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Abstract

Background and Purpose—Glioblastoma multiforme (GBM) represents the most common

and deadly primary brain malignancy, particularly due to temozolomide (TMZ) and radiation (RT)

resistance. To better understand resistance mechanisms, we examined global kinase activity

(kinomic profiling) in both treatment sensitive and resistant human GBM patient-derived

xenografts (PDX or “xenolines”).

Materials and Methods—Thirteen orthotopically-implanted xenolines were examined

including 8 with known RT sensitivity/resistance, while 5 TMZ resistant xenolines were generated

through serial TMZ treatment in vivo. Tumors were harvested, prepared as total protein lysates,

and kinomically analyzed on a PamStation®12 high-throughput microarray platform with

subsequent upstream kinase prediction and network modeling.

Results—Kinomic profiles indicated elevated tyrosine kinase activity associated with the

radiation resistance phenotype, including FAK and FGFR1. Furthermore, network modeling

showed VEGFR1/2 and c-Raf hubs could be involved. Analysis of acquired TMZ resistance

revealed more kinomic variability among TMZ resistant tumors. Two of the five tumors displayed

significantly altered kinase activity in the TMZ resistant xenolines and network modeling

indicated PKC, JAK1, PI3K, CDK2, and VEGFR as potential mediators of this resistance.

© 2014 Elsevier Ireland Ltd. All rights reserved.
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Conclusions—GBM xenolines provide a phenotypic model for GBM drug response and

resistance that when paired with kinomic profiling identified targetable pathways to inherent

(radiation) or acquired (TMZ) resistance.
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Introduction

GBM is the most deadly malignant brain tumor with an incidence of 14,000 new cases each

year in the United States comprising 40–60% of all malignant gliomas [1]. Several genetic

and clinical factors affect the prognosis of GBM but generally it has a poor prognosis with a

median overall survival of only 14 months with even the most current therapies [2].

GBM is managed with tri-modality therapy including surgery (“maximal safe resection” for

the purpose of debulking and pathological sampling), followed by localized radiotherapy

(RT) [3], combined with temozolomide (TMZ, an oral alkylating agent) in fit patients [4,5].

Additional chemotherapeutic agents have been tested, and in the case of bevacizumab (a

monoclonal antibody that binds to VEGF-A) has shown promise in phase II investigation

[6], although it was not shown to be beneficial in a phase III trial [7]. Unfortunately, all

available modalities do little to improve outcome in GBM and it is still difficult to achieve

local control in many of the patients [8] due to the high incidence of recurrence in these

tumors with development of resistance towards these therapies [9]. As such, there has been

intense effort devoted to unraveling the molecular biology of this disease in hopes of finding

better treatments.

Verhaak et al. identified four molecular subtypes of GBM based on the high content -omic

data from The Cancer Genome Atlas (TCGA), including the Classical, Mesenchymal,

Proneural and Neural subtypes using the expression of 840 genes representing distinct

signaling axes [10]. The Classical subtype was characterized by chromosome 7

amplification associated with loss of chromosome 10. Additionally, 97% of the Classical

tumors had gene amplification of the EGFR receptor tyrosine kinase. Mesenchymal tumors

had frequent NF1 focal gene deletions leading to lower protein expression levels of NF1.

Overexpression of genes in the TNF superfamily and NFκB pathway were also observed in

the Mesenchymal subtype. Proneural tumors exhibited 2 major alterations, the first of these

being focal amplification and subsequent high levels of PDGFRA gene expression. The

second alteration involved point mutations in IDH1. Lastly the Neural subtype was

characterized by over expression of neuronal markers, such as NEFL, GABRA1, SYT1, and

SLC12A5. Even though these subtypesare characterized by alteration in specific kinase

signaling pathways, successful translation of these findings into clinical application has not

been possible.

Genetic testing has also not been as successful as anticipated in GBM, which is not

completely unexpected as genetic or epigenetic alterations may not strongly correlate with

altered protein function at the level of therapeutic intervention. Brennan et al. showed this to

be the case in GBM for PDGFB where protein levels showed no correlation with mRNA
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expression [11]. Similarly, most kinases are regulated through post-translational

modification, which may explain the disconnect between the Reverse Phase Protein Array

(RPPA) data and the genomic/transcriptomic data seen in the recent TCGA update [12].

