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Abstract

Mesenchymal (MES) and proneural (PN) are two distinct glioma stem cell (GSC) populations that 

drive therapeutic resistance in glioblastoma (GBM). We screened a panel of 650 small molecules 

against patient-derived GBM cells to discover compounds targeting specific GBM subtypes. 

Arsenic trioxide (ATO), an FDA-approved drug that crosses the blood–brain barrier, was identified 

as a potent PN-specific compound in the initial screen and follow-up validation studies. 

Furthermore, MES and PN GSCs exhibited differential sensitivity to ATO. As ATO has been 

shown to activate the MAPK-interacting kinase 1 (MNK1)-eukaryotic translation initiation factor 

4E (eIF4E) pathway and subsequent mRNA translation in a negative regulatory feedback manner, 

the mechanistic role of ATO resistance in MES GBM was explored. In GBM cells, ATO-activated 

translation initiation cellular events via the MNK1–eIF4E signaling axis. Furthermore, resistance 

to ATO in intracranial PDX tumors correlated with high eIF4E phosphorylation. Polysomal 

fractionation and microarray analysis of GBM cells were performed to identify ATO’s effect on 

mRNA translation and enrichment of anti-apoptotic mRNAs in the ATO-induced translatome was 

found. Additionally, it was determined that MNK inhibition sensitized MES GSCs to ATO in 

neurosphere and apoptosis assays. Finally, examination of the effect of ATO on patients from a 

phase I/II clinical trial of ATO revealed that PN GBM patients responded better to ATO than other 

subtypes as demonstrated by longer overall and progression-free survival.

Implications—These findings raise the possibility of a unique therapeutic approach for GBM, 

involving MNK1 targeting to sensitize MES GSCs to drugs like arsenic trioxide.

Introduction

Mesenchymal (MES) and proneural (PN) glioma stem cells (GSC) are the two most well-

defined cancer stem cell (CSC) populations in glioblastoma (GBM), the deadliest primary 

malignant brain tumor (1, 2). MES and PN GSCs are tumor-initiating cells that can be found 

concurrently within the same tumors, and increased intratumoral heterogeneity promotes a 

more resistant phenotype (3, 4). Effective treatment of GBM will require the development of 

therapies that specifically target these distinct GSC populations.
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Using a panel of ex vivo patient-derived xenograft (PDX) cell cultures, we screened a library 

of 650 compounds for anti-proliferative activity with the aim of identifying compounds with 

differential activity against GBM molecular subtypes. Arsenic trioxide (ATO) was identified 

as a potent inhibitor of non-MES GBM cells. We confirmed these findings in a follow-up 

screen of 120 compounds used at multiple doses, specifically using MES and PN GBM 

cells. PN GBM demonstrated increased sensitivity to ATO as well as a number of other 

cytotoxic agents, including temozolomide, the standard-of-care chemotherapy for GBM. 

MES and PN GSC neurosphere cultures also demonstrated this differential sensitivity to 

ATO.

ATO is an FDA-approved drug for the treatment of relapsed/refractory acute promyelocytic 

leukemia (APL) harboring the t(15;17) translocation and has been shown to cross the blood–

brain barrier in APL patients with CNS disease (5). Furthermore, ATO has shown preclinical 

efficacy against GSCs through several mechanisms including activation of apoptosis and 

autophagy, degradation of the PML protein, and inhibition of the sonic hedgehog signaling 

pathway (6–8). Currently, ATO is under investigation in a phase I/II clinical trial in GBM (9, 

10). Given this information, we sought to uncover the mechanisms that drive differential 

ATO responses in GBM.

Translation is the most energetically demanding process in the cell and is an emerging 

resistance mechanism in cancer (11, 12). The MAPK-interacting kinases (MNKs) regulate 

initiation of cap-dependent translation through phosphorylation of the mRNA-binding 

protein, eukaryotic translation initiation factor 4E (eIF4E; refs. 13, 14). After activation of 

upstream MAPK signaling through either p38 or ERK, MNK binds to the eukaryotic 

translation initiation factor 4G (eIF4G), facilitating phosphorylation of eIF4E and translation 

of eIF4E-sensitive mRNAs, many of which include potent oncogenes (15). Several stimuli 

can activate this signaling cascade including hypotonic stress, radiation, interferon signaling, 

and chemotherapy (16, 17). Activation of translation allows the cell to adapt to stressful 

stimuli and is a mechanism of resistance in cancer (16, 18). In GBM, MNK signaling and 

mRNA translation have been implicated in resistance to the alkylating agent, temozolomide, 

as well as radiation (19, 20). Furthermore, we previously demonstrated that MNK activation 

is particularly important for the maintenance of therapy-resistant MES GSCs (21).

Here, we explored the role of MNK signaling in the regulation of ATO responses in 

established GBM models and patient-derived MES and PN GSC lines. We found that ATO 

activates MNK–eIF4E in GBM cells and that, in an intracranial PDX model of GBM, MNK 

activation correlates with ATO resistance. Such resistance is likely mediated by MNK1, to 

which ATO directly binds, increasing kinase activity. Given that MNK directly regulates 

translational activation, we tested the effect of ATO on translation in a GBM cell line with 

an NF-1 mutation, a characteristic of MES GBM (22). Comparing the polysomal fraction of 

untreated and ATO-treated GBM cells followed by microarray and gene set enrichment 

analysis (GSEA), we identified an ATO-induced translatome that is enriched for anti-

apoptotic mRNAs, suggesting a translationally mediated resistance mechanism to ATO in 

GBM. Through analysis of gene expression data from The Cancer Genome Atlas (TCGA), 

we explored the relationship between the MNK1 gene (MKNK1) and GSC markers in 

GBM. We found that MKNK1 expression correlates positively with MES GSC genes, 
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negatively with PN GSC genes, and predicts poor survival in GBM suggesting that MNK1 is 

enriched in the MES phenotype and overexpression of MNK1 confers therapeutic resistance 

in GBM patients. Next, we analyzed data from GBM patients in a phase I/II clinical trial of 

Trisenox (ATO). MES GBM patients had higher eIF4E phosphorylation and were enriched 

for gene sets linked to the activation of translation and translation initiation. Finally, PN 

GBM patients had the longest overall and progression-free survival. Altogether, our findings 

suggest that MNK1–eIF4E signaling drives ATO resistance in GBM and suggest that MNK 

inhibition can sensitize MES GSCs to ATO.

