
Neuro-Oncology Advances
2(1), 1–11, 2020 | doi:10.1093/noajnl/vdaa151 | Advance Access date 5 November 2020

1

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

© The Author(s) 2020. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of Neuro-Oncology.

Cyrillo G. Brahm, U. Kulsoom Abdul†, Megan Houweling†, Myra E. van Linde, Tonny Lagerweij, 
Henk M.W. Verheul, Bart A. Westerman, Annemiek M. E. Walenkamp, and Rudolf S. N. Fehrmann

Department of Medical Oncology, University of Groningen, University Medical Center Groningen, Groningen, The 
Netherlands (C.G.B., A.M.E.W., R.S.N.F.); Department of Medical Oncology, Cancer Center Amsterdam, Brain Tumor 
Center Amsterdam, Amsterdam University Medical Centers, Location VUmc, Amsterdam, The Netherlands (C.G.B., 
M.E.v.L., H.M.W.V.); Department of Neurosurgery, Cancer Center Amsterdam, Brain Tumor Center Amsterdam, 
Amsterdam University Medical Centers, Location VUmc, Amsterdam, The Netherlands (U.K.A., M.H., T.L., B.A.W.); 
Department of Medical Oncology, Radboud University Medical Center, Nijmegen, The Netherlands (H.M.W.V.)

Corresponding Author: Rudolf S. N. Fehrmann, MD, PhD, Department of Medical Oncology, University Medical Center Groningen, 
Hanzeplein 1, P.O. Box 30.001, 9700 RB Groningen, The Netherlands (r.s.n.fehrmann@umcg.nl).

†These authors contributed equally to this work.

Abstract
Background.  Patients with glioblastoma (GBM) have a dismal prognosis, and there is an unmet need for new ther-
apeutic options. This study aims to identify new therapeutic targets in GBM.
Methods.  mRNA expression data of patient-derived GBM (n = 1279) and normal brain tissue (n = 46) samples were 
collected from Gene Expression Omnibus and The Cancer Genome Atlas. Functional genomic mRNA profiling was 
applied to capture the downstream effects of genomic alterations on gene expression levels. Next, a class com-
parison between GBM and normal brain tissue was performed. Significantly upregulated genes in GBM were fur-
ther prioritized based on (1) known interactions with antineoplastic drugs, (2) current drug development status in 
humans, and (3) association with biologic pathways known to be involved in GBM. Antineoplastic agents against 
prioritized targets were validated in vitro and in vivo.
Results. We identified 712 significantly upregulated genes in GBM compared to normal brain tissue, of which 27 
have a known interaction with antineoplastic agents. Seventeen of the 27 genes, including EGFR and VEGFA, have 
been clinically evaluated in GBM with limited efficacy. For the remaining 10 genes, RRM2, MAPK9 (JNK2, SAPK1a), 
and XIAP play a role in GBM development. We demonstrated for the MAPK9 inhibitor RGB-286638 a viability loss 
in multiple GBM cell culture models. Although no overall survival benefit was observed in vivo, there were indica-
tions that RGB-286638 may delay tumor growth.
Conclusions. The MAPK9 inhibitor RGB-286638 showed promising in vitro results. Furthermore, in vivo target en-
gagement studies and combination therapies with this compound warrant further exploration.

Key Points

	•	 There is an unmet need for novel therapeutic targets in glioblastoma (GBM).

	•	 We identified RRM2, MAPK9, and XIAP as novel potential therapeutic targets in GBM.

	•	 The MAPK9 inhibitor RGB-286638 shows promising in vitro results.