There has been interest in trying to profile kinases within brain tumors although some

studies rely on mRNA expression for drug candidate target identification [13]. While

proteomic and functional proteomic assessments have been made in gliomas [14–16], true

measurements of global kinase activity (kinomic profiling) are very few. In one reported

study, Sikkema et al. obtained kinomic profiles of pediatric brain tumors including

astrocytoma, ependymoma and medulloblastoma using the PamChip® tyrosine kinase

profiling system to identify targetable kinase signalling pathways [17], identifying 30

substrates (of the total 144) to be phosphorylated in >90% of the brain tumor lysates with 11

of these substrates showing tumor specificity including CDK2, c-MET, and EGFR-derived

substrates.

Multiple mechanisms responsible for RT resistance in GBM have been proposed in the

literature including activation of PI3K/Akt signaling axis inhibiting apoptosis and enhancing

cell survival rendering the cells resistant to multiple external factors [18–20]. Enhanced

DNA repair in CD133 positive cells present at high levels in some tumors also mitigates the

effects of RT [21,22]. Other factors include increased levels of EGFR and VEGFR, that can

be further modified by hypoxia, leading to activation of pathways promoting proliferation,

survival, and angiogenesis in the tumor and stromal component, reducing the response to RT

[23–25]. As for TMZ, the most studied mechanism for resistance is the overexpression of

MGMT (O6-methylguanine–DNA-methyltransferase), which is a cellular DNA repair

protein that removes adducts important in the cytotoxic effect of TMZ [9,26]. Similarly,

overexpression of the DNA repair protein ALKBH2 can also mitigate the effects of DNA

alkylating agents [27]. While proteomic analysis has been done for chemoresistance in

GBM, this has focused more on older chemotherapies such as 1, 3-bis (2-chloroethyl)-1-

nitrosourea (BCNU) [28].

The molecular biology of GBM and the underlying mechanisms of treatment-resistance are

complex, and it is clear that kinase signaling is important in the progression and treatment

resistance of these malignant tumors [29]. Importantly, kinases are highly targetable with

kinase inhibitors being one of the largest classes of new drug development in oncology [30].

For this reason, we sought to analyze the kinomic determinants of TMZ and RT sensitivity

in the most clinically relevant model of GBM, that of patient-derived xenografts

(“xenolines” or “PDX”) [31–33].

Material and Methods

Human Glioma Xenolines

A panel of 13 human high-grade glioma xenolines was maintained by serial passage in

athymic nude mice as described previously [31–33]. Some of these xenoline tumors were

previously developed by Dr. Jann Sarkaria (Mayo Clinic, Rochester, MN) and provided to

the UAB Brain Tumor Animal Model Core facility (directed by Dr. Yancey Gillespie) while

some were produced at UAB. Of these, 5 tumors were developed as TMZ-resistant isogenic

pairs through serial TMZ treatment of in vivo passaged tumors in nude mice, while 8 of
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these tumors had previously determined radiation sensitivity profiles [31]. All animal studies

were approved by annual review of all methods and procedures by the Institutional Animal

Care and Use Committee. To establish intracranial gliomas for characterization, tumors were

harvested aseptically, disaggregated with a mixture of enzymes, washed and adjusted to 60 ×

106 viable (trypan-blue excluding) cells/mL of serum-free DMEM/F12 medium

(MediaTech) containing 5% methylcellulose (400 kDa). Anesthetized athymic nude mice

were injected intracranially into the right caudate putamen nucleus with 5 µL of each

xenoline cell suspension. Mice were monitored daily and as each developed signs of

neurological impairment, the mouse was killed by CO2 inhalation, perfused with ice-cold

phosphate buffered saline and the brain removed. Tumor tissue was surgically excised

aseptically. Mean survival post implantation time per each xenoline across biological

replicates was recorded.

Kinomic profiling

Each of the tumors in Table 1 was analyzed separately as biological replicates from three

individual mice, with each tumor lysed independently and analyzed on a separate array, and

on a separate chip. Kinomic profiling of xenoline lysates (lysed in M-Per lysis buffer,

Pierce) containing 1:100 Halt’s protease and phosphatase inhibitors (Pierce cats. 78420,

78415) was conducted in the UAB Kinome Core (www.kinomecore.com) using the

PamStation®12 platform, manufactured by PamGene (‘s-Hertogenbosch, Netherlands)

similar to our previous work [34]. Briefly after protein quantification (BCA protein

determination, Pierce Scientific), total protein lysates were loaded onto the appropriate

PamChip® [PTK (tyrosine kinome) or STK (serine/threonine kinome)] in kinase buffer.

