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Abstract: Malignant gliomas derive from brain glial cells and represent >75% of primary brain tu-

mors. This includes anaplastic astrocytoma (grade III; AS), the most common and fatal glioblastoma 

multiforme (grade IV; GBM), and oligodendroglioma (ODG). We have generated patient-derived 

AS, GBM, and ODG cell models to study disease mechanisms and test patient-centered therapeutic 

strategies. We have used an aptamer-based high-throughput SOMAscan® 1.3K assay to determine 

the proteomic profiles of 1307 different analytes. SOMAscan® proteomes of AS and GBM self-orga-

nized into closely adjacent proteomes which were clearly distinct from ODG proteomes. GBM self-

organized into four proteomic clusters of which SOMAscan® cluster 4 proteome predicted a highly 

inter-connected proteomic network. Several up- and down-regulated proteins relevant to glioma 

were successfully validated in GBM cell isolates across different SOMAscan® clusters and in corre-

sponding GBM tissues. Slow off-rate modified aptamer proteomics is an attractive analytical tool 

for rapid proteomic stratification of different malignant gliomas and identified cluster-specific SO-

MAscan® signatures and functionalities in patient GBM cells. 
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1. Introduction 

Malignant gliomas account for 78% of malignant primary brain tumors and include 

astrocytoma (AS) and oligodendroglioma (ODG), the oncogenic derivatives of the astro-

cytic and oligodendroglial lineages, respectively. AS constitute the largest population of 

malignant gliomas (>63%) and include highly proliferative and invasive anaplastic astro-

cytoma (grade III) and glioblastoma multiforme (grade IV; GBM). ODG account for 2–4% 

of all primary brain tumors and have a better prognosis than most other malignant glio-

mas. GBM is a rare tumor with an annual incidence of 5 to 8 per 100,000 of population but 

constitutes about 60% of all primary human brain tumors [1]. Despite surgical resection 

(debulking) or biopsy to the extent that is safe followed by radiation and chemotherapy 

[2,3], GBM has one of the worst 5-year survival rates among all human cancers [4,5]. Com-

bined chemo-radiation treatment increases the median overall survival to about 14.6 

months from 12.1 months with radiotherapy alone [6]. The addition of tumor treating 

fields may increase median survival to 20.9 months [7]. Current treatment options for ma-

lignant glioma remain limited and few patients achieve longer than 3-year survival [8]. 

Proteins execute cellular functions and account for the majority of oncology drug tar-

gets. Changes in protein composition and activity are major contributors to GBM progres-

sion, which includes proliferation and differentiation of GBM cells, their invasion into 

surrounding brain tissue, and the emergence of cellular mechanisms of therapeutic re-

sistance. While large scale gene expression analysis of GBM identified distinct genetic 

subtypes and their molecular drivers [9–11], fewer proteomic studies have been per-

formed on mostly smaller numbers of patient GBM tissues/cells or other brain tumors [12–

17], with the exception of a most recent comparative proteogenomic and metabolomic 

analysis on 99 GBM tissue samples [18]. Currently, only a few proteins (and their mutated 

versions) are considered prognostic and predictive biomarkers for GBM and are used for 

prognosis stratification and selection of GBM patients for specific treatments [15,19–22]. 

High content quantitative proteomic analytical approaches with high sensitivity and 

specificity are anticipated to advance our understanding of the biology of glioma and help 

excel the discovery of new clinically relevant biomarkers and drug targets. SOMAscan® 

1.3K assay is a multiplexed proteomic analysis platform that uses Slow Off-rate Modified 

Aptamers (SOMAmers) for protein binding and enables the simultaneous relative quan-

tification of 1307 different human proteins in each of up to 90 samples [23,24]. SO-

MAscan® is highly specific and sensitive with a median lower limit of quantitation and 

detection at 40 pM and 100 fM, respectively [24]. The SOMAscan® assay spans 8 Log10 of 

concentration with a median of 4.2 Log10 per SOMAmer, which is comparable to that 

achieved with antibody-based assays. Among many disease applications, this assay has 

been employed to identify proteomic signatures in non-small cell lung cancer [25], ovarian 

cancer [26,27], mesothelioma [28,29], and hepatocellular cancer [30].  

We have applied SOMAscan® proteomic technology to determine proteomic profiles 

of early passage cell culture samples isolated from fresh surgical specimens of brain tumor 

patients with GBM (n = 54), anaplastic astrocytoma (n = 13), and oligodendroglioma (n = 

21). More than half of the >1300 proteins detected by the SOMAscan® 1.3K assay are in-

volved in inflammation and cellular signaling processes highly relevant to these malig-

nant gliomas [23,31,32]. The SOMAscan® proteomes confirmed an expected close rela-

tionship of GBM and AS, both being astrocytic in origin. AS and GBM proteomes were 

clearly distinct from ODG cellular proteomes. SOMAscan® 1.3K segregated the 54 GBM 

cell isolates into four distinct GBM proteomic clusters. We successfully validated several 

protein candidates in patient GBM cells and corresponding GBM tissues. Bioinformatics 

analysis of the GBM SOMAscan® proteomic clusters predicted biological networks with 

different complexity. SOMAscan® technology is an attractive tool for high-throughput 

proteomic characterization of primary patient glioma cell isolates. 
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2. Results 

2.1. Malignant Glioma Pathologies Have Distinct SOMAscan® Cellular Proteomes 

A total of 88 samples of patient-derived cell isolates at early passages (1–3) from three 

confirmed malignant glioma pathologies (54 glioblastoma (GBM), 13 anaplastic astrocy-

toma (AS), 21 oligodendroglioma (ODG)) underwent SOMAscan® 1.3K proteomic analy-

sis. Sparse Partial Least Squares Discriminant Analysis (PLSDA) revealed three distinct 

cellular proteomic profiles corresponding to the three malignant glioma pathologies as 

shown in 2D plots (Figure 1A) and 3D spatial representation (Figure 1B). PLSDA per-

formed on a total of nine AS cell isolates with either isocitrate dehydrogenase 1 (IDH1) 

wildtype (IDH1WT; n = 6) and IDH1R132H mutant (n = 3) revealed distinct SOMAscan® pro-

teomes of anaplastic AS with IDH1R132H mutant (Figure 1C). The number of components 

and variables per component to use was determined through a tuning procedure, in line 

with the mixOmics protocol recommendation [33]. Three components with 21, 10, and 20 

variables (components 1–3) enabled a clear separation of the three glioma types. Area un-

der the curve from ROC (receiver operating characteristic) curves using the three compo-

nents and selected variables were AS vs. others: 0.95, GBM vs. others: 0.98, ODG vs. oth-

ers: 1. Common to all but one patient diagnosed with ODG, the loss of heterozygosity 

(LOH) of 1p36 and 19q13 chromosomal regions was confirmed by FISH analysis (data not 

shown). Clinical data for all glioma cases are summarized in Table 1A–C. Clinical pathol-

ogy tests for immunoreactive glial fibrillary acidic protein (GFAP) on tissues had been 

performed in 16/54 cases (30%) of GBM, 11/13 cases (85%) of AS, and 17/21 cases (81%) of 

ODG (data not shown). For the six GBM cell isolates tested, we confirmed the clinical 

GFAP immunostaining results (Supplementary Materials Figure S1). 