Materials and Methods

Cell culture and reagents

Established GBM cell lines (U87, LN229, and LN18) were grown in DMEM (Thermo 

Fisher) with 10% FBS (Thermo Fisher) and gentamycin (1 mg/mL). The identity of 

established cell lines was authenticated by short-tandem repeat (STR) analysis (Genetica 

DNA Laboratories) in August 2016. PDX cell lines were grown in serum-free Neurobasal 

medium (Thermo Fisher) with N-2 Supplement at a 1X final concentration (Thermo Fisher), 

EGF (50 ng/mL), bFGF (25 ng/mL), and penicillin/streptomycin (10 U/mL). Patient-derived 

MES (83Mes) and PN (AC17PN) GSC lines have been previously described (2, 21). GSCs 

were grown in DMEM/F12 with EGF (20 ng/mL), bFGF (20 ng/mL), heparin (5 μg/mL), 

B27 (2%), and gentamycin (1 mg/mL) in nonadherent flasks. All cells were grown at 37 C in 

5% CO2. Pharmaceutical-grade ATO (Trisenox) used for in vitro and in vivo experiments 

was purchased from Teva Pharmaceuticals. The MNK inhibitor, CGP57380, was purchased 

from Santa Cruz Biotechnology. The arsenic–biotin conjugate (As-Biotin) was purchased 

from Toronto Research Chemicals and has been previously described (23).

Viability assays

Cell viability for GSCs (83Mes and AC17PN) and the established GBM cell lines (U87, 

LN229, and LN18) was assessed using the Cell Proliferation Reagent WST-1 (Roche) 

according to the manufacturer’s instructions. Briefly, cells were seeded into 96-well plates at 

a density of 3,000 cells per well in the presence of the indicated drugs. Cells were incubated 

at 37 C in 5% CO2. After 5 days, the WST-1 reagent was added (10%, v/v) and cell viability 

was assessed using the Synergy HT plate reader and the Gen5 software (BioTek).

For ex vivo PDX GBM cells, 2,500 cells were plated per well in a 384-well tissue culture 

treated plate (Greiner) in 25 μL of supplemented Neurobasal medium. Twenty-five 

nanoliters of 1,000 drugs were added using a Labcyte Echo acoustic dispensing device and 

the cells were incubated for 96 hours. Cell viability was assessed using CellTiterGlo 

(Promega) on a Synergy 2 plate reader with Gen5 software (BioTek).

Immunoblotting

Cells were treated as indicated, washed with 1 × PBS, and harvested. Pellets were washed 

with 1 × PBS, snap-frozen, and lysed in phosphorylation lysis buffer (pH 7.9) containing 50 

mmol/L HEPES, 150 mmol/L NaCl, 1 mmol/L MgCl2, 0.5% sodium deoxycholate, and 

supplemented with phosphatase and protease inhibitors (Roche). Protein concentration was 
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quantified by Bradford assay (Bio-Rad) with the Synergy HT plate reader and Gen5 

software (BioTek). Equal amounts of protein lysate were subjected to SDS-PAGE (Bio-Rad) 

followed by transfer to Immobilon PVDF membranes (Millipore). Membranes were blocked 

with 5% BSA in 1 × TBST for 1 hour. Membranes were incubated with the indicated 

primary antibodies overnight at 4 C, washed three times with 1 × TBST, incubated with the 

appropriate anti-rabbit (GE Healthcare) or anti-mouse (Bio-Rad) horseradish peroxidase 

(HRP)-conjugated secondary antibody for 1 hour, washed three times with 1 TBST, and 

analyzed using the WesternBright ECL substrate (Advansta) and autoradiography film 

(Denville Scientific) or the ChemiDoc MP Imaging System and Image Lab 5.0 software 

(Bio-Rad). Primary antibodies were purchased from Cell Signaling Technologies (phospho-

eIF4E, eIF4A, MNK1, PARP), Santa Cruz Biotechnology (eIF4E, HSP90α/β), or Millipore 

(GAPDH). Where indicated, antibodies were removed using Restore PLUS Western Blot 

Stripping Buffer (Thermo Fisher) to allow for incubation with additional antibodies.

Intracranial PDX mouse study and IHC

Mouse studies were carried out in accordance with the Northwestern Institutional Animal 

Care and Use Committee (IACUC) and were performed at the Northwestern Developmental 

Therapeutics Core. Nude mice (CrTac:NCr-Foxn1nu) were purchased from Taconic 

Biosciences and used between the ages of 6 and 15 weeks. Tumors were established by 

intracranial injection of the patient-derived GBM cell line, 373811, expressing a luciferase 

reporter (25,000 cells/mouse). After tumor formation was con-firmed using an in vivo 
imaging system (IVIS), mice were randomized based on IVIS signal and weight. Mice were 

treated with vehicle control or Trisenox (ATO) three times per week at a dose of 5 mg/kg by 

intraperitoneal injection. Mice were euthanized after completion of the study (4 weeks of 

treatment) or 20% reduction in initial weight.

Brains were harvested from mice and fixed in 10% buffered formalin. Brains were 

embedded in paraffin and sectioned in preparation for IHC. For clinical trial samples, tumors 

were acquired in accordance with the Northwestern Institutional Review Board (IRB). 

Paraffin-embedded samples were sectioned prior to IHC. For xenograft and clinical trial 

samples, tumors were stained with the phospho-eIF4E (Ser209) antibody from Abcam 

(EP2151Y) as previously described using the BOND-MAX Automated IHC/ISH Stainer and 

Polymer Detection System (Leica Biosystems; ref. 21). Staining intensity was assessed by a 

board-certified neuropathologist (CH) who was blinded to sample identity.

Gene knockdown

MNK1, MNK2, and control siRNA were purchased from Dharmacon (GE Healthcare). 

GBM cells were transfected with control, MNK1, MNK2, or MNK1/MNK2 siRNAs using 

the Lipofectamine RNAiMAX Reagent and the Opti-MEM medium (Thermo Fisher). After 

24 hours transfection, cells were treated with or without ATO for the indicated times. 

Knockdown was validated by Western blot analysis or qRT-PCR.