Data-driven prioritization and preclinical evaluation of 
therapeutic targets in glioblastoma
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Glioblastoma (GBM) is the most common and aggres-
sive primary brain tumor in adults. Currently, the standard 
first-line treatment for patients with newly diagnosed 
GBM consists of maximal surgical resection followed by 
postoperative radiation with concomitant and adjuvant 
temozolomide therapy. A randomized phase 3 trial in GBM 
patients, who had completed standard chemoradiotherapy, 
reported that adding tumor treating fields to maintenance 
temozolomide chemotherapy prolonged progression-free 
survival (7.1 months) and overall survival (OS; 20.5 months) 
as compared to controls (4.0 and 15.6  months, respec-
tively).1 Unfortunately, despite optimal first-line treat-
ment, recurrence is still almost inevitable. The prognosis 
of these patients remains poor with a median survival of 
12–20 months.2,3

At the time of recurrence, treatment options are limited 
due to limitations in the use of surgery and re-irradiation, 
as well as the limited efficacy of systemic treatment.1,4–6 In 
the past decades, research focused on the molecular ge-
netic profiles of GBM to provide insights into the pathogen-
esis of GBM and the tenacious resistance to conventional 
and targeted therapies. The Cancer Genome Atlas Research 
Network (TCGA) made a significant contribution and per-
formed a comprehensive genomic and transcriptomic 
analysis on 206 GBM samples. They demonstrated rele-
vant genomic alterations in the p53, retinoblastoma (Rb), 
and receptor tyrosine kinase (RTK)/phosphoinositide 3-ki-
nase (PI3k) signaling pathways.7 Furthermore, unsuper-
vised hierarchical clustering analysis of the TCGA GBM 
expression data linked transcriptomic alterations on the 
mRNA level with distinct molecular subtypes of GBM, 
which were confirmed on the single-cell transcriptomic 
level.8–10 Collectively, these data helped to identify fre-
quently amplified genes in GBM, including EGFR, PDGFRA, 
MET, CDK4, and PIK3CA, and commonly deleted genes, 
such as PTEN and RB1.7,11,12 Genomic alterations can trans-
late into downstream effects, such as changes in protein 
structures (with gain or loss of function) or changes of 
gene expression levels (with activation or inactivation of 
a gene or pathway).13 Therefore, genomic alterations (eg, 
somatic copy number alterations [SCNAs]) hold valuable 
information on the biological behavior of GBM, its resist-
ance mechanisms to conventional therapy, and possible 
new therapeutic targets.

The method of functional genomic mRNA (FGmRNA) 
profiling demonstrated that the expression level of all 
genes can be affected by SCNAs. However, this effect is 
often subtle and obscured mainly by major, non-genetic 
factors (eg, physiological, metabolic, and experimental 
factors). FGmRNA profiling is capable of correcting 
gene expression data for these factors, resulting in a re-
sidual gene expression signal that highly correlates with 
SCNAs.14 Thus, FGmRNA profiling is capable of capturing 
the downstream effects of genomic alterations on gene 
expression levels.

We hypothesize that FGmRNA profiling of publicly avail-
able, raw microarray expression data of patient-derived 
GBM samples and normal brain tissue harbors valuable 
new insights on the downstream effects of genomic al-
terations in GBM. Therefore, this proof of concept study 
used FGmRNA profiling, followed by prioritization, to 
identify highly expressed genes in GBM with known drug 
interactions that could serve as new potential therapeutic 
targets. Subsequently, we investigated the preclinical 
antitumor activity of targeted agents directed against these 
potential therapeutic targets in GBM.

Materials and Methods

Detailed methods information is provided in 
Supplementary Methods.