 

Figure 1. (A) Two-dimensional (component 1 and component 2) and (B) three-dimensional (com-

ponents 1–3) clustering of tumor cells based on their proteome by sparse partial least squares dis-

criminant analysis (sPLS-DA). Each point represents a sample, ellipse represents 95% confidence 

interval. Astrocytoma (AS; blue). Glioblastoma (GBM; orange). Oligodendroglioma (ODG; grey). 

(C) Two-dimensional clustering by sPLS-DA of AS cells with clinically diagnosed IDH1WT (orange) 

and IDH1R132H (blue) mutation showed distinct SOMAscan 1.3K proteomes for AS with IDH1
R132H

 

mutation. The numbers on the axis indicate how much of the variation between points can be de-

termined by the proteins that make up each component. The proteins on the x-axis and the y-axis 

contribute to 27% and 16% of the variability between the groups, respectively. The points mostly 

separate along the left and right direction (x-axis) which means that those proteins are likely to be 

different between the groups. 
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Table 1. Clinical data of (A) 54 GBM samples. (B) 13 patients with anaplastic astrocytoma. (C) 21 

patients with oligodendroglioma included in this study. 

A. 

No. Sex 
Age at 

Diagnosis 
IDH1 Status 

Survival 

(Months) 

Proteomic 

Cluster 

1 f 57 ND 24.1 

1 

24 f 45 ND 8.9 

48 f 76 ND 20.7 

223 f 83 negative for IDH1 (R132H) 9.1 

300 f 34 negative for IDH1 (R132H) 18.6 

Median survival  16.3 

2 f 72 ND 18.5 

2 

6 f 63 ND 0.4 

8 m 78 ND 2.2 

28 f 45 ND 29.1 

41 m 72 ND 29.5 

44 m 63 ND 58.4 

69 m 49 mutant IDH1 (R132H) 67.6 

368 m 51 negative for IDH1 (R132H) 11.5 

Median survival  27.2 

7 f 34 ND 72.8 

3 

12.1 m 59 ND 86.9 

17 m 63 ND 2.8 

18 f 55 ND 6.9 

19 f 49 ND 19.3 

20 m 65 ND 3.1 

26 m 76 ND 7.9 

29 m 59 ND 10.7 

30 m 35 ND 9.2 

35 f 51 ND 20.8 

40 m 52 ND 30.9 

46 m 36 ND 54.5 

51 f 45 ND 9.7 

53 m 63 ND 1 

54 f 40 ND 26.1 

55 m 25 ND 10.7 

56 m 66 ND 7.9 

58 m 68 ND 7.5 

65 f 59 ND 19.4 

66 m 53 ND 6.2 

67 f 67 ND 3.7 

77 m 75 ND 0.6 

103 m 64 ND 36.2 

108 m 55 ND 6.7 

146 f 38 negative for IDH1 (R132H) 11.8 

162 m 58 negative for IDH1 (R132H) 19.9 

167 f 63 negative for IDH1 (R132H) 5 

196 m 50 negative for IDH1 (R132H) 3.4 

224 f 43 negative for IDH1 (R132H) 10.9 

233 m 66 negative for IDH1 (R132H) 39.1 

256 m 52 mutated IDH1 (R132H) 34.8 

275 m 60 negative for IDH1 (R132H) 17.7 

311 m 28 mutated IDH1 (R132H) 26.6 

363 m 40 negative for IDH1 (R132H) 7 
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Median survival  18.8 

12 m 59 ND 86.9 

4 

34 m 62 ND 1.8 

49 m 75 ND 1.8 

59 m 65 ND 8.5 

109 

recurrence 

of GBM54 

f 41  26.1 

220 m 58 negative for IDH1 (R132H) 14.5 

228 m 83 negative for IDH1 (R132H) 0.3 

Median survival  20 

B. 

No. Sex 
Age at 

Diagnosis 
IDH1 Status 

Survival 

(months) 
Recurrence 

13 f 47 ND 20.9  

42 f 27 ND 17.4  

60 m 51 ND 42  

115 f 27 negative for IDH1 (R132H) 57.5  

173 m 46 negative for IDH1 (R132H) 7.8  

236 m 17 negative for IDH1 (R132H) 24.6  

287 f 52 mutated IDH1 (R132H) 30.5  

295 m 33 negative for IDH1 (R132H) 29.8  

302 m 36 mutated IDH1 (R132H) 28.4  

310 m 18 ND 24.6 
recurrence of 

AS-236 

337 m 65 negative for IDH1 (R132H) 17.5  

355 f 31 negative for IDH1 (R132H) 57.5 
recurrence of 

AS-115 

382 m 32 mutated IDH1 (R132H) 8.1  

Median survival  28.2  

C. 

