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Abstract

Signaling through kinase pathways is often key in driving cancer initiation and progression 
and molecular aberrations in receptor tyrosine kinases (RTKs) are common ground in 
glioblastoma (GBM). Therapeutic targeting of kinase proteins has been successful in other 
tumor types, but seems to be compromised in GBM for which the molecular heterogeneity of 
this disease could be an explanation. This study aimed to understand the heterogeneity of 
kinase signaling in GBM.
 Kinase activity profiles of 30 GBM samples representing the proneural (PN), classical 
(CLAS) and mesenchymal (MES) molecular subclasses were determined through a 
tyrosine kinase array that contained 144 kinase substrates. Unsupervised clustering did not 
reveal differential activation patterns of protein tyrosine kinases, but supervised clustering 
of molecular subclasses did indicate that 11 isolated protein substrates were more 
phosphorylated especially by PN IDH1mutant GBM lysates. Activation of specific RTK signaling 
cascades could not be associated with the differential phosphorylation events per subclass.
 Analyses of the kinase activity profiles in relation to overall survival of GBM patients 
revealed differential phosphorylation of sites on the EGFR (Y1125), NTRK2 (Y706) and MST1R 
(Y1353 and/or Y1360) tyrosine kinase receptors. For this analysis the phosphorylation levels 
of the substrates were compared between tumor lysates of short-term surviving (≤2 years) and 
relatively longer-term surviving (>2 years) patients. The relevance of these phosphorylation 
sites for GBM development and/or progression will require further in vitro biochemical and 
biological validation.
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Introduction

The human genome encompasses 90 unique tyrosine kinase genes, of which 58 are receptor-
type tyrosine kinases (RTKs) and 32 non-receptor protein tyrosine kinases (NRTKs) [1]. RTKs 
principally involve in transmission of cell-to-cell messages, whereas NRTKs are an integral 
component of the downstream signaling of RTKs and other cell surface receptors. Intercellular 
signaling is evidently important in embryonic development, requiring concerted action of a 
selection of subfamilies of receptors in a place and time-dependent manner to develop the 
highly specialized and organized functional systems that make up a multicellular organism.
 Protein tyrosine kinases transmit their signals through exertion of catalytic activity 
as they transfer of the γ-phosphate from adenosine triphosphate (ATP) to a hydroxyl 
group of a tyrosine residue on a protein substrate [2]. Structurally most RTKs consist of 
an extracellular ligand-binding domain, a hydrophobic transmembrane domain and a 
cytoplasmic domain that contains the catalytic activity site. Extracellular binding of ligands 
results in receptor oligomerization (most often dimerization) and trans-phosphorylation of the 
juxtaposed monomer, leading to stabilization of the kinase active state of the receptor [3]. 
Following activation of the receptor intracellular proteins containing Src homology-2 (SH2) 
or phosphotyrosine-binding (PTB) domains recognize the phosphorylated residues on the 
cytoplasmic domain and trigger different downstream signaling cascades [4]. The activation 
of tyrosine kinase receptors mainly converges in downstream signaling through PI3K/Akt, Ras/
RAF/ERK1/2 and STAT, thereby modulating important cellular processes like proliferation, 
apoptosis, angiogenesis and invasion [5]. 
NRTKs lack both the extracellular and the transmembrane domain, and therefore most NRTKs 
remain in the cytoplasm. These relay proteins therefore do not depend on ligand binding for 
their activation, but rather are activated by trans-phosphorylation or phosphorylation by a 
different PTK.
 In many malignancies, interestingly, deregulations in tyrosine kinase signaling have been 
detected. Amplification or mutation of several RTKs has been associated with cancer in general 
[6], and this preeminently applies to glioblastomas (GBMs). In GBM, the most aggressive type 
of primary brain tumor, a variety of RTKs often become activated concomitantly [7]. The types 
of receptors that are activated vary per patient and mosaic amplification within tumors in a 
mutually exclusive fashion has been described as well [8-10]. These observations clearly 
exemplify the extensive heterogeneity that can be observed in GBMs regarding RTKs. 
 The aggressiveness of this disease also comes from different levels of biological 
complexity, and amongst others variations at the transcriptional level have been addressed 
quite extensively. Transcriptional profiling has been performed and this approach has 
identified molecular subclasses that each associate with specific genetic alterations [11,12]. 
In this study we explored whether differential kinase activity profiles could be associated 
with the IDH1R132H mutant proneural (PN), EGFR-associated classical (CLAS) or mesenchymal 
(MES) subclasses of GBM. Using the same cohort of tumors the potential association with 
short and longer-term survival was also assessed.
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Methods