Data Acquisition

We collected publicly available raw microarray expres-
sion data from the Gene Expression Omnibus (GEO). We 
obtained gene expression data from GEO for samples that 
were processed on the HG-U133A (GPL96) and HG-U133 
plus 2.0 (GPL570) Affymetrix platforms. Simple Omnibus 
Format Text (SOFT) files were downloaded for both plat-
forms. These SOFT files contain information on the sam-
ples as provided by the investigator who uploaded the 
data to GEO. To identify GBM samples, we first applied 
automated filtering with GBM-related keywords on the 
SOFT files (Supplementary Table S1). This search strategy 
was aimed at sensitivity to minimize the chance of missing 

Importance of the Study

Despite optimal first-line treatment of newly 
diagnosed glioblastoma (GBM), recurrence is 
inevitable and universally results in death in 
most cases. Therefore, there is a need for more 
effective treatment strategies and new thera-
peutic targets. Here, we applied functional ge-
nomic mRNA (FGmRNA) profiling, a method 
that corrects gene expression profiles for phys-
iological and experimental factors irrelevant 
to the observed tumor phenotype, on pub-
licly available microarray expression data of 

patient-derived GBM samples and normal brain 
tissue samples. Based on the class comparison 
of FGmRNA profiles, known interactions with 
antineoplastic drugs and the association with 
pathways involved in GBM carcinogenesis, 
we identified RRM2, MAPK9, and XIAP as po-
tential therapeutic targets in GBM. Out of the 
available drugs targeting RRM2, MAPK9, and 
XIAP, the MAPK9 inhibitor RGB-286638 showed 
promising in vitro results warranting further 
exploration.

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa151#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa151#supplementary-data
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relevant samples. Therefore, manual curation was neces-
sary to remove all non-relevant and false-positive sam-
ples. Cell lines, cultured samples, and postmortem or 
animal tissues were excluded. In addition, we collected 
raw gene expression data from the TCGA GBM multiforme 
data set. These data were generated with the Affymetrix 
HT HG-U133A and were integrated with the GEO data 
set. Preprocessing and aggregation of raw data were per-
formed according to the robust multi-array average algo-
rithm. Quality control of the resulting expression data was 
executed, as previously described.15

Class Comparison

FGmRNA profiling was used to capture the downstream ef-
fect of genomic alterations at gene expression levels. For a 
detailed description of FGmRNA profiling, we refer to the 
work of Fehrmann et al.14 We used the FGmRNA profiles of 
healthy brain tissue and GBM tissue to perform a genome-
wide class comparison analysis. A Welch’s T-test was used 
to identify genes with differential FGmRNA expression. To 
assess the degree of multiple testing, we performed our 
analysis within a multivariate permutation test (1.000 per-
mutations) with a false discovery rate of 1% and a confi-
dence level of 99%. This resulted in a list of significantly 
associated genes, which contains no more than 1% false 
positives.

Prioritization of Upregulated Genes

We manually curated the list of significantly upregulated 
genes to exclude duplicate results of multiple probes 
targeting the same gene, nonspecific probes mapping to 
multiple genes and probes that did not map to a known 
gene. Subsequently, we explored the resulting list of 
genes with the use of the Drug–Gene Interaction Database 
(DGIDb; http://www.dgidb.org/). The DGIDb integrates data 
of disease-relevant human genes, drugs, and proven or po-
tential drug–gene interactions from 13 primary sources.16 
This allowed us to select upregulated genes that interact 
with antineoplastic agents. We assessed all antineoplastic 
agents per gene with an additional PubMed and www.
clinicaltrials.gov search to determine the mechanism of 
drug–gene interaction and the current drug development 
status in humans. Genes interacting with antineoplastic 
agents currently tested in various malignancies were pri-
oritized. Furthermore, we assessed these prioritized genes 
with www.genecards.org and PubMed to identify their bio-
logical pathways. Ultimately, we selected the genes with a 
biological pathway involved with GBM carcinogenesis and 
a known interaction with antineoplastic agents tested in 
clinical cancer trials.