Pull-down assays

Arsenic binding was assessed using a previously described streptavidin pull-down assay (24, 

25). Briefly, LN229 cells or recombinant MNK1 protein were treated with the arsenic-biotin 
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(As-Biotin) conjugate for 2 hours. Following treatment, cells were lysed using 

phosphorylation lysis buffer. Protein concentration was quantified by Bradford assay (Bio-

Rad) with the Synergy HT plate reader and Gen5 software (BioTek Instruments). Equal 

amounts of lysate were incubated with streptavidin beads (Invitrogen) overnight. 

Alternatively, untreated or treated recombinant protein was incubated with streptavidin 

beads overnight. Beads were washed 3 × with phosphorylation lysis buffer and samples were 

subjected to SDS-PAGE and immunoblotting.

Cap-binding pull-down assay was carried out using Immobilized γ-Aminophenyl-m7GTP 

(C10-spacer)-Agarose beads (Jena Bioscience). Briefly, LN229 cells were treated with or 

without ATO at the indicated doses for 6 hours. Following treatment, cells were lysed using 

NP-40 lysis buffer containing 40 mmol/L HEPES, 120 mmol/L NaCl, 1 mmol/L EDTA, 10 

mmol/L sodium pyrophosphate, 50 mmol/L NaF, 0.1% NP-40, 10 mmol/β-

glycerophosphate, and 10% glycerol supplemented with phosphatase and protease inhibitors 

(Roche). Protein concentration was quantified by Bradford assay (Bio-Rad) with the 

Synergy HT plate reader and Gen5 software (BioTek Instruments). Equal amounts of lysate 

were incubated with m7GTP beads overnight. Beads were washed 3 with NP-40 buffer and 

samples were subjected to SDS-PAGE and immunoblotting.

In vitro kinase assay

Recombinant, active MNK1 protein (SignalChem) was used for the in vitro kinase assay. 

The ADP-Glo Kinase Assay (Promega) was used according to the manufacturer’s 

instructions. Briefly, 100 ng MNK1 was incubated with increasing concentrations of ATO at 

30 C for 30 minutes in the presence of the MNK1 peptide substrate, EIF2S (SignalChem). 

Kinase activity was assessed by luminescence using a Synergy HT plate reader and the Gen5 

software (BioTek).

qRT-PCR

To confirm siRNA knockdown, cells were snap frozen, resuspended in lysis buffer, and 

homogenized using the QIAshredder (Qiagen). RNA was purified using the RNeasy Mini 

Kit (Qiagen) according to the manufacturer’s instructions. qRT-PCR for siRNA knockdown 

and analysis of polysomal RNA was performed using specific primers for MKNK1, 
MKNK2, FZD6, or GAPDH (Thermo Fisher).

Neurosphere assay and extreme limiting dilution analysis

MES GSCs were seeded at increasing cell concentrations in round-bottom 96-well plates 

(Greiner Bio-One) containing the indicated drugs. After one week incubation at 37 C in 5% 

CO2, spheres were stained with acridine orange at 0.1 μg/mL as previously described (26). 

Spheres were then imaged using a Cytation 3 Cell-Imaging Multi-Mode Reader and 

analyzed using the Gen5 software (BioTek). Spheres 150 μm in diameter were scored 

positively. Extreme limiting dilution analysis (ELDA) was carried out as previously 

described (27) using the ELDA online software.
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Apoptosis assay

MES GSCs grown as neurospheres in non-adherent flasks were treated with the indicated 

drugs for 48 hours and harvested for apoptosis assay. Spheres were washed with 1 × PBS 

and dissociated into single cells prior to staining with propidium iodide (PI) and FITC 

Annexin V using the BD Pharmingen FITC Annexin V Apoptosis Detection Kit I (BD 

Biosciences). Within 1 hour of staining, cells were analyzed by flow cytometry and FlowJo 

10 for Mac.

Accession numbers

RNASeq data were made publically available through the European Nucleotide Archive 

(ENA). The accession number is PRJEB20631. Microarray data accession number is in 

process.

Additional materials and methods are listed in the Supplementary Methods.

Results

High-throughput screen identifies ATO as a potent inhibitor of PN GBM growth

We sought to identify compounds that specifically disrupt the growth of different GBM 

molecular subtypes. Toward this end, we analyzed the gene expression profiles of short-term 

GBM cultures, and subtyped 39 patient-derived GBM cell lines into the four GBM 

molecular subtypes: MES, PN, CL, and N (ref. 22; Fig. 1A). We then tested the effect of a 

panel of 650 compounds on cell viability in five patient-derived GBM cell lines as well as 

one human fibroblast cell line and one established GBM cell line. In our initial screen, ATO 

was found to be the most potent compound in non-MES cells (Fig. 1B and C; 

Supplementary Table S1).

To expand upon these findings, we tested a subset of these compounds in two MES and three 

PN GBM cell lines at three different concentrations and once again found that PN GBM 

cells are more sensitive to ATO than MES GBM cells (Fig. 1D and E; and Supplementary 

Table S2). The normalized cell viabilities after treatment with each compound were 

compared between MES and PN GBM cells and only 28 of the 120 tested compounds, 

including ATO, were found to be statistically significant at an FDR adjusted P-value < 0.05. 

Other cytotoxic agents were also found to be more effective in PN GBM, including 

temozolomide, the standard-of-care chemotherapy used for the treatment of GBM 

(Supplementary Fig. S1). Next, we tested ATO in a dose-response experiment and found 

similar results, validating our high-throughput screen (Fig. 1F). Finally, we tested the effect 

of ATO on patient-derived MES and PN GSC lines. We found that MES GSCs are resistant 

to and PN GSCs are sensitive to low-dose ATO (Fig. 1G).

As ATO treatment has been shown to activate MNK and several upstream kinases (MAPKs, 

MAPKKs, and MAPKKKs) leading to therapeutic resistance (28–34), we sought to 

determine whether this mechanism regulated ATO responses in GBM. Analysis of gene 

expression data from previously published patient-derived MES and PN GSC lines (2) 

revealed that MES GSCs overexpress genes associated with translation initiation, translation, 
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and eIF4E upregulation (Supplementary Fig. S2). However, PN GSCs over-express 

hedgehog signaling genes, which are established targets of ATO in GSCs (6). Taken 

together, these findings suggest that MES GBM and GSCs, which overexpress the MNK1 

kinase (21) and are enriched for genes that control translation, are more resistant to ATO and 

other cytotoxic agents than PN GBM.

