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Musashi1 enhances chemotherapy resistance of pediatric
glioblastoma cells in vitro
Rebecca Pötschke1,2, Gerrit Gielen3, Torsten Pietsch3, Christof Kramm4, Jan-Henning Klusmann2, Stefan Hüttelmaier1 and
Caspar D. Kühnöl2

BACKGROUND: Glioblastoma (GBM) is the most aggressive form of glioma in adults and children and is associated with very poor
prognosis. Pediatric tumors are biologically distinct from adult GBM and differ in response to current GBM treatment protocols.
Regarding pediatric GBM, new drug combinations and the molecular background of chemotherapy effects need to be investigated,
in order to increase patient survival outcome.
METHODS: The expression of the RNA-binding protein Musashi1 (MSI1) in pediatric glioma samples of different WHO tumor grades
was investigated on the protein (immunohistochemistry) and on the RNA level (publicly accessible RNA sequencing dataset). The
impact of the chemotherapeutic temozolomide (TMZ) in combination with valproic acid (VPA) was tested in two pediatric
glioblastoma-derived cell lines. The supportive effect of MSI1 expression against this treatment was investigated via transient
knockdown and protein overexpression.
RESULTS: MSI1 expression correlates with pediatric high-grade glioma (HGG). The combination of TMZ with VPA significantly
increases the impact of drug treatment on cell viability in vitro. MSI1 was found to promote drug resistance to the combined
treatment with TMZ and VPA.
CONCLUSION: MSI1 expression is a potential marker for pediatric HGG and increases chemoresistance. Inhibition of MSI1 might
lead to an improved patient outcome and therapy response.
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INTRODUCTION
Glioblastoma (GBM) is a World Health Organization (WHO)
classified grade IV tumor and the most aggressive form of
glioma with a median survival time after diagnosis of
approximately 15 months. It is the most common primary
central nervous system (CNS) tumor in adults.1,2 Pediatric GBM is
a rare disease that includes children and young adults up to the
age of 18 years, but similar to adult GBM, it carries a poor
prognosis.3,4 It is clinically and biologically distinct from the
adult disease, resulting in different capabilities of adjuvant
therapies.5 However, the prognosis of high-grade pediatric
glioma may vary significantly depending on the histological
subtype, age at diagnosis, and tumor localization.6,7 The
standard therapy includes surgical resection, followed by
radiation and usually chemotherapy with an alkylating agent
temozolomide (TMZ).8 New therapy strategies have evolved to
increase chemotherapy response. For example, various histone
deacetylase (HDAC) inhibitors (HDACi), which are claimed to
induce apoptosis, cell cycle arrest, and DNA damage repair in
cells, are tested in clinical studies.9 Thus one current treatment
option employs a combination of radiochemotherapy and TMZ
with either valproic acid (VPA) or chloroquine (clinical trial HIT-
HGG-2013, (ClinicalTrials.gov/NCT03243461)). VPA is a Food and
Drug Administration-approved drug; HDACi is primarily applied
for seizure disorders and is widely used in children. It is involved

in modulating chromatin structure via histone acetylation,
thereby increasing DNA accessibility and cytotoxicity of drugs
targeting DNA.10 In vitro studies showed increased sensitivity
for TMZ and radiotherapy after VPA treatment.11,12 In several
reports, the combination of VPA with radiochemotherapy
and TMZ showed a longer survival time in adult and pediatric
patients compared to radiochemotherapy used with TMZ
alone.13