In Vitro Experiments: Cell Lines and Description 
of Proliferation Assay

The established GBM cell lines U87, U251, T98G, and 
U138 were acquired from the ATCC and were cultured in 
Dulbecco’s modified Eagle’s medium supplemented with 
5% FBS. The HT29 colorectal cell line was included as a 

control. The GBM8 primary cell culture was kindly pro-
vided by Dr. Bakhos Tannous (Harvard/MGH). Glioblastoma 
sphere cultures (GSCs) were obtained from single patient 
surgical specimens at MD Anderson and the Amsterdam 
University Medical Centers, location VUmc.17 GBM8 and 
GSCs were cultured at 37°C in Neurobasal-A Medium 
(Life Technologies) and supplemented with N2 (Life 
Technologies), B27 without vitamin A  (Life Technologies), 
Glutamax (Life Technologies), human EGF (Tebu Bio), 
human FGF basic (Tebu Bio), heparin (Leo Pharma), and 
penicillin/streptomycin (Sigma).18 Cells were certified my-
coplasma free by regular testing http://www.microbiome.
nl/. RGB-286638 (Bio-Connect) was dissolved in DMSO to 
prepare a 20 mM stock solution.

For the U87, U251, T98G, and U138 GBM cell 
lines, response to RGB-286638 was assessed by 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) assay as described previously.19 In short, 
cells were seeded on a transparent flat-bottom 96-well plate 
in a density of 2000 cells per well and were allowed to ad-
here for 24 h. After 24 h of incubation, at = 0, the measure-
ment was carried out, and cells were treated with 100 µL of 
drug solution according to a concentration dilution series 
ranging from 0 to 20 µM. Subsequently, after 72 h of treat-
ment, 100 µL of MTT indicator dye (5 mg/mL) was added to 
the wells, and cells were incubated for 2 h at 37°C. After the 
addition of 100 µL of 10% SDS/0.01 M HCl to the wells, ab-
sorption was measured at 540 nm in a microplate reader. 
The reading from the wells with cells cultured in control 
medium-plus DMSO was used as a 100% viability value. 
For GBM8 primary and GSC cell cultures, response to RGB-
286638 was determined through CellTiter-Glo 3D assay to 
measure the ATP content of viable cells. Cells were plated 
at an optimal density (which varied between GSC lines) in 
384-well plates 24 h prior to drug treatment. Subsequently, 
cells were exposed to a serial dilution of RGB-286638 
for 72  h in triplicate. Cell viability was determined using 
CellTiter-Glo 3D (Promega). Relative light units (RLUs) 
were measured using the Tecan’s Connect microplate 
stacker, and RLUs were normalized against the DMSO con-
trols.20 All experiments were performed in triplicate and re-
peated at least 2 times. Levels of response (ie, complete 
response, incomplete response, or resistance) were based 
on the viability at the highest concentration of RGB-286638 
and the IC50. Thresholds were below or higher than 5% via-
bility for complete versus incomplete responses and below 
or higher than an IC50 of 1 μM for incomplete responses 
versus resistance.

Orthotopic In Vivo Mouse Model

Female athymic nude-Fox1nu mice (age 6–8 weeks; 
Envigo) were maintained in accordance with animal 
welfare guidelines and regulations of the VU University 
in Amsterdam, The Netherlands. GBM8 cells, stably ex-
pressing Firefly luciferase and mCherry, were intracra-
nially injected in a volume of 5 µL (0.5 × 106 cells) into 
the striatum, as previously described.18 Tumor engraft-
ment and growth were determined by measuring the 
Firefly luciferase (Fluc) activity with a CCD camera after 
an intraperitoneal injection of 150 µL of d-luciferin (Gold 

http://www.dgidb.org/
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.genecards.org
http://www.microbiome.nl/
http://www.microbiome.nl/
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Biotechnology). Fluc activity was measured 5 days after 
intracranial injection of GBM8 cells and subsequently 
1–2 times a week during treatment and follow-up for a 
maximum total amount of 15 times. Mice with incom-
plete tumor engraftment (Fluc activity <104 RLU) were 
excluded from the experiment. Based on the Fluc ac-
tivity, mice were subsequently stratified into 3 treat-
ment groups of 7 animals each and were all treated for 
5 consecutive days with (1) Vehicle (PBS: 200  µL/day), 
(2) the pan-CDK inhibitor Flavopiridol (5  mg/kg/day) as 
a control for CDK inhibition, or (3) RGB-286638 (40 mg/
kg/day). The treatment dose for RGB-286638 (40 mg/kg/
day) was based on the in vivo study of Cirstea et  al.21 
in a multiple myeloma mice model. RGB-286638 and 
Flavopiridol were administered intravenously by tail 
vein. Experiments were performed under ethical review 
permission (AVD114002017841) and are reported ac-
cording to the ARRIVE guidelines.