No. Sex 
Age at 

Diagnosis 
IDH1 Status 

Survival 

(Months) 
WHO Grade Recurrence 

22 f 36 ND 83 2  

32 m 35 ND 80.7 3  

37 f 63 ND 2.4 2  

62 m 27 ND 69.7 2  

83 m 39 ND 64.5 2  

134 m 32 
mutated IDH1 

(R132H) 
102.3 3 Yes 

152 m 28 
negative for IDH1 

(R132H) 
69.7 3 Yes 

158 f 41 
negative for IDH1 

(R132H) 
51.2 2  

160 m 33 
mutated IDH1 

(R132H) 
53.3 3  

172 m 55 
mutated IDH1 

(R132H) 
18.9 3  

188 f 26 
negative for mutated 

IDH1 (R132H) 
46.4 2  

193 m 35 
negative for mutated 

IDH1 (R132H) 
45.2 3  

197 f 29 
negative for mutated 

IDH1 (R132H) 
45 2  
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211 m 43 
mutated IDH1 

(R132H) 
42.1 2  

218 m 31 
mutated IDH1 

(R132H) 
41.4 2  

225 m 33 
mutated IDH1 

(R132H) 
102.3 3 Yes 

238 m 66 
mutated IDH1 

(R132H) 
38.5 3  

242 m 23 
mutated IDH1 

(R132H) 
67.3 2 Yes 

325 m 30 
mutated IDH1 

(R132H) 
23.7 2  

341 m 45 
mutated IDH1 

(R132H) 
22.8 2  

372 m 28 
mutated IDH1 

(R132H) 
10.6 3  

Median survival  51.5   

2.2. Patient GBM Cell Isolates Segregate into Four SOMAscan® Proteomic Clusters 

SOMAscan® 1.3K assay identified four distinct proteomic signatures, referred to as 

clusters 1–4. Proteomic cluster affiliations of the GBM SOMAscan® data were determined 

by PCA followed by hierarchical clustering on the first 3 principal components from the 

PCA and partial least squares discriminate analysis (PLS-DA) (Figure 2A,B). Of all patient 

GBM cell isolates (n = 54), cluster 3 contained the largest number with 63% of all cases (n 

= 34), followed by clusters 2, 4, and 1 with 15% (n = 8), 13% (n = 7) and 9% (n = 5), respec-

tively (Figure 2A,B). PCA data for proteomic clusters 3 and 4 overlapped, indicating a 

closer relationship between these two clusters (Figure 2B). Clinical data revealed that 5 of 

7 GBM patients of cluster 4 (71%) had survival times of less than 9 months and were all 

males (Table 1A). Additionally, cluster 4 included a recurrence (GBM-109) from a female 

patient where we had also collected cells from her primary GBM (GBM-54) which was 

grouped in cluster 3. The cluster specific distribution of all Somalogic protein analytes is 

shown as volcano plots and proteins with fold change (FC) ≤ or ≥2 (log2 FC ≤ or ≥1) and p-

values of ≤0.01 are highlighted (Figure 3). The highest number of significantly regulated 

proteins were observed in cluster 4 (n = 31) followed by cluster 1 (n = 16), whereas in 

clusters 2 and 3 only three and four analytes met the significance thresholds, respectively 

(Figure 3). 

 

Figure 2. Principal Component Analysis (PCA) and cluster analysis of patient GBM cells. (A) Hier-

archical clustering of GBM by similarity of their proteomes. (B) Hierarchical clusters plotted on PCA 

showing clusters in dimensions 1 and 2. 
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Figure 3. Volcano plot of GBM proteomic clusters. Volcano plot showing the relative protein contribution to the proteomic 

cluster 1-4 observed with SomaScan. Labelled proteins had fold changes ≥2 (log2 FC ≥ 1) and p-values of ≤0.01. 

2.3. SOMAscan® Proteomic Clusters Are Validated in GBM Cells and Corresponding Tissues 

SOMAscan® results were validated for several proteins which were selected based 

on the significance criteria for both FC and p-values and the availability of suitable anti-

bodies for immunodetection. This included validation of CKM (creatine kinase, isoform 

M) and MDK (midkine) which were up-regulated in cluster 4 but down-regulated in clus-

ter 3, as well as FN1 (fibronectin 1; −1.70 log2 FC), STAT6 (−1.27 log2 FC), STAT1 (−0.84 

log2 FC), and B-cell factor CD59 (−0.93 log2 FC) as significantly down-regulated proteins 

unique to cluster 4 (Figure 3). Using total cell lysates from all patient GBM cell isolates of 

cluster 4, GBM-300 of cluster 1, and GBM isolates randomly assigned from clusters 2 and 

3, we successfully validated the SOMAscan® results for protein candidates MDK, CKM, 

CD59, STAT1, STAT6, and FN1 by Western blot analysis run in duplicates with β-actin 

serving as loading control (Figure 4A,B). In agreement with the SOMAscan® data and 

volcano plot results (Figure 3), GBM isolates of cluster 4 expressed MDK and CKM pro-

teins, while those in clusters 1–3 had negligible amounts (Figure 4A,B). While consistently 

present in clusters 1–3, protein levels for CD59, STAT1, STAT6, and FN1 were negligible 

in cluster 4 GBM cellular proteomes, with the exception of cluster 4 member GBM-59 (Fig-

ure 4A,B). 
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Figure 4. Validation of GBM protein targets. Representative Western blot validation of cluster 4 

protein targets (A) MDK, CD59, STAT1, and STAT6 and (B) FN1 and CKM in representative GBM 

cell isolates of proteomic clusters 1–4. β-actin was used as a loading control and Western blots were 

performed as independent duplicates. Immunohistochemical staining of patient GBM tissues corre-

sponding to selected GBM cell isolates. (C) MDK immunostaining was exclusively observed in GBM 

tissues of corresponding GBM cells of cluster 4 that were immunopositive in Western blot analysis. 

(D) Negligible STAT6 immunoreactivity in GBM tissues of corresponding GBM cell isolates of clus-

ter 4 that were devoid of STAT6 as shown by Western blots. In accordance with the Western blot 

results, STAT6 immunostaining was positive in corresponding tissue sections of cluster 1 member 

GBM-300. The results of the IgG negative control experiments are shown. Details on the antibodies 

used are listed in Table 2. Representative immunohistochemical images of at least three independent 

experiments are shown. Magnifications: ×50 and ×100. 

Table 2. Antibodies used for immunodetection. 

