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Abstract
Groups (Grp) 3 and 4 are aggressive molecular subgroups of medulloblastoma (MB), with high rates of
leptomeningeal dissemination. To date, there is still a paucity of biomarkers for these subtypes of MBs.
The RNA-binding protein Musashi-1 (MSI1) is a neural stem cell marker, characterized as a gene
translation regulator and associated with high oncogenicity in several human cancers. In this study, we
investigated the clinical signi�cance and biological functions of MSI1 in Grp3/Grp4-MBs. First, we
assessed the expression pro�le of MSI1 in 59 primary MB samples (15-WNT, 18-SHH, 9-Grp3, 17-Grp4
subgroups) by qRT-PCR. MSI1 mRNA expression levels were also validated in an additional public dataset
of MBs (GSE85217). The ROC curve was used to validate the diagnostic standards of MSI1 expression.
Cell cycle, cell viability, and apoptosis were evaluated in D283 Med cell-line (Grp3/Grp4/MBs) after
shRNA-mediated knockdown of MSI1 plus cisplatin treatment. We identi�ed an overexpression of MSI1
with a high accuracy to discriminate Grp3/Grp4-MBs from non- Grp3/Grp4-MBs. In addition, MSI1
knockdown promoted cell cycle interruption in the G1/S transition and, consequently, decreased the
number of cells in the G2/M phase, repressed cell proliferation and sensitized D283 Med cells to cisplatin
treatment by enhancing cell apoptosis. The results of the present study are the �rst to demonstrate that
MSI1 may play a role as biomarker for Grp3/Grp4-MBs. In addition, MSI1 knockdown combined with
cisplatin may offer a potential strategy to be further explored in Grp3/Grp4-MBs.  

Introduction
Medulloblastoma (MB, World Health Organization grade 4) is the most common malignant brain tumor in
the pediatric population [1]. MBs originate in the cerebellum and are classi�ed into four different
molecular subgroups: Wingless signaling activated (WNT), Sonic Hedgehog (SHH), Groups 3 (Grp3-MBs)
and 4 (Grp4-MBs) [1, 2].   Grp3 accounts for 25% of all MB cases, representing the deadliest of all
molecular subgroups, with a 5-year overall survival (OS) ranging from 42 to 66%, depending on Grp3
subtypes (alpha, beta, or gamma)[3]. On the other hand, although accounting for around 40% of MBs
cases, Grp4-MBs are still poorly biologically characterized with an OS of around 70% (intermediate
prognosis). Intriguingly, both subgroups have a high propensity to metastasize [4-6]. Currently, the
treatment options for MBs are based on multimodal strategies that include maximal safe resection,
chemotherapy and radiotherapy [4]. However, surviving patients often suffer severe treatment-related side
effects, including permanent cognitive and motor disabilities, particularly infants and children of pre-
scholar age [6, 7]. In this context, it is of note the scantiness of effective targeted-therapies for Grp3/Grp4-
MBs that could provide better overall survival, aligned with an improvement in patients’ life quality. In
fact, this lack of new actionable biomarkers depicts a challenge in the daily clinical practice due to the
limited understanding of tumorigenesis and the inconclusive molecular strati�cation for Grp3/Grp4-
MBs [1, 4]. 

Musashi-1 (MSI1) is an evolutionarily highly-conserved gene and member of the RNA-binding proteins
(RBP) family, that was �rst identi�ed in Drosophila sp. in 1994. Interestingly, this group of proteins
received this name in honor to Miyamoto Musashi, a great swordsman of the Eastern culture [8]. MSI1 is
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crucial in the initiation of the development of the central nervous system (CNS) and is vastly expressed in
neural progenitor cells of vertebrates, being characterized as neuronal stem cell (SC) marker  [9-11]. MSI1
acts through its direct interaction with the 3'-UTR (3′ untranslated region) in several mRNA targets in a
post-transcriptional level, inducing the increase or silencing the expression of these genes. For this
reason, MSI1 is recognized as a translational regulator of cell fate, and maintenance of the stem cell
state [12, 13]. Dysregulations in MSI1 expression can lead to cellular dysfunctions promoting tissue
instability, as well as tumorigenesis [14]. Additionally, MSI1 have been reported to regulate cell cycle,
chemoresistance, proliferation and cell death in several tumors, including tumors of the CNS such as
gliomas, glioblastomas and astrocytomas. Thus, in recent years, the role of MSI1 in cancer has gained
increasing interest [15-17].