This platform utilizes a high throughput peptide microarray system analyzing 144 individual

tyrosine phosphorylatable peptides, or 144 serine and threonine phosphorylatable peptides

imprinted and immobilized in a 3D format to assess kinomic activity in cell or tissue lysates

(Figure 1). FITC conjugated antibodies are used for visualization during and after lysates are

pumped through the array. Capture of peptide phosphorylation signal is via a computer-

controlled charge-coupled device (CCD). Kinomic profiling was analyzed using the Evolve

(PamGene) software for initial sample and array processing as well as image capture and

BioNavigator (PamGene) for raw data transformation into kinetic (initial velocity) and

steady state (postwash) values. Significantly altered peptide lists (phosphosubtrates) were

generated for the GBM xenoline lysates based on differences between TMZ resistant and

sensitive and again between radioresistant and radiosensitive lysates. These were then

uploaded to GeneGo MetaCore (portal.genego.com, Thompson Reuters) for network

analysis. Significantly altered peptide lists were cross compared for recurrent upstream

kinases as listed per residue in Kinexus kinase predictor (www.phosphonet.ca), and scored

according to occurrence with a scoring penalty for being present on both sensitive and

resistant lists.

Statistics

Kinomic heatmaps were generated based on the most highly variant (var) phosphosubstrates

among the tumors tested using a var >0.65 for radiation resistant set and >0.75 for TMZ set

for initial filtration. In addition, phenotypebased (e.g., RT resistant phenotype) kinomic

signatures were generated for each phenotype and groups were compared using unpaired,
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and paired 2-sided students t-tests where applicable to generate lists of significantly altered

peptides. False discovery rates (FDR) using the Benjamini-Hochberg method were

calculated for peptides tested. For upstream kinase enrichment results for the radiation

resistant phenotype, substrates that were significantly different between resistant and

sensitive xenolines were analyzed. We chose to use a more liberal threshold for probes for

performing network analysis (p<0.05, FDR<0.5) as is often done for pathway analysis.[35–

37] The top 10 kinases per phosphosubstrate were included, and for probes with multiple

phosphorylatable residues, fractional contributions were calculated (i.e. if a probe had 4

residues, it got 0.25 for each residue that had the kinase in the top 10). The proportion of

significant substrates that had a particular kinase was compared to the proportion of non-

significant substrates containing the same kinase. A Fisher’s Exact test was used to

determine the significance of upstream kinase scoring.

Kinase Activity Validation

Focused validation of upstream kinases predicted to be active in the resistant tumors

included Western blot of phosphotyrosine 397 of FAK, total FAK, phosphotyrosine 402

Pyk2, total Pyk2 (Cell Signaling Technology), Actin (Santa Cruz Biotechnology), as well as

the phospho-FGFR1 enzyme-linked immunosorbent assay (Sandwich ELISA cat #12909;

Cell Signaling Technology). Western blots were performed as described before.[34,38]

ELISA was performed according to the manufacturer’s instructions using 10 µg of lysate per

sample.

Results

GBM Xenoline Model

In the current study, kinomic activity was measured in GBM xenolines with relevant

phenotypic data as listed in Table 1. Patient derived xenolines were used as a model in order

to best retain primary tumor characteristics. Kinase activity was measured in 13 GBM

xenoline tumors using the PamStation®12 kinomic analysis platform that quantitates kinase

activity by measuring the extent to which active kinases within the tumor lysates are capable

of phosphorylating specific peptide substrate probes. The kinomic profiles were then

compared between phenotypes (e.g. radiation sensitive tumor profiles versus radiation

resistant tumor profiles). Significantly altered phosphosubstrates were then mapped to

knowledge bases for upstream kinase prediction (Phosphonet) and network modeling

(MetaCore) (Experimental model summarized in Figure 1).

Radiation Resistance

Eight xenolines with known radiation sensitivity (based on survival changes following

irradiation) [31], were analyzed kinomically with phosphorylation profiles displayed in

Figure 2. A variance filter (var>0.65) was applied to the combined tyrosine kinome and

serine/threonine kinome peptide probe phosphorylation (“phosphosubstrates”) intensities in

order to identify the phosphosubstrates that best distinguish this group of tumors.