Results

Sample Identification

Following automated filtering, manual curation, removal 
of duplicates, and quality control, mRNA expression data 
of 46 normal brain tissue samples and 1279 patient-derived 
GBM samples were included for further analysis. In-depth 
information on the GEO and TCGA samples and their cor-
responding citations are provided in Supplementary Table 
S2.

Class Comparison Between Normal Brain Tissue 
and Clinical GBM Samples

We identified 712 significantly upregulated and unique 
genes using a class comparison analysis between 
FGmRNA profiles of normal brain tissue samples and 
GBM samples (false discovery rate 1%, confidence level 
99%). Detailed results are provided in Supplementary 
Table S3.

Prioritization of Druggable Genes

Of the 712 upregulated genes, 27 genes interacted with 
116 antineoplastic drugs, according to the DGIDb (Table 1). 
Seventeen of the 27 druggable genes, including EGFR and 
VEGFA, were previously tested in clinical GBM trials and 
demonstrated limited efficacy (Supplementary Table S4). 
Therefore, these genes were excluded from further re-
view. For the 10 remaining genes, 14 of the 20 interacting 
antineoplastic drugs are currently being tested in clinical 
trials for various cancers but have not been tested in clin-
ical trials for GBM (Table 2). Drugs interacting with S1PR5 
and ADAMTS5 are currently not being evaluated in pa-
tients with cancer according to www.clinicaltrials.gov 
and were therefore also excluded. For the remaining 8 
genes (HRH1, TYK2, RRM2, MAPK9, PDK3, XIAP, NR3C1, 
and NCOA1), an additional literature search in Pubmed 
and http://www.genecards.org/ was performed, which 

identified RRM2, MAPK9, and XIAP as members of biolog-
ical pathways that play an important role in the develop-
ment of GBM (Figure 1).

The Potential Therapeutic Targets RRM2, 
MAPK9, and XIAP

Ribonucleotide reductase regulatory subunit M2 (RRM2) 
contributes to the upregulation of ribonucleotide reduc-
tase activity during the S phase of the cell cycle. It plays 
an essential role in regulating the total rate of DNA syn-
thesis.22,23 The gene is implicated in temozolomide therapy 
resistance and is transcriptionally co-activated by BRCA1, 
protecting cells from endogenous replication stress, DNA 
damage, and apoptosis.24–26 Subsequently, in vitro and in 
vivo studies with inhibition of RRM2 expression showed 
a significant decrease in tumor growth in various tumors, 
including GBM, and improved animal survival.27

The protein encoded by mitogen-activated protein ki-
nase 9 (MAPK9), also known as c-Jun N-terminal kinase 
2 (JNK2), is involved in regulating various cellular pro-
cesses, including cell growth, transformation, and ap-
optosis.28 This pathway can also be activated by growth 
factors, such as epidermal growth factor and platelet-
derived growth factor.29–31 Targeted inhibition of MAPK9 
with specific antisense oligonucleotides resulted in 
marked growth suppression in human GBM T98 cells, 
suggesting that MAPK9 inhibition could have thera-
peutic benefit.32