Herein, we identi�ed an overexpression of MSI1 in Grp3/Grp4-MBs in a Brazilian cohort and in an
independent dataset (GSE85217) of pediatric MBs. Next, the overexpression of MSI1 in Grp3/Grp4-MBs
tumor samples were con�rmed by immunohistochemistry. Besides, we also observed a signi�cant role of
MSI1 expression in the discrimination between Grp3/Grp4-MBs from non-Grp3/Grp4-MBs. knockdown of
MSI1 by short-hairpin (sh) RNA in D283 Med cell-line (a Grp3/Grp4-MB cell-line) promoted cell cycle
interruption in the G1/S transition and, consequently, decreased the number of cells in the G2/M phase,
repressed cell growth and sensitized these cells to cisplatin treatment by enhancing cell apoptosis.
Overall, our study provides for the �rst time, new insights of MSI1 as potential target involved in
Grp3/Grp4-MBs carcinogenesis.

Materials And Methods
Case Series / RNA extraction and cDNA synthesis

MSI1 mRNA levels were evaluated in a total of 59 pediatric patients (0-19 years) diagnosed with MBs in
three Brazilian institutions that were previously classi�ed as WNT (n=15), SHH (n=18), Grp3 (n=9), and
Grp4 (n=17) [18], and in �ve non-neoplastic cerebellum, serving as controls. Total RNA was extracted
from pediatric MB tissues and cell-lines using Trizol reagent (Invitrogen Inc, Carlsbad, USA) or AllPrep
DNA/RNA/Protein Mini kit (QIAGEN, Hilden, Germany), following the manufacturers' speci�cations. RNA
concentrations were determined by using the ND-1000 Spectrophotometer device (NanoDrop 1000
Technologies, Wilmington, DE, USA). The reverse transcription reaction for the synthesis of
complementary DNA strand (cDNA) was performed using 500ng of total RNA and the High Capacity kit
(Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. Additionally,
expression data of an independent cohort of pediatric MBs (GSE85217, n=629) was downloaded from R2
Platform (Analysis and Visualization Platform – http://r2.amc.nl) [2] and used to validate
MSI1 expression levels between the different molecular subgroups of MBs.

Cell lines and culture conditions

The pediatric MB cell lines D283 Med and USP-13-MED 4 [19, 20] (Grp3/4-MBs), and the Human
Embryonic Kidney 293 cell (HEK93T) were used in this study. D283 Med (ATCC HTB-185) and HEK-293

http://r2.amc.nl/
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(ATCC CRL-1573) cells were obtained from the American Type Culture Collection, and the USP 13-MED
cell line was kindly provided by Prof. Dr. Oswaldo Keith Okamoto - Biosciences Institute of the University
of São Paulo. The cell lines authentications were performed to validate the Short Tandem Repeat (STR)
prolife. All cells were maintained in DMEM/F12 medium (Gibco™, Thermo Fisher®, Carlsbad, CA, USA),
supplemented with 10% FBS, 100U/ml penicillin, 100 μg/ml streptomycin and kept in a humid
atmosphere containing 5% CO2 at 37ºC.

Quantitative real-time PCR (qRT-PCR)

Relative mRNA expression levels were measured by quantitative PCR using TaqMan Gene Expression
Assays (Applied Biosystems, Foster City, CA, USA- MSI1 Hs01045894_m1) in 59 pediatric MB samples,
and in D283 Med and USP-13-MED cell lines. The reactions were performed on QuantStudioTM 12k Flex
system (Applied Biosystems, Foster City, CA, USA) using two internal controls: GUSB (Beta Glucuronidase)
(Hs4333767F_m1) and HPRT (hypoxanthine guanine phosphoribosyl transferase) (Hs4310809E_m1).
The data were analyzed using the 2-ΔΔCT method and non-neoplastic cerebellum samples were used as
calibrators [21].