MNK–eIF4E signaling regulates ATO responses in GBM

To uncover the role of MNK signaling in the regulation of ATO responses, we treated two 

established GBM cell lines with increasing doses of ATO and observed a dose-dependent 

increase in phosphorylation of the downstream MNK substrate, eIF4E (Fig. 2A). Consistent 

with these findings, pretreatment of GBM cells with the MNK inhibitor CGP57380 

prevented ATO-induced eIF4E phosphorylation (Fig. 2B). Furthermore, MNK inhibition 

sensitized GBM cells to the antiproliferative effects of ATO (Fig. 2C). As experiments in 

cell culture do not fully recapitulate the complexity of GBM tumor biology, we used an 

intracranial xenograft model using a patient-derived GBM cell line orthotopically 

transplanted into nude mice. Mice were treated with a vehicle or a clinically-relevant dose of 

ATO and no decrease in body weight was observed, suggesting minimal toxicity in this 

setting (Fig. 2D). ATO did prolong survival in tumor-bearing mice, however, this difference 

failed to meet statistical significance, suggesting a resistance mechanism in these tumors 

(Fig. 2E). By IHC staining, the tumors in the ATO-treated animals could be separated into 

two equally-sized groups based on degree of eIF4E phosphorylation. Interestingly, plotting 

survival based on level of eIF4E phosphorylation showed a trend toward longer overall 

survival in the low eIF4E group (Fig. 2F). Finally, represented a different way, comparing 

mice in the ATO-treated cohort based on survival response showed lower eIF4E 

phosphorylation in the longer survivors (Fig. 2G and H). These findings suggest that MNK–

eIF4E signaling may be an important feedback mechanism that negatively controls ATO 

responses in GBM.

MNK1 is required for ATO-induced eIF4E phosphorylation

Building upon our preliminary findings, we sought to identify the mechanism by which ATO 

activates MNK signaling. First, we used siRNA to specifically knockdown the MNK1 or 

MNK2 genes, alone or in combination, in two GBM cell lines. After knockdown, we treated 

cells with or without ATO to identify which gene is responsible for ATO-induced MNK 

activation. We found that MNK1, but not MNK2, is required for activation of eIF4E 

phosphorylation in the setting of ATO treatment in GBM cells (Fig. 3A–D). We also found 

that ATO activates MNK activity in LN229 cells (which express MNK1 and MNK2) but not 

in LN18 cells (MNK1 below detectable levels; Fig. 3E). These results support a conclusion 

that GBM cells depend upon MNK1 for activation of eIF4E phosphorylation after ATO 

treatment.

As arsenic compounds can directly bind to proteins or enzymes, altering their activity (24, 

35), we set out to determine whether arsenic could bind MNK1. Arsenic compounds form 

covalent bonds with cysteine residues, and in some cases, histidine residues, leading to 

conformational changes that alter kinase activity or promote degradation (25, 36). 

Furthermore, MNK1 contains multiple cysteine residues, including four in close proximity, 
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which may facilitate binding for arsenic. We used a previously described trivalent As-Biotin 

conjugate to determine whether arsenic binds MNK1 (23). We treated GBM cells or 

recombinant MNK1 protein with or without As-Biotin, and used streptavidin beads to pull-

down biotinylated conjugates. In both cases, substantial amounts of MNK1 were found only 

in the As-Biotin–treated samples suggesting that the arsenic compound bound to MNK1 

(Fig. 3F). Next, we used an in vitro kinase assay to determine how ATO affected MNK1 

kinase activity. We found that ATO increased MNK1 kinase activity, suggesting a role for 

direct binding in the activation of the kinase following ATO treatment (Fig. 3G). In 

summary, these results show that ATO treatment in GBM leads to eIF4E phosphorylation 

through a MNK1-dependent mechanism that may be partially affected by direct binding of 

arsenic to MNK1 and direct activation of kinase activity.

ATO activates translation of anti-apoptotic mRNAs in NF1-mutant GBM

MNK1–eIF4E signaling directly regulates translation initiation leading to the synthesis of 

oncogenic proteins (37). Given the important role of MNK1 in ATO-mediated eIF4E 

phosphorylation, we sought to explore the effect of ATO treatment on mRNA translation. To 

explore a possible role for mRNA translation as an ATO resistance mechanism in MES 

GBM, we used the NF1-mutant GBM cell line, LN229, for translation analysis as mutation 

of the NF1 tumor suppressor drives MAPK signaling and is characteristic of the MES 

phenotype in GBM (22, 38).

To uncover the effect of ATO on cap-dependent translation, we employed a 5′ cap-binding 

assay using m7GTP-coupled beads. Treatment of LN229 cells with ATO resulted in a 

subsequent increase in loading of eIF4E and eIF4A, both members of the eIF4G cap-binding 

complex, to the 5′ cap (Fig. 4A). As cap formation is essential for translation initiation, we 

next sought to identify the ATO-induced translatome using polysomal fractionation. Cells 

were treated with or without ATO and monosomal and polysomal mRNA were separated via 

hypotonic lysis and polysomal fractionation (Fig. 4B). We found that ATO treatment did not 

significantly affect global translation profile under these conditions, as indicated by similar 

monosomal and polysomal profiles. To further elucidate the effects of ATO treatment on 

translation, we used microarray analysis of total (i.e., unfractionated) and polysomal mRNA 

of ATO treated and untreated GBM cells (Fig. 4C). We found that a number of coding genes 

were significantly increased in the polysomal as compared to total fractions (Fig. 4D). In the 

ATO-treated polysomes, 96 transcripts were significantly upregulated, with 51 of these 

transcripts found in the ATO-treated polysomes but not in the untreated polysomes 

(Supplementary Table S3). Of these transcripts, Frizzled Class Receptor 6 (FZD6), a master 

regulator of the MES phenotype in GSCs (39), was enriched in ATO treated polysomes. The 

upregulation of FZD6 was confirmed by qRT-PCR (Fig. 4E). Importantly, no change in 

FZD6 was observed in the total mRNA fractions.

We next sought to define the genes enriched in the ATO polysomes as compared with the 

untreated polysomes. Using GSEA, we found numerous gene sets significantly enriched in 

the ATO polysomes. Among the top ten Gene Ontology (GO) gene sets, three were involved 

in the inhibition of apoptosis (Fig. 4F). These findings suggest that ATO treatment activates 
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translation of anti-apoptotic genes, preventing cell death and promoting resistance in MES 

GBM.