Target Protein 
Company and Catalog 

Number 
Species Dilution 

CD59 CST, #65055 Rabbit monoclonal 1:1000 

STAT1 CST, #9176 Mouse monoclonal 1:1000 

STAT6 ABCAM, ab32520 Rabbit monoclonal 
1:1000 Western blot; 

1:50 IHC 

Creatinine Kinase, M-Type 

(CKM) 
ABCAM, ab151465 Rabbit polyclonal 1:1000 

Fibronectin 1 (FN1) ABCAM, ab2413 Rabbit polyclonal 
1:1000 Western blot; 

1:200 IF 

Midkine (MDK) ABCAM, ab52637 Rabbit monoclonal 1:1000 Western blot 

Midkine (MDK) ABCAM, ab170820 Rabbit polyclonal 1:50 IHC 

β-actin SCBT, sc47778 Mouse monoclonal 1:10,000 

Biotinylated Goat anti 

Rabbit 

Vector Laboratories, BA-

1000 
 1:200 
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HRP conjugated Goat anti-

Mouse 
CST, 7076  1:2000 

Alexa Fluor 594 conjugated 

Goat anti Rabbit 
Thermo Fisher, A11012  1:1000 

HRP conjugated Goat anti-

Rabbit  
CST, 7074  1:2000 

We successfully validated the presence of MDK (Figure 4C) and absence of STAT6 

proteins (Figure 4D) in corresponding patient tumor tissues of cluster 4 GBM members, 

with GBM tissues from cluster 1 member GB-300 serving as positive control for STAT6 

(Figure 4C,D). Thus, the SOMAscan® proteomes of early passage GBM cell isolates ap-

peared to reflect the protein expression levels in GBM tissues. Additionally, we performed 

quantitative immunofluorescence densitometry to validate the down-regulated FN1 pro-

tein expression and its effect on FN1 matrix formation in GBM cells of the four clusters. 

We confirmed a significant and exclusive down-regulation of FN-1 (−1.70 log2 FC) protein 

in all but one (GBM-59) cluster 4 GBM cell lysates (Figure 4B). This coincided with weak 

granular FN1 matrix immunoreactivity, whereas GBM cells of proteomic clusters 1–3 pro-

duced a dense FN1 fibrillary matrix of higher mean fluorescence intensity (Figure 5A,B). 

 

Figure 5. FN1 in patient GBM cell isolates. (A) Representative composite immunofluorescence im-

ages showing FN1 (red fluorescence) in patient GBM cell isolates (left) of different cluster affiliations 

(right) and corresponding IgG negative controls. All images shown were taken at identical exposure 

times for intensity analysis. Fibrous FN1 matrix assemblies were detected in GBM cells of clusters 

1–3, whereas FN1 immunostaining weak and punctuate in GBM cells of cluster 4. The area for fluo-

rescence intensity quantification is delineated with a yellow line. (B) Intensity analysis was per-

formed on 30 GBM cells per patient and demonstrated reduced immunoreactivity for FN1 in cluster 

4 GBM cells. These results confirmed the corresponding Western blot data. Representative immuno-

histochemical images of at least three independent experiments are shown. 
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Of all proteins identified by SOMAscan® to be significantly altered in a cluster-spe-

cific manner, MDK was the only protein that qualified as a prognostic marker for poor 

outcome in GBM based on TCGA data (Figure 6A). Hence, we decided to investigate the 

MDK cytokine family of secreted heparin-binding growth factors in more detail. The gene 

activities of the two known MDK family ligands, MDK and the structurally and function-

ally related PTN (pleiotrophin; not captured by the SOMAscan® 1.3K assay) were quan-

tified by qPCR in patient GBM cells of different cluster affiliations (Figure 6B). In agree-

ment with our Western blot data (Figure 4A), increased MDK transcripts levels were de-

tected for cluster 4 members with high MDK protein levels, but lower in GBM-59 or GBM 

in clusters 1–3 with non-detectable MDK protein levels in Western blot (Figure 6B). All 

GBM cell isolates irrespective of cluster affiliation, expressed relatively high levels of PTN 

transcripts which suggested that the cluster-specific differences in MDK protein content 

were the result of differences in MDK transcriptional gene activity in these GBM (Figure 

6B). Next, we used qPCR to analyze the transcriptional activity of putative MDK/ PTN 

receptor genes, namely ALK1, ALK2, NOTCH2, nucleolin, SDC3, SDC4, LRP6, LRP8, 

CSPG5, and PTPRZ1. With the exception of the recurrence GBM-109 in cluster 4, the ex-

pression of ALK1 and ALK2 was negligible in the GBM members of clusters 1–4 tested 

(Figure 6C). Varying levels of expression were observed for the other putative MDK re-

ceptors. There was a trend towards higher receptor expression levels in cluster 4 members 

but this was not statistically significant (Figure 6C). 

 

Figure 6. MDK family ligands and their receptors expression in patient GBM cells. (A) Kaplan Meier 

overall survival curve with log-rank test was used to determine the prognostic significance of MDK 

expression in GBM patients in the TCGA database. High MDK expression correlated with signifi-

cantly reduced survival time of GBM patients. Q-PCR results are shown for the expression of (B) 

MDK and PTN and (C) 10 different putative MDK receptors in selected GBM cell isolates color-

coded by clusters affiliation. Delta CT results are shown with higher expression levels denoted by 

the smaller columns. 
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2.4. Different Signaling Networks among SOMAscan® GBM Proteomic Clusters 

We used Cytoscape (V3.8) with ClueGO plug-in (v2.5.7) to apply gene ontology (GO) 

methodology to all up- and down-regulated proteins of the 54 GBM SOMAscan® proteo-

mes to identify biological processes, cellular components, and molecular functions spe-

cific for the proteomic clusters in these GBM cells. The network complexity predicted by 

GO analysis was highest for proteomic cluster 4 (Figure 7A–D). SOMAscan® identifying 

the highest number of proteins with significant differences in protein expression (>0.6 log2 

FC; <−1 log2 FC) in cluster 4, followed by cluster 1. GO analysis of GBM cell proteomic 

cluster 4 discerned a total of 19 different biological processes of which the majority (92%) 

contributed to five major categories, including morphogenesis (34.2%), mesenchymal dif-

ferentiation (27.7%), extrinsic apoptotic signaling (17.7%), and regulation of chemotaxis 

(12.4%) (Figure 7A). Proteomic cluster 4 supported several molecular functionalities (n = 

10), with transmembrane ligand-receptor interactions (43.8%; transmembrane receptor 

protein kinase activity/growth factor binding/TNF receptor superfamily binding) and ex-

tracellular matrices proteins (31.3%; binding to proteoglycans, glycosaminoglycans, and 

fibronectin) accounting for 75% of these GO molecular functionalities (Figure 7B). Reac-

tome pathway analysis of cluster 4 GBM cell proteomes revealed an interconnected sig-

naling network composed of 12 pathways, each supported by at least three proteins from 

the SOMAscan® 1.3K assay (Figure 7C,D). This included intercellular signaling via soluble 

(interleukins), membrane-anchored (Notch signaling) and extracellular matrix compo-

nents (proteoglycans) as well as diverse intracellular signal transduction processes (e.g., 

