

[image: Novel kinome profiling technology reveals drug treatment is patient and 2D/3D model dependent in glioblastoma]
Novel kinome profiling technology reveals drug treatment is patient and 2D/3D model dependent in glioblastoma





ORIGINAL RESEARCH

published: 03 November 2022

doi: 10.3389/fonc.2022.1012236

[image: image2]


Novel kinome profiling technology reveals drug treatment is patient and 2D/3D model dependent in glioblastoma


Federica Fabro 1, Nynke M. Kannegieter 2, Erik L. de Graaf 2, Karla Queiroz 3, Martine L. M. Lamfers 1, Anna Ressa 2 and Sieger Leenstra 1*


1 Department of Neurosurgery, Erasmus MC Cancer Institute, University Medical Center, Rotterdam, Netherlands, 2 Pepscope BV, Wageningen, Netherlands, 3 MIMETAS BV, Oegstgeest, Netherlands




Edited by: 

Shiv K. Gupta, Mayo Clinic, United States

Reviewed by: 

Shreyas S. Rao, University of Alabama, United States

Julian Rechberger, Mayo Clinic, United States

*Correspondence: 

Sieger Leenstra
 s.leenstra@erasmusmc.nl

Specialty section: 
 This article was submitted to Cancer Molecular Targets and Therapeutics, a section of the journal Frontiers in Oncology


Received: 05 August 2022

Accepted: 19 October 2022

Published: 03 November 2022

Citation:
Fabro F, Kannegieter NM, de Graaf EL, Queiroz K, Lamfers MLM, Ressa A and Leenstra S (2022) Novel kinome profiling technology reveals drug treatment is patient and 2D/3D model dependent in glioblastoma. Front. Oncol. 12:1012236. doi: 10.3389/fonc.2022.1012236



Glioblastoma is the deadliest brain cancer. One of the main reasons for poor outcome resides in therapy resistance, which adds additional challenges in finding an effective treatment. Small protein kinase inhibitors are molecules that have become widely studied for cancer treatments, including glioblastoma. However, none of these drugs have demonstrated a therapeutic activity or brought more benefit compared to the current standard procedure in clinical trials. Hence, understanding the reasons of the limited efficacy and drug resistance is valuable to develop more effective strategies toward the future. To gain novel insights into the method of action and drug resistance in glioblastoma, we established in parallel two patient-derived glioblastoma 2D and 3D organotypic multicellular spheroids models, and exposed them to a prolonged treatment of three weeks with temozolomide or either the two small protein kinase inhibitors enzastaurin and imatinib. We coupled the phenotypic evidence of cytotoxicity, proliferation, and migration to a novel kinase activity profiling platform (QuantaKinome™) that measured the activities of the intracellular network of kinases affected by the drug treatments. The results revealed a heterogeneous inter-patient phenotypic and molecular response to the different drugs. In general, small differences in kinase activation were observed, suggesting an intrinsic low influence of the drugs to the fundamental cellular processes like proliferation and migration. The pathway analysis indicated that many of the endogenously detected kinases were associated with the ErbB signaling pathway. We showed the intertumoral variability in drug responses, both in terms of efficacy and resistance, indicating the importance of pursuing a more personalized approach. In addition, we observed the influence derived from the application of 2D or 3D models in in vitro studies of kinases involved in the ErbB signaling pathway. We identified in one 3D sample a new resistance mechanism derived from imatinib treatment that results in a more invasive behavior. The present study applied a new approach to detect unique and specific drug effects associated with pathways in in vitro screening of compounds, to foster future drug development strategies for clinical research in glioblastoma.
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Introduction

Glioblastoma is the most aggressive and frequent brain cancer in adults, with a median overall survival (OS) ranging between 14.6 and 16.7 months (1, 2). The standard treatment includes surgery, concomitant radiotherapy and chemotherapy with temozolomide (TMZ), followed by adjuvant administration of TMZ (1). One of the main problems of conventional therapy is that glioblastoma becomes resistant in short term and, as a result after 6-9 months, the patient suffers from tumor recurrence (3, 4). This raises the urgency for a better understanding of the limited efficacy and resistance mechanisms occurring in glioblastoma, in order to develop more effective strategies that overcome this problem.

At a molecular level, glioblastoma is characterized by the presence of genetic alterations of molecules involved in crucial cellular functions such as proliferation, survival, invasion, altered metabolism, and evasion of immune response (5, 6). More specifically, alterations occur in protein kinases which are key regulators of canonical signal transduction pathways underlying these cellular functions. The most affected pathways in glioblastoma are the RTK/PI3K/MAPK, p53, and Rb pathways, altered in 90%, 86% and 79% of cases, respectively (6). In the last decades, the aberrant phosphorylation activity of protein kinases has been a major target for anti-cancer treatments (7). As a result, the amount of small molecule protein kinase inhibitors (sPKIs) used as antineoplastic agents has significantly increased, with to date 55 out of 62 FDA approved sPKIs being used as antineoplastic agents (7, 8). For glioblastoma treatment, several sPKIs targeting stem cells, growth, migration, cell cycle, cell death escape, and angiogenesis pathways have been tested for both newly diagnosed and recurrent glioblastomas (9–12). So far, however, sPKIs have shown limited efficacy in treating glioblastoma as demonstrated by the failures of more than 100 clinical trials during the past twenty years (9–11). Among the promising small kinase inhibitors enzastaurin which is an inhibitor of the PKCβ and PI3K/AKT pathways, was tested up to a phase III trial for recurrent glioblastoma, but failed to achieve superior efficacy compared to lomustine (13). Similarly, a limited antitumor activity was observed with imatinib. Imatinib is a multikinase inhibitor targeting PDGFR, ABL, c-KIT, that is already used for the treatment of gastrointestinal stromal tumor (GIST), and different types of leukemias (7). For glioblastoma it had been tested for recurrent cases stopping at phase II clinical trial because of limited anti-tumor activity (14, 15).

One of the major reasons of these failures may be explained by the intrinsic or acquired tumor resistance developed to the compounds (10). A better understanding of the molecular mechanisms underlying the response to the drugs and their resistance has become a key point in improving glioblastoma treatment. Nowadays, there is a growing need to increase the knowledge of tumor behavior and evolution under treatment (16). However, limited information is present regarding the pharmacodynamic effects of sPKIs that can explain their failure in glioblastoma treatment. Known tumor-related resistance mechanisms of kinase inhibitors have been described for other cancers, potentially playing a role also in glioblastoma. These include the acquisition of new mutations, co-activation of multiple oncogenic kinases, and activation of alternative signaling routes (17, 18). For brain tumors, pharmacokinetic factors such as additional lack of penetration and drug efflux pump activity in the blood brain barrier are also involved (19).

Preclinical in vitro screenings of compounds and drug candidates are largely used in drug discovery and development to understand their pharmacodynamic effects in tumor cells (20). An important factor that influences the therapeutic effect displayed in vitro is the dimensionality of the cell culture models used (21). Cell-based assays are still widely based on traditional two-dimensional (2D) cell cultures (20, 21). However, during the last 20 years, the use of three-dimensional (3D) cell models has exponentially increased (22). Recently, innovative 3D models in combination with organ-on-a-chip systems have been developed, introducing a more advanced representation of the tissue’s environment (23, 24). In addition, the latest development of mass spectrometry-based phosphoproteomics technology, which integrates high sensitivity and precision in the measurement of molecular targets, has resulted in its increased application to study mechanisms of action (MOA) and discover biomarkers directly, allowing a clearer understanding of mechanisms of resistance related to drug effects (25).

In this article, the molecular mechanisms of three drug candidates were investigated to improve the understanding of drug response in glioblastoma. Two patient-derived glioblastoma 2D cell cultures were established and treated with either TMZ, enzastaurin, and imatinib, to investigate the in vitro pharmacodynamic effects in glioblastoma, and the heterogeneous response of the tumors after prolonged exposure. In parallel, we established fresh organotypic multicellular spheroids (OMS) to observe the influence of the dimensionality, both in suspended and organ-on-a-chip systems, on the outcome of the drug treatment. To better elucidate the MOA of the applied drugs, we coupled phenotypic evidence with the results of QuantaKinome™ analysis, a novel kinase activity profiling platform. This approach detects kinase activation loop phosphorylation status in a targeted manner and provides a more accurate and direct way to address endogenous pathway activity compared to conventional methods (25). Taken together, this study provides insights on the potential mechanisms of resistance that underly the failure of sPKIs for glioblastoma treatment. We identified the heterogeneous activity of ErbB signaling pathway as the major player in 2D cell cultures, highlighting the impact of patient variability on medicine research. Furthermore, we charted the main phenotypic and molecular differences between 2D and 3D cell culture models, indicating another level of drug response variability to in vitro drug screenings. Additionally, this study underscores the relevance of combining phenotypic 2D or 3D model-derived evidence with kinase activity profiling, to perform functional studies which can offer novel strategic approaches for drug development and clinical research.



Material and methods


2D and 3D cell cultures models

Fresh glioma tissue samples GS.1012 and GS.1025 (Supplementary Table 1) were obtained directly from the operating room of the Erasmus Medical Center, the Netherlands. The use of patient tissue for this study was approved by the local Medical Ethical Review Committee Erasmus MC, code MEC-2013-090. Both patients signed an informed consent form according to the guidelines of the Institutional Review Board. The samples were taken directly from the operating theatre and placed in cold Dulbecco’s modified Eagle’s medium (DMEM/F12; Gibco) supplemented with penicillin and streptomycin (1%; Sigma). Within 2 hours post resection, samples were minced with surgical blades in small chunks. For each sample, the pieces were divided in two groups, one for 2D cultures and one for the 3D cultures. Both cell culture types were established and cultured using a validated neural stem culture medium proven to enrich for stem-like population (26–31). The 2D glioblastoma stem-like (GSC) cell cultures were established in Dulbecco’s modified Eagle’s medium (DMEM)–F12 with 1% penicillin/streptomycin, B27 (Invitrogen), human epidermal growth factor (EGF; 20 ng/mL), human basic fibroblast growth factor (FGF; 20 ng/mL) (both from Tebu-Bio), and heparin (5 mg/mL; Sigma-Aldrich) by seeding the pieces in a basement-matrix-extracts (BME, Cultrex) coated petri dish. 3D GSC organotypic multicellular spheroids (OMS) were created by adding each piece separately in a 96 well plate coated with 0.75% agarose (Invitrogen) to prevent attachment. After a week on average, the OMS acquired a spheroid shape. 192 and 128 OMS were generated for samples GS.1012 and GS.1025, respectively. All the cell culture models were cultured in serum-free condition as mentioned above.



Drugs

The drugs used in the study were dissolved in their respective solvents as reported in the product information. Specifically, temozolomide (Sigma-Aldrich, T2577) and enzastaurin (Sigma-Aldrich, SML0762) were dissolved in DMSO (Sigma-Aldrich, D8418), while imatinib (Sigma-Aldrich, SML1027) was dissolved in sterile milliQ water.