GBM patient samples

GBM patient samples collected at the University Medical Center Groningen in the period from 
August 2006 to July 2013 were selected for the study. The total cohort of 30 tumors could 
be subcategorized into three groups based on the molecular subclasses. The subclasses 
are defined by an IDH1R132H mutation (PN IDH1mut), EGFR amplification combined with EGFR 
exon 2-7 deletion (EGFRvIII positive, CLAS-like), or high expression of mesenchymal markers 
(MES-like). Patients were eligible for the study when they had undergone neurosurgical 
debulking at our institution, when the tumor was subclassified in a previous study [13], and 
sufficient snap frozen tissue was available for kinase activity profiling analyses. The clinical 
characteristics (age at diagnosis, median overall survival, gender) of the samples used for 
the study are listed in Table 1. Overall survival was defined as the interval from surgical 
debulking to the day of death.

Table 1. Summary of GBM patient characteristics specified per subclass.

CHARACTERISTIC TOTAL COHORT PN idh1mut CLAS-LIKE MES-LIKE

Number of patients (n) 30 10 10 10

Mean age at diagnosis
(95% CI)

53
(48-59)

47
(34-60)

58
(51-64)

56
(48-64)

Median OS in days
(range)

432
(62-1934)

1391.5 
(62-1934)

551.5
(226-1052)

265.5
(62-917)

Male sex (%) 21 (70) 8 (80) 6 (60) 7 (70)

Female sex (%) 9 (30) 2 (20) 4 (40) 3 (30)

All experiments that included the use of human tissue were conducted in agreement with the 
‘Code of Conduct for dealing responsibly with human tissue in the context of health research’ 
as published by the Federation of the Dutch Medical Scientific Societies in 2011 [14].

Kinase activity profiling

Kinase activity profiles of PN IDH1mut (n=10), CLAS-like (n=10) and MES-like (n=10) GBM 
samples were determined using the PamChip-based tyrosine kinase activity array (Pamgene, 
Den Bosch, the Netherlands). Sections of snap-frozen tissue were lysed using M-PERTM 
Mammalian Protein Extraction Reagent that was supplemented with HaltTM phosphatase 
and protease inhibitor cocktails (Life Technologies, Bleiswijk, the Netherlands). The protein 
concentration was determined using the PierceTM BCA Protein Assay Kit (Life Technologies) 
and in each analysis 5 µg of protein was analyzed. Each sample was analyzed in triplicate.
The tyrosine kinase array contains 144 phosphorylation substrates that are correlated with 
one or multiple upstream tyrosine kinases. The substrates are listed in Supplemental Table 1.
Phosphorylation was detected through application of a FITC-conjugated PY20 antibody.
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Kinase activity profile analyses

Spot intensities reflective of the phosphorylation levels were quantified using Bionavigator 
software (Pamgene) and normalized using the vsn-method. Then unsupervised clustering 
was performed for identification of subgroups with specific kinase activity profiles. Supervised 
clustering was performed for intergroup comparisons between the molecular subclasses 
and for short- versus longer-term survival. For all cluster analyses the variance filter was set 
at 0.15 and P-values ≤0.05 were considered significant. Potential upstream kinases were 
identified through the Phospho ELM Blast tool (Phosphobase Research Release 9.0) [15].

Survival analyses

Kaplan-Meier analyses were performed on the kinase targets that were identified through the 
cluster analyses. The analysis was statistically evaluated using the Log-Rank test. Median 
phosphorylation intensity was used as the cut-off value, coding ≤ median as low, and > 
median as high.
 The survival analyses were performed using SPSS software version 22.0 (SPSS, 
Chicago), and visualized using Graphpad Prism version 5 (Graphpad Software Inc, San 
Diego, CA). P-values <0.05 were considered significant and in all cases exact two-sided 
P-values were reported.

Results

Kinase activity profiles in GBM

To assess whether specific kinase activity profiles potentially exist in GBM, 30 GBM samples 
were analyzed on an array containing 144 kinase substrates to detect phosphorylation of 
tyrosine kinase targets. Unsupervised clustering was applied to the obtained phosphorylation 
intensities of these substrates, and the GBM cohort was annotated with molecular subtype, 
survival (short-term versus longer-term), age at diagnosis and gender. Although the analysis 
did reveal substantial differences in general phosphorylation levels between tumors (data 
not shown), no subgroups were identified that associated with specific phosphorylation 
targets (Figure 1).
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Figure 1. Tyrosine kinase activity profile of GBM. Unsupervised hierarchical clustering of tumors and 144 phosphorylation 
sites did not produce well-defined groups of phosphorylation sites that associate with the annotated parameters 
(subtype, survival, age at diagnosis and gender).