PI3K, Notch, L1CAM) (Figure 7D). By comparison, network analysis identified only three 

solitary mainly transcriptional and cell cycle transition processes in cluster 1 proteomes 

(Supplementary Materials Figure S2A–D) and none of the top up- and down-regulated 

proteins in proteomic clusters 2 and 3 met these significance criteria (Figure 3A–C). Cor-

responding GO analyses for clusters 2 and 3 only revealed basic biological processes and 

predicted involvement of few molecular functions for cluster 2 proteomes, while failing 

to specify any cellular components, molecular functions, or Reactome pathways with co-

herent connectivity for GBM proteomic cluster 3 (Supplementary Materials Figure S3A–

C). 
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Figure 7. Bioinformatic analysis of proteomic cluster 4. Gene Ontology (GO) analysis of proteomic 

cluster 4. The pie chart shows groups of color-coded GO terms for (A) biological processes (B) and 

molecular functions based on proteomic data from GBM cell isolates of cluster 4. (C) The pie chart 

shows prevalent Reactome pathway terms enriched in proteomic cluster 4 GBM members. (D) Re-

actome pathway network of proteomic cluster 4 showing a signaling network of several inter-con-

nected signaling nodes (color-coded), including major signaling hubs related to signaling factors 

IGF/IGFBPs, IL4/13/17, NOTCH2, and complement cascade. ** specific GO and Reactome process 

terms. 

3. Discussion 

We have used a multiplexed aptamer-based SOMAscan® 1.3K proteomic assay with 

simultaneous relative quantification of >1000 protein analytes for proteomic profiling of 

89 patient-derived GBM, AS, and ODG malignant glioma cells. The SOMAscan® 1.3K as-

say was developed as a high-throughput platform for the discovery of biomarkers and 

clinically relevant drugable proteins which is reflected in the high representation of se-

creted and membrane-associated proteins and a preference for analytes involved in in-

flammatory processes [24]. Despite the limited number of analytes interrogated, the re-

sulting proteomes reflected the different origins of the gliomas. PCA and 3D sPLS-DA 

demonstrated similar but distinct proteomes for astrocytoma grade III (anaplastic AS) and 

grade IV (GBM). The proteomes of glioma of astrocytic origin (AS, GBM) segregated 

clearly from the proteomes of cell isolates derived from clinically diagnosed ODG pa-

tients. Intriguingly and despite a low number of AS isolates tested, we were able to iden-

tify SOMAscan® 1.3K proteomes that were clearly distinct between anaplastic AS with 

A. 

B. 
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IDH1WT and IDH1R132H mutation. Anaplastic AS with IDH1R132H mutation have a more fa-

vorable prognosis [34–36]. The SOMAscan® results demonstrated that the cultured 

IDH1WT and IDH1R132H AS cells retained the expression of distinct proteomes. Common to 

all-but-one ODG patient, but absent in astrocytic gliomas, was a loss of heterozygosity of 

1p36 and 19q13 chromosomal regions in fluorescence in-situ hybridization [37]. 

SOMAscan® reflected heterogeneity in proteomes among the GBM cell isolates. Tu-

mor heterogeneity is pronounced in GBM and results from diverse regional histopathol-

ogy, coexistence of different GBM subtypes and heterogeneity of GBM stem cell popula-

tions within each tumor [11,38,39]. Hierarchical clustering divided the GBM proteomes 

into four distinct clusters, with the most populated cluster 3 (n = 34) and cluster 4 (n = 7) 

showing partial overlap. This cluster relationship may, in part, explain the divergent val-

idation results for GBM-59 (Figures 4A,B, 5A,B and 6B). Of all cluster 4 proteomes, the 

GBM-59 proteome showed greatest overlapped with proteomic cluster 3 (Figure 2B). SO-

MAscan® proteomes from cells obtained from paired primary and recurrent GBM isolates 

demonstrated a transition from a cluster 3 (GBM-54) to a cluster 4 proteome (GBM-109) in 

the same GBM patient. Based on our GO analysis data, this reflected an evolution within 

approx. one year from a lower complexity primary GBM to a complex cluster 4 proteomic 

network in the recurrence. This concurs with recently reported progressive heterogeneity 

in transcriptomes and (phospho-) proteomes of primary and recurrent GBM, making pre-

dictions on clinical outcome and treatment challenging [12,40]. The recently released  

SOMAscan® 8 k proteomic assay version is expected to provide a more detailed insight 

into cluster-specific cellular network dynamics and proteomic changes during GBM dif-

ferentiation [41]. We anticipate that the 8K and future even larger SOMAscan® assays are 

expected to accelerate proteomic analysis and become attractive tools in multi-omics plat-

form initiatives [18]. 

We successfully validated six significant up- and down-regulated protein targets us-

ing cellular protein extracts, live cells, and corresponding FFPE tumor tissues obtained 

from the same GBM patients. Four of seven GBM cell isolates in cluster 4 strongly ex-

pressed MDK [42]. Unique among the top 20 up- and down-regulated proteins in SO-

MAscan® GBM proteomes, the Human Protein Atlas identified high MDK expression as 

a predictive marker of poor prognosis in GBM (https://www.proteinat-

las.org/ENSG00000110492-MDK/pathology/glioma, accessed on 5 Jan 2021). MDK is a se-

creted cytokine and heparin-binding factor that has been identified as a liquid biomarker 

in glioma and other tumors [43]. MDK is an important factor in the development and 

progression of high-grade astrocytoma and neuroblastoma [44–47] suggesting a role as 

tumor promoter in the brain. Secreted MDK promotes chronic inflammation and cellular 

immune responses in different pathologies, including neuropathologies [48,49], and is 

considered to be an attractive therapeutic target [50,51]. We excluded the possibility that 

the increased MDK expression in GBM cells may be due to culture conditions by identi-

fying immunoreactive MDK expressed by GBM cells in corresponding patient GBM tis-

sues. We concluded that the production of MDK protein was an inherent property of these 

GBM cells. The co-expression of MDK and the structurally related pleiotrophin (PTN), a 

heparin-binding brain mitogen not covered in the SOMAscan® 1.3K assay, predicts short 

survival in GBM [52]. Irrespective of cluster affiliation or MDK protein content, all tested 

GBM cells consistently expressed PTN transcripts (Figure 6B, Table 1A). GBM-34, GBM-