IC50 determination

To calculate the IC50 for temozolomide, enzastaurin, and imatinib, cells were seeded onto a basement membrane extract (BME, Cultrex)- coated 96-well plate at a density of 2000 cells/well. The plates were incubated for 24h prior to drug treatment. After 24h, serial 2-fold drug dilutions were prepared in serum-free culture medium and added to each well in technical triplicates. Ten concentrations of temozolomide (2.9 - 1500 μM), enzastaurin (0.1 – 100 μM) and imatinib (0.1 – 100 μM) were tested. As controls, seven dilutions of DMSO (for temozolomide and enzastaurin) or sterile milliQ water (for imatinib) corresponding to the volumes of the seven highest concentrations used for the drugs, were tested in parallel. The plates were incubated for additional five days. Viability was measured with CellTiter Glo 2.0 (Promega), a luminescent ATP assay, according to manufacturer’s instructions. The luminescence was measured with the Tecan Infinite F Plex. Percentage viability was normalized based on untreated controls.



Drug treatment

Low passage (p2) 2D cell cultures were seeded in a 12-well plate in triplicate per condition, at a seeding density of 5000 cells/well. One half of the OMS (Supplementary Table 2) were placed, one per well, in a 384-well plate coated with 0.75% agarose (3D-SUSP). The other half (Supplementary Table 2) were placed in an organ-on-a-chip plate (Organoplate® Graft, Mimetas BV) (3D-OOAC). In short, 2 µl of ECM gel composed of 4 mg/ml type 1 collagen (Cultrex) was loaded into the ECM channel and allowed to polymerize at 37°C. Each OMS was placed in the grafting chamber to allow attachment. The plates were placed on an interval rocker (Perfusion rocker, Mimetas BV) set at a 7-degree inclination and 8-min cycle time.

Each drug-specific IC50 concentration was used to treat the 2D and 3D OMS cell cultures for three weeks. Specifically, the first treatment was performed three day after seeding. The weekly treatment regimen was carried out by culturing the cells in serum-free medium with drugs for three days, followed by refreshed medium without the drug for four days. 24 and 16 OMS were used per condition in GS.1012 and GS.1025, respectively.



LDH and lactate assays

After the treatment, the cell culture medium was collected. LDH activity was performed using the LDH activity assay kit (Sigma-Aldrich) following the manufacturer’s instructions. The absorbance was measured at 450nm with the Tecan Infinite F Plex at 37°C every five minutes, for 26 cycles. LDH activity of the treatments samples were compared to the untreated controls.

Lactate concentration was measured in the cell culture medium using the LactateGlo assay (Promega) according to manufacturer’s instructions. Luminescence was measured with the Tecan Infinite F Plex. Lactate concentrations of the treated samples were compared to the untreated controls.

The LDH activity and lactate concentrations were normalized based on cells amount, OMS size, and OMS size with invasion area, in the 2D, 3D-SUSP and 3D-OOAC cell cultures, respectively.



Scratch migration assay

Cells at a density of 104 cells/well were plated onto BME- (Cultrex) coated 12-well plates in triplicate, and incubated at 37°C and 5% CO2. At confluency, monolayers were scratched with a P200 tip. Scratched monolayers were washed twice with sterile phosphate buffered saline (PBS). BME was added to cover the cells and allowed to polymerize at 37°C. Serum-free medium was added after 1h and phase-contrast pictures of the scratches were taken daily for 4 days using a phase contrast microscope (Observer D1, Zeiss). Cell migration was analyzed using ImageJ v.1.53 to measure the size of the wound, by averaging three measurements of the scratch at each time point. Data were expressed as percentage of the scratch area compared to 0 h.



Cell counting and doubling time

Cells were seeded in an BME- (Cultrex) coated 96 well plate at a density of 1000 cells/well, in triplicate per condition and incubated at 37°C and 5% CO2. Cell counting was performed using a hemocytometer every 24 h for 7 days.



Immunofluorescent staining

After the three weeks treatment, the medium of 3D OMS was replaced with new medium containing Calcein-AM (Thermo Fisher Scientific, diluted 1:2000) and Hoechst 33342 (Thermo Fisher Scientific, diluted 1:2000). The plates were incubated for 1 h at 37°C and 5% CO2. Images were acquired using a confocal microscope Micro XLS-C High Content Imaging Systems (Molecular Devices, US) at 4x magnification.



Image acquisition

Phase contrast images of 3D OMS were acquired after each treatment using a microscope ImageXpress Micro XLS High Content Imaging Systems (Molecular Devices, US) at 4x magnification. The size of OMS was manually measured using ImageJ v1.53. The area of invading cells was calculated with ImageJ v1.53, after removing the background noise and adjusting the thresholds according to the cells invasion borders.



Sample collection

After the three weeks treatment, samples were washed with cold PBS supplemented with phosphatase inhibitor (PhosSTOP, Roche) and protease inhibitor (cOmplete mini EDTA-free, Roche) and enzymatically dissociated with Accutase (Innovative Cell Technologies) or Dispase (1U/mL, Stemcell Technologies) at 37°C for 2D and 3D samples, respectively. OMS belonging to the same condition (22 and 15 OMS for GS.1012 and GS.1025, respectively) were pooled together prior the harvesting. Samples were centrifuged at 150g and washed with cold PBS supplemented with inhibitors twice. Finally, the pellets were frozen in liquid nitrogen. The samples were stored at -80°C.



Kinase activity analysis using QuantaKinome™

To quantify human kinase activity in fresh frozen material, samples were processed and analyzed by Pepscope B.V. (Wageningen, the Netherlands). The QuantaKinome™ platform was applied to measure T-loop phosphopeptides by using a targeted LC-MS approach (QuantaKinome™, Pepscope B.V.). Briefly, frozen 2D and 3D samples were lysed and sonicated. For each sample, 100 μg and 44.7 μg aliquots of protein solution were processed for the 2D and 3D samples, respectively. After reduction, alkylation and digestion, all samples were dried and stored at -20°C until phosphoenrichment. Phosphorylated peptides were enriched and desalted using an automated platform. Samples were dried and stored at -80°C until LC-MS analysis. Next, samples within one experiment were measured in randomized order using the QuantaKinome™ targeted LC-MS assay (QuantaKinome™ Library v1, Pepscope).

Raw QuantaKinome™ data were analyzed by the manufacturer. The Principal Component Analysis (PCA) was performed to identify the variation between all samples in the data set. Multiple T-test analysis was used to determine log2 fold changes (2D and 3D samples) and to identify significantly regulated kinase activities (2D samples). Benjamini-Hochberg false discovery rate (FDR) < 0.05 was used to control for multiple testing. Pathway enrichment analysis was performed using the WikiPathways database (v10-01-2022) as pathway source.



Data analysis

Statistical analyses were done using GraphPad Prism v8.4.2. For the dose-response data, nonlinear regression analysis was used to determine IC50 values. Doubling time was calculated using the exponential growth equation. Unpaired t-test was used to compare each drug treatment condition with the untreated control (LDH activity, lactate concentration, doubling time, OMS invasion). Repeated measure two-way ANOVA followed by Dunnett’s multiple comparisons test was used to compare the scratch migration between the drug treatments and control at each time point. Statistical significance was set at p < 0.05. Repeated measure two-way ANOVA followed by Tukey’s multiple comparisons test was used to compare the size of OMS for each condition at each time point. Statistical significance was set at p < 0.01. OMS data is presented as the mean ± standard error of the mean (SEM). 2D data is presented as the mean ± standard deviation (SD).

Network analysis was done using the STRING webtool v11.5 (www.string-db.org) using the multiple protein names search tool. The network settings were set to identify interaction with a minimum confidence score of 0.4 (medium confidence). The network was exported to Cytoscape v3.9.1.




Results


Cytotoxicity, proliferation, and migration in 2D cultures of patient-derived GSCs

To determine the phenotypic effects of temozolomide (TMZ), enzastaurin (ENZA), and imatinib (IMA), two patient-derived 2D GSC cultures (GS.1012 and GS.1025) were treated with their respective IC50 concentration (Supplementary Figure 1) at intermittent intervals. The treatment was carried out in two phases: first, the cells were exposed to the drugs for three days; subsequently, they were allowed to recover without drugs for four days. This treatment was repeated for three continuous cycles. The levels of cytotoxicity at the end of the three weeks were measured through the LDH activity present in the cell culture medium as a result of cell membrane damage. As shown in Figure 1A, the treatments differentially affected the two glioblastomas. Particularly, an increased cytotoxicity compared to the untreated condition was detected in the GS.1012, where toxicity levels were more than doubled after exposure to TMZ and ENZA (TMZ: 2.2-fold increase, p-value=0.0055; ENZA: 2.5-fold increase, p-value:0.0019). In contrast, the levels of LDH activity in GS.1025 remained stable for all treatments. To extend the investigation on the toxicity, the concentration of lactate in the supernatant was measured as a marker of cell stress in in vitro repeat-dose testing regimes (32). The concentrations of lactate confirmed the elevated cellular stress derived from the TMZ and ENZA treatments in GS.1012, and the lack of toxicity in GS.1025 (Supplementary Figure 2). As a consequence of the heavy toxicity throughout the treatment, the TMZ treated cells of GS.1012 could not be recovered and further tested, confirming its potency in glioblastoma.




Figure 1 | LDH activity, proliferation, and migration assay of GS.1012 and GS.1025 2D cell cultures. (A) Bar plots show the LDH activity in samples GS.1012 and GS.1025 for temozolomide (TMZ), enzastaurin (ENZA) and imatinib (IMA) treated samples normalized to values observed in untreated (NT) condition. (B) Bar plots show the cell proliferation expressed as doubling time in days, of GS.1012 and GS.1025 in untreated (NT), temozolomide (TMZ), enzastaurin (ENZA) and imatinib (IMA) conditions. (C) Line plots show the percentage of the scratched area (normalized to values observed at t=0h) across time (hours). Continuous lines represent GS.1012, while segmented line represents GS.1025. Data are presented as mean (n=3) ± SD. **p < 0.01; ***p < 0.001.



Given that proliferation and migration are relevant cellular functions in cancer progression, and important targets to assess treatment efficacy (33), the impact of TMZ and sPKIs treatment on these two behaviors was assessed. The response to proliferation was derived by calculating the cell doubling time. As shown in Figure 1B, ENZA was the only compound that impacted the proliferation of cells in both patients, displaying a significant 1.4-fold increase (p-value=0.0006) and 1.6-fold increase (p-value=0.0058) of the doubling time in GS.1012 and GS.1025, respectively. Consistent with the inefficacy observed in the cytotoxicity assays, imatinib did not affect the proliferation of the cells. In GS.1025, TMZ showed a trend in slowing down the proliferation. To test the migration ability, a scratch migration assay was performed (Figure 1C; Supplementary Figure 3). Overall, none of the treatments had impact on the migrative trait of GS.1012. Interestingly, GS.1025 was characterized by a low migratory ability. Only 53% of the gap was closed in the untreated condition. Nevertheless, ENZA further affected the poor migration ability of these cells. After 96 hours, the migration was significantly reduced by 45% (p-values <0.01) compared to the untreated condition.