The X-linked inhibitor of apoptosis protein (XIAP) 
is a strong caspase-binding protein and inhibits both 
the intrinsic and extrinsic apoptosis pathways.33 
Overexpression of XIAP has been linked to tumor recur-
rence in prostate cancer and resistance to systemic and 
targeted therapy in breast cancer cells.34–36 Interestingly, 
the second mitochondria-derived activator of caspases 
(Smac) mimetics, which neutralizes XIAP, can sensitize 
GBM cells for temozolomide and can prime them for 
apoptosis.37,38

Based on the known drug–gene interactions and the 
current status of clinical evaluation in patients, the priori-
tized agents of interest are gallium nitrate as an inhibitor of 
RRM2, RGB-286638, as an inhibitor of MAPK9, and AT-406, 
Birinapant, GDC-0152, GDC-0917, and LCL161 as inhibi-
tors of XIAP. Subsequently, the preclinical efficacy of these 
drugs was evaluated in GBM.

The Sensitivity of GBM Cell Lines to 
Antineoplastic Agents Targeting MAPK9, RRM2, 
and XIAP

All cell lines, including the colorectal cell line HT29 as a con-
trol and the GBM8 primary cell culture, were exposed to var-
ious concentrations of the drugs of interest (ranging from 0 
to 20 µM) for 72 h. Exceptionally, for gallium nitrate, higher 
concentrations up to 2 mM were necessary. Interestingly, low 
exposure to RGB-286638 demonstrated near-complete inhibi-
tion in all cell lines (IC50 ranging from 0.01 to 0.03 µM; Figure 2), 
compared to all the other drugs in which high concentrations 
resulted in no or limited inhibition (Supplementary Figure 

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa151#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa151#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa151#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa151#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa151#supplementary-data
http://www.clinicaltrials.gov
http://www.genecards.org/
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa151#supplementary-data
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S1A–F). Additional analyses in GBM sphere culture models, 
which resemble GBM heterogeneity more accurate, showed 
that about one-third of the tumor models showed a similarly 
high sensitivity to RGB-286638, and around one-third showed 
an incomplete response resulting in 5–30% viability after ex-
posure to 1 µM (Supplementary Figure S2). Therefore, based 
on its antitumor activity, RGB-286638 was selected for preclin-
ical evaluation in an orthotopic in vivo model.

The Efficacy of RGB-286638 in an Orthotopic 
GBM8 Primary GBM In Vivo Model

The antitumor efficacy of RGB-286638 in an orthotopic in 
vivo mouse model, using primary GBM8 cells (Figure 3A), 

was studied. As RGB-286638 is an inhibitor of MAPK9, but 
also inhibits multiple cyclin-dependent kinases (CDKs), 
the pan-CDK inhibitor Flavopiridol was used as an extra 
control group. Orthotopic growth was assessed with in 
vivo luminescence measurement, which showed a sig-
nificantly lower signal in mice treated with RGB-286638 
compared to the vehicle and Flavopiridol group (P = 5.5 × 
10–8 and P  =  .01, respectively). Flavopiridol did not show 
significantly lower signals compared to the vehicle-
treated animals. In comparison to the vehicle control, no 
significant difference in median OS was observed for the 
animals treated with RGB-286638 (47 vs 53 days, respec-
tively, P  =  .93; Figure  3B). These combined results indi-
cate that RGB-286638 may delay tumor growth, possibly 
by its MAPK9 and CDK inhibitory properties. Overall, all 

  

712 significantly upregulated, unique genes

Genes with no known
interaction with antineoplastic
drugs according to the DGIDb
(n = 685)

Druggable genes tested in
clinical glioblastoma trials,
demonstrating limited efficacy
(n = 17)

Genes with interacting drugs
not rested in cancer patients
(n = 2):
   - S1PR5
   - ADAMTS5

Biological pathways are not
known to be involved in GBM
carcinogenesis (n = 5):

27 druggable genes interacting with
117 antineoplastic drugs

10 druggable genes interacting with
19 antineoplastic drugs

8 druggable genes interacting with
15 antineoplastic drugs

 3 druggable genes involved in the
carcinogenesis of gliblastoma

- Galium nitrate - AT-406
- Birinapant
-GDC-0152
-GDC-0917
-LCL161

-RGB-286638

   - HRH1
   - TYK2
   - PDK3
   - NR3C1
   - NCOA1

RRM2 XIAP MAPK9

Figure 1.  Prioritization process of druggable genes.
  