Immunohistochemistry (IHC)

IHC staining was performed on formalin-�xed para�n-embedded (FPFE) tissue sections (4 μm) of eight
MB samples (WNT n=2; SHH n=1; Grp3 n=3 and Grp4 n=2) using the detection system EnVision™ polymer
(Dako, Glostrup, Denmark), following the manufacturers’ recommendations. The antigen retrieval was
carried out using citrate buffer (pH 6.0). The slides were incubated with anti-MSI1 antibody (dilution 1:70
cat. no. #5663, Cell Signaling Technology, Danvers, MA). Cerebral cortex was used as positive
control [22]. The immunostaining was analyzed by a savvy neuropathologist, considering as positive
cells those with cytoplasmic and/or nuclear staining for MSI1. Positive cells were scored according to the
percentage of stained cells as following: Score (+) %, percentage of MSI1 positive tumor cells. + (< 25%),
++ (< 25-50%), +++ (< 50-75%) and ++++ (< 75-100%). Intensity of immunostaining (immunoreactivity) in
tumor cells: Low (+), Strong (+ +). Representative cases were captured at ×40 magni�cation using Nikon
ECLIPSE 80i.

Western blot (WB)

The wild type and transduced cells lines were lysed on ice in lysis buffer containing freshly added
protease inhibitor cocktail (Roche Diagnostics, Branchburg, NJ, USA). Protein extracts (50μg) were size-
fractionated by SDS-PAGE and proteins were immunoblotted with anti-MSI1 (dilution 1:1000, cat. no.
#5663, Cell Signaling Technology, Danvers, MA). Anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). All antibodies were diluted according to manufacturer’s instructions and HRP-conjugated goat
anti-rabbit (Santa Cruz Biotechnology, Santa Cruz, CA) was used as a secondary antibody. The results
were visualized using an enhanced chemiluminescence detection system (Bio-Rad Laboratories, Inc.),

http://www.cellsignal.com/
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and the relative quanti�cation of protein expression was determined using ImageJ® software (National
Institutes of Health).

Immuno�uorescence

For immuno�uorescence staining, D283 Med and USP-13-MED cells were grown on glass coverslips and
then �xed with 4% paraformaldehyde in PBS 1X for 15 minutes. After �xation, cells were permeabilized
with 0.3% Triton X-100 at room temperature, washed with PBS 1X, and incubated with a blocking buffer
(2% bovine serum albumin) for two hours. Samples were then incubated with primary antibody (1:500,
Anti-Musashi-1 (D46A8) Rabbit mAb #5663, Cell Signaling Technology, Danvers, MA) in blocking buffer
at 4oC overnight. Finally, cells were washed three times with PBS 1X and then stained with Alexa Fluor
647 anti-rabbit secondary antibodies (1:2500) diluted in blocking buffer containing Alexa Fluor™ 488
Phalloidin – ThermoFisher (1:40) for 1 hour, followed by three washes in PBS 1X. Coverslips were
mounted in ProLong Gold Mounting Medium containing the nuclear stain 4′,6-diamidino2-phenylindole
(DAPI) (Vectashield, Vector Laboratories, Burlingame, CA, EUA). Images were obtained using a laser
scanning confocal microscope Leica DM2500 (LeicaBiosystems, Wetzlar, Germany) and the software
LAS (Leica Biosystems, Wetzlar, Germany). Negative controls included incubation with secondary
antibodies alone.

Lentivirus-mediated short hairpin RNA (shRNA) knockdown of gene expression

Silencing of MSI1 was performed using two shRNA vectors (pLV[shRNA]-EGFP:T2A:Bsd-
U6>hMSI1[shRNA#1] and pLV[shRNA]-EGFP:T2A:Bsd-U6>hMSI1[shRNA#2]), and their respective control
(pLV[shRNA]-EGFP:T2A:Bsd-U6>Scramble_shRNA#1) acquired from Vector Builder
(https://en.vectorbuilder.com) containing a gene for blasticidin resistance. Plasmids were expanded in LB
medium supplemented with 100μg/mL of Ampicillin; and puri�ed using the QIAprep Spin Miniprep Kit
protocol (Qiagen Company, Hilden, Germany, #Cat. 27104), following manufacturer's instructions. To
analyze the yield and purity of the plasmids, the NanoDrop Spectrophotometer device (Thermo Scienti�c,
DE, USA) was used. Lentiviral particles were produced by co-transfection of the trans-lentiviral packaging
mix with a shRNA transfer vector into HEK 293T packaging cells (OpenBiosystems). For cell infection,
viral supernatants were supplemented with 6μg/mL polybrene and incubated with cells for 24 hours.
D283 Med transduced cells were selected with blasticidin (10 μg/mL) for 7 days.