Phosphorylation events associated with GBM molecular subclasses

In order to look for differential phosphorylation activity within the molecular subclasses, 
supervised clustering was applied. With a variance filter of 0.15 we identified 16 phosphorylation 
sites that were differentially phosphorylated in the GBM molecular subclasses (Figure 2). 
At a first glance, the differences mainly seemed to concern the PN IDH1R132H subset that 
presented with differences in phosphorylation intensities on the indicated sites in comparison 
to the CLAS-like and MES-like group. 
 The differentially phosphorylated sites do not concern any of the receptors that have 
been associated at mutational or transcriptional level with the molecular subclasses of 
GBM. Interestingly though, there are 4 sites in the combined cluster of CLAS-like and MES-
like GBMs with higher phosphorylation intensity on RTKs that are known to have a role in 
angiogenesis (i.e. EPHB1 Y928, FAK Y576/Y577, VEGFR1 Y1053 and VEGFR2 Y951). This 
supports the suggestion that MES GBMs are the more angiogenic subclass of GBMs, and 
in accordance with our previous study of vascularization patterns in GBM subclasses that 
identified CLAS-like GBMs to possibly be even more angiogenic than MES GBMs [16]. 
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 However, stronger phosphorylation intensity on PDGFRB, a receptor that is also involved 
in angiogenesis, was identified in the PN IDH1mut group. More unexpectedly was the finding 
that stronger phosphorylation intensity on the EGFR Y869 was observed in the PN IDH1mut 
subset, while enhanced signaling through this pathway is considered a defining feature of 
CLAS GBMs.

Figure 2. Phosphosites with a phosphorylation status that associates with GBM subclasses. Supervised hierarchical 
clustering identified a total of 16 sites that were differentially phosphorylated between the PN IDH1mut, CLAS-like and 
MES-like subclasses.

 To allow for a more comprehensive analysis of the obtained results, we took a step 
back and looked at the kinases that are responsible for these phosphorylation events. The 
sequences of the substrates were queried in the Phospho ELM Blast tool and the prompted 
potential upstream kinases are listed in Table 2. The resulting collection of upstream kinases 
unfortunately did not convey the impression that a common pathway was structurally 
employed by any of the subclasses assessed.

Table 2. Potential upstream kinases associated with the phosphorylation substrates that are differentially phosphorylated 
by GBM subclasses.

GENE INFERRED 
PHOSPHOSITE SUBSTRATE PROTEIN POTENTIAL UPSTREAM 

KINASES

VEGFR1 Y1053 VGFR1_1049_1061 Vascular endothelial growth 
factor receptor 1 -

CDK7 Y169 CDK7_157_169 Cyclin dependent kinase 7 CDK2; CDK7

VEGFR2 Y951 VGFR2_944_956 Vascular endothelial growth 
factor receptor 1 KDR

SLC34A1 Y511 NPT2A_501_513 Solute carrier family 34 member 
1 -

VCL Y822 VINC_815_827 Vinculin -

MAPK10 Y223 MK10_216_228 Mitogen-activated protein 
kinase 10

MAP2K7; MAP2K_
group

EPHB1 Y928 EPHB1_921_933 EPH receptor B1 -

KRT6B Y62 K2C6B_53_65 Keratin 6B -

SYK Y525/Y526 KSYK_518_530 Spleen associated tyrosine 
kinase SYK

FAK (PTK2) Y576/Y577 FAK1_569_581 Focal Adhesion kinase FAK
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Continued Table 2. Potential upstream kinases associated with the phosphorylation substrates that are differentially 
phosphorylated by GBM subclasses.

GENE INFERRED 
PHOSPHOSITE SUBSTRATE PROTEIN POTENTIAL UPSTREAM 

KINASES

CALM1 Y100 CALM_95_107 Calmodulin 1 EGFR; INSR; 
CK2_group

EGFR Y869 EGFR_862_874 Epidermal growth factor 
receptor SRC

BCKDHA Y345 ODBA_340_352
Branched chain keto acid 
dehydrogenase E1, alpha 

polypeptide
BCKDK

STAT4 Y725 STAT4_714_726 Signal transducer and activator 
of transcription 4 MAPK14

