and variable modification, respectively. 

Candidates with at least 2 assigned peptides with an individual MASCOT score >25, both 

corresponding to p-value <0.05 for a significant identification, were further evaluated by the 

comparison with their calculated mass and pI values, using the experimental data obtained from 

2D-DIGE. 

 

Data Mining 

Differentially represented proteins between HIF-2α-overexpressing (HIF-2α) and control cells 

(pcDNA) were classified using the DAVID 2.1 beta annotation system 

(http://david.niaid.nih.gov/david/ease.htm). This tool adopts the Fisher exact test to measure the 

gene enrichment in annotation terms. A p-value <0.05 was considered statistically significant. 

We performed a gene enrichment analysis that included biological process and Kegg pathways 

terms. 

 

Oil red staining 

Eighty thousand cells were seeded on treated glass slide (BD Falcon, REF 354108). The day 

after the cells were fixed in 10% formalin for 10 min, and then rinsed 3 times in PBS. Slides 

were then placed in Oil Red O (Lipid Stain) solution for 10 min, rinsed in tap water, and 

counterstained with hematoxylin for 1 min (Abcam). Sections were then mounted in 
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Fluoromount-G and coverglassed. The images were acquired using a DMI4000B microscope 

(Leica Mycrosystem). 

 

Western Blotting 

For DIGE data validation, equal amount of nuclear extracts (25 µg) were loaded onto 8% or 12% 

polyacrilamide gels and transferred to PVDF membrane (Biorad) as described 
16

. Membranes 

were incubated under constant shaking with the primary antibodies reported in Table S1, 

overnight, at 4 °C. H3 was used as loading control. For phosphoproteomics data validation, total 

protein extracts were isolated in lysis buffer as previously described 
19

. Membranes were 

incubated under constant shaking with primary antibodies reported in Table S1, overnight, at 4 

°C. β-Actin (Sigma Aldrich) was used as loading control. Membranes were next incubated with 

peroxidase (HRP)-conjugated anti-rat, anti-mouse, anti-rabbit and anti-goat antibodies (GE 

Healthcare). All the bands were visualized using ECL kit SuperSignal West Pico 

Chemiluminescent Substrate (Pierce), were acquired with a GelDoc 2000 system (Bio-Rad) and 

quantified by densitometry measurements using the Quantity One 4.5 tool (Bio-Rad). 

 

Reverse Phase Protein Array (RPPA) 

Reverse phase protein array analysis was performed as previously described with few 

adjustments 
20

. Briefly, protein lysates were printed in 3-point dilution curves in quadruplicate on 

nitrocellulose-coated glass slides (ONCYTE
®

 Nitrocellulose Film Slides, Grace BioLabs) with 

the 2470 Arrayer (Aushon BioSystems). Slides were stained for total protein content (Fast Green 

FCF; Sigma-Aldrich) and with 79 validated primary antibodies (Table S2) on an automated slide 

stainer (Dako Autostainer Plus, Dako-Cytomation). Signal amplification stage was performed 
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through the incubation with streptavidin-biotin-HRP complexes, VECTASTAIN Elite ABC Kit 

(VECTOR) 20 µL/mL in PBS 0.1% BSA for 15 min, followed by the incubation with the 

tyramide-biotin complex (TSA Plus Biotin Kit, PerkinElmer) at the dilution of 1:75 in Amplified 

Buffer for 10 min, and finally with HRP-Streptavidin (Dako-Cytomation) diluted 1:250 for 20 

min. Signal was revealed using diaminobenzadine/hydrogen peroxide (DAB) as a chromogen 

substrate for 5 min (Dako-Cytomation). TIF images of antibody- and Fast Green FCF-stained 

slides were analyzed using the Microvigene software (VigeneTech Inc) to extract numeric 

intensity protein values from the array images. 

 

Production of lentiviral particles and infection of cell lines  

To knock-down EPAS1 expression, the pGIPZ lentiviral shRNAmir that targets human EPAS1 

was purchased from Open Biosystems (Thermo Fisher Scientific, Inc.). We used two different 

shRNAs against EPAS1: V2LHS113750 (RHS4430-98894439) and V2LHS-113750 (RHS4430-

98851126). A non-silencing pGIPZ lentiviral shRNAmir was used as the control (RHS4346). 

Lentiviral particles production and in-vitro transduction was performed as described 
5
.  

 

Experimental design and Statistical evaluation 

We have analyzed the proteins differentially represented between SHSY5Y cells transfected with 

empty vector pcDNA and SHSY5Y cells stable overexpressing HIF-2α protein. We have used 

three different replicates for each experimental point for DIGE analysis; DIGE data were 

subjected to the ANOVA test. For phosphoproteomic analysis, we assayed two different HIF-2α 

and pcDNA clones for each experimental point. Moreover, we used the cells silenced for the 

HIF-2α coding gene (EPAS1) given the sensitivity of pathways balance activation/inhibition in 
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the cells. Statistical analyses were performed with R (www.r-project.org). In particular, 

identification of potential differences in protein expression was obtained by using the Welch t-

test and considered significant when p-value <0.05. Comparison between HIF-2α overexpressing 

cell clones and relative control cells was performed by considering the whole expression profile 

of specific pathways and p-values generated using global test applying 5000 permutations 
19

. 