MNK1 expression correlates with MES GSC genes and predicts poor survival in GBM

GBMs are heterogeneous tumors containing a subpopulation of CSCs that mediate therapy 

resistance and tumor recurrence. Given that MNK1 is crucial for ATO-resistance in MES 

GBM, we sought to investigate whether this resistance mechanism is also conserved in MES 

GSCs. We analyzed GBM TCGA data and found that MKNK1 expression positively 

correlated with MES GSC genes, ALDH1A3 and CD44, and negatively correlated with PN 

GSC genes, OLIG2 and SOX2 (Fig. 5A). Similarly, ALDH1A3, negatively correlated with 

OLIG2 and SOX2 in this dataset (Fig. 5B). Furthermore, analysis of patient samples from 

different cellular compartments show that MKNK1 is differentially expressed throughout 

GBM tumors (Fig. 5C). The PN GSC gene, SOX2, exhibits a different pattern of expression 

that reflects the inverse correlation of MKNK1 and PN GSC genes (Fig. 5C). We next 

analyzed the effect of MKNK1 expression in GBM and other gliomas on survival. We found 

the higher MKNK1 expression in GBM when compared with low-grade gliomas (Fig. 5D). 

In low-grade gliomas, high MKNK1 expression predicts poor prognosis (Fig. 5E). Similarly, 

we found that high MKNK1 expression predicts poor prognosis in GBM patients (Fig. 5F). 

As the glioma CpG island methylator phenotype (G-CIMP) and MGMT-pro moter 

methylation status are among the most significant positive prognostic factors in GBM (40), 

we analyzed the effect of MKNK1 expression on survival in patients without these 

alterations. Importantly, MKNK1 expression predicted poor survival in non-G-CIMP/

MGMT-promoter unmethylated GBM patients (Fig. 5G). These findings suggest that GBM 

patients with enrichment of MES GSC genes and MNK1 may have poorer prognosis and led 

us to investigate the role of MNK1 in MES GSCs.

MNK inhibition sensitizes MES GSCs to ATO

We next examined the effect of ATO on patient-derived MES GSCs. GSCs are known to be 

particularly resistant to conventional therapies (2). We found that ATO treatment induces 

eIF4E phosphorylation in a MES GSC line (Fig. 6A). As with established GBM cells (Fig. 

2), MNK inhibition blocked ATO-induced eIF4E phosphorylation in MES GSCs (Fig. 6B). 

Building upon our previous finding that ATO treatment activates translation of anti-apoptotic 

mRNAs in GBM (Fig. 4), we next tested whether MNK inhibition could sensitize MES 

GSCs to ATO and induce apoptosis. We found that concomitant treatment with ATO and a 

MNK inhibitor led to an increase in apoptosis (Fig. 6C–E). Furthermore, treatment of MES 

GSCs with ATO and a MNK inhibitor led to a significant decrease in neurosphere formation 

indicating depletion of the CSC populations (Fig. 6F). These findings confirm that ATO 

stimulates MNK activity in MES GSCs and suggest that combination treatment with a MNK 

inhibitor and ATO may be an effective strategy to deplete this CSC population.

PN subtype is associated with improved ATO responses in GBM patients

After establishing a role for MNK signaling in ATO responses in vitro and in vivo, we 

sought to identify whether these results apply to a patient cohort treated with ATO. Clinical 

outcomes from this study have been previously reported (9, 10). Here, we specifically 

correlate outcomes with regard to molecular subtype. We analyzed the molecular subtype of 
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22 GBM patients treated with Trisenox (ATO; Fig. 7A). Interestingly, we found that 

enrichment of the MES gene set positively correlated with enrichment of the translation 

gene sets. Conversely, enrichment of the PN gene set negatively correlated with enrichment 

of translation gene sets (Fig. 7B and C). These results are consistent with our findings 

showing enrichment of translation gene sets in MES GSCs (Supplementary Fig. S2). As has 

been demonstrated by others (3, 4), expression of MES and PN genes exists on a spectrum 

with high enrichment of the MES genes predicting low expression of the PN genes. All 

patients were then subtyped according to MES or PN gene signatures (41) and enrichment of 

translation (TLN I) and translation initiation (TLN II) gene sets was compared (Fig. 7D). In 

both cases, tumors with high MES gene signatures were enriched for translation gene sets. 

Confirming our previous results (Fig. 5; Supplementary Fig. S2), these findings indicate that 

our MES subtype GBM clinical trial samples also exhibit higher MNK activity and 

translational activation.

We also found that MES subtype GBM from this cohort had significantly higher eIF4E 

phosphorylation than the PN subtype, suggesting that MNK is highly activated in the MES 

subtype (Fig. 7E and F). Furthermore, enrichment of the MES gene set positively correlated 

with eIF4E phosphorylation (Fig. 7G). Finally, we found that PN subtype patients responded 

better to ATO than other subtypes, with a median OS of 1,359 days and PFS of 913.5 days. 

These results implicate translation, MNK–eIF4E signaling, and the PN molecular subtype in 

ATO responses in GBM patients.

Discussion

GBM remains an incurable disease due, in part, to the development of therapeutic resistance 

driven by a subset of tumor-initiating cells, known as GSCs. When compared with PN 

GSCs, MES GSCs are particularly resistant to a number of different cytotoxic agents and 

radiation. Several mechanisms have been identified as drivers of this resistance in MES 

GSCs including reliance on different metabolic pathways, FOX transcription factor 

programs, regulatory microRNAs, and altered epigenetic states (2, 3, 39, 42). Furthermore, 

single-cell sequencing studies have uncovered a phenomenon in which individual GBM 

tumors contain clones of different molecular subtypes (i.e., intratumoral heterogeneity; ref. 

4). These findings underscore the importance of appropriately characterizing GBM 

molecular subtypes and designing therapeutic approaches targeted to specific patient 

cohorts.