Overall, these results showed that TMZ was the only compound that could eliminate the entire tumor population in at least one of the patients samples, demonstrating its higher potency compared to the two sPKI. Regardless of the promising effects of ENZA treatment in reducing proliferation and migration, its overall effect did not eradicate completely the tumor cells in both patients, indicating the presence of counteracting resistance mechanisms. Interestingly, in contrast to ENZA and TMZ, IMA had no cytotoxic effects suggesting a strong intrinsic resistance of both glioblastomas to the compound.



Protein kinase activity in 2D cell cultures of patient-derived GSCs

To investigate the molecular MOA and potential resistance response of TMZ, IMA, and ENZA treatment, the QuantaKinome™ platform has been used. This technology is capable of measuring the intracellular protein kinase activity by quantifying the activation-loop phosphorylation of endogenous kinases and provides a functional profile of the sample (25). A total of 55 and 63 different kinase activities were quantified in GS.1012 and GS.1025, respectively, covering all major kinases groups (Figure 2A; Supplementary Figure 4). Of these kinase activities, 87% (n=67) was detected in both glioblastoma samples, while 1.3% (n=1) was specific of GS.1012, and 11.7% (n=9) was specific of GS.1025 (Figure 2B). The detected kinases comprised relevant members involved in the aberrant signaling networks of glioblastoma, such as MAPKs, Src family, PKCs, CDKs, CAMK2s, and are here used to identify treatment specific response profiles to capture the MOA of the drugs.




Figure 2 | Kinase activity and pathway analysis of GS.1012 and GS.1025 2D cell cultures. (A) Human kinome tree representing the kinase groups detected with QuantaKinome™. Red dots represents the kinases detected in both GS.1012 and GS.1025 samples. Blue dots represent kinases detected only in GS.1025. Yellow dots represent kinases detected only in GS.1012. (ACG: Containing PKA, PKG, PKC families; CAMK: Calcium/calmodulin-dependent protein kinase; CK1: Casein kinase 1; CMGC: Containing CDK, MAPK, GSK3, CLK families; STE: Homologs of yeast Sterile 7, Sterile 11, Sterile 20 kinases; TK: Tyrosine kinase; TKL: Tyrosine kinase-like). Illustration made with KinMap (www.kinhub.org/kinmap/). (B) Venn Diagram showing the number of common and specific kinases identified in GS.1012 and GS.1025. (C) Differential activity analysis in 2D cell cultures treated with temozolomide (TMZ), enzastaurin (ENZA), and imatinib (IMA) in GS.1012 and GS.1025. Heatmaps showing the log2 fold changes of kinase activity of the treatments compared to the untreated controls. Gray boxes represent kinase activities identified only in the treatment or in the control condition. n=3; *FDR adjusted-p < 0.05; ** FDR adjusted-p < 0.01. (D) Pathway analysis of 2D GS.1012 and GS.1025 cell cultures. Dotplot showing the top 10 pathways using the detected kinases in GS.1012 (top) and GS.1025 (bottom) untreated cells. The dot size represents the number of kinases detected, while the distribution on the x-axis indicate the q-value. The pathways source is WikiPathways. (E) ErbB signaling pathway representation according to WikiPathways of kinases detected in GS.1012 and GS.1025. The orange boxes represent the detected kinases with QuantaKinome™. The pathway has been acquired from WikiPathways (www.wikipathways.org/instance/WP673). The gray boxes represent kinases present in the QuantaKinome™ library but not detected in the study. On the right, the heatmaps showing the log2 fold changes of the kinases belonging to the Erbb signaling pathway in GS.1025 (top) and GS.1012 (bottom).



For each patient separately, an unsupervised hierarchical clustering analysis was performed using all the quantified kinase activities to test the similarity of treatments response. As expected, the different treatments grouped separately from each other indicating that kinase activity response was treatment specific (Supplementary Figure 5). The TMZ and ENZA treatment replicates clustered together suggesting a homogeneous response. IMA replicates, however, clustered more closely to each other or with the untreated samples. Interestingly, the untreated conditions displayed a more heterogeneous molecular profile, reflecting the intratumoral heterogeneous nature of treatment naive glioblastoma.

To identify the kinases most affected by the treatments, and to achieve a better understanding of the MOA, a differential kinase activity analysis was performed. In contrast to TMZ toxicity that caused the death of GS.1012 cells, in GS.1025 the treatment did not induce significant changes in the activation of the measured kinases (Figure 2C). Nevertheless, TMZ induced a shift towards the inhibition of the intracellular signaling cascade regulated by JNK kinases, up to CAMK4 and NEK6, which are regulators of transcription and cell cycle, respectively (34, 35). In contrast, the mitogenic ERK2 displayed an increased activity, indicating a sustained activation of a survival signal.

The specific target of the sPKI ENZA is PKCβ. As shown in Figure 2C, a significant downregulation of PKCs activation (log2FC:-0.93; q-value=0.013) was measured in GS.1012 treated with ENZA. Interestingly, the inhibition of PDK1 (log2FC:-0.91; q-value=0.019), an upstream regulator of PKC, was also observed. As a result, we identified in GS.1012 a significant downregulation of the direct downstream molecules of both PDK1 and PKC such as PKA isoforms (log2FC:-0.86; q-value=0.011), GSK3α and GSK3β (log2FC:-0.74; q-value=0.013), FAK (log2FC:-0.72; q-value=0.019), PKD1 and PKD3 (log2FC:-0.91; q-value=0.013), and PKN2 (log2FC:-1.03; q-value=0.006) (Figure 2C). In addition, other kinases activated by PKC include also the Src family comprising LCK, FYN, SRC, and YES (log2FC:-0.60; q-value=0.031). These kinases were also affected reaching, as final targets, kinases strictly linked to cellular proliferation and migration. This was demonstrated by the significant inhibition of the cell cycle cyclin-dependent kinases (CDKs) like CDK1 (log2FC:-0.69; q-value=0.011), CDK2 and CDK3 (log2FC:-0.68; q-value=0.022), CDK7 (log2FC:-0.98; q-value=0.013), and CDK11 (log2FC:-0.52; q-value=0.011), and the decreased FAK and ERK3 activity (log2FC:-0.91; q-value=0.022), which both play a role in cell migration in cancer (36–39). To confirm the relation between ENZA targets and the significantly affected kinases, an interaction network analysis was performed with STRING for GS.1012 sample. As shown in Supplementary Figure 6A, there is a highly interconnected association of ENZA targets with the significantly impaired downstream kinases, displaying the overall affected intracellular network. In GS.1025, we did not detect any significant changes in kinases activity. PKCs activity was not affected by ENZA (log2FC: 0.31; q-value>0.05), while PDK1 showed only a modest trace (log2FC=-0.21, q-value>0.05) of decreased activity (Figure 2C). Moreover, the downstream ERK2 and the cell cycle CDKs displayed a sustained activation of proliferation signals. Nevertheless, an inhibitory tendency affecting the MAPKs MAP2K4, p38α and JNKs was seen, which could have led to the observed proliferative slowdown. In addition, the results showed a trending dysregulation of CDK9, involved in the transcriptional regulation, and MST3 and YSK1, which are kinases involved in the regulation of cell polarity, adhesion, and migration (40–42). Due to their role, these two kinases could have furtherly influenced the disruption of the migration ability observed in the scratch migration assay.

As a multikinase inhibitor, IMA was expected to target PDGFR, KIT, and ABL. However, none of the IMA targets were endogenously detected in the samples. Nevertheless, in accordance with the absent cytotoxicity, and sustained proliferation and migration, we did not observe significant changes in kinases activity (Figure 2C). In both tumors, a sustained or increased activation trend was observed for relevant kinases involved in survival and proliferation such as the members of the MAPK kinases family MAP2K4, ERK2, p38γ, and JNK2. In GS.1025, additional proliferative support signals were derived from the intermediaries FYN, SRC, LCK, YES, and the cell cycle regulating kinases CDK1, CDK2, CDK3, CDK7, CDK11, and CHK2. Moreover, we identified other kinases with higher but not significant activation such as PKAs, PKCs, MARKs, DYRK1A, DYRK1B, CDK9, and PKN3. The network analysis revealed that IMA targets are strongly associated with the quantified downstream kinases that display a sustained activity after the treatment (Supplementary Figure 6B), indicating the inefficacy of IMA in affecting the downstream signaling processes.

For a clearer understanding of the intracellular signaling events after the treatments, a pathway enrichment analysis was performed using the detected kinases for both patients. The results indicated ErbB signaling as the most representative pathway across conditions (GS.1012 q-value=8.5x10-7; GS.1025 q-value=3.23x10-9) (Figures 2D, E). As shown in Figure 2E, ErbB receptors activate a multiplicity of downstream intracellular signals that regulate crucial cellular processes in cancer such as proliferation, survival, migration, invasion, angiogenesis, adhesion, and differentiation (43). Of the identified ErbB signaling pathway kinase activities in GS.1012, 33.3% (5/15) were significantly reduced by ENZA, 33.3% (5/15) displayed a trending inhibition, and the remaining kinases showed no changes or a trending increase (Figure 2E). On the other hand, in GS.1025, 41.1% (7/17) showed a trending inhibition, while the remaining 58.9% (10/17) showed no changes or a trending increase. With IMA treatment, 53.3% (8/15) of the ErbB kinases in GS.1012 displayed a trending decreased activity, while the remaining 46.7% (7/15) displayed no changes or a trending increase (Figure 2E). In GS.1025, only 23.5% (4/17) of the kinase activity showed a trending decreased, while the remaining 76.5% (13/17) showed no changes or a trending increase.

Overall, the findings derived from the drug treatment analyses conducted on 2D patient-derived GSCs revealed the inter-tumoral variability of the intracellular signals in response to drug treatments. In the specific case of TMZ, despite displaying a trending inhibition, the prolonged treatment did not induce a sufficient suppression of kinases activity in the surviving tumor cells. The results from the sPKIs treatment indicated that ENZA caused the increased cytotoxic levels when it successfully inhibited its targets, resulting in a significant inhibition of CDKs through the MAPKs cascades. On the other hand, IMA had less impact due to the constant MAPKs activation that played a central role in sustaining the survival signals in both tumors.



Cytotoxicity, proliferation, and migration in 3D OMS of patient-derived GSCs

It is generally known that 3D cell cultures are more resistant than the respective 2D (21). Therefore, in this part of the study we focused on exploring the magnitude of this difference which it is related primarily to the cell culture models used. To investigate these differences in drug response between 2D and 3D cell culture models, 3D organotypic multicellular spheroids (OMS) derived from the patients GS.1012 and GS.1025 were generated in parallel. Half of the spheroids were seeded in a low attachment environment (3D-SUSP) to preserve the 3D spheroid structure. The remaining half were placed in an organ-on-a-chip platform (3D-OOAC). Each chip was formed by a central grafting chamber where a matrix of collagen 1 was added to allow the OMS placed on top to migrate, to additionally examine the treatment effects on 3D OMS migration. On each lateral sides of the chamber, a perfusion channel for additional medium perfusion from the side of the matrix was present. To highlight the differences occurring in 3D, the OMS were treated with TMZ, ENZA, and IMA with the same treatment regimen and concentrations used for the 2D cell cultures.