Patients commonly suffer from tumor recurrence, indicating
that a percentage of tumor cells are radiochemotherapy
resistant and survive the aggressive treatment. These resistant
cells are likely GBM-cancer stem cells (GBM-CSCs), which share
common stem cell features and can resemble the primary
tumor.14 One typical marker of stem cells is the neural RNA-
binding protein (RBP) Musashi1 (MSI1).15,16 It is highly expressed
during embryogenesis and its expression declines during
development.17 Interestingly, it is re-expressed in various
tumors, including GBM, suggesting an oncofetal pattern of
expression.18–21 Accordingly, MSI1 can be used as a prognostic
marker in tumor progression and is associated with poor
outcome for patients.22 MSI1 controls the balance between
self-renewal and differentiation by controlling target mRNA
translation and potentially turnover.23–25 Thus MSI1 promotes
sustaining of the stem cell state, which is an essential feature for
tumorigenesis as well as for tumor recurrence.26,27
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Although the understanding of the origin and biological
features of GBM through the application of genome- and
epigenome-wide molecular profiling techniques has greatly
improved, there have been no significant gains made in patient
survival in the past decades. Thus it is crucial to investigate key
mechanisms involved in drug resistance in order to find novel,
effective GBM targeting strategies. Most studies focus exclusively
on adult GBM and translate these findings to pediatric GBM, even
though differences in treatment efficacy are well known.28 In this
study, we analyze MSI1 expression in pediatric GBM and
investigate its role in chemoresistance toward TMZ/VPA combina-
tion treatment.

MATERIAL AND METHODS
MSI1 expression in pediatric brain tumor dataset
MSI1 expression in pediatric brain tumors was evaluated with the
aid of public pediatric brain tumor dataset published by Jones
et al.29 Fresh frozen tumor samples were subjected to the Trizol
RNA isolation protocol. RNA was then analyzed using Illumina
HumanHT-12 v3 Expression BeadChip. The analyzed tumor cohort
comprises samples from 64 children between 1 and 16 years and 8
adult brain controls.

Immunohistochemistry
The neuropathological analysis of pediatric glioma samples
(diffuse astrocytoma (WHO grade II, IDH-mutant); anaplastic
astrocytoma (WHO grade III, IDH-mutant), and glioblastoma
(WHO grade IV, IDH-wild type) were diagnosed according the
2016 WHO classification of tumors of the CNS; control tissue
origins from cerebellum of a 5-year-old girl (cause of death not
neoplastic) retrieved from the archive of the Institute of
Neuropathology, University of Bonn Medical Centre comprised
of hematoxylin and eosin staining as well as immunohistochem-
ical (IHC) analysis. IHC was performed on a Ventana Benchmark XT
Immunostainer (Roche Ventana, Darmstadt, Germany) with a
monoclonal antibody directed against Musashi-1 (clone 7B11.1;
Merck/Millipore, MABE268, dil. 1/400). Antibody labeling was
assessed microscopically by an experienced neuropathologist.
Specific cytoplasmic and/or nuclear staining was considered as
positive staining. Human cerebellar tissue served as a positive
control. Our analysis was approved by the Institutional Review
Board (IRB) of the University clinic Goettingen (Germany), as part
of the HIT-HGG-2013 clinical trial (for HGG) and the IRB of the
Ludwig-Maximilian-University Munich, as part of the clinical trial
SIOP LGG 2004 (for LGG). Respective parents of the patients gave
their informed consent for storage and use of tumor material for
future research like the present one.

Cell culture
The pediatric GBM cell line KNS42 was obtained from Japan
Cancer Research Resources. The pediatric GBM cell line SF188 was
kindly provided by Chris Jones (Paediatric Oncology, The Institute
of Cancer Research, Sutton, UK). Cells were cultured in Dulbecco’s
modified Eagle’s medium (Thermo Fisher) supplemented with
10% fetal serum albumin and 1% GlutaMAX (Thermo Fisher) at 5%
CO2 and 37 °C. Transient knockdown (KD) via Lipofectamine
RNAiMAX (Thermo Fisher) was performed according to the
manufacturer’s protocol. KD was stable for 96 h. For stable
overexpression, the MSI1 coding sequence was cloned into the
pLVX-TO(zeo)-GFP plasmid (Invitrogen).