CRK Y221 CRK_214_226 CRK proto-oncogene, adaptor 
protein Abl; IGFR1

PDGFRB Y771/Y775/
Y778 PGFRB_768_780 Platelet derived growth factor 

receptor beta PDGFR_beta

Phosphorylation events associated with GBM survival

Finally, to assess whether phosphorylation intensities could be associated with overall 
survival of GBM patients, a supervised cluster analysis was performed using overall survival 
as a categorical variable. Short-term survival was defined as survival up to 2 years (≤2 years) 
and survival longer than 2 years was considered longer-term. This analysis revealed that the 
phosphorylation level of seven sites was associated with overall survival (Figure 3A).
 It should be noted though that a cut-off value of 2 years for either short-term or longer-
term survival is rather arbitrary. For that reason, Kaplan-Meier analyses were performed 
to more appropriately assess how the phosphorylation intensities of these substrate sites 
associated with overall survival of GBM patients. For the survival analysis the phosphorylation 
intensity on the substrates was categorized by the application of a median split; intensities 
smaller than or equal to the median phosphorylation level were collected in the low group, 
and values exceeding the median value were collected in the high group (Figure 3B). In 
these survival analyses 3 out of 7 targets remained significantly associated with survival of 
GBM patients. High phosphorylation intensity on EGFR Y1125 was associated with better 
survival (P<0.05), while high phosphorylation intensity of NTRK2 Y702 (P<0.05) and RON 
Y1353/Y1360 (P<0.01) were inversely associated with survival. All of these phosphorylation 
sites are situated on RTKs. 
 The potential kinases upstream of the identified targets, as assessed with the Phospho 
ELM Blast tool, are reported in Table 3. Like in all the other analyses, this blast did not reveal 
involvement of affected targets in a common pathway.
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Figure 3. Phosphosites with a phosphorylation status that associates with overall survival of GBM patients. Patients 
were subdivided into short-term (≤ 2 years) and long-term survivors (> 2 years) and supervised hierarchical clustering 
was performed to identify the phosphosites for which phosphorylation intensity was different between these groups 
(A). Follow-up Kaplan-Meier analyses were performed to properly analyze the association with survival. This analysis 
revealed that 3 out of 7 phosphosites identified through the cluster analysis (EGFR Y1125, TrkB Y702 and MST1R 
Y1353/Y1360) remained signifantly associated with survival in these analyses (B).

Table 3. Potential upstream kinases associated with the phosphorylation substrates of which the phosphorylation 
intensity differed between short (≤ 2 year) and long-term (> 2 years) survivors.