To understand the degree of cytotoxicity developed in the two 3D models, the LDH activity and lactate levels were measured. In GS.1012, in contrast to the 2D cultures, the OMS were not affected by the treatments. In fact, the LDH activity of the 3D-SUSP was significantly reduced compared to the untreated condition by 3.1-, 4.0-, and 14.3- fold decrease in TMZ, ENZA, and IMA treatments, respectively (all p-values <0.0001) (Figure 3A). A similar trend was observed in the 3D-OOAC, where the toxicity was 2.1, 4.3, and 8.6 times lower than the untreated condition (TMZ p-value: 0.015; ENZA and IMA p-values < 0.0001) (Figure 3A). Compared to corresponding 2D cell cultures, the OMS displayed more resistance to the therapies, with IMA as the least effective drug as indicated by the lowest LDH activity. The lactate concentrations confirmed the absence of therapy-related toxicity except in the 3D-OOAC samples treated with TMZ, which displayed the highest LDH activity among the treatments (Supplementary Figure 7A). Interestingly, opposite to GS.1012, the 3D OMS of GS.1025 displayed more sensitivity compared to their 2D counterpart. The LDH activity measured in the 3D-SUSP GS.1025 samples was 3.6-, 3.3-, and 2.8- fold higher than the untreated condition in TMZ, ENZA, and IMA treatments, respectively (TMZ and IMA p-values <0.0001; ENZA p-value=0.0007) (Figure 3A). Similarly, the 3D-OOAC displayed a significant LDH activity increase of 4.2, 1.8, and 1.7-fold of the untreated conditions (TMZ p-value <0.0001; ENZA p-value=0.008; IMA p-value=0.048). In contrast to the LDH activity, the lactate concentration did not indicate the presence of toxicity, except for 3D-OOAC treated with ENZA (Supplementary Figure 7B).




Figure 3 | LDH activity, size, and migration of GS.1012 and GS.1025 3D cell cultures. (A) Bar plots showing the LDH activity in 2D, 3D-SUSP and 3D-OOAC samples of GS.1012 (left) and GS.1025 (right) in temozolomide (TMZ), enzastaurin (ENZA) and imatinib (IMA) treated samples normalized to values observed in non-treated (NT) control. n(2D)=3; n(3D-GS.1012)=24; n(3D-GS.1025)=16. Data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p <0.001; ****p <0.0001. (B) Bar plots showing the size variation in time of 3D-SUSP OMS of GS.1012 (left) and GS.1025 (right) samples in non-treated (NT), temozolomide (TMZ), enzastaurin (ENZA) and imatinib (IMA) treated conditions. n(GS.1012)=24; n(GS.1025)=16. Data are presented as mean ± SEM. **p < 0.01; ***p <0.001; ****p<0.0001. (C) Bar plots showing the invasion area of 3D-OOAC OMS of GS.1012 (left) and GS.1025 (right) samples in temozolomide (TMZ), enzastaurin (ENZA) and imatinib (IMA) treated conditions normalized on non-treated (NT) control. n(GS.1012)=24; n(GS.1025)=16. Data are presented as mean ± SEM. *p<0.05; ***p <0.001; ****p<0.0001. (D) Invasion area of 3D-OOAC OMS through treatment time in GS.1012 and GS.1025. Box plots show the distribution of the invasion area of 3D-OOAC OMS of GS.1012 (top) through treatment time, in untreated (NT) and temozolomide (TMZ) condition. Box plots show the distribution of the invasion area of 3D-OOAC OMS of GS.1025 (bottom) through treatment time, in untreated (NT) and imatinib (IMA) conditions. The middle line represents the median. The cross represents the mean. n(GS.1012)=24; n(GS.1025)=16. ***p <0.001; ****p<0.0001. (E) Development of OMS in the Organoplate®Graft. The top half panels show representative images of GS.1012 OMS in the untreated (NT) and temozolomide (TMZ) conditions in the Organoplate®Graft after 3, 10, and 17 days. The bottom half panels show representative images of GS.1025 OMS in the untreated (NT) and imatinib (IMA) conditions in the Organoplate®Graft after 3, 10, and 17 days. On the right, the OMS are stained with Calcein-AM to identify the living cells.



To assess the drug effects on proliferation and migration in 3D setting, we evaluated the changes in spheroids size and matrix invasion in 3D-SUSP and 3D-OOAC, respectively. Significant but small increases in size were seen in GS.1012 3D-SUSP treated with ENZA (increase: 0.04mm2; p-value=0.0037) and IMA (average increase: 0.045mm2; p-values <0.01), while no significant differences were observed in GS.1025 (Figure 3B). In the 3D-OOAC, the migration ability was drastically reduced in GS.1012 treated with TMZ by 15.8 times (p-value <0.0001), while it was slightly increased of 1.3 times after IMA treatment (p-value=0.031) (Figures 3C–E). Consistent with its 2D counterpart, GS.1025 3D OMS display a low level of invasiveness under control conditions (Figure 3D). Interestingly, IMA significantly induced an invasive phenotype by increasing the invasion ability by 3-fold (p-value=0.0004) (Figures 3C–E).

Overall, these results indicated that in both the 3D OMS types of both patients, despite the opposite cytotoxic measurements, TMZ displayed the highest levels of cytotoxicity compared to the other drugs. TMZ appeared to be a potent drug, particularly in monolayer or exposed invading cells, while the 3D architecture appears to confer protection to the cells. Opposite to TMZ, IMA was found to be the least effective compound, even inducing a more invasive phenotype. A general lack of efficacy to IMA was observed also in 2D cell cultures, which however did not display more aggressive traits as the enhanced migration ability. Consistently, ENZA demonstrated to be more effective in 2D cell cultures, while 3D OMS were not significantly affected.



Protein kinase activity in 3D OMS cell cultures of patient-derived GSCs

To gain an insight on the influence of the 3D architecture on treatment response and kinase activation, the OMS of each condition were collected to perform QuantaKinome™ analyses. A total of 53 and 59 different kinase activities were quantified in GS.1012 and GS.1025, respectively (Supplementary Figure 8). The principal component analysis (PCA) and the hierarchical clustering heatmaps showed a separation in kinase activity between 2D and 3D cell cultures along PC1 (Figure 4A; Supplementary Figure 9). A specific group of kinases displayed an higher activity in both GS.1012 and GS.1025 3D cultures compared to the 2D: CAMK2s, ERK3, and ERK4 (Supplementary Figure 9). To note, the identified CAMK2 activities at T305/306 are inhibitory (44). Furthermore, the 3D-OOAC appeared to be closer to the 2D cultures compared to the 3D-SUSP in GS.1012, indicating the presence of similar features that could derive from the migrative ability. In addition, a further separation along PC1 could be observed between the distributions of 3D-SUSP and 3D-OOAC in GS.1012, while in GS.1025 they appeared more homogeneous.




Figure 4 | Comparison of kinase activity of GS.1012 and GS.1025 2D and 3D OMS cell cultures. (A) Principal component analysis (PCA) of kinase activities. 3D principal component analysis performed on the commonly identified kinase activities in 2D, 3D-SUSP, and 3D-OOAC of untreated (NT), temozolomide (TMZ), enzastaurin (ENZA), and imatinib (IMA) conditions of GS.1012 (left) and GS.1025 (right). The blue circle clusters the 2D samples, while the yellow circle clusters the 3D OMS samples. (B) Kinase activity of Erbb signaling kinases in 2D and 3D OMS of GS.1012. The barplots show the log2 fold changes values of detected kinases belonging to the Erbb signaling pathways that were identified in 2D, 3D-SUSP, and 3D-OOAC of temozolomide (TMZ), enzastaurin (ENZA), and imatinib (IMA) conditions normalized to the untreated (NT) control. n(2D)=3 (the absence of error bars indicates that the kinase activity was detected only in one replicate); the kinase activity in 3D samples derives from the pooling of n=22 OMS. * FDR adjusted-p < 0.05. No significance was calculated when the kinase activity was detected in less than 3 replicates. (C) Kinase activity of Erbb signaling kinases in 2D and 3D OMS of GS.1025. The barplots show the log2 fold changes values of detected kinases belonging to the Erbb signaling pathways that were identified in 2D, 3D-SUSP, and 3D-OOAC of temozolomide (TMZ), enzastaurin (ENZA), and imatinib (IMA) conditions normalized to the untreated (NT) control. n(2D)=3 (the absence of error bars indicates that the kinase activity was detected only in one replicate); the kinase activity in 3D samples derives from the pooling of n=15 OMS. * FDR adjusted-p < 0.05. No significance was calculated when the kinase activity was detected in less than 3 replicates.



Next, to explore the influence of the 3D models on the ErbB signaling pathway, an initial observational analysis of the main differences of the related kinase activity between 2D and the pooled 3D OMS was carried out. As shown in Figures 4B, C, we observed a diverse spectrum of kinase regulation patterns after the different treatments.

With regard to the significantly reduced invasion in TMZ treated 3D-OOAC of GS.1012, the contribution of the ErbB signaling pathway is suggested to derive from the enhanced CAMK2 inhibition (log2FC: 1.10), and from a decreased Src family (log2FC: -1.21), PDK1 (log2FC: -0.31), ERK2 (log2FC: -0.16) activity (Figure 4B). The kinases involved in the ErbB signaling mostly displayed an increased activity in 3D-SUSP OMS, with the exceptions of Src family and FAK kinases (Src family log2FC: -1.21; FAK log2FC: -0.54) (Figure 4B). These kinases are involved in the adhesion and migration, and their reduced activity reflects the missing migrative feature of the 3D-SUSP OMS.

In both 3D cultures of GS.1012, consistent with the reduced LDH activity, the main targets PDK1 and PKCs were not affected by ENZA. In contrast to what resulted in the 2D cell cultures, their activity was constant (PDK1 3D-OOAC log2FC: -0.02) or increased (PDK1 3D-SUSP log2FC: 0.46; PKCs 3D-SUSP log2FC: 0.70; PKCs 3D-OOAC log2FC: 1.39) compared to untreated condition (Figure 4B). A tendency of upregulating the downstream kinases was also observed, derived in particular from GSK3α, GSK3β, Src family, and ERK2 in both 3D cell culture models (Figure 4B).

IMA, which displayed the least cellular toxicity in both 2D and 3D cell cultures, showed a constant or enhanced activity of most kinases of the 3D OMS compare to the untreated condition, in contrast with the 2D cultures. In the 3D-SUSP, the downregulation of kinase activity was restricted mainly to Src family (log2FC: -0.45), while in the 3D-OOAC it was displayed more intensely by both the Src family kinases and PAK4 (Scr family 3D-OOAC log3FC: -1.97; PAK4 3D-OOAC log2FC: -0.44). Interestingly, the activity of these kinases was reduced also in the 2D cultures (Figure 4B). Overall, consistently to the decreased levels of cellular toxicity observed in GS.1012, we found mainly a sustained or increased activation of crucial players in the control of growth and proliferation, linked to PDK1, PKCs, GSK3A, GSK3B, FAK, JNK1/3, and ERK2.