Hierarchical clustering analysis was performed using Eucledian distance among protein 

expression and Ward method clustering. Finally, levelplot form lattice package (R Biocoductor) 

was used to highlight the levels of relative protein expression between HIF-2α-silenced and -

overexpressing cells, according to selected pathways. 

 

HIF-2α proteome signature 

K-mean clustering was performed using default parameters by methods implemented in program 

R2 (http://r2.amc.nl). The probability of overall survival (OS) and event free survival (EFS) was 

calculated using the Kaplan-Meier method, and the significance of the difference between 

Kaplan-Meier curves was calculated by the log-rank test (http://r2.amc.nl). The Cox regression 

model was used to test for the independent predictive ability of the HIF-2α proteome signature 

after the adjustment for other significant factors: MYCN amplification, age, INSS stages. 
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Results 

2D-DIGE highlights differentially represented proteins as result of HIF-2α over-expression 

in SHSY5Y NB cells 

SHSY5Y-HIF-2α overexpressing cells and SHSY5Y-pcDNA cells were obtained as previously 

reported 
15

. HIF-2α induction on protein and mRNA levels in SHSY5Y cells are shown in Figure 

S1. The functional characterization of these clones showed that HIF-2α overexpression enhances 

the aggressive features of NB cells. Here we explored the molecular mechanisms that might 

generate the aggressive behavior mediated by HIF-2α. To this purpose, the cellular proteome 

was divided in two different cellular fractions, enriched either in cytosolic or nuclear proteins 
16

. 

We checked the quality of these fractions by western blotting using specific markers, namely the 

nuclear protein lamin β (LMβ) and the cytosolic protein GAPDH. In fact, LMβ is mostly 

detected in the nuclear fraction, whereas GAPDH generally occurs in the cytosolic counterpart 

and, at lower levels, in the nucleus. We verified that this nuclear fraction also contained 

mitochondrial, lysosomal and Golgi subcellular compartments, as evidenced by positive staining 

for the corresponding marker cytochrome P450 reductase, lysosome-associated membrane 

glycoprotein 2 (LAMP2) and Golgi reassembly stacking protein of 55 kDa (GRASP55), 

respectively (Figure 1A). The nuclear fraction from SHSY5Y-HIF-2α and SHSY5Y-pcDNA 

cells was then considered for further experiments. 

Proteomic changes associated with HIF-2α over-expression were analyzed using 2D-DIGE. To 

increase biological and statistical significance of the results, we prepared protein extracts from 

three independent SHSY5Y-HIF-2α and SHSY5Y-pcDNA cell cultures; they were labeled with 

either Cy3 or Cy5 fluorescent dyes according to the scheme shown in Table S3. Each Cy3/Cy5-

labeled sample pair was co-mixed with a Cy2-labeled pooled standard sample containing an 

equal amount of the six samples; Cy2/Cy3/Cy5-labeled samples run together on the same gel. 
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For each gel, the Cy3, Cy5, and Cy2 images were imported into the DeCyder DIA module and 

analyzed with the BVA module of DeCyder software to reveal constant and differentially 

represented protein spots (see experimental section for details). Approximately, 1390 protein 

spots were detected in the SHSY5Y proteomic maps. They were then filtered for fold changes 

>1.3 or <1.3 (HIF-2α vs pcDNA) and p-value<0.05 (Student’s paired t test) The analysis allowed 

us to find 53 statistically relevant and differentially represented spots, whose position on the gel 

is shown in Figure 1B. In particular, 21 spots were over-represented and 32 spots were under-

represented. The same software modules were also used to match the Cy2 image selected as the 

master image with the counterpart from a preparative gel obtained by combining all cellular 

extracts. Corresponding spots from the latter gel were excised, in-gel digested with trypsin and 

subjected to nanoLC-ESI-LIT-MS/MS analysis for protein identification. Mass spectrometric 

analysis identified 49 proteins in 44 spots (Table 1). In several cases, different proteins co-

migrated in the same spot; in other cases, the same protein occurred in different spots as result of 

eventual post-translational modifications. In this study, we were not able to determine the 

identities of the protein components of other 9 differentially represented spots. Identified 

proteins were then classified according to indicated descriptors for biological processes and 

molecular pathways; most of them were associated with cellular metabolism, RNA 

processing/splicing control and cell death (Figure 1C). The hypothesis that aggressive tumors 

have an abnormal cellular metabolism was also supported by gene ontology analysis on NB gene 

expression microarray datasets. As shown in supplementary data (Figure S2) “primary metabolic 

process” and “macromolecule metabolic process” were the more represented biological 

processes in relapse patient group. 

 

Validation of differentially represented proteins and metabolic implications 
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We validated the differential (SHSY5Y-HIF-2α vs -pcDNA) representation pattern of a dozen of 

the proteins highlighted by 2D-DIGE analysis by western blotting (Figure 2A, Table S1). 