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa151#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa151#supplementary-data
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treatments were well tolerated based on the animals’ con-
ditions and weight during the follow-up period. However, 
some of the animals treated with RGB-286638 developed 
local skin lesions on their tail as a possible reaction to the 

administration via tail vein injection. The skin lesions in 
these mice recovered successfully after the topical admin-
istration of an antibacterial ointment. Therefore, the end-
point of this animal study was not limited by toxicity.

  

Strong responder (n =8)

MTT + CTG RGB

100

50

0

U251
100

50
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Figure 2.  (A) Viability assay of exposure to MAPK9 inhibitor RGB-286638 for 72 h and (B) the total number of GBM cell cultures responding or re-
sistant to RGB-286638.
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Flavopridol (n = 7)
Vehicle (n = 7)

Day 0 Day 5 Day 45

Treatment

A

B

Figure 3.  (A) Schematic overview of the in vivo experiment and (B) median overall survival in days of each treatment group.
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Discussion

We applied FGmRNA profiling to correct gene expression 
data for the effect of non-genetic and experimental factors 
on gene expression levels, followed by data-driven prior-
itization to identify RRM2, MAPK9, and XIAP as new po-
tential therapeutic targets in GBM. The preclinical efficacy 
of several clinical available compounds targeting RRM2, 
MAPK9, and XIAP was studied in GBM.

FGmRNA profiling is a method that corrects gene ex-
pression data for major, non-genetic factors (eg, physi-
ological, metabolic, cell-type-specific, and experimental 
factors). The FGmRNA profiles enabled us to capture the 
downstream effect of SCNAs at gene expression levels. 
With this innovative method, we discovered MAPK9 as a 
potential therapeutic target. Subsequently, we used RGB-
286638, a small molecule to target MAPK9. As with most 
small-molecule kinase inhibitors, this compound has mul-
tiple targets, including the family of CDKs.21,39 Interestingly, 
low concentrations of RGB-286638 (ie, 100  nM) showed 
near-complete inhibition of viability in all classical GBM 
cell lines and approximately one-third of all primary GSC 
cultures. RGB-286638 has been clinically evaluated in a 
phase I  study in patients with advanced solid tumors.40 
In this phase I study, RGB-286638 was well tolerated in a 
dose of 120 mg/day for 5 consecutive days every 28 days. 
Furthermore, prolonged disease stabilization, ranging 
from 2 to 14 months, was seen across the different dose 
levels. Unfortunately, although RGB-286638 showed a con-
sistent decrease in tumor growth, as determined by the 
luciferase signal in our orthotropic GBM8 mouse model, it 
did not result in a better OS.

We also investigated gallium nitrate, a simple gal-
lium salt used for the treatment of cancer-related 
hypercalcemia, interacts with the iron-dependent M2 
subunit of ribonucleotide reductase (RRM2) and thereby 
inhibits DNA synthesis.41 Interestingly, gallium nitrate 
has demonstrated antineoplastic activity in various can-
cers, such as advanced bladder cancer and non-Hodgkin’s 
lymphoma.42–44 So far, experiments with gallium nitrate 
showed inconsistent results in 2 GBM cell lines.45 Here, 
we demonstrated that high concentrations of up to 2 mM 
of gallium nitrate result in a heterogeneous and poor re-
sponse in all GBM cell lines, including the GBM8 primary 
cell culture.