109, and GBM-228 had high MDK protein levels but matching high MDK transcript levels 

were only detected in GBM-34, whereas the other two cluster 4 members showed rela-

tively low MDK transcriptional gene activity (Figures 4A and 6B). The reasons for this 

discrepancy in GBM-109 and GBM-228 is likely complex. It is tempting to suggest that 

MDK protein levels in GBM cells are under the control of different molecular mechanisms 

shown to target both MDK RNA and protein. This includes RNA-binding protein HOW 

shown to enable mesoderm spreading during early fly embryogenesis by specifically 

down-regulating the Drosophila MDK and PTN homolog miple [53]. In addition, the 

ubiquitin–proteasomal system has been shown to regulate cellular MDK protein levels 
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and functionality [54]. MDK and PTN interact with a plethora of surface receptors to ini-

tiate tumor promoting cell motility/invasion, survival, and drug resistance [55–59]. This 

includes protein tyrosine phosphatase ζ (PTPζ), anaplastic lymphoma kinase (ALK), 

syndecans-1, -3, and -4, integrins and low-density lipoprotein (LDL)-receptor-related pro-

teins (LRP) 6 and 8 [60–64]. GBM cells from all four clusters expressed up to 10 different 

MDK/PTN receptor genes (Figure 6C), suggesting that these GBM cells can respond to 

MDK and PTN cytokines produced by the glioma microenvironment [65] and/or pro-

duced auto-/ paracrine by GBM cells, as demonstrated for GBM-34, -49, -109, and -228. 

The metabolic enzyme creatine kinase, muscle isoform M (CKM), but not brain-type 

CKB, was a highly upregulated protein in cluster 4 GBM but only weakly or not expressed 

in GB members of clusters 1–3. Brain- and muscle-type CK isoforms were described in 

glial (astrocytes and Bergmann glia) and Purkinje neurons, respectively, of normal human 

brain [66] and a shift from CKB to increased M-isoform expression has been reported in 

high grade astrocytoma and GBM [67,68]. CK catalyses the reversible transphosphoryla-

tion between ATP and creatine to generate ADP and phosphocreatine. The complex of CK 

and high-energy product phosphocreatine (PCr) shuttles between ATP production sites 

(cytoplasmic glycolysis or mitochondrial oxidative phosphorylation) and subcellular lo-

cations of ATP consumption to serve as important temporal and spatial energy supplier 

for a plethora of ATP-dependent processes essential for cellular functions and survival 

[69]. Little is known about the regulation and functions of CKM in GBM. Our patient GBM 

cell models may be valuable new tools to address the role of endogenous CKM in GBM 

bioenergetics [70]. While the SOMAscan® 1.3K assay detected both CKM and CKB, it does 

not include mitochondrial U-type CKMT1. Phospho-proteomic studies detected a specific 

down-regulation of CKMT1 isoform in the striatum of both MDK and PTN knockout mice 

[71]. We are investigating CKM as a potential new MDK target in GBM which may explain 

the concurrent high MDK and CKM protein levels in GBM-34, -109, and -228. 

As predicted by the SOMAscan® 1.3K assay, we successfully validated the GBM clus-

ter-specific changes for CD59, FN1, STAT1, and STAT6 proteins in GBM cells and, for 

STAT6, also in corresponding GBM tissues. While this demonstrated the potential of this 

aptamer-based technology as a discovery tool for new biology and biomarkers, these as-

say results also pose new questions on the functional relevance and possible therapeutic 

implications of diminished protein levels of CD59, FN1, STAT1, and STAT6 proteins. The 

SOMAscan® data may also reveal potential vulnerabilities of GBM cluster 4 members, 

with CD59 and FN1 serving as examples. CD59, in concert with membrane cofactor pro-

tein CD46 and decay accelerating factor CD55, facilitates resistance to complement medi-

ated damage. Of the three factors, CD59 is critical for the protection of human U87 and 

U251 glioma cell lines and selected patient GBM cell lines from complement attack [72,73]. 

As for FN1, anaplastic astrocytoma and glioblastoma express this extracellular matrix pro-

tein at higher levels than low grade glioma [74–76]. The suppression of FN1 was shown 

to cause growth reduction, enhanced sensitivity to temozolomide and extend survival 

times of GBM xenografted mice [77,78]. Our patient GBM cell models offer alternative 

ways to study the effect of FN1 protein level and matrix deposition on FN1 functions in 

glioma signaling events that promote tumor proliferation, EMT, migration/tissue inva-

sion/metastasis, survival, and treatment resistance [79]. 

4. Materials and Methods 

4.1. GB Patient Tissue Samples and Cell Culture 

GB patient tissues were provided from Winnipeg Health Sciences Center. Ethics pro-

tocol #H2010:116 was approved by the University of Manitoba and the Health Sciences 

Center Department of Pathology ethics boards and patient consent was obtained in all 

cases prior to tissue collection. For this study, we analyzed 54 glioblastoma (GBM), 13 

anaplastic astrocytoma (AS), and 21 oligodendroglioma (ODG) cell isolates cultured in 

DME/F12 containing 10% FBS at 37 °C in a humidified 5% CO2 atmosphere. Clinical data 
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of the tumor samples are summarized in Table 1A–C. Formalin fixed and paraffin embed-

ded (FFPE) patient GBM tumor tissues corresponding to GBM cell isolates were used for 

validation studies. 

4.2. Sample Preparation and SOMAscan® Analysis 

Protein extraction of patient GB cells at early passages (1–3) was done in M-PER lysis 

buffer (M-PER Mammalian Protein Extraction Reagent, Thermo Fisher, Ottawa, ON, Can-

ada). Briefly, cell pellets were washed with PBS 3 times before incubating with M-PER 

lysis buffer with agitation for 5 min at room temperature (RT) and samples were centri-

fuged at 16,000× g to remove cell debris. Supernatants were collected and a BCA Protein 

Assay Kit (Thermo Fisher) was used to measure protein concentrations. All proteins sam-

ples were normalized to 75 µL at 200 µg/mL total protein concentration and stored at −80 

°C prior to analysis. We used the 1.3K SomaLogic biomarker discovery assay (Somalogic, 

Boulder, CO, USA) composed of Slow Off-rate Modified Aptamer reagents (SOMAmers) 

that had been generated by Selected Evolution of Ligands by Exponential Enrichment 

(SELEX) to selectively bind a broad range of human proteins, with a preference for se-

creted proteins (47% secreted proteins, 28% extracellular epitopes, 25% intracellular pro-

teins) [23,80]. These proteins detected by the SOMAmers belonged to a broad range of 

biological families, including cytokines, proteases, protease inhibitors, growth factors, 

hormones, cell surface receptors, kinases, and structural proteins. Sample preparation for 

the SOMAscan® assay was performed according to the manufacturer’s instructions in 96-

well plates with a semi-automatic Tecan Freedom Evo 200 high throughput system. The 

SOMAscan® assays were run by SomaLogic. Briefly, protein samples were incubated with 

Cyanine-3 labelled SOMAmer reagents that had been immobilized onto streptavidin-

coated beads via a biotin moiety linked to each SOMAmer by a photo-cleavable linker. 