GENE INFERRED 
PHOSPHOSITE SUBSTRATE PROTEIN POTENTIAL UPSTREAM 

KINASES

PLCG1 Y783 PLCG1_776_788 Phospholipase C gamma 1 EGFR; SYK

CTTN1 Y470/Y479 SRC8_CHICK_470_482 Src substrate protein p85 
(cortactin) -

EGFR Y1125 EGFR_1118_1130 Epidermal growth factor 
receptor SRC

NTRK2 
(TRKB) Y702 NTRK2_696_708 Neurotrophic receptor tyrosine 

kinase 2 TRKB

EPOR Y426 EPOR_419_431 Erythropoietin receptor -

KRT8 Y427/Y437 K2C8_425_437 Keratin 8 CDK1; MAPK3

MST1R 
(RON) Y1353/Y1360 RON_1353_1365 Marcophage stimulating 1 

receptor RON
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Discussion

Kinase-mediated signaling has been implicated in carcinogenic processes and targeted 
therapies directed at either single or multiple RTKs have proven a successful approach in 
several tumor types [17]. GBMs are highly heterogeneous and therefore possibly not the 
ultimate candidate for targeted therapy, but these tumors do also have alterations in RTKs 
that are commonly observed. We therefore assessed whether different subsets of GBMs 
commonly employ certain tyrosine-signaling cascades in this study. Although differences 
in basal kinase signaling were observed between samples, we were unable to identify 
clusters of tyrosine kinase activity characteristic of subsets of tumors through unsupervised 
clustering. Supervised clustering did reveal a few isolated protein substrates that were 
differentially phosphorylated by either GBM molecular subclasses, but it did not highlight 
a set of signaling cascades that was used by either of the subclasses. Interestingly there 
were 3 phosphorylation sites of which the phosphorylation level was associated with overall 
survival of patients, which was rather surprising with the limited cohort of tumors that was 
analyzed. Two of the phosphorylation events showed a positive association with survival, 
whilst phosphorylation on EGFR_1118_1130 showed an unexpected inverse association with 
survival. 
 The inverse association of the EGFR phosphorylation site with overall survival is 
surprising in the way that most phosphorylation events are associated with receptor signaling 
activation, and EGFR signaling is generally considered an oncogenic event [18,19]. We 
speculate that phosphorylation on this site could be an inactivating event, but unfortunately 
not much is known about the effect of Tyr1125 phosphorylation on EGFR [20].
 Regarding NTRK2 and MST1R the results are in concordance with previous reports 
that describe involvement of these receptors in oncogenic transformation. NTRK2 
expression is upregulated in astrocytoma and GBM in comparison to normal tissue, but 
not oligodendroglioma [21,22]. In addition, BDNF-mediated signaling through NTRK2 was 
shown to induce glioma stem cell growth, and more recently NTRK2 signaling has been 
shown to be critically involved in STAT3-mediated astrocytoma development [23,24]. The 
expression of different splice variants of MST1R on the other hand has also been associated 
with oncogenic activity [25], and in silico expression prediction indicated that expression 
was mainly expected in epithelial cells and macrophages [26]. The latter study also identified 
several binding sites for well-known oncogenic drivers including NF-κB, STAT5A and STAT3, 
illustrating the likely involvement in oncogenesis. Functionally MST1R has been shown to 
critically mediate hnRNP A2/B1 induced gliomagenesis [27], but these results are limited to 
a single report at this time.
 To further delineate the role of the survival-associated phosphosites in GBM 
development and/or progression additional biochemical studies are required. The type of 
array that we performed highlights specific phosphosites, which does not necessarily align 
with receptor activation, and thus the dynamics of the phosphorylation events on receptors 
should be analyzed in a comprehensive manner. This will possibly help to understand the 
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inverse association between EGFR Y1125 phosphorylation and survival, while it will also help 
to understand why only specific sites are differentially phosphorylated and others are not.
 Alternatively, the kinase activity data that we obtained here could be combined with 
other types of biological data from for example the transcriptome and proteome. NTRKB has 
been studied relatively well in cancer and in glioma, but for MST1R many avenues are still to 
be explored. Staining for presence of phosphorylation marks on the identified sites could be 
explored with antibodies through immunohistochemistry or western blotting on GBM tissue 
and/or GBM cell lines. Functionally knockdown or overexpression experiments could be 
performed in vitro and the effect on cell viability, proliferation and several other carcinogenic 
events could be studied. More specific inhibition of kinase activity on the identified sites 
using for example blocking peptides or antibodies would also help to further understand the 
role of this pathway in GBM.
 A final and important limitation in the field of kinase activity profiling is that only known 
potential upstream kinases can be deposited in databases like Phospho ELM, but at this time 
not all kinase interactions have been identified. It could thus be that specific tyrosine kinase 
cascades are actually activated in subsets of tumors, but the limited resources currently 
available could have prevented us from identifying them. The array that was used in this 
study could technically also have limited our power simply because relevant phosphosites 
or even kinase proteins were not included in the limited set of 144 tyrosine phosphosites. 
Instead of performing additional tyrosine kinase profiling a more fruitful follow-up step could 
possibly be profiling the downstream kinases through a Serine/Threonine array. This would 
provide opportunities for more comprehensive pathway analyses, and if differential kinase 
signaling cascades are actually employed by subsets of GBMs, such an analysis could 
possibly facilitate the identification of such pathways.

Kinase activity profiles in GBM subclasses | 79



Acknowledgements

The work in this chapter was funded by the Graduate School of Medical Sciences (BCN-
BRAIN, UMCG) to Ms. S. Conroy, the J.C. de Cock Foundation to Ms. S. Conroy, and the 
Dutch Cancer Society (KWF, RUG-2014-7471) to Dr. W.F.A. den Dunnen.

80 | Chapter 4



References

1. Robinson DR, Wu YM, Lin SF. The protein tyrosine kinase family of the human genome. 
Oncogene. 2000;19(49):5548-5557.

2. Eckhart W, Hutchinson MA, Hunter T. An activity phosphorylating tyrosine in polyoma T 
antigen immunoprecipitates. Cell. 1979;18(4):925-933.

3. Hubbard SR, Till JH. Protein tyrosine kinase structure and function. Annu Rev Biochem. 
2000;69:373-398.

4. Songyang Z, Carraway KL,3rd, Eck MJ, Harrison SC, Feldman RA, Mohammadi M, 
Schlessinger J, Hubbard SR, Smith DP, Eng C. Catalytic specificity of protein-tyrosine 
kinases is critical for selective signalling. Nature. 1995;373(6514):536-539.

5. Schlessinger J. Cell signaling by receptor tyrosine kinases. Cell. 2000;103(2):211-225.
6. Gschwind A, Fischer OM, Ullrich A. The discovery of receptor tyrosine kinases: Targets 

for cancer therapy. Nat Rev Cancer. 2004;4(5):361-370.
7. Stommel JM, Kimmelman AC, Ying H, Nabioullin R, Ponugoti AH, Wiedemeyer R, Stegh 

AH, Bradner JE, Ligon KL, Brennan C, Chin L, DePinho RA. Coactivation of receptor 
tyrosine kinases affects the response of tumor cells to targeted therapies. Science. 
2007;318(5848):287-290.