Western blotting
Western blotting was performed with sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gels and
MOPS running buffer (ThermoFisher Scientific, NuPAGE system)
and transferred with Trans-Blot Turbo Transfer System (BioRad)
and SDS-PAGE was done with Life Technologies NuPAGE MOPS

Electrophoresis System. MSI1 was detected via anti-MSI1 (Abcam,
ab154497). Anti-VCL (Sigma, V9131) was used as a loading control.
Secondary antibodies were purchased from Licor (rabbit/mouse-
IRdye680/800). Blots were analyzed with the Odyssey Infrared
Scanner (LiCOR).

Quantitative real-time polymerase chain reaction (RT-PCR)
RNA was isolated with TRIZOL/Phenol extraction. cDNA was
transcribed with M-MLV Reverse Transcriptase (Promega). Per well
cDNA was added to ORA qPCR-Green ROX L Mix 2× (HighQu) with
specific primers, and the reaction was measured with the Roche
Light Cycler 480 II. Resulting Cq-values (cycle of quantification)
from first point of inflection of second deviation (second
derivative maximum) were used for calculation of changes in
mRNA abundance compared to control with the ΔΔCq-method.

Immunofluorescence
For detection of endogenous MSI1 in KNS42, cells were fixed with
4% paraformaldehyde and permeabilized with 0.5% (v/v) Triton X-
100 and blocked with 1% bovine serum albumin (all were in
phosphate-buffered saline). Nuclei were stained with 4,6-diami-
dino-2-phenylindole. Actin filaments were stained with Phalloidin.
MSI1 was stained with primary antibody anti-MSI1 (Abcam,
ab154497) and secondary antibody anti-rabbit-FITC (Dianova).
Images were taken with Leica SP5X.

Cell proliferation assay
KNS42 cells or SF188 cells were plated onto a 96-well plate in 200
µl complete culture media (KNS42 5 × 103 cells/well, SF188 1 × 103

cells/well). Cells were treated with varying concentrations of VPA
(diluted in H2O) and/or TMZ (diluted in dimethyl sulfoxide) or
vehicle control. Cells were treated for 96 h at 5% CO2 and 37 °C. To
assess cell viability in response to TMZ and VPA treatment,
alamarBlue (ThermoFisher Scientific) was used, according to the
manufacturer’s protocol. alamarBlue reagent (1:10) was added to
each well and incubated for 3 h. The color change and
fluorescence increase indicate cell viability. Fluorescence (excita-
tion 560 nm, emission 590 nm) was determined on an Infinite®
200 Pro plate reader (Tecan).

Statistical analysis
Prism software (Prism, 7.0, GraphPad), Sigma Plot, Student’s t test,
and Mann–Whitney test were used to analyze the data. P values
<0.05 were considered to be statistically significant. To analyze the
effects of the drug combination, the co-efficient of drug
interaction (CDI) was used.30 CDI is calculated as follows: CDI=
AB/(A × B), where AB is the measured value for combined
treatment/value for the control and A and B are the values for
the single treatment/value for the control. Thus CDI < 1, =1, or >1
indicates that the combination treatments are synergistic,
additive, or antagonistic, respectively. CDI < 0.7 indicates that the
drug combination is significantly synergistic.

RESULTS
MSI1 expression is substantially enhanced in pediatric GBM
Expression of MSI1 is identified to be enriched in adult GBM,
where it is proposed to drive tumor malignancy. However, it is
not sufficiently investigated whether MSI1’s expression persists
or is re-expressed in pediatric GBM. Thus MSI1 expression was
initially analyzed in pediatric brain tumor samples by IHC in
diffuse astrocytoma (WHO II), anaplastic astrocytoma (WHO III),
and GBM (WHO IV) and fetal brain serving as control tissue.
Consistent with the reported expression of MSI1 in proliferative
tissue, moderate expression was observed in the cerebellum of a
fetal brain sample (Fig. 1a). Predominantly, granule cells have no
MSI1 staining. MSI1 expression can be detected in proliferating
glial cells (i.e., Bergmann gliosis) as well as in Purkinje cells
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(Supplementary Fig. S1A). MSI1 expression was also observed in
diffuse and anaplastic astrocytoma but was markedly higher in
GBM tumor tissue (Fig. 1b–d). To substantiate the IHC finding,
which shows an increasing MSI1 expression with increasing WHO
tumor grades, the expression of MSI1 mRNA across a tumor
cohort was examined, which includes pediatric brain tumor as
well as fetal and adult control samples (using an RNA-sequencing
dataset).29 The tumor cohort comprised brain tumors from 64
children (1–16 years of age): 19 WHO grade I tumors, 9 WHO
grade II tumors, 9 WHO grade III tumors, 19 WHO grade IV
tumors, and 8 fetal brain controls. In addition, eight adult brain
controls were analyzed. In the fetal brain controls, MSI1
expression was higher compared to adult brain tumor controls,
likely to persisting neurogenesis that declines during adulthood
(Fig. 1e). In all four WHO tumor grades, MSI1 expression was
detectable to some extent. MSI1 was the least expressed in WHO
grade I tumors, and this expression was at a comparable level
with WHO grade II and WHO grade III tumors. In contrast, MSI1
expression was significantly higher in the WHO grade IV tumors