Here, using a high-throughput screen of 650 compounds, we identified the FDA-approved 

compound, ATO, as a potent inhibitor of PN GBM and GSCs, whereas MES GSCs appeared 

less sensitive to ATO. This can be attributed to the finding that ATO directly augments the 

kinase activity of MNK1 resulting in phosphorylation of eIF4E, in vitro. In line with this, we 

demonstrate that the MNK pathway is activated upon ATO treatment of MES GBM cells and 

tumor-bearing mice and this MNK activation may represent a resistance mechanism in MES 

GBM. We show that MNK1 is required for phosphorylation of the downstream MNK 

substrate and oncogene, eIF4E. Furthermore, using polysomal fractionation and gene 

expression profiling, we identify an ATO-induced translatome that is enriched for anti-

apoptotic transcripts, suggesting a novel, translationally-driven resistance mechanism in 
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MES GBM. Concomitantly, we show that patient-derived PN cell lines are more sensitive to 

ATO (and a number of other cytotoxic compounds) than MES cell lines. In line with this, we 

show that MES GSCs, which express elevated MNK1 and other translation initiation genes, 

are relatively insensitive to ATO and can be sensitized to ATO by MNK inhibition. This can 

be explained by the finding that ATO directly increases the kinase activity of MNK1, 

resulting in phosphorylation of eIF4E, in vitro. Finally, consistent with our in vitro findings, 

in a phase I/II clinical trial of Trisenox (ATO), PN GBM respond better to ATO as 

demonstrated by increased overall and progression-free survival of patients with that 

phenotype.

Importantly, in our study we find that ATO-induced MNK– eIF4E signaling is associated 

with poor survival in mice with an intracranial GBM PDX. The emergence of one group of 

tumor-bearing mice associated with high eIF4E phosphorylation and poor survival suggests 

the development of adaptive resistance to ATO. A similar phenomenon has been observed in 

GBM under different contexts in previous studies. For example, using single-cell 

phosphoproteomics to characterize adaptive resistance mechanisms in a GBM PDX model 

treated with an mTOR inhibitor, it was found that a subset of tumors rapidly develop 

therapeutic resistance via activation of several phosphorylation targets (43). Furthermore, 

PDX models contain heterogeneous cell populations including GSCs and differentiated 

cancer cells. It is conceivable that the emergence of ATO-resistant clones with high MNK 

activity accounts for the differential ATO responses in our system.

MNK activation and subsequent phosphorylation of eIF4E are negative prognostic factors 

for several cancers including malignant gliomas (44–47). In addition to regulating cap-

dependent mRNA translation, eIF4E also promotes nuclear export of specific eIF4E-

sensitive oncogenic mRNAs through a process that is activated by MNK-mediated eIF4E 

phosphorylation (48, 49). Furthermore, in addition to eIF4E, other downstream effectors 

may also be important in the context of ATO treatment in GBM. MNK1 and MNK2 

integrate upstream signaling from p38 and ERK leading to phosphorylation of several targets 

(50). For example, MNK1 phosphorylates Sprouty 2 (SPRY2) at two sites (S112 and S121) 

stabilizing the protein and leading to its activation (51). In GBM, SPRY2 drives resistance to 

receptor tyrosine kinase (RTK) inhibitors (52). In addition to SPRY2, MNKs also activate 

the mRNA binding protein Heterogeneous Nuclear Ribonucleoprotein A1 (hnRNPA1) via 

activation of the p38-MNK signaling pathway in stress granules (53). The activation of 

hnRNPA1 promotes activation of MYC by facilitating alterative splicing of MYC-

Associated Factor X (MAX; ref. 54). Conceivably, stimulation of MNK activity by ATO 

treatment may lead to activation of these or other downstream effectors, in addition to 

eIF4E. Future studies defining the role of these substrates may identify additional resistance 

mechanisms to ATO and other cytotoxic agents.

Arsenic species bind to proteins through coordination of cysteine and/or histidine residues in 

close proximity. ATO has been shown to bind to zinc fingers with at least three cysteines 

(i.e., C3H1 or C4 zinc fingers; ref. 36). ATO can directly bind to cysteine residues in protein 

kinases like hexokinase 2 (HK2) and AMP-activated protein kinase (AMPK), which results 

in inhibition of kinase activity (24, 35). Among the most interesting findings of our study, 

was the evidence for direct activation of MNK by arsenic. MNK1 contains a zinc-binding 
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domain with four cysteine residues located in a region encompassing a helix αG domain 

(residues 261–290; ref. 55). Notably, this domain is unique to the MNKs and not found in 

other Ca2+/calmodulin-dependent protein kinases (CAMK; ref. 55). It is possible that ATO 

binds MNK1 to cysteines on positions C264, C268, C276, and C279. Although the role of 

this region is not fully understood, it may be important for substrate binding (55). Future 

studies will need to be conducted to uncover the role of these cysteines in MNK1 kinase 

activity.

Our findings suggest that ATO represents an effective therapeutic option for GBM in some 

contexts, particularly through the depletion of PN GSCs. Furthermore, our study suggests a 

rationale for ATO when combined with MNK inhibitors in MES GBM. Novel MNK 

inhibitors are currently under development, which may have clinical applications (55). 

Furthermore, preliminary success for the treatment of GBM has been achieved by targeting 

other components of the translational machinery (37, 56). For example, Ribavirin, an eIF4E 

targeting compound that is FDA-approved for the treatment of hepatitis C, disrupts GSCs 

and synergizes with chemotherapy and radiation in a GBM mouse model (56). Our study 

corroborates the notion of MNK-related translational activation as an attractive target for 

GBM and, in particular, for depletion of therapy-resistant MES GSCs.

To our knowledge, this is the first analysis of clinical trial data assessing ATO responses in 

different GBM molecular subtypes. Although we do not measure MNK1 protein levels 

directly in patient samples, our findings provide evidence that high MNK activity triggers 

mRNA translation of target genes that correlate with poor clinical responses to ATO. Our 

findings will need to be replicated in larger patient cohorts using the most recent 

classifications for GBM that include IDH mutation status, an important prognostic factor 

(40). However, our observation that MKNK1 expression correlates with poor survival in 

non-G-CIMP/ MGMT promoter unmethylated patients suggests that IDH mutations may not 

play an important role in this scenario. Our findings provide valuable insight by linking in 
vitro and in vivo data to a meaningful clinical scenario. As GBM is a complex, 

heterogeneous disease that can be difficult to model precisely with cell culture and PDX 

models, it is necessary to confirm preclinical research findings in patients. Our study utilizes 

an unbiased approach to identify ATO as a PN subtype-specific compound in patient-derived 

cell lines. Furthermore, we characterize MNK1–eIF4E signaling as an ATO resistance 

mechanism in MES GBM. Thus, our data supports the use of ATO in PN GBM patients and 

a combination of ATO and MNK inhibition in MES GBM.