Densitometric analysis of protein bands demonstrated proteins representation as result of HIF-2α 

overexpression in NB cells (Figure 2B). In particular, we verified that DLAT, a component of 

the pyruvate dehydrogenase (PDH) complex, is over-represented as result of HIF-2α 

overexpression. To further assess PDH complex regulation, we also investigated the 

representation of pyruvate dehydrogenase (lipoamide) β (PDHB) subunit in SHSY5Y-HIF-2α 

and SHSY5Y-pcDNA cells by western blotting. These results highlight that HIF-2α over-

expression induces metabolic changes in NB cells that lead to an increment of pyruvate and 

acetyl-CoA; this condition may ultimately conduce to cellular fatty acid storage. Accumulation 

of fatty acids in HIF-2α overexpressing cells was also supported by the down-representation of 

the fatty acid β-oxidation enzyme ECHS1 (2D-DIGE data – spot 1289). This metabolic condition 

was finally assessed by comparative oil red staining of SHSY5Y-HIF-2α and -pcDNA cells, 

which demonstrated an increase of fat droplets in NB cells as result of HIF-2α over-expression 

(Figure 2C-D).  

The differential representation patterns of these HIF-2α targets were validated in NB cells 

silenced for HIF-2α expression. Particularly SHSY5Y and SKNBE2c cells were infected with 

lentiviral particles to silence the expression of EPAS1 (Figure S1). As shown in supplementary 

data (Figure S3) the expression of HIF-2α targets are not strongly modified or are unvaried upon 

EPAS1 silencing (shEPAS1 vs -shCTR). However protein expressions in silenced cells 

(shEPAS1 vs shCTR) are inverse respect to expression observed in HIF-2α overexpressing cells 

(HIF-2α vs pcDNA). These findings suggest that the identified targets are regulated by down-

stream effects of HIF-2α overexpression. The down regulation of GSTP1 is convergent in HIF-

2α overexpressing clones and in EPAS1 silenced cells. GSTP1 is a detoxification enzyme which 

play an important role in neoplastic cells. On the other hand GSTP1 silencing is a common early 
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event in carcinogenesis, frequently caused by promoter hypermethylation 
21

. Our finding suggest 

HIF-2α peculiarity to act differently in the same cells in response to diverse stimuli.  

 

RPPA analysis of signalling pathways activated following HIF-2α over-expression in 

SHSY5Y NB cells 

To account for the potential modulation of signalling pathways exerted by HIF-2α, we performed 

RPPA analysis of whole cell lysates to evaluate the expression of specific proteins (79 in 

number) (Table S2), among which 56 ones are activated/inhibited after phosphorylation at 

specific residues. For this reason, we compared the phosphorylation events activated/inhibited by 

HIF-2α overexpression with the counterpart induced by HIF-2α silencing. To avoid false 

positive/negative results, we performed RPPA analysis of SKNBE2c and SHSY5Y NB cells 

stably knocked-down for EPAS1 transcript or SHSY5Y NB cells engineered to over-express 

HIF-2α. We observed an increased susceptibility to HIF-2α phosphoproteomic modifications in 

perturbated cells (HIF-2α overexpressing or EPAS1 silenced cells) rather than alterations of 

quantitative levels of protein targets. 

RPPA data were analyzed and then expression values of each protein were calculated. Protein 

expression values of HIF-2α silenced/over-expressing cells were compared to that of the 

appropriate control cells (shCTR/pcDNA). Statistical analysis was performed for all comparisons 

and obtained p-values were arrayed to generate a level-plot showing the potential differential 

activation of signalling pathways considered. In particular, analyzed proteins were divided for 

their relation with cellular pathways in order to cover JAK/STAT, NFKB, RAS/MAPK, SRC, 

WNT, AMPK, PI3K/AKT signalling pathways, apoptosis and cell cycle processes (Figure 3A). 

Since we did not observe any particular recurrence of single differentially represented (phospho) 

proteins between HIF-2α-silenced/-overexpressing cells and their relative controls, apart for 
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ERK1/2 and AKT phosphorylation, we re-analyzed data by performing a pathway global test, 

taking into account the overall expression of all the proteins belonging to a determined signalling 

pathway. As a result, RAS/MAPK, Wnt and PI3K/AKT pathways showed a significant (p value 

<0.05) under-activation upon HIF-2α silencing in at least one comparison (Figure 3B); 

conversely, RAS/MAPK, Wnt, PI3K/AKT, with the addition of cell cycle pathways were all 

over-activated in at least one HIF-2α-over-expressing cell clone (Figure 3B). Of note, although 

not all global tests resulted to be significant in every comparison we performed, relative 

expression of proteins (graphed as level plot in Figure 3C) showed a clear modulation of selected 

pathways in HIF-2α-silenced and -overexpressing cells. Importantly, hierarchical unsupervised 

analysis showed that the expression value of proteins belonging to the selected pathways were 

sufficient to completely identify HIF-2α-silenced and over-expressing cells (Figure 3D), thus 

underlining the potential involvement of RAS/MAPK, cell cycle, Wnt and PI3K/AKT pathways 

as downstream effectors of HIF-2α activation. Recently HIF-2α has been shown as a target of 

mTORC2 
22

. We verified that upon mTOR inhibition in SHSY5Y pcDNA and HIF-2α clones 

endogenous HIF-2α mRNA levels decreased but ectopic HIF-2α mRNA expression did not. This 

suggest HIF-2α is a direct transcriptional target of mTORC in SHSY5Y and HIF-2α 

overexpression might activate PI3K-pathway by promoting an autocrine loop (Figure S4). 