8. Snuderl M, Fazlollahi L, Le LP, Nitta M, Zhelyazkova BH, Davidson CJ, Akhavanfard 
S, Cahill DP, Aldape KD, Betensky RA, Louis DN, Iafrate AJ. Mosaic amplification of 
multiple receptor tyrosine kinase genes in glioblastoma. Cancer Cell. 2011;20(6):810-
817.

9. Szerlip NJ, Pedraza A, Chakravarty D, Azim M, McGuire J, Fang Y, Ozawa T, Holland EC, 
Huse JT, Jhanwar S, Leversha MA, Mikkelsen T, Brennan CW. Intratumoral heterogeneity 
of receptor tyrosine kinases EGFR and PDGFRA amplification in glioblastoma defines 
subpopulations with distinct growth factor response. Proc Natl Acad Sci U S A. 
2012;109(8):3041-3046.

10. Little SE, Popov S, Jury A, Bax DA, Doey L, Al-Sarraj S, Jurgensmeier JM, Jones C. 
Receptor tyrosine kinase genes amplified in glioblastoma exhibit a mutual exclusivity 
in variable proportions reflective of individual tumor heterogeneity. Cancer Res. 
2012;72(7):1614-1620.

11. Phillips HS, Kharbanda S, Chen R, Forrest WF, Soriano RH, Wu TD, Misra A, Nigro JM, 
Colman H, Soroceanu L, Williams PM, Modrusan Z, Feuerstein BG, Aldape K. Molecular 
subclasses of high-grade glioma predict prognosis, delineate a pattern of disease 
progression, and resemble stages in neurogenesis. Cancer Cell. 2006;9(3):157-173.

12. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, Miller CR, Ding L, 
Golub T, Mesirov JP, Alexe G, Lawrence M, O’Kelly M, Tamayo P, Weir BA, Gabriel S, 
Winckler W, Gupta S, Jakkula L, Feiler HS, Hodgson JG, James CD, Sarkaria JN, Brennan 
C, Kahn A, Spellman PT, Wilson RK, Speed TP, Gray JW, Meyerson M, Getz G, Perou 

Kinase activity profiles in GBM subclasses | 81



CM, Hayes DN, Cancer Genome Atlas Research Network. Integrated genomic analysis 
identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in 
PDGFRA, IDH1, EGFR, and NF1. Cancer Cell. 2010;17(1):98-110.

13. Conroy S, Kruyt FA, Joseph JV, Balasubramaniyan V, Bhat KP, Wagemakers M, Enting 
RH, Walenkamp AM, Dunnen WF. Subclassification of newly diagnosed glioblastomas 
through an immunohistochemical approach. PLoS One. 2014;9(12):e115687.

14. Federatie van Medisch Wetenschappelijke Verenigingen. Verantwoord omgaan met 
lichaamsmateriaal ten behoeve van wetenschappelijk onderzoek: Gedragscode 2011. 
Rotterdam: Federa.

15. Dinkel H, Chica C, Via A, Gould CM, Jensen LJ, Gibson TJ, Diella F. Phospho.ELM: A 
database of phosphorylation sites--update 2011. Nucleic Acids Res. 2011;39:D261-7.

16. Conroy S, Wagemakers M, Walenkamp AM, Kruyt FA, den Dunnen WF. Novel insights 
into vascularization patterns and angiogenic factors in glioblastoma subclasses. J 
Neurooncol. 2017;131(1):11-20.

17. Zhang J, Yang PL, Gray NS. Targeting cancer with small molecule kinase inhibitors. Nat 
Rev Cancer. 2009;9(1):28-39.

18. Normanno N, De Luca A, Bianco C, Strizzi L, Mancino M, Maiello MR, Carotenuto A, De 
Feo G, Caponigro F, Salomon DS. Epidermal growth factor receptor (EGFR) signaling in 
cancer. Gene. 2006;366(1):2-16.

19. Hatanpaa KJ, Burma S, Zhao D, Habib AA. Epidermal growth factor receptor in 
glioma: Signal transduction, neuropathology, imaging, and radioresistance. Neoplasia. 
2010;12(9):675-684.

20. Huang PH, Xu AM, White FM. Oncogenic EGFR signaling networks in glioma. Sci Signal. 
2009;2(87):re6.

21. Wang Y, Hagel C, Hamel W, Muller S, Kluwe L, Westphal M. Trk A, B, and C are 
commonly expressed in human astrocytes and astrocytic gliomas but not by human 
oligodendrocytes and oligodendroglioma. Acta Neuropathol. 1998;96(4):357-364.