In summary, we provide evidence implicating MNK signaling as a resistance mechanism to 

ATO in GBM and, in particular, MES GSCs. Further research may uncover additional ATO 

resistance mechanisms and present opportunities for novel combinatorial approaches. The 

development of treatment strategies designed to specifically target MES or PN GSCs is an 

attractive approach to disrupt these tumor-initiating cells and prevent tumor recurrence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
High-throughput screens identify differential ATO sensitivity in PN and MES GBM. A, 

RNA was extracted from orthotopically grown GBM PDX models. Transcriptomic profiling 

was performed using Agilent 44K array. Expression data was filtered for mouse 

contamination and molecular subtype analysis was performed using 66 subtype 

classification according to Verhaak et al. (22). B and C, Preliminary CellTiter-Glo viability 

screen was performed on short-term cultures of GBM PDX models, U87, and Human 

foreskin fibroblast (HFF) at 10 μmol/L. Only compounds with a statistically significant 
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differential effect on cell viability are shown in the graph and heatmap. In this preliminary 

screen against 650 compounds, ATO (SBI-0634390; red) was identified as a small molecule 

with specificity towards non-MES GBM cells. D and E, ATO specificity was further 

validated by a secondary CellTiter-Glo viability screen, where selected 120 compounds were 

screened against short-term cultures of GBM PDX models at three different concentrations 

(0.1, 1, and 10 μmol/L). Only compounds with a statistically significant differential effect on 

cell viability are shown in the graph and heatmap. Averages for triplicates for each 

concentration are presented in the heatmap (D). Differential responses to compounds (E) 

show PN and MES specific compounds. F, Subtype-specific effects of ATO were further 

validated by performing dose-response experiments against selected MES and PN GBM ex 
vivo PDX models. Non-linear dose-response curve fit, F test,*****, P ≤ 0.0001. G, 83Mes 

and AC17PN GSCs were treated with ATO (1 μmol/L) for 5 days and cell viability was 

analyzed by WST-1 assay. Data represent means ± SEM of three independent experiments. 

Unpaired, two-tailed t test,**, P ≤ 0.01.
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Figure 2. 
ATO activates MNK signaling in vitro and MNK activity is associated with poor response to 

ATO in vivo. A, U87 (top) and LN229 (bottom) cells were treated with increasing 

concentrations of ATO for 90 minutes. Whole cell lysates were subjected to immunoblotting 

with antibodies against phospho-eIF4E (Ser209) or eIF4E. B, Immunoblotting analysis as in 

(A). U87 cells were pretreated with CGP57380 (10 μmol/L) or DMSO for 1 hour followed 

by treatment with ATO (5 μmol/L) for 90 minutes. C, U87 cells were treated with increasing 

concentrations of ATO and CGP57380 (10 μmol/L) for 5 days and cell viability was 
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analyzed by WST-1 assay. Data represent means ± SEM of three independent experiments. 

Nonlinear dose–response curve fit, F test, ****, P ≤ 0.0001. D and E, Nude mice were 

inoculated with a patient-derived xenograft via intracranial injection. After tumor formation, 

mice were randomized and treated with either vehicle control or ATO (5 mg/kg) three times 

per week. Body weight in vehicle control and ATO-treated mice is shown. Log-rank Mantel–

Cox, P = 0.76. F, Brains were sectioned and stained with phospho-eIF4E (Ser209) antibody. 

Following staining, tumors were ranked blindly. Survival of mice with high (above the 

median) or low (below the median) phospho-eIF4E staining was compared. Log-rank 

Mantel–Cox, P = 0.10. G, Mice in the ATO treatment group with long survival (responders) 

or short survival (nonresponders) are shown. Log-rank Mantel–Cox, P = 0.007. H, 

Representative phospho-eIF4E staining from ATO responder and nonresponders is shown, 

scale bar = 50 μm.
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Figure 3. 
MNK1 is required for ATO-induced eIF4E phosphorylation in GBM and arsenic binds to 

MNK1 and activates kinase activity. A and B, U87 (A) and LN229 (B) cells were transfected 

with control siRNA or siRNA targeting MNK1, MNK2, or combination. Cells were treated 

with or without ATO (2 μmol/L) for 90 minutes. Whole cell lysates were subjected to 

immunoblotting with antibodies against MNK1, phospho-eIF4E (Ser209), or eIF4E. C and 

D, Cells from A and B were collected and RNA was extracted. Expression of MKNK1 and 

MKNK2 genes was determined by qRT-PCR normalizing to GAPDH. Data represent means 

± SEM of two independent experiments. E, LN229 (MNK1 expressing) or LN18 (MNK1 

undetectable) cells were treated with or without ATO (5 μmol/L) for 90 minutes. Whole cell 

lysates were subjected to SDS-PAGE followed by transfer to PVDF membranes. Membranes 

were incubated with antibodies against phospho-eIF4E (Ser209), eIF4E, or MNK1. F, 

LN229, U87, or recombinant MNK1-GST protein were treated with DMSO or the 

biotinylated arsenic compound, As-Biotin (AsB), for 2 hours. Whole cell lysates or 
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recombinant protein were incubated with streptavidin beads overnight. Streptavidin pull-

down and input control were subjected to immunoblotting with an antibody against MNK1. 

G, Recombinant MNK1-GST protein was treated with increasing concentrations of ATO for 

30 minutes in the presence of the MNK1 peptide substrate, EIF2S. Kinase activity was 

assessed using the ADP-Glo Kinase Assay. Data represent means ± SEM of three 

independent experiments. Unpaired, two-tailed t test, **, P ≤ 0.01.
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Figure 4. 
Polysomal profiling reveals ATO-induced translatome in GBM. A, LN229 cells were treated 

with increasing concentrations of ATO for 6 hours. Whole cell extracts were incubated with 

m7GTP-Agarose beads overnight. m7GTP-Agarasoe pull-down and input control were 

subjected to SDS-PAGE followed by immunoblotting with antibodies against phospho-

eIF4E (Ser209), eIF4E, eIF4A, or GAPDH. B, LN229 cells were treated with increasing 

concentrations of ATO for 6 hours. Following treatment, cells were lysed with hypotonic 

lysis buffer, separated by a sucrose gradient (10–50%), and the O.D. 254 nm was analyzed. 
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Graph represents O.D. as a function of gradient depth. C and D, LN229 cells were treated as 

in B. Total and polysomal mRNA were isolated and transcript expression was analyzed 

using the Clariom D microarray. Coding genes up- or downregulated after ATO treatment in 

polysomal and total RNA are shown. Genes >1.5 times increased in polysomal RNA as 

compared to total RNA for untreated and ATO treated cells are shown in the Venn diagram. 