The identified differentially activated pathways may be considered as the key regulators of 

fundamental cancer cell features, such as survival, differentiation, proliferation and cell 

metabolism, providing a rationale to the above-described differential representation of proteins, 

as identified by 2D-DIGE analysis.  

Interestingly, phosho-FAK, which is involved in cell migration and motility, resulted over-

activated in HIF-2α over-expressing cells (Figure 3A), suggesting its potential involvement in 

sustaining HIF-2α-mediated pro-cancerous effects, as reported above. 
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In order to validate our RPPA data, we performed Western blot analysis for RB (S780), cyclin-E, 

PAN-RAS, Erk1/2 (T202/Y204), LEF1, AKT (S473), S6 Ribosomal protein and PDK1 (S241) 

on HIF-2α-silenced/-over-expressing SHSY5Y cells (Figure 3E), confirming previous results on 

their inhibition/activation (Figure 3A). 

 

Prognostic value of the HIF-2α proteomic signature 

We speculated that the gene set codifying for the proteins differentially represented as result of 

HIF-2α expression may form a signature reflecting the aggressive features in NB (Table S4). The 

proteome-signature proposed for the stratification of NB patients with unfavorable outcome 

consists of the genes listed in Table 1. 

As a first analysis of this signature, we investigated the prognostic value of the HIF-2α 

proteome- gene set. To this purpose, we used K-means clustering to subdivide the freely 

available gene expression data of 498 primary NB tumors at all stages (accession no. GSE62564) 

in two groups, having high or low activity of the HIF-2α proteome-gene set signature (Figure 4). 

One cluster of 157 tumors included the most of high-risk samples (Table S4) and showed high 

expression of up-regulated genes and low expression of down-regulated genes; accordingly, it 

was named HIF-2α proteome-POS. Another cluster of 341 NB tumors included most of the low-

risk samples (Table 4S), having low expression of up-regulated genes and high expression of 

down-regulated genes; it was designated as HIF-2α proteome-NEG. Kaplan-Meier analysis of 

the two clusters showed that tumors with a HIF-2α proteome-POS signature conferred an 

extremely poor prognosis (log-rank test OS p =3.7x10
−33

, EFS p= 3.9x10
-24

) (Figure 4A). 

Amplification of MYCN is an established marker for NB poor prognosis 
11

 (Figure 2S). HIF-2α 

proteome-POS signature conferred a poor prognosis independently from MYCN amplification, 

as observed in patients with MYCN single copy (OS p = 2.1×10
−17

, EFS p= 7.9x10
-16

) (Figure 
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4B). Furthermore to test whether the HIF-2α proteoma signature is an independent prognostic 

factor in the NB samples, we performed multivariate Cox regression analysis of available 

prognostic factors, including the HIF-2α proteoma signature, age at diagnosis, INSS stage and 

MYCN status. The HIF-2α proteome signature turned out to be the most significant prognostic 

marker in addition to age, INSS stage the MYCN status (Table S5). 
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Discussion 

NB is a heterogeneous and complex tumor whose development has not been completely 

elucidated. Several clinical studies demonstrated that HIF-2α correlates with NB advanced 

clinical stage and poor prognosis. We have recently reported that HIF-2α mRNA expression is 

correlated to metastatic NB potential and HIF-2α protein expression enhances pro-invading 

ability in NB cells 
5,15

.  

HIF-2α response to various stimuli is different in organs and cancers 
9
. In this study, we have 

distinguished specific markers/pathways activated by HIF-2α in NB progression. We verified 

that cellular metabolism, RNA processing/splicing control and cell death represent the most 

relevant biological processes in support of aggressive tumor phenotype and might result 

important for a successfully therapy. A shift in global splicing regulation has been previously 

reported in high-risk NB tumors 
23

. In the cellular system under investigation, we observed: i) an 

over-representation of the heterogeneous nuclear ribonucleoprotein (hnRNP)K, which is known 

to promote metastasis in vitro and in vivo 
24

; ii) a down-representation of hnRNPM, whose 

restricted activity promotes breast cancer metastasis via alternative splicing 
25

; iii) an over-

representation of hnRNPU, which can modulate WT1 transcription activation in Wilm’s tumors 

26
; iv) an over-representation of heat shock proteins HSPA8 and HSPA1A, which have been 

verified as poor prognosis signals in some other cancers for the regulation and stability of onco-

transcription factors 
27

. Coordinating splicing factors may have role or might act in opposite 

manners in other cancers. Understanding how HIF-2α may induce NB splicesome shift 

contributes to more aggressive phenotype can lead to the development of new class of anticancer 

therapeutics-alternative splicing inhibitors.  

The altered metabolism has been established one of the hallmark of cancer over last decades 
28

. 