Hierarchical clustering of this variance-filtered dataset did not globally separate the tumors

(cluster tree on X axis; top) based on radiation resistance (Figure 2A. X axis bottom; R

(resistant) or S (sensitive)). We, therefore, used a supervised unpaired t-test comparing
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biological replicate phosphosubstrate intensity means between the radiation sensitive and

resistant tumors to identify kinomic profiles that significantly differentiated the resistant

tumors (p<0.05 and FDR<0.5). These peptides are listed in Supplemental Table 1 and are

depicted as a hierarchical clustered heatmap in Figure 2B. We then applied our upstream

kinase algorithm (described in Materials and Methods), to generate a list of kinases likely

involved in phosphorylating these residues and identified FAK kinase as the number one

kinase involved in radiation resistance (Table 2).

To further analyze the kinomic profiles, we uploaded the Uniprot ID’s of the parent gene for

each of the significantly altered phosphosubstrates in the radiation resistant tumors and

analyzed them using the network modeling knowledge base, MetaCore, and radiation

resistance network hubs were mapped to the Direct Interactions Network in Supplemental

Figure 1A that also identified FAK1 as the most connected node. Additional nodes of

interest were identified using a more stringent FDR cutoff (Supplemental Figure 1B;

FDR<0.3) through the Shortest Paths Network that included several non-receptor serine/

threonine and tyrosine kinases as shown in Supplemental Figure 1C (164 nodes).

A limitation of using phosphosubstrate patterns for identifying upstream kinases is due to

the fact that kinases and substrates are “promiscuous;” in other words, each kinase can

phosphorylate more than one substrate, and each substrate can be phosphorylated by more

than one kinase. For this reason, the upstream kinase prediction algorithm and network

modeling approach are tools for enriching for a group of kinases with higher likelihood of

having enhanced activity in the model system. Therefore, we performed focused validation

of some of the identified kinases. Interestingly, FAK showed the highest activity in the

resistant GBM ortho 10 but only limited activity in the remaining tumors (Figure 2C) based

on phosphotyrosine 397 FAK/total FAK ratio on Western blotting. Conversely, phospho-

FGFR1 ELISA revealed elevated activity in all three resistant xenolines (0.15 v. 0.12,

p=0.0479).

Temozolomide Resistance

The five isogenic pairs of xenolines selected for TMZ resistance through chronic exposure

to TMZ were profiled for kinomic activity. To determine if there was a shared TMZ

resistance pattern within the kinome, we used a paired t-test identifying peptides commonly

altered in all 5 parental lines as a group relative to all 5 TMZ-resistant daughter lines (See

Supplemental Table 2). This did not identify any significantly altered phosphosubstrates

after accounting for FDR suggesting no common kinase driven pathway of TMZ resistance

was present in these xenolines. This was confirmed through variance filtered (var>0.75)

hierarchical clustering as shown in Figure 3A with TMZ resistance denoted in the tumor

name suffix (“T” for resistant daughter xenoline). As with radiation resistance, the global

clustering did not segregate the isogenic pairs as a whole. However, 2 of the 5 pairs

(GBM39/39T and GBM59/59T) showed striking differences in kinomic activity in their

TMZ derived variants (predominantly increased activity in the TMZ resistant xenolines).

Unsurprisingly, these 2 tumors had the highest number of altered and increased

phosphosubstrates with very low FDRs (See Supplemental Tables 3 and 4) indicating a

strong kinomic component in the TMZ resistance of these tumors. Direct Interaction
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Network Mappings of significant phosphosubstrates (FDR<0.1) altered in GBM39T (Figure

3B) and GBM59T (Figure 3C) suggest very different signaling pathways at work in these

TMZ resistant tumors. For the remaining xenolines, although direct comparison of

individual parent and corresponding TMZ resistant daughter did identify a few

phosphosubstrates that were statistically significant (See Supplemental Tables 5–7), most of

these changes were considered to be of low confidence due to high FDR values.

Discussion

Patient-derived GBM xenolines provide a powerful model for investigating resistance

pathways to clinically relevant therapies, including TMZ and RT. These xenoline tumors

retain alterations including EGFRvIII expression and wild-type EGFR amplification that are

lost in many cell culture models of GBM grown in plastic [39]. This likely explains the

histopathological similarity seen in these xenoline tumors reflecting the invasive and

angiogenic nature of the primary tumors. As these tumors are derived from multiple

independent patients, the biological scope of activated kinase activity, and potential response

to therapeutic agents including TMZ and radiotherapy is more encompassing and

representative of patient populations, than that of models based off of immortalized cell

lines that have been passaged in serum and cultured on plastic. Given this model, the

selection of therapeutic intervention should be as directed as possible to identify relevant

targets. Here we used kinomic profiling to look at signal transduction pathways activated in

TMZ and radiotherapy resistance, and we identified targetable kinase signaling pathways.