In GS.1025, an overall diminished mitogenic ERK2 activity was observed in the 3D OMS treatments (Figure 4C), in line with the increased cytotoxicity compared to the 2D cultures. After TMZ treatment, however, an increased activity of JNKs (JNK1/3 3D-SUSP log2FC: 1.15; JNK1/3 3D-OOAC log2FC: 0.44; JNK2 3D-OOAC log2FC: 0.81) was measured, indicating an alternative survival signal than ERK. In fact, JNKs, defined as stress-activated MAPKs, orchestrate cellular responses to many types of stresses and promote survival in cancer (45). Moreover, it has been associated with enhanced TMZ resistance in glioblastoma (46).

Interestingly, ENZA appeared to reduce to a higher extent the kinases involved in the ErbB signaling in the 3D OMS than in 2D cell culture, as an indication of the higher levels of cellular toxicity observed compared to the 2D cell cultures. In particular, PDK1 was affected by the treatment in both 3D OMS cultures (3D-SUSP log2FC: -0.40; 3D-OOAC log2FC: -0.39), while PKCs activity was slightly reduced only in the 3D-SUSP OMS (3D-SUSP log2FC: -0.16). In addition, a downregulation of the kinase activity was observed particularly for GSK3A, GSK3B, PAK4, Src family, ERK2, and CAMK2 in either one or both 3D culture models.

Finally, of notice, IMA treatment induced the activation of GSK3α and GSK3β (3D-SUSP log2FC: 0.39; 3D-OOAC log2FC: 0.40), which was observed only in 3D cultures of the IMA-treated samples, and, with a higher extent, compared to the other drugs (Figure 4C). A common tendency behavior in both the 3D OMS cultures that differed from the 2D counterpart was observed with the increased activity of PDK1 and PAK4, and a reduced activity of the Src family kinases.




Discussion

Limited drug efficacy and resistance are major issues in treating glioblastoma. While for several cancers small molecule protein kinase inhibitors have successfully brought a therapeutic benefit, this has not been achieved for glioblastoma as demonstrated by the amount of unsuccessful clinical trials (11). Reaching a better understanding of the mechanisms of action (MOA) taking place during drug treatment can shed light on the reasons why these promising compounds alone did not succeed, and guide future drug development in a more successful direction.

Our study is the first to investigate the drug response in patient-derived cell cultures by coupling the phenotypical evidence with QuantaKinome™, a novel molecular functional platform that measures the activity of endogenous kinases crucial in cancer. Our approach allows the identification of key signaling pathways that contribute to the efficacy and toxicity, as well as to the resistance, occurring after drug treatments. In fact, nowadays it has become of crucial importance to understand the MOA of the drugs at a molecular level, and identify potential pitfalls of novel therapies before reaching the clinical phases. Our results highlight three major aspects contributing to the tumor resistance to sPKIs and consequent failure of these drugs in the treatment of glioblastoma: the inter-tumoral heterogeneity, the presence of constantly active bypass signals derived mainly from the activation of the ErbB pathway, and the influence of the preclinical evaluation of the drugs in different model systems. The first two aspects were investigated primarily on the 2D cell cultures. Due to the heterogeneous nature of glioblastoma, we observed different phenotypical behaviors and kinase activities between patients, particularly under TMZ and ENZA treatments.

TMZ, as an alkylating agent, does not target specific kinases. The alterations of the intracellular signaling are secondary effects derived from the DNA damages. The survival signaling that was measured in the surviving TMZ treated cells was derived in particular from a trending upregulation of ERK2. In fact, MAPKs are considered key transducers of aberrant signaling in glioblastoma and their downregulation has proven to be a marker of induced TMZ toxicity (46–49).

The sPKI ENZA mostly impaired the viability of tumor cells when it significantly inhibited its main target PKCβ. Nevertheless, in parallel, we also observed the downregulation of the other PKC isoforms and PDK1, an upstream regulator of PKC, followed by the downregulation of the signaling cascade, through Src family kinases up to CDKs. In a previous study it was demonstrated that ENZA has a modest activity also on PDK1 which could explain the inhibition measured (50). Moreover, PDK1 represents a divergence point for receptor tyrosine kinases, such as ErbBs, and the regulation of multiple signaling cascades including the activation of PKC (50–52). Another significant downregulation of kinase activity downstream of PDK1 was observed for GSK3α and GSK3β kinases. In line with our observation, the downregulation of GSK3β activity is considered a reliable pharmacodynamic marker for ENZA efficacy (53). ENZA resistance has not been studied in glioblastoma. In our study, the resistance to ENZA was more evident in one of the two cell cultures, and was characterized by the unsuccessful inhibition of PKC, PDK1, GSK3α and GSK3β activities, and a concomitant increased trend of p38α and ERK2. A phase III clinical trial of ENZA combined with TMZ and radiation therapy in patients with newly diagnosed glioblastoma is currently ongoing (NCT03776071).

In contrast to TMZ and ENZA, IMA showed a general lack of efficacy in both glioblastoma samples. However, the kinomic profile observed after the treatment with IMA was different between the two glioblastoma, indicating the heterogeneity of intrinsic resistance mechanisms. Imatinib resistance has been mainly studied for chronic myeloid leukemia (CML) and GIST, where the most common cause is the development of new mutations in the kinase domains (54–56). Nevertheless, a study identified also a persistent activation of Fyn/ERK signaling in imatinib-resistant leukemia cells (57). Similarly, we detected the sustained activation of Fyn/ERK2 in GS.1025 and ERK2 in GS.1012, also suggesting that resistance is not dependent only on the effects on the main targets.

Many of the kinases identified in our study are important members of the ErbB signaling pathway, which is responsible for the stimulation of several key interconnected intracellular signals and proteins that promote tumor survival and progression (43). In 2D cell cultures, we observed a heterogeneous response of ErbB pathway kinases to drug treatments in terms of activity. Clear evidence is seen with ENZA treatment, where GS.1012 showed a significant inhibition of ErbB pathway kinases that was not observed in GS.1025. Another case is represented by IMA treatment, where GS.1025 displayed a trending increased activity of most kinases, in contrast with GS.1012. In addition, we identified ERK2, of which activity showed a trending enhancement common to all the drug treatments of GS.1025. While in TMZ treatment ERK2 appeared to play a more relevant sustaining role of the pathway, in ENZA and IMA treatments a trending activation was measured also for other members of the pathway. Due to its mitogenic function, ERK activity indicates a sustained activation of survival signals and, therefore, provides an open door to the sustainment of resistance. As key players in the ErbB signaling pathway, ERK kinases have been correlated with tumor progression, shorter overall survival, and higher proliferation indices in glioblastoma (58, 59). As such, ERK2 activity represent a potential target to pursue for glioblastoma treatment and to overcome resistance in a personalized context. ERK inhibitors have already been developed for other cancers and are being currently tested in clinical trials in combination with other drugs in glioblastoma, representing a promising target for glioblastoma therapy (11, 60).

The second part of our study focused on the influence derived from different cell culture models in the investigation of the sPKIs’ MOA and resistance to these treatments. It is beyond the scope of this study to state which model is the best to assess the efficacy of the drugs, as the selection of the most relevant model depends on the aim of the study. It is generally known and accepted that 3D cell culture are more resistant than 2D (21). In GS.1025, we had contrasting results according to the LDH activity, in which the organotypic multicellular spheroids (OMS) displayed more toxicity than 2D. As LDH activity is a measurement derived from the cell membrane damage, it indicates the presence of cytotoxicity. However, as the remaining parameters of size, migration and lactate were not affected, the toxicity observed suggests to be limited and the overall OMS viable. Drug screenings in 2D and 3D glioblastoma cell cultures have already been investigated (61). However, our approach provides additional relevant information through the application of organ-on-a-chip system, which is a technology that can be exploited to recreate multiple environmental interactions, and the direct read-out of kinase activity (25, 62). Due to the lack of replicates and low amounts of proteins for 3D OMS, we limited our analysis on ErbB signaling kinases that were identified in common with the 2D cell cultures. Nevertheless, we could observe some relevant phenotypical and molecular differences in response to the drugs between 2D and 3D cell cultures, and, to a lesser extent, between 3D-SUSP and 3D-OOAC, derived from the different invasive potential. The concomitant treatment of these three different cell culture models provided additional information on how the different cell culture models respond to the drugs. This was particularly evident with the GS.1012 TMZ-treated and GS.1025 IMA-treated samples. In fact, TMZ displayed its maximal and minimal effect on the 2D and 3D-SUSP cultures, respectively, and partial efficacy in the 3D-OOAC derived from the impaired migration. All the results together indicated that only directly-exposed cells were sensitive to the toxic effects of TMZ, suggesting a protective role derived from stroma and the cell-cell interactions of the 3D structure. Indications of toxicity at kinomic level in the 3D-OOAC were linked to the enhanced inhibition of CAMK2 inhibitory activity, as a potential consequence of the decreased calcium signaling, and a reduced activity of PDK1, Src family, and ERK2 kinases, as a signal of cellular stress.

The inefficacy of IMA in GS.1025 was observed both in 2D and 3D OMS. Nevertheless, in the 3D-OOAC cultures IMA greatly induced migration, proving not only the resistance to the inhibitor, but the development of more aggressive behavior in a specific environment. As such, this model could provide additional evidence of the disadvantageous use of this compound for the treatment of glioblastoma. It has been reported that IMA enhances glioblastoma invasion through FAK signaling (63). However, we detected an IMA-specific induced activation of GSK3α and GSK3β. GSK3β has been reported to promote invasion in glioblastoma and therapy resistance in cancer (64–66). Therefore, with our results we also indicate a potential new resistance mechanism of IMA-induced invasion in glioblastoma.



Conclusion

Our study provides relevant information regarding both the MOA and mechanism of resistance following TMZ and sPKI treatments in glioblastoma. As expected from a heterogeneous type of tumor, we showed a diverse biological outcome after prolonged treatment with the same compounds. Nowadays, the presence of a patient-specific response has become a crucial and emerging aspect in the development of precision medicine (67). We demonstrated that this patient-specific signature is ultimately driven by different intracellular network activities orchestrated by kinases, therefore opening horizons to a new strategy to investigate the biological effects of compounds before initiating the clinical phase. Moreover, the detection of the diverse and specific spectrum of kinase activity highlights once more the relevance of pursuing a personalized approach. The application of QuantaKinome™ on the 3D cell cultures models also revealed an ulterior different aspect between 2D and 3D drug response in glioblastoma. Therefore, the selection of a suitable model is vital in drug development. We have also shown the possibility of using this approach with a more technologically advanced system as the organ-on-a-chip platform. Thus, this approach could be expanded to more complex systems in future studies, including the vascularization and immune response effects. As kinase activity is directly linked to the regulation of fundamental biological processes and subsequently to the observed phenotype, future studies are encouraged to pursue the assessment of drug efficacy by coupling the phenotypic evidence with the measurement of kinases activity. Nevertheless, further investigations are needed to verify the biological preliminary findings in a larger cohort of patients.



Data availability statement

The datasets presented in this article are not readily available because restrictions apply to the availability of the kinomic data, which were used under license for this study. These data supporting the findings of this study are available upon reasonable request. Requests to access the datasets should be directed to Nynke Kannegieter, nynke@pepscope.com.