We further confirmed the association of the carbon metabolism to malignancy by observing the 

correlation of metabolic processes to NB relapse in two patient cohorts. In HIF-2α-over-
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expressing cells, we observed an increased representation of pyruvate dehydrogenase complex 

(PDH), which catalyzes the conversion of pyruvate to acetyl-coenzyme A (acetyl-CoA). In 

addition, we verified augmented levels of dihydrolipoamide S-acetyltransferase (DLAT), a 

component of the PDH complex, which was previously observed regulating cellular metabolism 

and mitochondrial functions 
29

. Acetyl-CoA resources may be also provided by inhibition of 

fatty acid oxidation consequently to decrement of enoyl CoA hydratase (ECHS1). Thus, we 

might hypothesize that HIF-2α, and not hypoxia, drives NB cells onco-progression through the 

block of tricarboxylic acid cycle (TCA) and the increment of fatty acids synthesis. Acetyl-CoA 

may also impose an increment of acetate, which regulates the interaction of HIF-2α with its 

selective coactivator to the promoter of HIF-2α target genes or tumor progression genes 
30

. 

Furthermore, a pseudohypoxic response that is conveyed by HIF-s is observed. In effect the 

increment of succinate dehydrogenase (SDH) and succinate CoA ligase (SUCLG2) may be 

responsible for the increment of succinate or fumarate, whose accumulation in mitochondria 

inhibits a family of prolyl hydroxylase enzymes (PHDs) 
31

. In addition the suppressed expression 

of LDHB (Lactate Dehydrogenase B) may lead to lactate accumulation and oxidative 

metabolism increment as observed in pancreatic cancers 
32

. 

There are some approved drugs directed toward cancer metabolism targets. For instance, 

glycolytic inhibitors, such as GLUT1 inhibitor and 2-deoxyglucose, underwent clinical trials 
33

. 

Most cancer cell type are addicted to fatty acids, which they require for membrane phospholipid 

synthesis, signaling purpose and energy production. The deployment of potentially inhibitors to 

target clinically this facet of tumor metabolism is still under consideration 
34

. We suggest that the 

administration of metabolic inhibitors in HIF-2α positive tumors foster an unsupportable 

conflation of growth promotion and substrate deficiency, with subsequent metabolic catastrophe. 

Intensive research in recent years has endeavored to determine how the metabolic activity of 

tumors is regulated. Distinguishing intracellular pathways in support to metabolic activity might 
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suggest the use of a combination therapy with the final aim to avoid resistance to metabolic 

block. PI3K/AKT pathway alteration following HIFs is a known regulator of cancer metabolism 

and cancer progression 
35

. Recently, WNT signaling pathway has emerged as a regulatory 

mediator of cancer cells metabolic activities 
36

. Additionally, RAS signaling activation is able to 

enhance glycolysis, TCA cycle and de novo nucleic acid synthesis by reprogramming the 

glycolytic and mitochondrial metabolism through the redox balance of NADH 
37

. Of note, RAS-

MAPK pathway is essential for HIF-2α transactivation and genes pathway mutations may occur 

in relapsed NB 
38,39

. The increased activity and/or expression of WNT, RAS/MAPK and 

PI3K/AKT in our cellular system suggest that these pathways may fine-tune the sensitivity and 

the intensity of HIF-2α driving metabolism. Moreover, recent evidences report that RAS/MAPK 

and PI3K/AKT pathways converge to the regulation of mRNAs nucleocytoplasmic export 
40,41

. 

Nonetheless, the crosstalk (in both directions) between cellular metabolism and mRNAs 

processing has still to be depicted and targeting in parallel metabolism and/or RNA splicing 

pathways is challenging.  

Gene signatures identified to predict NB prognosis have shown a limited clinical value. Here we 

verified that the gene set codifying the proteins differentially represented by HIF-2α over-

expression forms a signature reflecting the aggressive features in NB and having a high power of 

prognosis prediction. Particularly, this signature is able to identify the patients with negative 

outcome, which would benefit from new and more aggressive treatments. Future prospective 

studies are needed to further consolidate the validity of these data. 

 

Conclusions 

In the present study, we have dissected which proteins and pathways are regulated by HIF-2α in 

support to the aggressive features acquired by NB cells, when this transcription factor is over-

Page 21 of 38

ACS Paragon Plus Environment

Journal of Proteome Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

22 

 

expressed. We have speculated that HIF-2α perturbation leads to an increment of fatty acid 

storage, which may maintain proliferation and energy production in cancer cells. Clinically 

targeting this facet of tumor metabolism may inhibit the mechanism for tumor cells to satisfy 

their strict metabolic requirement. However, the partial inhibition of a pathway may induce the 

tumor to find the way to evade the metabolic block. For this reason, we investigated the 

intracellular mediators that may regulate the metabolic activity by means of fine-tuning the 

sensitivity and intensity of HIF-2α pathways. The inhibition of deregulated intracellular 

mediators, such as RAS/MAPK, PI3K/AKT and WNT, may be relevant for developing more 

accurate and focused therapy, in combination with anti-metabolic drugs or splicing inhibitors. 

An interesting novelty of the presented approach has been to identify a gene signature able to 

stratify NB patients in two risk-subgroups starting from proteomic analysis. These findings 

provide the most reliability of a proteomic screening compared to gene expression screening. In 

conclusion, the presented approach has provided additional markers/pathways to be considered 

in developing targeted therapy and improving prognosis as alternative to HIF-2α in solid tumors. 