compared to the WHO grade I tumors. Thus, although it is
expressed in non-malignant pediatric brain tissue, MSI1 expres-
sion is markedly higher with increasing malignancy of brain
tumors and shows the highest expression in GBM.

MSI1 expression in pediatric GBM cell lines KNS42 and SF188
This study aims to investigate MSI1’s influence on the combined
drug treatment of VPA and TMZ. For comparative cell culture
experiments, pediatric GBM cell lines KNS42 and SF188 were used.
KNS42 was derived from a 16-year-old male patient31 (RRID:
CVCL_0378). SF188 was derived from an 8-year-old male patient
(RRID: CVCL_6948). Both cell lines are well characterized.32,33 For
MSI1 expression analysis, both protein and mRNA levels were
detected. KNS42 cells show a higher MSI1 expression compared to
SF188 cells. In contrast, MSI1 expression was barely detectable at
the mRNA level in SF188 cells (Fig. 2a). Therefore, KNS42 cells were
used for detection of endogenous MSI1 expression upon drug
treatment as well as for transient KD studies. KNS42 cells show a
prominently cytoplasmic localization of MSI1 with a minor portion
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also expressed in the nucleus (Fig. 2b). MSI1 KD was verified at the
protein (Fig. 2c) and RNA level (data not shown) and significantly
decreased cell viability (Fig. 2c). SF188 cells were used for stable
MSI1 overexpression. Comparable to endogenous MSI1, exogen-
ous MSI1 localizes predominantly not only within the cytoplasm
but also within the nucleus (Fig. 2d). MSI1 overexpression was
verified at the protein level and it significantly increased the
number of viable cells (Fig. 2e). In conclusion, these findings

indicate that MSI1 promotes the growth of tumor cells derived
from pediatric GBM patients.

KNS42 cell viability and endogenous MSI1 expression upon drug
treatment
The current standard therapy of GBM consists of TMZ as single-
agent chemotherapy. Recent studies show that a combination of
different chemotherapeutics can increase their cytotoxic effect.
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MSI1 was proposed to promote the survival of GBM-CSC and, as
demonstrated here, promotes the viability of pediatric GBM-
derived cancer cells. Thus a reduction of MSI1 expression could
serve as a marker of therapy efficacy and reduced risk of
recurrence.
The effect of TMZ, VPA, and the combination of both

chemotherapeutics was evaluated in KNS42 cells (Fig. 3). For
studies on MSI1 expression upon drug treatment in KNS42, EC50
(effective concentration) concentrations for both drugs were

determined. These analyses revealed that KNS42 cells show a
higher resistance to both drugs. Even at 300 µM, TMZ treatment
resulted in <40% reduction of cell viability and cells apparently
tolerated these high doses of the drug. The determined EC50 value
was 10 µM for TMZ (Fig. 3a). VPA was used at concentrations up to
30mM without achieving a plateau for the cell viability curve as
for TMZ treatment. This suggested that the cells did not respond
to the treatment. Therefore, a precise EC50 value could not be
determined. Comparable studies and the applied concentrations
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of both drugs reported in GBM treatment were inspected.11,12