Unbound and non-specifically bound proteins were removed from the beads by consecu-

tive washes prior to protein conjugation with NHS-biotin reagent. After the labeling reac-

tion and additional washes, proteins bound to SOMAmers and unbound SOMAmer rea-

gents were released from the beads by cleaving the photo-cleavable linker with ultraviolet 

light. Beads were pelleted and the supernatant of photo-cleaved biotinylated protein 

bound to SOMAmers as well as unoccupied SOMAmers were incubated with a second 

set of streptavidin-coated beads to capture the biotin-labeled protein-SOMAmer com-

plexes. Subsequent washes removed unoccupied SOMAmers before SOMAmer reagents 

were released from their cognate proteins using denaturing conditions. The unique se-

quence information of each SOMAmer reagent was utilized for hybridization-based cus-

tom DNA microarrays to quantify the DNA content using the fluorescence signal intensi-

ties of Cyanine-3 conjugated with the SOMAmers. The analysis, quality controls, calibra-

tors, and criteria for the acceptance of assay data were determined by the manufacturer. 

Following data normalization and calibration and prior to any analysis, signal intensities 

expressed as relative fluorescent units (RFU) were log2 transformed to Soma expression 

values which were directly proportional to the amount of target analytes in the corre-

sponding samples. 

4.3. Sparse PLS-DA 

To identify proteins important in the distinction between cells isolated from patients 

with GBM, AS, and ODG, we performed sparse partial least squares discriminate analysis 

(sPLS-DA) using the mixOmics package in R (version 6.10.9). sPLS-DA is well suited to 

performing both data reduction and variable selection in dataset where the number of 

variables outnumbers the number of samples [33,81]. The absolute value of the loading 

score for each variable indicates its importance in distinguishing the groups along that 

component. Variables were color coded based on the tumor group with the highest mean 

abundance. The sign (positive or negative) for the loading score indicates the direction of 

the eigenvalue from zero on the given component. The AUC (area under the curve) was 
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calculated using the mixOmics package in R as part of the cross-validation process using 

one vs. all comparisons [82]. 

4.4. Hierarchical Clustering 

We performed hierarchical clustering on the GBM SOMAscan® data to identify clus-

ter affiliations of GBM cells. Hierarchical clustering on principal components (HCPC) was 

performed using the FactoMineR package in R (version 2.3). We performed hierarchical 

clustering on the first three principal components from the principal component analysis 

(PCA). This function returned a list of proteins whose abundance values were used to 

discriminate the clusters. Significance was determined by testing the null hypothesis “the 

mean in the cluster is equivalent to the overall mean”, with a significance threshold set at 

p < 0.05. 

4.5. Principal Component Analysis and Partial Least Squares Discriminate Analysis 

We performed PCA on the SOMAscan® data of 54 GBM samples to identify the spa-

tial relationship between different GBM cell proteomic signatures. After hierarchical clus-

tering, PLS-DA was performed to highlight the separation of GBM cell isolates with a 

proteomics signature of proteomic cluster 4 from the remaining GBM cell isolates in clus-

ters 1 to 3. Analysis was performed in R using the stats package (version 3.6.1), factoextra 

(version 1.0.7), and mixOmics (version 6.10.9) packages. Volcano plots were generated to 

display proteins with significant changes in each cluster with a significance threshold set 

at FC ≥ ±2; p-value ≤ 0.05. The fold changes were calculated by taking the Log2 abundance 

of a protein in a given cluster and subtracting it from the average Log2 abundance in the 

other three clusters. This resulted in the Log2FC relative to the other three clusters.  

4.6. Western Blot Analysis 

Proteins (10–20 µg/lane) were separated on 7.5% and 12% SDS-PAGE gels and trans-

ferred onto nitrocellulose membranes. Non-specific protein binding sites were blocked by 

incubation with 5% nonfat milk in Tris-buffered saline plus 0.1% Tween-20 (TBS/T) for 1h 

at RT. Primary antibodies were incubated overnight at 4 °C. Membranes were washed 3× 

with TBS/T before incubating with HRP-conjugated secondary antibodies for 2 h at RT. 

Specific binding was visualized with ECL Clarity (Bio-Rad, Mississauga, ON, Canada). 

All Western blots were performed using a Bio-Rad Laboratories system and ChemiDoc 

MP Gel documentation. All primary antibodies used for Western blots are listed in Table 

2. ImageLab software version 6.1 (Bio-Rad) was used to quantify protein band intensities. 

Beta-actin was used as loading control and for normalization of protein bands. 

4.7. Immunodetection of Proteomic Targets in Patient GBM Cells and Tissues 

For immunofluorescence imaging, patient GBM cells were seeded onto APTES 

([3aminopropyl] triethoxysilane) coverslips and fixed with 3.7% formaldehyde for 30 min 

at RT on the next day. Cells were permeabilized with Triton X-100 for 10 min, non-specific 

antibody binding sites were blocked for 1h and exposed to FN1 (fibronectin 1) antibody 

(Table 2) overnight at 4 °C. Cells were washed 3× in PBS and incubated with correspond-

ing secondary antibodies for 1h at RT. Cells were counterstained using 1:60,000 DAPI for 

5 min and coverslips were then mounted onto glass slides using Fluoromount G (Ther-

moFisher, Waltham, MA, USA). Images were taken with a Zeiss AXIO Imager.Z2 fluores-

cence microscope with an oil objective (×63) and ZEN imaging software. Quantification of 

FN1 immunofluorescence was performed on images taken at identical exposure times. 