The feasibility to test this proteomic approach to un-drugable markers should finally result in the 

type of progress to avoid undesirable side-effects.  
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Supporting Information.  

The following files are available free of charge on the ACS Publications 

website http://pubs.acs.org: Figure S1, HIF-2α protein and mRNA levels in HIF-2α 

overexpressing clones and EPAS1 silenced clones; Figure S2, Gene Ontology analysis in two 

cohorts of NB relapsed patients; Figure S3, HIF-2α target proteins expression in EPAS1 silenced 

cells; Figure S4, HIF-2α is a direct transcriptional target of mTORC in SHSY5Y cells and Figure 

S5, Prognostic value of the HIF-2α proteomic signature. Table S1, Antibodies used for Western 

Blotting; Table S2, Antibodies used for Reverse Phase Protein Array; Table S3, Experimental 

design of 2D-DIGE; Table S4, Tumor characteristics of two NB gene clusters and Table S5, 

Multivariate Cox regression Analyses. 
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Figure Legends 

Figure 1. Proteomic data obtained by comparing SHSY5Y-HIF-2α-overexpressing cells 

with respect to SHSY5Y-pcDNA counterparts. Western blotting was performed to test the 

cross-contamination of cytosolic (lane 1) and nuclear (lane 2) protein extracts from the 

SHSY5Y-HIF-2α cells (A). Isoelectric focusing on SHSY5Y-HIF-2α and SHSY5Y-pcDNA 

protein extracts was performed on immobilized pH gradient IPG gel strip, NL pH 3-11; proteins 

were further separated by 11% SDS-PAGE in the second dimension. Differentially represented 

spots that were picked-up on the preparative gel for further protein identification analysis are 

shown in the figure (B). Identified proteins were classified using the DAVID 2.1 beta annotation 

system. The Fisher exact test was used to determine the statistically significance of protein-

enrichment in annotation terms. The functional categories and pathways are sorted by P-value (-

log(P)). The category terms and the number of proteins are reported on Y-axis (C).  

 

Figure 2. Validation of 2D-DIGE/nanoLC-ESI-LIT-MS/MS data. Western blot analysis of 

selected proteins was performed on the nuclear fraction from SHSY5Y-HIF-2α and SHSY5Y-

pcDNA cells. H3 was used as the loading control (A). Protein bands were quantified by 

densitometry. The bar graph shows integral optic density (IOD) value for each band, normalized 

with respect to H3 expression (B). Oil red staining images of SHSY5Y-HIF-2α and SHSY5Y-

pcDNA cells. The arrows indicate the lipid accumulation (C). Metabolic reactions altered by 

HIF-2α over-expression are sketched in (D). 

 

Figure 3. RPPA data of HIF-2α-silenced and HIF-2α-over-expressing cells. Level plot 

showing p-values generated by the comparison of HIF-2α transgenic cell clones with their 
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relative controls for the expression/activation of 79 proteins, representative of JAK/STAT, 

NFKB, RAS/MAPK, SRC, WNT, AMPK, PI3K/AKT signalling pathways, apoptosis and cell 

cycle processes (A). Table showing pathway global test p-values obtained for RAS/MAPK, cell 

cycle, WNT and PI3K/AKT pathways for each considered comparison; **p<0.05, *0.05<p<0.1 

(B). Level plot showing relative expression of proteins selected from global test analysis for each 

(RAS/MAPK, cell cycle, WNT and PI3K/AKT) significant pathway analyzed (C). Heat-map 

showing relative expression of proteins from selected pathways and clustering analysis (D). 

Western blot analysis of RB (S780), cyclin-E, Pan-RAS, p44/42 MAPK(Erk1/2) (T202/Y204), 

LEF1, AKT (S473), S6 Ribosomal Protein (S235/236), PDK1 (S241) proteins performed in 

SHSY5Y-shEPAS1 and SHSY5Y-HIF-2α cell clones and relative control cells. β-Actin 

expression has been used as loading control (E). Two clones (HIF-2α_A and HIF-2α_B) of 

SHSY5Y cells were engineered to over-express HIF-2α. 

 

Figure 4. HIF-2α proteomic signature in NB patients. K-means clustering was used to 

subdivide gene expression data of freely available 498 primary NBs tumors of all stages (SEQC 

dataset) in two patients groups with high (POS) or low (NEG) activity of the HIF-2α proteome-

gene set signature (A). Kaplan-Maier analysis for overall survival and relapse-free survival rates 

in patients with MYCN single copy (SEQC dataset) grouped for high (POS) or low (NEG) 

activity of the HIF-2α proteome-gene set signature (B). 
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Table 1. Proteins showing quantitative changes in the SHSY5Y-HIF-2α-over-expressing vs SHSY5Y-pcDNA cell comparison, as 

deduced by 2D-DIGE and identified by nanoLC-ESI-LIT-MS/MS. Spot number, NCBI accession, protein name, Mascot score, number of 

assigned and assigned unique peptides, sequence coverage (%), relative fold change and gene symbol are listed. Fold change was ascertained 

as reported in the experimental section. N.a., not available.  