While current classification of GBM into genomically/transcriptomically derived subsets

(i.e., molecular subtypes) does offer benefit with prognostic implications,[10] the use of

DNA-based markers, such as gene copy number alteration in targets such as VEGFR and

EGFR may not predict drug efficacy as most kinases are regulated post-translationally.

EGFR is overexpressed in 50% of all gliomas with nearly half of them expressing the

EGFRvIII mutant type, this is also true for VEGFR with high incidence of overexpression in

glioma [40,41]. Unfortunately this cannot be used to accurately predict drug response, for

example, although most GBMs overexpress VEGFR there is high incidence of relapse after

treatment with bevacizumab in GBMs especially in the salvage setting [42]. Additionally, at

the individual patient level, tumor signaling may not fall into a specific pre-defined category

of molecular alterations. Thus, the need to profile signaling directly (e.g., kinomics) on a

patient specific basis is paramount to successful drug selection. Indeed, we saw broad

differences in signaling alterations both in scope (number) and pathways, within the 5

tumors with engineered TMZ resistance, where only 3 peptides were significantly altered

globally, although individual tumors had distinct patterns. This variable kinomic activity

seen in TMZ resistance is in stark contrast to the inherent radiation sensitivity profiles that

did seem to suggest a more common kinomic pattern of resistance. Nevertheless, our

focused validation of potential upstream kinases did show heterogeneity, particularly for

FAK, though elevated FGFR1 activity was more uniform in the resistant tumors. Some of

the key players identified in our network analysis have been garnering attention in the

glioma biology field. FGFR has been implicated in carcinogenesis for a variety of tumors

[43], but recent work has identified recurrent somatic alterations in low grade pilocytic

astrocytomas [44] and transforming fusions of FGFR1 in GBM [45]. FAK signaling plays a
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role in proliferation and migration in GBM [46], and JNK, which is a member of the

mitogen-activated protein kinase superfamily, has been implicated in many processes in

GBM. Specifically, JNK is associated with the so called “stemness” of the glioma cells (i.e.,

maintenance of the stem cell properties through maintenance of self renewal of these cells

[47]). Targeting of JNK 1 and JNK 2 significantly reduced the ability of new sphere

formation in glioma cell lines and it also reduced colony-forming ability. Furthermore, it has

been hypothesized that JNK is involved in glioma cell migration through the promotion of

interactions between insulin-like growth factor binding protein 2 (IGFBP2) and α5 integrin

[48]. Potentially, targeting these pathways prior to radiotherapy could enhance radio-

effectiveness, and prognostically could be used to predict poor response. Given the nature of

these molecules and pathways identified herein and their role in the progression,

proliferation, migration and angiogenesis of GBM and other malignancies, this is not

completely surprising.

Validation of these activated pathways in the context of targeted therapeutics is possible

with this type of kinomics profiling. Versele et al. were able to generate a kinomic response

predictor for a multi-targeted tyrosine kinase small molecule inhibitor by using kinomic

profiles generated from phenotype-classified (inhibitor sensitive v. resistant) cancer cell

lines. Specifically, they took lysates from 27 cancer cell lines and treated them (ex vivo) with

the small molecule inhibitor just prior to kinomic profiling. The phosphosubstrates that

differed between responders and non-responders generated a predictor for drug response in

both in vitro and in vivo xenograft studies [49]. The potential to directly interrogate tissue

specimens against potential kinase targeted therapeutics using the platform technology

described here is attractive because it requires only small amounts of material (<10µg total

protein). A potential therapeutic selection strategy might be: 1) Basal profiling to identify

kinase targets, as we have done here; 2) Select a subset of likely kinase inhibitors based off

of the basal profile; 3) Validate target-hit through ex vivo testing of the kinase inhibitor

against the original biopsy specimen that can be performed in a short timeframe (within a

few hours). This approach can be first tested using patient-derived xenolines as a

biologically relevant or “proband” model of GBM where molecular profiling information

can be more easily coupled with tumor phenotype characterization. Specifically, we believe

that querying tumors at the level of planned intervention (e.g., kinase inhibition) should lead

to the most informed clinical decisions. Likely, a combination of this kinomic data and

relevant genomic, proteomic, histologic, and clinical data offers the best systems biology

based approach to treating a complex disease such as GBM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of study design and analytical flow. The chip based PamStation®12 platform

utilizes a 3D matrix with kinase specific 12–15 amino acid peptides with 1–5

phosphorylatable residues. Lysates are pumped through and phosphorylate residues that are

detected using FITC conjugated phosphomotif specific antibodies that are visualized using a