From these studies, we decided to use 5mM VPA in further in vitro
experiments with the KNS42 cells. VPA as single drug treatment in
wild-type KNS42 cells showed a higher effect on the cell viability
than TMZ alone (Fig. 3b). For combined drug treatment, a stable
concentration of 10 µM TMZ (EC50 value) was applied to KNS42
cells, while VPA concentration was variable. The combined drug
treatment led to reduced cell viability compared to both single
drug treatments and resulted in an EC50 of 7.7 mM for VPA
(Fig. 3c). To evaluate the nature of interaction of both drugs in
KNS42 cells, the CDI was determined (Fig. 3d). Treatment with the
combination of both drugs indicates a synergistic effect (CDI <
0.7 significantly synergistic; CDI < 1, synergistic; CDI= 1, additive;
CDI > 1 antagonistic). Aiming to evaluate MSI1 expression as a
therapeutic marker, KNS42 cells were treated with TMZ (10 µM),
VPA (5 mM), and combination of both drugs (TMZ (10 µM), VPA (5
mM)) (Fig. 3e). TMZ showed no significant effect on MSI1
expression at the used concentration. VPA treatment showed a
significant reduction of MSI1 at the protein and mRNA level. This
downregulation was further pronounced by the combined
treatment with TMZ and VPA. Thus, in agreement with the
enhanced efficacy, the combined treatment with TMZ and VPA
resulted in a significantly pronounced downregulation of MSI1
expression.

Effects of MSI1 on cell viability upon drug treatment
The poor prognosis and substantial therapy resistance of GBMs is
thought to rely on the resistance of GBM-CSCs largely. In view of
MSI1’s expression in neural stem cells and upregulated synthesis
in GBMs, it remained to be determined whether the protein
contributes to therapy resistance. This was tested by depleting
MSI1 in KNS42 cells to mimic a putative therapeutic benefit by the
pharmacological targeting of the protein in the future. In addition,
MSI1 overexpression in SF188 was evaluated to test whether
elevated MSI1 abundance confers higher therapy resistance. In
both single drug treatments, no effect on cell viability was
observed upon MSI1 KD (Supplementary Fig. S2A). For combined
drug treatment, control cells and MSI1 KD cells were supplied with
10 µM TMZ and varying VPA concentrations of 1.8, 3.75, and 7.5
mM. Since MSI1 KD cells show a proliferation effect (Fig. 2c),
normalization was performed to the vehicle of control cells and
MSI1 KD cells, respectively. For all three conditions, control cells
showed significantly higher cell viability compared to MSI1 KD
cells (Fig. 4a). For a VPA dose of 3.75 mM in combination with the
10 µM of TMZ, a difference of 27% in cell viability between control
cells and MSI1 KD was the highest observed impact of the
combined drug treatment.
In SF188 cells stably expressing GFP-MSI1, EC50 concentrations

of 80 µM for TMZ and 4mM for VPA were determined
(Supplementary Fig. S2B). Thus, for combined drug treatment
experiments, control cells, as well as GFP-MSI1-expressing cells,
were exposed to 80 µM TMZ and varying doses of VPA (1.8, 3.75,
and 7.5 mM). Since MSI1-overexpressing cells show a proliferation
effect as well (Fig. 2c), normalization was performed to GFP- and
GFP-MSI1 cells treated with vehicle. For all three conditions, GFP-
MSI1 cells showed significantly higher cell viability compared to
GFP cells (Fig. 4b). Here the highest effect on cell viability (22%
difference between GFP vs. GFP-MSI1) was achieved at the lowest
applied VPA concentration of 1.8 mM and 80 µM of TMZ.
These findings provide strong evidence that MSI1-expressing

cells show a higher resistance to a combination of TMZ and VPA
drug treatment.