 

Spot NCBI Code Description 
Identification 

score 
Peptides 

Unique 

peptides 

Sequence 

coverage (%) 
Fold 2D-DIGE Gene Symbol 

214 gi|62022572|gb|AAH50564.1| 
SWI/SNF related, matrix associated, actin-dependent 

regulator of chromatin 
229 6 6 5.6 -1.25 SMARCC1 

398 gi|3202000|gb|AAC19382.1| Scaffold attachment factor A  457 12 10 10.9 2.23 HNRNPU 

401 gi|119569943|gb|EAW49558.1| 
Chondroitin sulfate proteoglycan 6 (bamacan), isoform 

CRA_b  
484 10 10 10.8 2.36 SMC3 

417 gi|999380|gb|AAB34405.1| 
Mitosis-specific chromosome segregation protein SMC1 

homolog  
272 5 5 4.9 4.12 SMC1A 

485 gi|23342633|emb|CAD48681.1| Neurolysin, mitochondrial  227 5 5 9.9 -8.18 n.a. 

503 gi|516764|dbj|BAA04654.1| Motor protein  254 5 5 9.4 -17.69 HMP 

510 
gi|292059|gb|AAA67526.1| MTHSP75  849 16 15 30.8 

-10.75 
HSPA9 

gi|16306859|gb|AAH06551.1| Lamin B2  372 7 7 13.8 LMNB2 

529 
gi|347134|gb|AAA20683.1| Succinate dehydrogenase flavoprotein subunit  471 10 9 14.2 

2.01 
SDHA 

gi|34228|emb|CAA27173.1| Lamin isoform A-delta50  383 8 8 14.7 LMNA 

552 

gi|292059|gb|AAA67526.1| MTHSP75  1551 31 26 48.2 

1.89 

HSPA9 

gi|32467|emb|CAA68445.1| 71 kDa heat shock cognate protein  474 10 10 19.3 HSPA8 

gi|16306859|gb|AAH06551.1| Lamin B2  435 8 8 15.7 LMNB2 

gi|119530|sp|P13667.2|PDIA4_HUMAN Protein disulfide-isomerase A4 323 6 6 12.6 PDIA4 

556 

gi|292059|gb|AAA67526.1| MTHSP75  1250 27 23 44.3 

2.25 

HSPA9 

gi|32467|emb|CAA68445.1| 71 kDa heat shock cognate protein  1147 27 23 41.2 HSPA8 

gi|16306859|gb|AAH06551.1| Lamin B2  478 9 9 15.5 LMNB2 

gi|119530|sp|P13667.2|PDIA4_HUMAN Protein disulfide-isomerase A4 422 9 9 17.2 PDIA4 

gi|188492|gb|AAA63228.1| Heat shock-induced protein  329 7 7 15.1 HSPA1L 

577 gi|62087562|dbj|BAD92228.1| 
Succinate dehydrogenase complex, subunit A, flavoprotein 
precursor variant  

588 12 10 22.1 3.01 SDHA 

583 gi|347134|gb|AAA20683.1| Succinate dehydrogenase flavoprotein subunit  807 16 16 30.7 3.38 SDHA 

594 gi|130781|sp|P09874.4|PARP1_HUMAN Poly [ADP-ribose] polymerase 1 279 5 5 6.8 3.09 PARP1 

603 gi|6470150|gb|AAF13605.1|AF188611_1 BiP protein 315 6 6 13.3 -8.02 HSPA5 
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604 
gi|6470150|gb|AAF13605.1|AF188611_1 BiP protein 418 8 8 15.5 

-13.2 
HSPA5 

gi|114549|sp|P06576.3|ATPB_HUMAN ATP synthase subunit beta, mitochondrial 361 7 7 16.6 ATP5B 

605 

gi|32467|emb|CAA68445.1| 71 kDa heat shock cognate protein  1317 36 26 44.1 

2.18 

HSPA8 

gi|16306859|gb|AAH06551.1| Lamin B2  1214 25 22 35 LMNB2 

gi|15341906|gb|AAH13138.1| ATPase, H+ transporting, lysosomal 70kDa, V1 subunit A  454 11 10 23.5 ATP6V1A 

gi|188488|gb|AAA63226.1| Heat shock-induced protein  451 8 8 15.8 HSPA1A 

gi|189053456|dbj|BAG35622.1| Heat shock 70 kDa protein 6  243 6 5 11.4 HSPA6 

608 gi|6470150|gb|AAF13605.1|AF188611_1 BiP protein 214 6 5 10.8 -12.43 HSPA5 

609 
gi|16306859|gb|AAH06551.1| Lamin B2  1478 43 30 44.5 

2.77 
LMNB2 

gi|188488|gb|AAA63226.1| Heat shock-induced protein  612 17 13 23.4 HSPA1A 

610 

gi|4529893|gb|AAD21816.1| HSP70-1  1195 44 25 39.2 

3.39 

HSPA1A 

gi|194388088|dbj|BAG65428.1| Heat shock 70 kDa protein 1A/1B  1147 43 24 40.4 HSPA1A 

gi|16306859|gb|AAH06551.1| Lamin B2  476 10 10 18.7 LMNB2 

gi|35360|emb|CAA68787.1| PDC-E2 precursor 387 9 8 15.4 DLAT 

663 gi|135538|sp|P17987.1|TCPA_HUMAN T-complex protein 1 subunit alpha 466 8 8 17.1 2.64 TCP1 