Ethics statement

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

SL conceived and designed the study. FF performed the experiments, analyzed and interpreted the data, and wrote the manuscript. NK and EG contributed to the design of the kinomic experiments. NK analyzed the kinomic data. KQ supported the design and interpretation of the 3D data. NK, EG, KQ, ML, AR, SL supervised the study and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by the European Union’s Horizon 2020 Research and Innovation program under the Marie Skłodowska-Curie Actions (No. 766069 GLIOTRAIN). This project was supported at Mimetas by an innovation credit (IK17088) from the Ministry of Economic Affairs and Climate of Netherlands.



Acknowledgments

We gratefully acknowledge the patients and neurosurgeons who donated and provided the tumor tissues. We express our great appreciation to Ksenia Troshchenkova for her helpful assistance with the QuantaKinome™ analysis. A special thanks goes to Mimetas BV and Pepscope BV for the valuable period spent in their company, and for all the support received.



Conflict of interest

FF conducted parts of the experiments at Mimetas BV and Pepscope BV as a visiting researcher. NK, EG, and AR are employees of Pepscope BV. KQ is an employee of Mimetas BV.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be constructed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.1012236/full#supplementary-material



References

1. Stupp, R, Mason, WP, van den Bent, MJ, Weller, M, Fisher, B, Taphoorn, MJB, et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. New Engl J Med (2005) 352:987–96. doi: 10.1056/NEJMoa043330

2. Gilbert, MR, Wang, M, Aldape, KD, Stupp, R, Hegi, ME, Jaeckle, KA, et al. Dose-dense temozolomide for newly diagnosed glioblastoma: a randomized phase III clinical trial. J Clin Oncol (2013) 31(32):4085–91. doi: 10.1200/JCO.2013.49.6968

3. Hanif, F, Muzaffar, K, Perveen, K, Malhi, SM, and Simjee, SU. Glioblastoma multiforme: A review of its epidemiology and pathogenesis through clinical presentation and treatment. Asian Pacific J Cancer Prev (2017) 18:3–9. doi: 10.22034/APJCP.2017.18.1.3

4. Sherriff, J, Tamangani, J, Senthil, L, Cruickshank, G, Spooner, D, Jones, B, et al. Patterns of relapse in glioblastoma multiforme following concomitant chemoradiotherapy with temozolomide. Br J Radiol (2013) 86(1022):20120414. doi: 10.1259/bjr.20120414

5. Nørøxe, DS, Poulsen, HS, and Lassen, U. Hallmarks of glioblastoma: A systematic review. ESMO Open (2016) 1:e000144. doi: 10.1136/esmoopen-2016-000144

6. Brennan, CW, Verhaak, RGW, McKenna, A, Campos, B, Noushmehr, H, Salama, SR, et al. The somatic genomic landscape of glioblastoma. Cell (2013) 155:462. doi: 10.1016/j.cell.2013.09.034

7. Roskoski, R. Properties of FDA-approved small molecule protein kinase inhibitors: A 2021 update. Pharmacol Res (2021) 165:105463. doi: 10.1016/j.phrs.2021.105463

8. Bhullar, KS, Lagarón, NO, McGowan, EM, Parmar, I, Jha, A, Hubbard, BP, et al. Kinase-targeted cancer therapies: Progress, challenges and future directions. Molecular Cancer (2018) 17. doi: 10.1186/s12943-018-0804-2

9. De Witt Hamer, PC. Small molecule kinase inhibitors in glioblastoma: A systematic review of clinical studies. Neuro-Oncology (2010) 12:304–16. doi: 10.1093/neuonc/nop068

10. Kim, G, and Ko, YT. Small molecule tyrosine kinase inhibitors in glioblastoma. Arch Pharmacal Res (2020) 43:385–94. doi: 10.1007/s12272-020-01232-3

11. Cruz Da Silva, E, Mercier, MC, Etienne-Selloum, N, Dontenwill, M, and Choulier, LA. Systematic review of glioblastoma-targeted therapies in phases II, III, IV clinical trials. Cancers (Basel) (2021) 13(8):1795. doi: 10.3390/cancers13081795

12. Gross, S, Rahal, R, Stransky, N, Lengauer, C, and Hoeflich, KP. Targeting cancer with kinase inhibitors. J Clin Invest (2015) 125:1780–9. doi: 10.1172/JCI76094

13. Wick, W, Puduvalli, VK, Chamberlain, MC, van den Bent, MJ, Carpentier, AF, Cher, LM, et al. Phase III study of enzastaurin compared with lomustine in the treatment of recurrent intracranial glioblastoma. J Clin Oncol (2010) 28(7):1168–74. doi: 10.1200/JCO.2009.23.2595

14. Raymond, E, Brandes, AA, Dittrich, C, Fumoleau, P, Coudert, B, Clement, PM, et al. Phase II study of imatinib in patients with recurrent gliomas of various histologies: a European organisation for research and treatment of cancer brain tumor group study. J Clin Oncol (2008) 26(28):4659–65. doi: 10.1200/JCO.2008.16.9235

15. Wen, PY, Yung, WK, Lamborn, KR, Dahia, PL, Wang, Y, Peng, B, et al. Phase I/II study of imatinib mesylate for recurrent malignant gliomas: North American brain tumor consortium study 99-08. Clin Cancer Res (2006) 12(16):4899–907. doi: 10.1158/1078-0432.CCR-06-0773

16. Nduom, EK, Gephart, MH, Chheda, MG, Suva, ML, Amankulor, N, Battiste, JD, et al. Re-evaluating biopsy for recurrent glioblastoma: A position statement by the Christopher Davidson forum investigators. Neurosurgery (2021) 89(1):129–32. doi: 10.1093/neuros/nyab063

17. Lovly, CM, and Shaw, AT. Molecular pathways: resistance to kinase inhibitors and implications for therapeutic strategies. Clin Cancer Res (2014) 20(9):2249–56. doi: 10.1158/1078-0432.CCR-13-1610

18. Fabro, F, Lamfers, MLM, and Leenstra, S. Advancements, challenges, and future directions in tackling glioblastoma resistance to small kinase inhibitors. Cancers (2022) 14(3):600. doi: 10.3390/cancers14030600

19. Heffron, TP. Small molecule kinase inhibitors for the treatment of brain cancer. J Medic Chem (2016) 59(22):10030–66. doi: 10.1021/acs.jmedchem.6b00618

20. Nierode, G, Kwon, PS, Dordick, JS, and Kwon, SJ. Cell-based assay design for high-content screening of drug candidates. J Microbiol Biotechnol (2016) 26(2):213–25. doi: 10.4014/jmb.1508.08007

21. Edmondson, R, Broglie, JJ, Adcock, AF, and Yang, L. Three-dimensional cell culture systems and their applications in drug discovery and cell-based biosensors. Assay Drug Dev Technol (2014) 12(4):207–18. doi: 10.1089/adt.2014.573

22. Jensen, C, and Teng, Y. Is it time to start transitioning from 2D to 3D cell culture? Front Mol Biosci (2020) 7:33. doi: 10.3389/fmolb.2020.00033

23. Huh, D, Hamilton, GA, and Ingber, DE. From 3D cell culture to organs-on-chips. Trends Cell Biol (2011) 21(12):745–54. doi: 10.1016/j.tcb.2011.09.005

24. Wu, Q, Liu, J, Wang, X, Feng, L, Wu, J, Zhu, X, et al. Organ-on-a-chip: recent breakthroughs and future prospects. BioMed Eng Online. (2020) 19(1):9. doi: 10.1186/s12938-020-0752-0

25. Schmidlin, T, Debets, DO, van Gelder, C, Stecker, KE, Rontogianni, S, van den Eshof, BL, et al. High-throughput assessment of kinome-wide activation states. Cell Syst (2019) 9(4):366–74.e5. doi: 10.1016/j.cels.2019.08.005

26. Lee, J, Kotliarova, S, Kotliarov, Y, Li, A, Su, Q, Donin, NM, et al. Tumor stem cells derived from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and genotype of primary tumors than do serum-cultured cell lines. Cancer Cell (2006) 9(5):391–403. doi: 10.1016/j.ccr.2006.03.030

27. Vik-Mo, EO, Sandberg, C, Olstorn, H, Varghese, M, Brandal, P, Ramm-Pettersen, J, et al. Brain tumor stem cells maintain overall phenotype and tumorigenicity after in vitro culturing in serum-free conditions. Neuro-Oncology (2010) 12(12):1220–30. doi: 10.1093/neuonc/noq102

28. Balvers, RK, Kleijn, A, Kloezeman, JJ, French, PJ, Kremer, A, van den Bent, MJ, et al. Serum-free culture success of glial tumors is related to specific molecular profiles and expression of extracellular matrix–associated gene modules. Neuro-Oncology (2013) 15(12):1684–95. doi: 10.1093/neuonc/not116

29. Kleijn, A, Kloezeman, JJ, Balvers, RK, van der Kaaij, M, Dirven, CM, Leenstra, S, et al. A systematic comparison identifies an ATP-based viability assay as most suitable read-out for drug screening in glioma stem-like cells. Stem Cells Int (2016) 2016:5623235. doi: 10.1155/2016/5623235

30. Verheul, C, Ntafoulis, I, Kers, TV, Hoogstrate, Y, Mastroberardino, PG, Barnhoorn, S, et al. Generation, characterization, and drug sensitivities of 12 patient-derived IDH1-mutant glioma cell cultures. Neuro-Oncol Adv (2021) 3(1):vdab103. doi: 10.1093/noajnl/vdab103

31. Balvers, RK, Dirven, CM, Leenstra, S, and Lamfers, ML. Malignant glioma In vitro models: On the utilization of stem-like cells. Curr Cancer Drug Tar (2017) 17(3):255–66. doi: 10.2174/1568009616666160813191809

32. Limonciel, A, Aschauer, L, Wilmes, A, Prajczer, S, Leonard, MO, Pfaller, W, et al. Lactate is an ideal non-invasive marker for evaluating temporal alterations in cell stress and toxicity in repeat dose testing regimes. Toxicol In Vitro. (2011) 25(8):1855–62. doi: 10.1016/j.tiv.2011.05.018

33. Gao, C-F, Xie, Q, Su, Y-L, Koeman, J, Khoo, SK, Gustafson, M, et al. Proliferation and invasion: Plasticity in tumor cells. Proc Natl Acad Sci (2005) 102(30):10528–33. doi: 10.1073/pnas.0504367102

34. Anderson, KA, Noeldner, PK, Reece, K, Wadzinski, BE, and Means, AR. Regulation and function of the calcium/calmodulin-dependent protein kinase IV/protein serine/threonine phosphatase 2A signaling complex. J Biol Chem (2004) 279(30):31708–16. doi: 10.1074/jbc.M404523200

35. Peres de Oliveira, A, Kazuo Issayama, L, Betim Pavan, IC, Riback Silva, F, Diniz Melo-Hanchuk, T, Moreira Simabuco, F, et al. Checking NEKs: Overcoming a bottleneck in human diseases. Molecules (2020) 25(8):1778. doi: 10.3390/molecules25081778

36. Elkhadragy, L, Alsaran, H, Morel, M, and Long, W. Activation loop phosphorylation of ERK3 is important for its kinase activity and ability to promote lung cancer cell invasiveness. J Biol Chem (2018) 293(42):16193–205. doi: 10.1074/jbc.RA118.003699