FN1 immunofluorescence was quantified for 30 GBM cells for each patient isolate inves-

tigated using the Zen 3.0 pro image analysis module. Intensity threshold function was 

used to determine FN1 fluorescence intensity. Because of low FN1 immunofluorescence 

in GBM-34 and GBM-108 cells the intensity threshold was set to 150, whereas for the other 
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nine patient GBM isolates the threshold was 350. For immunohistochemistry, deparaffi-

nated human GBM tissue sections were incubated with 3% H2O2 in methanol for 20 min 

at RT in the dark to quench endogenous peroxidase. Antigen retrieval was performed by 

boiling the tissue sections in citrate buffer at pH 3.0 for 4 min and incubated at 90 °C for 

30 min. Tissue sections were incubated with blocking buffer (10% goat normal serum in 

TBS/Tween-20) for 1 h at RT prior to incubation with MDK (Midkine) and STAT6 anti-

bodies at 4 °C overnight (Table 2). Rabbit isotype IgG (Vector Laboratories, Burlington, 

ON, Canada) at the same concentration as the primary antibodies was used as negative 

controls. Sections were incubated with biotinylated IgG (1:200) (Vector Laboratories) for 

1h at RT followed by incubation with avidin complexed to biotin-conjugated horseradish 

peroxidase (Vectastain Elite ABC kit; Vector Laboratories) for 30 min. Immunostaining 

was developed with DAB substrate (Thermo Scientific), sections were counterstained with 

hematoxylin and coverslipped for imaging with a bright field M2 microscope (Zeiss, Jena, 

Germany).  

4.8. RNA Isolation and Quantitative Reverse Transcriptase Polymerase Chain Reaction (qPCR) 

Total RNA was collected for the qPCR detection of transcript expression levels of 

MDK, pleiotrophin (PTP), and several of their cognate receptors, including receptor-type 

tyrosine-protein phosphatase zeta (PTPRZ1), anaplastic lymphoma kinase ALK1 and 

ALK2, NOTCH2, nucleolin, syndecan (SDC) 3, SDC4, low-density-lipoprotein (LDL) re-

ceptor-related protein (LRP) 6 and LRP8, and chondroitin sulfate proteoglycan (CSPG) 5. 

Primers are listed in Table 3. The qPCR was performed with a QuantStudio® 3 system 

(Applied Biosystems, Ottawa, ON, Canada). The delta CT (ΔCT) method was used for data 

analysis using QuantStudio® Design & Analysis software. Samples were normalized to 

the expression of GAPDH. 

Table 3. Primers used for qPCR analysis. 

Target Forward Reverse 

MDK 5’-CGCGGTCGCCAAAAAGAAAG-3′ 5’-ACTTGCAGTCGGCTCCAAAC-3′ 

PTP 5’-GTGGAGACTGTGG GCTGGG-3′ 5’-GCCTTCCTTTTTCTTCTTCTTAG-3′ 

PTPRZ1 5′-GTGTCAGCGGAGGAGTTTCAG-3′ 5’-CTGCTTCCCAAAACGACTAACAC-3′ 

ALK1 5’-ACCGACTACAACCCCAACTAC-3′ 5’-ACCCCAATGCAGCGAACAATG-3′ 

ALK2 5’-CTTCATCCACCGAGACATTGCT-3′ 5’-GGGCAGTTCTTGGGTGGGTC-3′ 

NOTCH2 5’- CAGAAGATGTGGATGAATGTGC-3′ 5’- GACTTTATCCACACACTGCCC -3′ 

Nucleolin 5’-GAAGGCACAGAACCGACTACG-3′ 5’-CCTTTACTTTTCCCATCCTTGC-3′ 

SDC3 5’-CGATGATGAACTGGATGACCTC-3′ 5’-ATGGTAGTGGAGACGGTGGTG-3′ 

SDC4 5’-CCAGACGATGAGGATGTAGTG-3′ 5’-ACACATCCTCACTCTCTTCAAC-3′ 

LRP6 5’-GAGAAGTGCCAAAGATAGAACG-3′ 5’-TTCACGCAGACCCTCACCAG-3′ 

LRP8 5’-CTACCCTGGCTACGAGATGG-3′ 5’-CTCCTGCTCTTTCGGGTCAC-3′ 

CSPG5 5’-TCAGTGTGCGACCTCTTCCC-3′ 5’-GGGAGAAGTTATCATTGTGGAG-3′ 

GAPDH 5’-GTCTCCTCTGACTTCAACAGCG-3′ 5’-ACCACCCTGTTGCTGTAGCCAA-3′ 

4.9. Bioinformatics Analysis 

UniProt IDs and Entrez GeneIDs were used for network and pathway analyses. Cy-

toscape (version 3.8) with ClueGO V2.5.7 plug-in was used for Gene Ontology (GO) and 

Reactome pathway enrichment analyses (National Institute of General Medical Sciences, 

Bethesda, MA, USA) [83,84]. The ClueGO V2.5.7 plug-in generates functionally grouped 

GO annotation networks from a large cluster of genes. GO categories were divided into 

biological process, cellular component, and molecular function terms. p-values were cal-

culated using the hypergeometric test and adjusted for multiple testing with Benjamini–

Hochberg method. Adjusted p-values < 0.05 were considered statistically significant as 

denoted by ** p < 0.001, * p < 0.01, without star p < 0.05. 
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5. Conclusions 

Slow off-rate modified aptamer-based high content quantitative SOMAscan® multi-

plexed assay was successfully used for the proteomic stratification of novel patient-de-

rived cell isolates collected and cultured from three different types of malignant gliomas. 

Using this proteomic strategy, patient-derived GBM cells segregated into four distinct 

proteomic clusters with different marker proteins and molecular networks. These novel 

patient-derived glioma cell models may aid in the identification of new molecular path-

ways and therapeutic responses in human glioma.  

Supplementary Materials: The following are available online at www.mdpi.com/arti-

cle/10.3390/ijms22179566/s1, Figure S1, Immunofluorescent detection of GFAP expression (red, 63x) 

in selected GBM cell isolates of different proteomic clusters, Figure S2, (A) Groups of biological 

process terms for GBM proteomic cluster 1, (B) Molecular function terms enriched in GBM proteo-

mic cluster 1, (C) Cluster 1 enriched group of Reactome pathways, (D) Cluster 1 enriched Reactome 

pathway network, Figure S3, Gene Ontology analysis. Pie charts depicting GO terms for biological 

processes, cellular components and molecular functions in (A) cluster 2, (B) cluster 3 and (C) Molec-

ular functions associated with proteomic cluster 2 and 3. 
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