668 gi|38458|emb|CAA50283.1| PTB-associated splicing factor  304 7 7 11.7 -1.36 SFPQ 

671 gi|37545|emb|CAA45409.1| Splicing factor U2AF  196 6 4 14.5 1.74 U2AF2 

689 

gi|129379|sp|P10809.2|CH60_HUMAN 60 kDa heat shock protein, mitochondrial 705 13 12 28.3 

2.85 

HSPD1 

gi|241478|gb|AAB20770.1| Heterogeneous nuclear ribonucleoprotein complex K  390 9 8 23.1 HNRNPK 

gi|37850|emb|CAA39600.1| Vimentin   347 7 7 18.5 VIM 

699 
gi|129379|sp|P10809.2|CH60_HUMAN 60 kDa heat shock protein, mitochondrial 1004 23 18 40.8 

2.33 
HSPD1 

gi|241478|gb|AAB20770.1| Heterogeneous nuclear ribonucleoprotein complex K  525 14 10 24.8 HNRNPK 

840 gi|6841066|gb|AAF28888.1|AF123303_1 Calcium-binding transporter  235 5 4 12.7 -4.01 SLC25A24 

895 gi|33150622|gb|AAP97189.1|AF087890_1 Beta-succinyl CoA synthetase  592 15 12 36.5 3.6 SUCLA2 

898 gi|901998|gb|AAA70033.1| TAR DNA-binding protein-43  341 7 7 21.3 -8.03 TARDBP 

906 

gi|34138|emb|CAA68809.1| 
Ornithine aminotransferase, mitochondrial isoform 1 

precursor   
413 9 8 23.7 

-5.88 

OAT 

gi|45710075|gb|AAH14519.1| 
Solute carrier family 25 (mitochondrial carrier; phosphate 

carrier), member 24  
488 9 7 23.3 SLC25A24 

gi|15679945|gb|AAH14279.1| Vesicle amine transport protein 1 homolog (T. californica)  353 7 6 21.9 VAT1 

913 
gi|49457530|emb|CAG47064.1| CKB  576 14 9 30.7 

-11.61 
CKB 

gi|28252|emb|CAA25099.1| Actin, cytoplasmic 1  243 8 5 18.9 ACTB 

976 gi|12803583|gb|AAH02625.1| Heterogeneous nuclear ribonucleoprotein A/B  398 8 8 28.1 -3.07 HNRNPAB 

998 gi|12803583|gb|AAH02625.1| Heterogeneous nuclear ribonucleoprotein A/B  496 11 9 25.3 -3.34 HNRNPAB 

1011 gi|28422556|gb|AAH47024.1| Succinate-CoA ligase, GDP-forming, beta subunit  624 17 14 38.8 -7.55 SUCLG2 
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gi|6456118|gb|AAF09142.1|AF190167_1 Membrane-associated protein SLP-2  555 10 10 38.8 STOML2 

gi|546088|gb|AAB30320.1| Cytoplasmic antiproteinase  288 5 5 19.9 n.a. 

1013 gi|34329|emb|CAA68701.1| L-lactate dehydrogenase B chain 209 5 5 19 -15.53 LDHB 

1021 gi|62089046|dbj|BAD92970.1| 
Heterogeneous nuclear ribonucleoprotein M isoform a 

variant  
285 5 5 9.9 -2.89 HNRNPM 

1066 
gi|194390304|dbj|BAG61914.1| Heterogeneous nuclear ribonucleoprotein D-like isoform a   340 7 7 30.3 

-3.58 
HNRNPDL 

gi|762885|gb|AAA64895.1| Plakoglobin  256 6 6 9.8 JUP 

1083 gi|119339|sp|P06733.2|ENOA_HUMAN Alpha-enolase 850 16 13 41.5 -2.72 ENO1 

1088 gi|12803583|gb|AAH02625.1| Heterogeneous nuclear ribonucleoprotein A/B  277 5 5 24.2 -25.68 HNRNPAB 

1091 gi|35451|emb|CAA50197.1| Serine/threonine specific protein phosphatase  210 5 5 18.5 -2.7 n.a. 

1092 
gi|9836652|dbj|BAB11885.1| BSCv  326 7 6 18.2 

-20.95 
APMAP  

gi|131467|sp|P18031.1|PTN1_HUMAN Tyrosine-protein phosphatase non-receptor type 1 267 5 5 14.5 PTPN1 

1093 gi|5542020|gb|AAD45179.1|L32610_1 Ribonucleoprotein  266 5 5 19.1 -18.1 n.a. 

1217 gi|682748|dbj|BAA08389.1| Antioxidant protein 1  356 11 8 28.5 3.97 PRDX3 

1220 gi|799381|gb|AAB95175.1| Antioxidant enzyme AOE37-2  369 8 7 32.1 3.77 PRDX4 

1289 gi|1922287|emb|CAA66808.1| Enoyl-CoA hydratase 683 16 11 39.3 -7.88 ECHS1 

1387 gi|2076717|gb|AAC51280.1| Glutathione S-transferase  490 11 8 52.4 -3.07 GSTP1 
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