CCD camera and analyzed with Evolve and BioNavigator software packages. Treatment

sensitive v. resistant tumor kinomic profiles are compared and significant substrates are

identified. These are then analyzed for upstream kinase prediction and network mapping.
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Figure 2.
Kinomic profiling of radiation resistance. Unsupervised hierarchical clustering of variance

filtered (var>0.65) kinomic peptide phosphorylation signal (mean of 3 biological replicates)

is shown for the 8 tumors with known radiation sensitivity as a heatmap (red indicating

decreased signal, and green indicating increased signal) (A). Phosphosubstrates (each

peptide is listed as gene name with numbers indicating the amino acids spanning the

phosphorylatable substrate, i.e., GRIK2_708_720 is a peptide derived from GRIK2 amino

acids 708–720) that were significantly altered in radiation resistant tumors (p<0.05 with

FDR<0.5) are shown as a hierarchical clustered heatmap (red indicating decreased signal,

and green indicating increased signal) (B). Immunoblots of anti-phosphotyrosine 397
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(pY397) FAK, total FAK, and actin are shown for each GBM xenoline with densitometry

values indicated below the blots (C).
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Figure 3.
Kinomic profiling of temozolomide resistance. Unsupervised hierarchical clustering of

variance filtered (var>0.75) kinomic peptide phosphorylation signal (mean of 3 biological

replicates) is shown for the 5 tumor pairs (parent and TMZ-resistant daughter indicated by

“T”) as a heatmap (red indicating decreased signal, and green indicating increased signal)

(A). Parent gene uniprot ID’s of significantly altered peptides (p<0.05 and FDR<0.1) in the

TMZ resistant GBM39 (B) or GBM59 (C) were mapped to Direct Interactions Networks

using MetaCore. Blue circles indicate increased nodes, red circles indicate decreased nodes,

green lines indicate positive interactions with red lines indicating negative interactions with

direction of interactions annotated with arrows.
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Table 1
GBM Xenolines

Orthotopically implanted patient-derived xenografts (xenolines) that were examined including the survival in

days of intracranially-implanted parent tumor without TMZ therapy and chronically treated TMZ daughter

xenoline tumor receiving TMZ. GBM 6, 10 and 15 tumors did not have TMZ isogenic lines. Radiation

sensitivity status (for the parent tumors) and molecular subtypes are indicated based on CLANC algorithm.

For GBM ortho 39, two of the 3 biological replicates were of classical molecular subtype while one replicate

was of the neural subtype.

Tumor Survival Parent/TMZ
Daughter (in days)

Radiation Sensitivity Molecular subtype

GBM ortho 12 18/26 Resistant Classical

GBM ortho 14 27/19 Sensitive Classical

GBM ortho 22 16/21 Resistant Mesenchymal

GBM ortho 39 29/25 Sensitive Classical/Neural

GBM ortho 59 28/27 Sensitive Mesenchymal

GBM ortho 10 29/ NA Resistant Classical

GBM ortho 15 24/ NA Sensitive Classical

GBM ortho 6 25/ NA Sensitive Classical
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Table 2

Upstream Kinase Prediction from Radiation Resistant Tumors.

Kinase Significant* Not-Significant** P value

FAK 48.1% 13.7% 7.00E-05

PYK2 37.0% 9.2% 0.000313885

Flt4 14.8% 0.8% 0.000967354

SRM 29.6% 8.0% 0.002412478

AXL 44.4% 18.9% 0.004978864

CSK 29.6% 9.2% 0.004985089

Pim3 0.0% 19.3% 0.006490936

PIM1 0.0% 20.5% 0.006738662

FGFR1 22.2% 5.6% 0.007435241

BRK 40.7% 16.9% 0.007611406

MET 25.9% 8.0% 0.008911599

RET 14.8% 2.4% 0.010234958

ERBB2 25.9% 8.8% 0.013612821

FLT1 14.8% 3.2% 0.02097613

FLT3 11.1% 1.6% 0.022501718

ITK 22.2% 8.0% 0.02889038

FRK 29.6% 12.4% 0.03537779

ERBB4 22.2% 8.8% 0.041013321

*
Proportion of significant substrates predicted to be phosphorylated by this kinase

**
Proportion of remaining substrates predicted to be phosphorylated by this kinase
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