37. Al-Mahdi, R, Babteen, N, Thillai, K, Holt, M, Johansen, B, Wetting, HL, et al. A novel role for atypical MAPK kinase ERK3 in regulating breast cancer cell morphology and migration. Cell Adh Migr. (2015) 9(6):483–94. doi: 10.1080/19336918.2015.1112485

38. Obara, S, Nakata, M, Takeshima, H, Kuratsu, J, Maruyama, I, and Kitajima, I. Inhibition of migration of human glioblastoma cells by cerivastatin in association with focal adhesion kinase (FAK). Cancer Lett (2002) 185(2):153–61. doi: 10.1016/S0304-3835(02)00278-1

39. Lipinski, CA, Tran, NL, Menashi, E, Rohl, C, Kloss, J, Bay, RC, et al. The tyrosine kinase pyk2 promotes migration and invasion of glioma cells. Neoplasia (2005) 7(5):435–45. doi: 10.1593/neo.04712

40. Chen, S, Fang, Y, Xu, S, Reis, C, and Zhang, J. Mammalian Sterile20-like kinases: Signalings and roles in central nervous system. Aging Dis (2018) 9(3):537–52. doi: 10.14336/AD.2017.0702

41. Matsuki, T, Iio, A, Ueda, M, Tsuneura, Y, Howell, BW, and Nakayama, A. STK25 and MST3 have overlapping roles to regulate rho GTPases during cortical development. J Neurosci (2021) 41(43):8887–903. doi: 10.1523/jneurosci.0523-21.2021

42. Bacon, CW, and D'Orso, I. CDK9: a signaling hub for transcriptional control. Transcription (2019) 10(2):57–75. doi: 10.1080/21541264.2018.1523668

43. Hynes, NE, and MacDonald, G. ErbB receptors and signaling pathways in cancer. Curr Opin Cell Biol (2009) 21(2):177–84. doi: 10.1016/j.ceb.2008.12.010

44. Bhattacharyya, M, Lee, YK, Muratcioglu, S, Qiu, B, Nyayapati, P, Schulman, H, et al. Flexible linkers in CaMKII control the balance between activating and inhibitory autophosphorylation. Elife (2020) 9:e53670. doi: 10.1093/nar/gkx126

45. Wu, Q, Wu, W, Fu, B, Shi, L, Wang, X, and Kuca, K. JNK signaling in cancer cell survival. Medic Res Rev (2019) 39(6):2082–104. doi: 10.1002/med.21574

46. Xu, P, Zhang, G, Hou, S, and Sha, LG. MAPK8 mediates resistance to temozolomide and apoptosis of glioblastoma cells through MAPK signaling pathway. BioMed Pharmacother. (2018) 106:1419–27. doi: 10.1016/j.biopha.2018.06.084

47. Wang, Y, Gao, S, Wang, W, and Liang, J. Temozolomide inhibits cellular growth and motility via targeting ERK signaling in glioma C6 cells. Mol Med Rep (2016) 14(6):5732–8. doi: 10.3892/mmr.2016.5964

48. Vo, VA, Lee, J-W, Lee, HJ, Chun, W, Lim, SY, and Kim, S-S. Inhibition of JNK potentiates temozolomide-induced cytotoxicity in U87MG glioblastoma cells via suppression of akt phosphorylation. Anticancer Res (2014) 34(10):5509–15.

49. Patil, CG, Nuño, M, Elramsisy, A, Mukherjee, D, Carico, C, Dantis, J, et al. High levels of phosphorylated MAP kinase are associated with poor survival among patients with glioblastoma during the temozolomide era. Neuro-oncology (2013) 15(1):104–11. doi: 10.1093/neuonc/nos272

50. Peifer, C, and Alessi, DR. Small-molecule inhibitors of PDK1. ChemMedChem (2008) 3(12):1810–38. doi: 10.1002/cmdc.200800195

51. Balendran, A, Hare, GR, Kieloch, A, Williams, MR, and Alessi, DR. Further evidence that 3-phosphoinositide-dependent protein kinase-1 (PDK1) is required for the stability and phosphorylation of protein kinase c (PKC) isoforms. FEBS Lett (2000) 484(3):217–23. doi: 10.1016/S0014-5793(00)02162-1

52. Toker, A. PDK-1 and protein kinase c phosphorylation. In:  AC Newton, editor. Protein kinase c protocols. Totowa, NJ: Humana Press (2003). p. 171–89.

53. Graff, JR, McNulty, AM, Hanna, KR, Konicek, BW, Lynch, RL, Bailey, SN, et al. The protein kinase cbeta-selective inhibitor, enzastaurin (LY317615.HCl), suppresses signaling through the AKT pathway, induces apoptosis, and suppresses growth of human colon cancer and glioblastoma xenografts. Cancer Res (2005) 65(16):7462–9. doi: 10.1158/0008-5472.CAN-05-0071

54. Bitencourt, R, Zalcberg, I, and Louro, ID. Imatinib resistance: a review of alternative inhibitors in chronic myeloid leukemia. Rev Bras Hematol e hemoterapia. (2011) 33(6):470–5. doi: 10.5581/1516-8484.20110124

55. Serrano, C, George, S, Valverde, C, Olivares, D, García-Valverde, A, Suárez, C, et al. Novel insights into the treatment of imatinib-resistant gastrointestinal stromal tumors. Tar Oncol (2017) 12(3):277–88. doi: 10.1007/s11523-017-0490-9

56. Bhamidipati, PK, Kantarjian, H, Cortes, J, Cornelison, AM, and Jabbour, E. Management of imatinib-resistant patients with chronic myeloid leukemia. Ther Adv Hematol (2013) 4(2):103–17. doi: 10.1177/2040620712468289

57. Fenouille, N, Puissant, A, Dufies, M, Robert, G, Jacquel, A, Ohanna, M, et al. Persistent activation of the Fyn/ERK kinase signaling axis mediates imatinib resistance in chronic myelogenous leukemia cells through upregulation of intracellular SPARC. Cancer Res (2010) 70(23):9659–70. doi: 10.1158/0008-5472.CAN-10-2034

58. Pelloski, CE, Lin, E, Zhang, L, Yung, WK, Colman, H, Liu, JL, et al. Prognostic associations of activated mitogen-activated protein kinase and akt pathways in glioblastoma. Clin Cancer Res (2006) 12(13):3935–41. doi: 10.1158/1078-0432.CCR-05-2202

59. Mizoguchi, M, Betensky, RA, Batchelor, TT, Bernay, DC, Louis, DN, and Nutt, CL. Activation of STAT3, MAPK, and AKT in malignant astrocytic gliomas: correlation with EGFR status, tumor grade, and survival. J Neuropathol Exp Neurol (2006) 65(12):1181–8. doi: 10.1097/01.jnen.0000248549.14962.b2

60. Hannen, R, Hauswald, M, and Bartsch, JW. A rationale for targeting extracellular regulated kinases ERK1 and ERK2 in glioblastoma. J Neuropathol Exp Neurol (2017) 76(10):838–47. doi: 10.1093/jnen/nlx076

61. Lenin, S, Ponthier, E, Scheer, KG, Yeo, ECF, Tea, MN, Ebert, LM, et al. A drug screening pipeline using 2D and 3D patient-derived in vitro models for pre-clinical analysis of therapy response in glioblastoma. Int J Mol Sci (2021) 22(9):4322. doi: 10.3390/ijms22094322

62. Bonanini, F, Kurek, D, Previdi, S, Nicolas, A, Hendriks, D, de Ruiter, S, et al. In vitro grafting of hepatic spheroids and organoids on a microfluidic vascular bed. Angiogenesis (2022) 25(4):455–70. doi: 10.1007/s10456-022-09842-9

63. Frolov, A, Evans, IM, Li, N, Sidlauskas, K, Paliashvili, K, Lockwood, N, et al. Imatinib and nilotinib increase glioblastoma cell invasion via abl-independent stimulation of p130Cas and FAK signalling. Sci Rep (2016) 6(1):27378. doi: 10.1038/srep27378

64. Bruning-Richardson, A, Droop, A, Tams, D, Boissinot, M, Hayes, J, Cheng, V, et al. Identification of transcriptional targets of GSK3 involved in glioblastoma invasion. Neuro-Oncology (2018) 20(suppl_1):i26. doi: 10.1093/neuonc/nox238.117

65. Domoto, T, Pyko, IV, Furuta, T, Miyashita, K, Uehara, M, Shimasaki, T, et al. Glycogen synthase kinase-3β is a pivotal mediator of cancer invasion and resistance to therapy. Cancer Sci (2016) 107(10):1363–72. doi: 10.1111/cas.13028

66. Zou, Q, Hou, Y, Shen, F, and Wang, Y. Polarized regulation of glycogen synthase kinase-3β is important for glioma cell invasion. PloS One (2013) 8(12):e81814. doi: 10.1371/journal.pone.0081814

67. Hoeben, A, Joosten, EAJ, and van den Beuken-van Everdingen, MHJ. Personalized medicine: Recent progress in cancer therapy. Cancers (Basel) (2021) 13(2):242. doi: 10.3390/cancers13020242



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Fabro, Kannegieter, de Graaf, Queiroz, Lamfers, Ressa and Leenstra. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Novel kinome profiling technology reveals drug treatment is patient and 2D/3D model dependent in glioblastoma

      

        		

          Introduction

        



        		

          Material and methods

        

          		

            2D and 3D cell cultures models

          



          		

            Drugs

          



          		

            IC50 determination

          



          		

            Drug treatment

          



          		

            LDH and lactate assays

          



          		

            Scratch migration assay

          



          		

            Cell counting and doubling time

          



          		

            Immunofluorescent staining

          



          		

            Image acquisition

          



          		

            Sample collection

          



          		

            Kinase activity analysis using QuantaKinome™

          



          		

            Data analysis

          



        



        



        		

          Results

        

          		

            Cytotoxicity, proliferation, and migration in 2D cultures of patient-derived GSCs

          



          		

            Protein kinase activity in 2D cell cultures of patient-derived GSCs

          



          		

            Cytotoxicity, proliferation, and migration in 3D OMS of patient-derived GSCs

          



          		

            Protein kinase activity in 3D OMS cell cultures of patient-derived GSCs

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc.2022.1012236_cover.jpg
, frontiers ‘ Frontiers in Oncology

Novel kinome profiling
technology reveals drug
treatment is patient and
2D/3D model dependent

in glioblastoma





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-1012236-g001.jpg
LDH activity/cells
(normalized on NT)

4

w

N

-

Cytotoxicity
.
= :
GS.1012  GS.1025

W NT
m| T™MZ
E ENZA
| IMA

B
Doubling time
8 - NT
% = TMZ
— B ENZA
o IMA

» )

N

Doubling time (days)
I

GS.1012  GS.1025

Scratch area
(fold change of time point Oh)

Scratch assay

N
o

-®- GS.1012-NT
-4 - GS.1012 - ENZA
-#- GS.1012 - IMA

o
@

—e— GS.1025 - NT
—=— GS.1025 - TMZ
—4— GS.1025 - ENZA
—— GS.1025 - IMA

&2
[

<o
'S

<
N

o
o

0 24 48 72 96
t[h]





OEBPS/Images/fonc-12-1012236-g003.jpg
GS.1025

Gs.1012

W 2D

ey

2]

W 2D

1)

3D SUSP
B 3D O0AC

< ™ N =
(LN uo pazijewlou)

Auanoe Ha1

(8]
<
[e)
[e]
a
®
m

axnr

3D SUSP

xex

< @ (3] L =
(LN uo pazijew.ou)

Ananoe Ha

MA

EN.