E, Total and polysomal mRNA (as in B) was isolated and pooled and relative FZD6 mRNA 

expression was determined by qRT-PCR using GAPDH for normalization. Data represent 

means ± SEM of three independent experiments. Unpaired, two-tailed t test,*, P ≤ 0.05. F, 

Gene expression of ATO polysomes and total polysomes was analyzed by GSEA. The top 

10 C5: GO gene sets enriched in ATO polysomes as compared to untreated polysomes are 

listed. Gene sets involved in apoptosis or cell death are highlighted in red. Enrichment plot 

of the negative regulation of apoptosis (GO:0043066) gene set in untreated and ATO 

polysomes is shown. Nominal P < 0.01.
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Figure 5. 
Expression of MES GSC markers correlate with MKNK1 and MKNK1 expression predicts 

poor survival in GBM patients. A and B, Multiple correlation analysis of MES and PN GSC 

markers in TCGA patients. Pearson’s correlation analysis,****, P ≤ 0.0001. C, Heatmap 

showing expression of MKNK1, MES GSC markers (ALDH1A3, CD44) and PN GSC 

markers (OLIG2, SOX2) in different tumor regions: microvascular proliferation (MP), 

infiltrating tumor (IT), leading edge (LE), and cellular tumor (CT). Bar graphs depict 

summarized data from heatmap. Comparisons between MKNK1 and SOX2 means in 
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different tumor regions is shown with Tukey’s honest significant difference test,*, P ≤ 0.05; 

**, P ≤ 0.01;***, P ≤ 0.001. D, Expression of MKNK1 in GBM and low-grade gliomas: 

oligodendroglioma (OG), oligoastrocytoma (OA), and astrocytoma (AS). One-way 

ANOVA,*, P ≤ 0.05;****, ≤ 0.0001. E and F, Overall survival (OS) analysis of low-grade 

glioma (E), all GBM (F), and MGMT promoter unmethylated; non-G-CIMP GBM (G) 

patients with high and low expression of MKNK1 (MNK1). Log-rank (Mantel-Cox) test P-

values are shown. Expression data downloaded from GlioVis (http://gliovis.bioinfo.cnio.es; 

ref. 57). Heatmap generated using the IVY Glioblastoma Project. ©2015 Allen Institute for 

Brain Science. Ivy Glioblastoma Atlas Project. Available from: 

glioblastoma.alleninstitute.org.
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Figure 6. 
MNK inhibition sensitizes MES GSCs to ATO in neurosphere formation and apoptosis 

assays. A, 83Mes cells were treated with increasing concentrations of ATO for 90 minutes 

and whole cell lysates were subjected to immunoblotting with antibodies against phospho-

eIF4E (Ser209) or eIF4E. B, 83Mes cells were pre-treated with CGP57380 (10 μmol/L) or 

DMSO for 1 hour followed by treatment with ATO (5 μmol/L) for 90 minutes and subjected 

to immunoblotting with antibodies against phospho-eIF4E (Ser209) or eIF4E. C, 83Mes 

cells were treated with DMSO, ATO (5 μmol/L), CGP57380 (10 μmol/L), or combination 

for 2 days. After treatment, apoptosis was assessed by co-staining cells with propidium 

iodide (PI) and Annexin V-FITC followed by flow cytometry analysis. Representative dot 
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plots are shown. D, Annexin V positive cells from (C) were quantified to determine total 

apoptosis. Data represent means ± SEM of four independent experiments. Paired two tailed t 
test,*, P ≤ 0.05;**, P ≤ 0.01;***, P ≤ 0.001. E, 83Mes cells were treated as in (D) and whole 

cell lysates were subjected to immunoblotting with antibodies against PARP or HSP90. F, 

83Mes cells were seeded into 96-well round-bottom plates at densities ranging from 1 to 500 

cells per well in the presence of DMSO, ATO (5 μmol/L), CGP57380 (10 μmol/L), or 

combination. After 1 week incubation, neurospheres were stained with acridine orange and 

neurosphere formation was assessed and extreme limiting dilution analysis (ELDA) was 

performed (http://bioinf.wehi.edu.au/software/elda/; ref. 27). P-values from chi-square 

analysis are shown.
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Figure 7. 
PN GBM phenotype associated with improved outcomes in ATO clinical trial. A, Tumor 

samples from 22 patients enrolled in a phase I/II trial of Trisenox (ATO) were analyzed by 

RNA-sequencing to determine molecular subtyping according to Verhaak et al. [22]. B and 

C, Gene set variation analysis (GSVA) of 22 patient samples. Heatmap shows GSVA 

enrichment scores for patients ranked according to MES ES. Pearson’s correlation analysis 

shows relationship between MES enrichment score (MES ES) or PN enrichment score (PN 

ES) and translation enrichment scores (TLN I ES, TLN II ES),*, P ≤ 0.05. D, Comparison of 
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translation gene set enrichment scores in patients subtyped according to Carro et al. (41) 

(MES vs. PN). Unpaired, two-tailed t test **, P ≤ 0.01;***, P ≤ 0.001. E and F, Tumor 

samples were analyzed by phospho-eIF4E IHC and ranked per staining intensity. 

Representative phospho-eIF4E staining from MES and PN GBM patients are shown, scale 

bar = 50 μm. Mean staining rank score are shown for each subtype with available tumor with 

higher rank score corresponding with higher phospho-eIF4E intensity. One-way ANOVA,*, 

P ≤ 0.05. G, Correlation analysis shows relationship between MES ES and phospho-eIF4E 

staining rank score, *, P ≤ 0.05. H and I, Overall survival (OS) and PFS analyses for 

different molecular subtypes are shown.
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