DISCUSSION
RBPs are known to be re-expressed in several cancer types.34

Owing to their versatile roles in posttranscriptional gene regula-
tion, they influence tumorigenesis in several ways.35 MSI1 has

been reported as an oncogenic RBP and re-expressed in multiple
tumors,36 which is described to be expressed in adult GBM. Its
expression as well as its role in pediatric GBM remained to be
investigated. Only one study described a weak MSI1 expression in
a pediatric tumor, a moderate abundance in undifferentiated
neurospheres, and claimed the absence of MSI1 in differentiated
neurospheres in one pediatric glioblastoma tumor sample.15 The
study did not include IHC staining, and MSI1 expression was
determined via semiquantitative RT-PCR. Nakano et al. investi-
gated MSI1 expression via IHC in the primary pediatric brain
tumors medulloblastoma (six samples) and ependymoma (five
samples) but did not include pediatric glioblastoma.21 We report
enhanced MSI1 expression in pediatric GBM at the mRNA and
protein level and demonstrate that MSI1 expression is associated
with increasing tumor grade. The findings suggest MSI1 as a
marker of pediatric GBM and that MSI1 expression indicates poor
prognosis.
Two studies reported the involvement of MSI1 in promoting

therapy resistance in adult GBM. In GBM-derived cells treated with
cisplatin, it was proposed that MSI1 inhibits drug-induced
apoptosis via an AKT/interleukin-6 regulatory pathway.37 De
Araujo et al. described the impact of MSI1 on DNA damage repair
and radio-resistance by controlling DNA-protein-kinase catalytic
subunit.38 Both studies used adult GBM cell lines. Here we
investigated MSI1 in pediatric GBM cells. The two cell lines used,
KNS42 and SF188, show a high drug resistance, which was already
documented by other studies.32,33 KNS42 cells are TMZ resistant,
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although their MGMT promoter is hypermethylated suggesting
MGMT-independent mechanisms of TMZ resistance. SF188 cells
are TMZ resistant, which is potentially mediated by MGMT
expression.33 In both cell lines, MSI1 expression was clearly
associated with enhanced cell survival.
Nifterik et al. investigated the interaction of VPA on TMZ and

radiation. They show that a combination of VPA and TMZ
increases radiation response compared to TMZ and radiation only
(independent of MGMT protein). They assume that the synergistic
effect of VPA and TMZ resulted from a loosening of chromatin
structure through VPA and subsequent increase of DNA methyla-
tion as well as damage through TMZ.12

Our studies reveal that MSI1 is a bona fide marker of the
combined treatment of TMZ and VPA. Although MSI1 expression
remained unaffected by TMZ, the combined treatment led to a
significantly pronounced downregulation of MSI1 when compared
to VPA treatment alone. This supports the conclusion that
combined treatments are generally more effective than single
agents used alone.
Hosein et al. showed that VPA is effective as a monotherapy in

primary GBM lines (at clinically achievable concentrations).11 There
are different clinical studies that investigate a combination of VPA
and TMZ with radiation or VPA treatment with radiation alone.13,39

Our work supports these findings, because, in KNS42 cells, VPA as
monotherapy had already a significant effect on MSI1 expression
and cell viability.
In addition to revealing MSI1 as a therapeutic marker, we

evaluated its potential in modulating therapy resistance. Consis-
tent with its proposed expression and role in GBM-CSCs,15 we
observed that MSI1 promotes therapy resistance to combined
TMZ/VPA treatment. Thus targeting of MSI1 is expected to impair
therapy resistance and improve the efficacy of combined TMZ/
VPA treatment. Therapeutic targeting of MSI1 could be achieved
with an MSI1 inhibitor. Yi et al. described that Luteolin impairs
MSI1–mRNA association and disrupts MSI1-directed cancer
phenotypes in glioma cells.40 Although it has to be clarified
whether Luteolin promotes the efficacy of combined TMZ/VPA
treatment in pediatric GBM via MSI1 inhibition, the presented
findings strongly suggest that future experiments need to
investigate MSI1 chemical inhibition in the context. This study
suggests that MSI1 could be a promising marker and potential
drug target to improve therapeutic efficacy in pediatric GBM
treatment.
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