V4

™

NT

GS.1025

GS.1012

GS.1025

GS.1012

1.0

1.0

2.0

=
=
g
] & s
i N
I
{ ad m
4 [
o
©
1?2 uo uwN__mE._o: U
BaJe UoISeAU|
<
=
<
N
=
i
’ g
@ =
i
* E
= =
[} o ) o m
LN uo p3zijeutiou)® < ..m
©3J€ UOISEAU| o
v
[
a
©
=
o
<
=
~
- S
2 =
[=} w
= N
u s
3 =
2
Fa
[=}
-
4
] © < N ]
s o S s o
(;uw) SWo azis
i I <
: =
~
o
- ] S
[=] w
= N
u =
=
°
T
o
=
-
o~
S
< © < ~ o -
o o o o o s
(;ww) SNO 821 19}

Hoechst-33342

17

10

0T™Mz

GS.1012

ANEEV Bale UOISEAU|

GS.1025

-+ ONT

0 IMA

& -
ANEEV Bale UoISeAU|

17

10





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-1012236-g004.jpg
GS.1025

GS.1012

N < AN\ < | <
=" = = H
S < <
T 2 3 ]
[ w w
N -
. ?\mm.i € Juauoduwo, o M 3
(042607) Aingoe Uisioid (042607) Ayanoe uisioid (042607) Ayanoe uieloid - (L0£1+90€L) QIINNED
(91ZA) 9N '(622A) PENSD (£2ZA+1ZZL) NI '(SBLA+EBLL) IMNF  '(L0EL+90€1) SIIMINED (90EL+SOEL) DIWED
V%rl s < EI:\_ s
<
- T :
i Z F4 il
w w
H y £ F E
L g <
= N o =) 2 0
o 35 8 8 8 g
(042607) AiAnoe uisiosd i (04z607) fuanoe uislosd (042607) Annoe uisiosd
(1p28) 1iad (S8LA) NP (v2vS) vivd
< < <
) P e -
S X < <
—— il b
m N 2
£ FE _HF Fy LH F
el E e e —— i
ZEEz s S & 3 @ ° - o = ° =
23299 (042607) Ayagoe uisloid (042607) Anoe uiloid - (6LYA) IS (042607) Ayagoe uisioid
S Qg (y151) AOYd '(005L) §ONd (L6vL) DN "(92vA) A ‘(¥6EA) %071 (0ZVA) UAS (L8LA) 2Hu3
gagdg
oEm O
= S
=z 2 < < y
T e HT.J H H By
GHG6 =
2332
(%9°€) € Juauoduwon ddas K é 3 T-vﬂ_ S
7% 3 g 3 9 _“W[ 2 S
T = @ g AAAA E o i
< N N 2 | N
g3y g =3 i , g ¥
ZEgz 3 z z =
4833 ° . 3 o 8
LI E 3 3 =S 5 E 3 2 - ° : v
ceo (042607) AuAnoe uisiosd (04z607) Aunoe uisjoid (042607) Ayt uBioid - (90£1) QUINWED
(91ZA) 9EXSO '(622A) DENSD (E2ZA) EINF (SBLA) LDINT (90€.L) DIIMNED ‘(S0EL) BININED
< N < f | <
— £ g | <
< < Y <
_Hr z 2 r z
G Z —nG
M Z 8 - Z
] ¢ F oz
o w B o » o & < o o
3 S 3 3 s - § H g 3 S 3
° (0:42607) Aanoe uslosd (042607) Anzoe uiBlod - (6LYA) IS (0:42607) Aynnoe uielosd
(1vzs) iad "(92vA) A '(¥6EA) %07 (0ZVA) VA3 (rLyS) ¥YVd

?
|
:

TMZ  ENZA
TMZ  ENZA
ENZA

o R x = M CEE.
£ S ] [ =
2 2 3 38 3§ 2 3 3 3 w - 5
(0:42607) AiAnoe uiBIOId (042607) Aunnoe uielod (0:42607) Annoe uidlosd
(7151) AOYd "(005L) §OMd ‘(L6vL) PN (025A) >1v4 [E:I9NR ]

3D-SUSP a 3D-00AC

Model . 2D

3D-SUSP 3D-00AC

Model . 2D





OEBPS/Images/fonc-12-1012236-g002.jpg
B C
GS.1012 TMZ ENZA IMA

Abl (Y393), Abl2/Arg (Y439)

ARaf (T452), BRaf (T599), C-Raf/Raf1 (T491)
AXL (Y703)

CaMKlla (T305), CaMKIIB (T306), CaMKII5 (T306) g

STE CaMKila (T305+T306), CaMKIIB (T306+T307), CaMKIIG (T306+7307)

W/ ‘CaMKila (T306), CaMKIIB (T307), CaMKIlG (T307)

/ CAMKIV (T200)
’% GS.1025 CDK1 (T161)
N} CDK11A (577), PITSLRE (589)

PITSLRE (T595)

CRK7 (51083)

CDK2 (T160), CDK3 (T160)
CDK7 (5164)

CDK7 (T170)

CDK9 (5175)

Chk2/Rad53 (5379)

DYRK1A (Y321), DYRK1B (Y273)

by DYRK2 (Y382), DYRK (1264)
% 14/ GCN2 (T899)
\‘\ AGC EphA3 (Y779), EphA4 (Y779), EphA5 (Y833)

i |

Fyn (Y420), Lek (Y394), Yes (Y426), Src (Y419)

Fyn (Y440), Yes (Y446), Src (Y439)

GSK3a (Y279), GSK3 (Y216)

CAMK’ HCK (Y411), Lyn (Y397)
HIPKS (Y359)

Jakl (Y1034)

Log2 Jak3 (Y981), [PKR1 (Y123), PKR2 (Y114)]
Y Foldchange (TM2) SEK1/MAP2K4 (S257)
[ = ERK2 (T185)

L F ERK2 (Y187)

Number 32101 Dp38B (T180)
of proteins 552 P38 (T180+Y182)
sonall Foldchange (ENZA) p3%E 82)
DAG and IP3 signaling . e 9 9 p38y (T183+Y185)
Nanoparticle-mediated activation of . . - p3sy (r18s)
receptor signaling 1510 05 p38a (M80+Y182)
mIRNA in muscle differentiation . e 11 — p38a (Y182)
Osteoblast differentiation and ° Folc change (IMA) E;:: gigé:
related diseases @13 ] ERK3 (5189)

B cell receptor signaling pathway ° ] JNKI (T183), JNK3 (T221)

® 14 15 1-05 0 05
Thymic stromal lymphopoietin (TSLP) | e e e e
signaling pathway . ® 16 JNK2 (T183+Y185)
Cardiac hypertrophic response | & w2 mg:
o o3 0 a8 208, 23 30 33 MARKI (5219), MARK2 (S212), MARK3 (S215), MARK4 (5218)
qvalue w104 MARKI (T215), MARK2 (T208), MARK (T211), MARK4 (T214)

ErbB signaling pathy Met (Y1234+Y1235)
1bB signaling pathway [g@ At

Non-genomic actiond of NLK (1298)

1,25 dihydroxyvitamin D3 Number PAK4 (5474)
Cannabinoid receptor signaling { e of proteins PAKS (5560), ";Sﬁ }g;gﬂ
Host-pathogen interaction of human . ®s PKN2/PRK2 (T816)
coronavirus - MAPK signaling PKN3 (T718)

il e 10 PKAG (T198), PKAB (T198), PKAY (T198)

DAGand IP3signaling { o PKCa (T497), PKCB (T500), PKCy (T514)
Nanoparticle-mediated activation of & ® 11 PKC5 (5503)
receptor signaling o PO ST, B o

mIRNA in muscle differentiation . B FAK (Y570)
. N RIPK2 (5176
Cardiac hypertrophic response . ® 17 CaMKIV (5189), RIPK2 }5153:
Insulin signaling ° RSK1 (T573), RSK2 (T577)

Osteoblast differentiation and ® 18 MST3 (T190), Y51 (174) [

related diseases ° 9 0 o 5 b
< PN DI
Vet @ e°

ErbB signaling pathway
Non-genomic actiond of

1,25 dihydroxyvitamin D3
Cannabinoid receptor signaling .

G5.1012 -Top 10 pathways (NT)

1 N TS

[ et 7 e

GS.1025 - Top 10 pathways (NT)

A
o0 o2 04 o6 o8 10 . &

q-value

INKL(T183+Y185),INKS (T221+¥223)
(CAMKIl (1305+T306), CAMKIIB (T306+T307), CAMKIIS (T306+T3
POKL(5241)

v GS.1025
ERK2 (v187) Log2 Fold change
i JNKI (Y185), INK3 (Y223)
INKL(T183), INK3 (T221)

Calcium Signaling

PLC-gamms =
o P

> Colula targets

(CAMKIa (T30, CAMKIIB (T307), CAMKIIS (7307)
(CAWIKil (1305}, CAMKIIB (T306), CAMKIIG (T306)

o
EoFR
Eor —
Torn

AREG

Proliferation

> Degradation

FAK (¥570)

, [recr} SEK1/MAIQKA (5257)
Ehess

> DNA Survival

PCa (T497), PKCB (TS00), PKCY (T514)
PAKa (5473)
o— | INK2 (V185)
G5K3a (v279), GSK3P (1216)
PITE_  ona [ I ks issso), P (s602)
o A" Fyn(Y420) Lk (Y394), Yes (V426), Src (¥419)

P

ae? £ . > Gs.
B — o s S
Migrationfinvasion ERK2 (¥187)

e, sz B

>DNA 08 0 05
INK2 (T183+Y185)
Difforentation

Cotsm (Ropioss) CAMKIla (T305), CAMIKIIB (T306), CAMIKIS (T306)
FAK (Y570)
GO (S0 Mewtolin K3 Y279), G5K38 (v216)
INKE(TI83+Y185), INK3 (T2214123)
e SN L) oMK (257)
i JNK1 (T183), INK3 (T221)
(CAMKIla (T306), CAMKIIB (T307), CAMKIIS {T307)

> Adnesion
Migraton

WiRET

ErbE2
ERBE

&7 e
HeEGE

EREG

Eram
Eram

she Ras

i C5cs o
Sz orice| —W orEz} 4 [505] o[RS
NRGT NRAS

ERasz
NRGZ EraE:
) Staea)
Starss)
y [ERaBe (8]
ERae

Grez

WRGS
NRGA

2P ATz )

Eras TSP PR

o, PKCa (T497), PKC (T500), PKCy (T514)
ERK2 (T185)
o Signaling Pathway PAKA (5474)

PDK1 (5241)