Lastly, exposure to the XIAP inhibitors AT-406, birinapant, 
GDC-0152, GDC-0917, and LCL161 showed limited efficacy 
in the GBM cell lines. This is in contrast to 2 previous pre-
clinical studies. Tchoghandjian et al.46 showed that in vitro 
and in vivo targeting of IAP with GDC-0152 triggered apop-
tosis in multiple GBM cell lines and improved the outcome 
in GBM-bearing mice. Furthermore, a comprehensive 
preclinical study of Zakaria et al.47 with birinapant in var-
ious GBM cell lines, as a single agent or combined with 
temozolomide, showed remarkable differences in treat-
ment responses. However, in line with our results, the pre-
clinical study of Houghton et al.48 with the Smac mimetic 
LCL161 demonstrated limited in vitro efficacy, but signif-
icant growth delay in a GBM xenograft. These conflicting 
results in which in vivo responses were better than the 

in vitro efficacy may demonstrate the critical effect of the 
tumor microenvironment on therapeutic responses in 
GBM or could indicate that insufficient target engagement 
was reached in the tumor.47,49

Over the past decades, progress in the improvement of 
the treatment and survival of patients with GBM has been 
frustratingly slow due to multiple factors, including the 
blood–brain barrier, intra- and intertumoral heterogeneity, 
and the tumor microenvironment. As with most drugs 
tested in GBM, it is possible that insufficient intracranial 
concentrations of the antineoplastic agents are reached 
due to the inadequate delivery across the blood–brain bar-
rier.50 Unfavorable physicochemical properties for blood–
brain barrier transfer are the relatively large size (molecular 
weight = 545.64; 8 rotational bonds) as well as the charge 
(3 hydrogen bond donors) of RGB-286638.51 This could ex-
plain our conflicting preclinical results with RGB-286638, 
in which in vitro responses were more promising than 
the in vivo efficacy. Therefore, RGB-286638 might be sub-
jected to drug discovery to overcome these unfavorable 
characteristics.

Furthermore, exposure to these drugs may sensi-
tize GBM cells for treatment with temozolomide or ra-
diotherapy. For instance, Wagner et  al.38 showed that 
combinational treatment with the Smac mimetic BV6 and 
temozolomide synergistically reduces cell viability and 
triggers apoptosis in GBM cells. Similarly, RRM2 inhibition 
could sensitize cells to temozolomide chemotherapy.25,26 
Lastly, colleagues have recently demonstrated that the 
MAPK-targeting agent MEK162 was found to enhance the 
effect of radiotherapy on GBM cells in their in vitro and in 
vivo GBM model.18 Based on the results of these studies, 
the efficacy of the antineoplastic drugs targeting RRM2, 
XIAP, and MAPK9 combined with temozolomide and/or ra-
diotherapy still warrants further investigation.

An important aspect of our work is that we used pub-
licly available gene expression data collected from GEO 
and TCGA. A  significant advantage of this approach is 
that these databases contain large amounts of data, 
which have yet to be fully explored in all their details. 
Therefore, the use and reanalysis of publicly available 
gene expression data may lead to novel insights and dis-
coveries. Importantly, FGmRNA profiling was applied on 
mRNA expression data, which should be carefully inter-
preted, since the FGmRNA expression levels of genes 
might not always be strongly correlated with the corre-
sponding protein expression levels. For instance, protein 
levels could be lower due to various cellular processes, 
such as a high turn-over. Furthermore, it is difficult to dis-
tinguish the effect of target gene overexpression in GBM 
cells from the impact of target gene overexpression in 
surrounding nontumor cells. To minimalize this effect 
caused by surrounding nontumor cells, we used suffi-
cient normal brain tissue samples as a reference and cre-
ated a threshold for overexpression.

In conclusion, with our innovative method of FGmRNA 
profiling followed by data-driven prioritization, we iden-
tified RRM2, MAPK9, and XIAP as potential therapeutic 
targets for GBM. The MAPK9 inhibitor RGB-286638 
showed promising in vitro results and warrants further 
investigation.
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