22. Wadhwa S, Nag TC, Jindal A, Kushwaha R, Mahapatra AK, Sarkar C. Expression of the 
neurotrophin receptors trk A and trk B in adult human astrocytoma and glioblastoma. J 
Biosci. 2003;28(2):181-188.

23. Ni J, Xie S, Ramkissoon SH, Luu V, Sun Y, Bandopadhayay P, Beroukhim R, Roberts TM, 
Stiles CD, Segal RA, Ligon KL, Hahn WC, Zhao JJ. Tyrosine receptor kinase B is a drug 
target in astrocytomas. Neuro Oncol. 2017;19(1):22-30.

24. Pinheiro KV, Alves C, Buendia M, Gil MS, Thomaz A, Schwartsmann G, de Farias CB, 
Roesler R, Bowman RL, Wang Q, Carro A, Verhaak RG, Squatrito M. Targeting tyrosine 
receptor kinase B in gliomas. Neuro Oncol. 2017;19(1):138-139.

25. Eckerich C, Schulte A, Martens T, Zapf S, Westphal M, Lamszus K. RON receptor 
tyrosine kinase in human gliomas: Expression, function, and identification of a novel 
soluble splice variant. J Neurochem. 2009;109(4):969-980.

82 | Chapter 4



26. Yu H, Yuan J, Xiao C, Qin Y. Integrative genomic analyses of recepteur d’origine nantais 
and its prognostic value in cancer. Int J Mol Med. 2013;31(5):1248-1254.

27. Golan-Gerstl R, Cohen M, Shilo A, Suh SS, Bakacs A, Coppola L, Karni R. Splicing factor 
hnRNP A2/B1 regulates tumor suppressor gene splicing and is an oncogenic driver in 
glioblastoma. Cancer Res. 2011;71(13):4464-4472.

Kinase activity profiles in GBM subclasses | 83



Supporting information

Supplemental Table

Supplemental Table 1. Substrates on the tyrosine kinase array.

GENE INFERRED 
PHOSPHOSITE PROTEIN

ANXA1 Y21 Annexin A1

ANXA2 Y24 Annexin A2

BCKDHA Y345 2-oxoisovalerate dehydrogenase subunit alpha, mitochondrial

C1R Y204/Y210 Complement C1r subcomponent

CALM1 Y100* Calmodulin

CBL Y700 E3 ubiquitin-protein ligase CBL

CD247 Y123
Y153 CD247 molecule

CD79A Y182/188 B-cell antigen receptor complex-associated protein alpha chain

CDK2 Y15/Y19 Cyclin-dependent kinase 2

CDK7 Y169 Cyclin-dependent kinase 7

CHRND Y383/Y390 Acetylcholine receptor subunit delta

CRK Y221 Adapter molecule crk

CTNNB1 Y86 Catenin beta-1

CTTN
Y477

Y477/Y483
Y492/Y499/

Y502
Src substrate protein p85

DCX Y112 Neuronal migration protein doublecortin

DDR1 Y513 Epithelial discoidin domain-containing receptor 1

DYRK1A Y219/220
Y319/Y321 Dual specificity tyrosine-phosphorylation-regulated kinase 1A

EFS Y253* Embryonal Fyn-associated substrate

EGFR

Y869
Y915

Y1069
Y1110
Y1125
Y1172
Y1197

Epidermal growth factor receptor

ENO2 Y44 Gamma-enolase

ENPEP Y12 Glutamyl aminopeptidase

EPB41 Y660 Protein 4.1

EPHA1 Y781 Ephrin type-A receptor 1

EPHA2 Y588
Y772 Ephrin type-A receptor 2

EPHA4 Y596
Y928 Ephrin type-A receptor 4

EPHA7 Y608/Y614 Ephrin type-A receptor 7
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Continued Supplemental Table 1. Substrates on the tyrosine kinase array.

GENE INFERRED 
PHOSPHOSITE PROTEIN

EPHB1 Y778
Y928 Ephrin type-B receptor 1

EPHB4 Y590 Ephrin type-B receptor 4

EPO1 Y368
Y426 Eyrthropoietin recptor

ERBB2 Y877
Y1248 Receptor tyrosine-protein kinase erbB-2

ERBB4 Y1188
Y1284 Receptor tyrosine-protein kinase erbB-4

FABP3 Y20 Fatty acid-binding protein, heart

FER Y714 Tyrosine-protein kinase Fer

FES Y713 Tyrosine-protein kinase Fes/Fps

FGFR1 Y766 Fibroblast growth factor receptor 1

FGFR2 Y769 Fibroblast growth factor receptor 2

FGFR3 Y647/Y648
Y760 Fibroblast growth factor receptor 3

FLT4 Y1063/Y1068 Vascular endothelial growth factor receptor 3

FRK Y387 Tyrosine-protein kinase FRK

INSR Y992/Y999
Y1354 Insulin receptor

JAK1 Y1022/Y1023 Tyrosine-protein kinase JAK1

JAK2 Y570 Tyrosine-protein kinase JAK2

KDR

Y951
Y996
Y1054

Y1054/Y1059
Y1175
Y1214

Vascular endothelial growth factor receptor 2

KRT6B Y62 Keratin, type II cytoskeletal 6B

KRT8 Y427/Y437 Keratin, type II cytoskeletal 8

LAT Y200/Y256 Linker for activation of T-cells family member 1

LCK Y394 Tyrosine-protein kinase Lck

MAPK1 Y187
Y205 Mitogen-activated protein kinase 1

MAPK10 Y223/Y228 Mitogen-activated protein kinase 10

MAPK12 Y185 Mitogen-activated protein kinase 12

MAPK14 Y182 Mitogen-activated protein kinase 14

MAPK7 Y215/Y220 Mitogen-activated protein kinase 7

MBP
Y203

Y261/Y268
Y268

Myelin basic protein

MET Y1230/Y1234/
Y1235 Hepatocyte growth factor receptor

MST1R Y1353
Y1353/Y1360 Macrophage-stimulating protein receptor

NCF1 Y324 Neutrophil cytosol factor 1

NTRK1 Y496
Y516 High affinity nerve growth factor receptor
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Continued Supplemental Table 1. Substrates on the tyrosine kinase array.

GENE INFERRED 
PHOSPHOSITE PROTEIN

NTRK2 Y702/Y706/
Y707 BDNF/NT-3 growth factors receptor

PDGFRB

Y579/Y581
Y716

Y771/Y775/
Y778*

Y1009
Y1021

Platelet-derived growth factor beta

PDHA2 Y299 Pyruvate dehydrogenase E1 component subunit alpha, testis-specific form, 
mitochondrial

PDPK1 Y9
Y373/Y376 3-phosphoinositide-dependent protein kinase 1

PECAM1 Y713 Platelet endothelial cell adhesion molecule

PGR Y557
Y795 Progesterone receptor

PIK3R1 Y607 Phosphotidylinositol 3-kinase regulatory subunit alpha

PLCG1
Y771/Y775

Y783
Y1253

1-phosphatidylinositol 4,5-biphophate phosphodiesterase gamma-1

PPP2CB Y307 Serine/threonine-protein phosphatase 2A catalytic subunit beta isoform

PRPH Y470 Peripherin

PRPN11 Y546/Y551 Tyrosine-protein phosphatase non-receptor type 11

PRRX2 Y208/Y214 Paired mesoderm homeobox protein 2

PTK2 Y570/Y576/
Y577 Focal adhesion kinase 1

PTK2B Y573/Y579/
Y580 Protein-tyrosine kinase 2-beta

PXN Y31
Y118 Paxillin

RAF1 Y340/Y341 RAF proto-oncogene serine/threonine-protein kinase

RASA1 Y460 Ras GRPase-activating protein 1

RB1 Y805/Y813 Retinoblastoma-associated protein

RBL2 Y111 Retinoblastoma-like protein 2

RET Y687
Y1029 Proto-oncogene tyrosine-protein kinase receptor Ret

SLC34A1 Y511 Sodium-dependent phosphate transport protein 2A

SLC4A1 Y46 Band 3 anion transport protein

STAT1 Y701 Signal transducer and activator of transcription 1-alpha/beta

STAT3 Y705 Signal transducer and activator of transcription 3

STAT4 Y693
Y725 Signal transducer and activator of transcription 4

STAT5A Y694 Signal transducer and activator of transcription 5A

STAT6 Y641 Signal transducer and activator of transcription 6

SYK Y525/Y526 Tyrosine-protein kinase SYK

TEC Y513/Y519 Tyrosine-protein kinase Tec

TNNT1 Y9 Troponin T, slow skeletal muscle

TYRO3 Y681/Y685/
Y686 Tyrosine-protein kinase receptor TYRO3
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Continued Supplemental Table 1. Substrates on the tyrosine kinase array.

GENE INFERRED 
PHOSPHOSITE PROTEIN

VCL Y822 Vinculin

VEGFR1

Y1048
Y1053*

Y1169
Y1213
Y1242
Y1327

Y1327/1333

Vascular endothelial growth factor receptor 1

ZAP70 Y492/Y493 Tyrosine-protein kinase ZAP-70

ZBTB16 Y630 Zinc finger and BTB domain-containing protein 16
*: assessed with two independent substrates.

Kinase activity profiles in GBM subclasses | 87




	Chapter 4