Cell cycle analysis

For cell cycle analysis, 17.5x104 (D283 Med MSI1 knockdown and control shRNA Scramble) cells were
plated in 6-well plates and kept in culture for 72h, without treatment. Then, cells were trypsinized and
centrifuged at 1,200 rpm/5 min and washed with PBS 1X. Cells were �xed with 70% cold ethanol and
incubated at -20o C overnight. Cells were then centrifuged at 800rpm/5 min, washed with PBS 1X, and
incubated with 25 μL of RNAse A (10 ng/mL) at 37o C for 30 min. Next, centrifugation step was repeated
and cells were stained with 100 μL of PI (50 μg/mL) shortly before acquisition by BD FACS Calibur TM
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�ow cytometer (BD Biosciences, San Jose, CA, USA). The assay was performed in triplicate. Data were
analyzed using FlowJo software.

Cell viability Assay

Cell viability was detected using CellTiter Glo® reagent (Promega) according to the manufacturer's
recommendations. Brie�y, 6x103 (D283 Med MSI1 knockdown and control shRNA Scramble) cells were
plated in 96-well plates. The cells were treated with cisplatin at different concentrations (3µM, 5µM, 7µM
and 10 µM) for 72h, and the results were obtained through SpectraMax® L Microplate Reader device. The
assay was performed in triplicate. Furthermore, the concentration of cisplatin that inhibited 50% of cell
viability (IC50) was determined by using the CalcuSyn Software (Biosoft, Cambridge, UK). 

Apoptosis detection

In total 17.5x104 cells (D283 Med MSI1 knockdown and control shRNA Scramble) were plated and
treatment for 72h with cisplatin at a dose of 4.1 µM. The detection of cell death was performed by
labeling apoptotic cells with Annexin V (APC) (BD Biosciences Pharmingen, USA) and Propidium Iodide
(PI). Cells were trypsinized and centrifuged at 1,200 rpm for 5 min at 4°C, washed with ice-cold PBS 1X
and then resuspended in 200 µL of 1X binding buffer (BD Biosciences Pharmingen, USA) with 5 µL of
annexin-V and 50 µL of a solution of PI (50 μM), and incubated for 15 minutes, protected from light, at
room temperature. Cells were analyzed by BD FACSCalibur TM �ow cytometer (BD Biosciences, San Jose,
CA, USA). The experiments were carried out in triplicate. Data were analyzed using FlowJo 8.7 software.

Statistical analysis

Statistical analysis was performed using the software’s (Graph Prism 5.0 GraphPad Software, San Diego,
CA USA) and SPSS 15.0 (SPSS Inc. Chicago, USA). Comparisons between two or more groups were
carried out using Kruskal-Wallis and One-way-ANOVA, respectively. Receiver operating characteristic
(ROC) curves were used to evaluate the discrimination of Grp3/Grp4-MBs from the other molecular
subgroups according to MSI1 expression levels. The accuracy was determined by the area under the
curve (AUC). A p-value ≤0.05 was considered as statistically signi�cant.

Results

Clinicopathological features of a Brazilian cohort of MBs
cases
Clinical data of our cohort of pediatric MB are summarized in Fig. 1A (Fig. 1A). The cohort included 59
primary cases of MBs, in which 15/59 (25.5%) were WNT-MBs, 18/59 (30.5%) SHH-MBs, 9/59 (15.3%)
Grp3-MBs and 17/59 (28.7%) Grp4-MBs. Thirty-�ve children were male and 24 female, and 13/59 (22%)
were younger than 3 years at diagnosis. Thirty-eight patients (38/57, 66.6%) achieved gross total and 19
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(19/57, 33.4%) subtotal resection. Twenty patients showed metastasis at diagnosis (20/59, 33%).
Survival data analysis were performed for all the 59 patients with a median follow-up of 53.9 months
(ranging from 3 to 163 months) for progression-free survival (PFS), and 56.4 months (ranging from 3 to
168 months) for overall survival (OS) in 5 years (data not shown).

MSI1 is overexpressed in Grp3/Grp4-MBs subtypes: analysis of an in-house cohort

In order to examine the expression pro�le of MSI1 in pediatric MBs, we determined its mRNA expression
levels in a Brazilian cohort of 59 MB samples (WNT: n = 15; SHH: n = 18; Grp3: n = 9 and Grp4: n = 17) and
�ve non-neoplastic cerebellums. Furthermore, we explored MSI1 expression level between different
pediatric MB subgroups in a publicly available dataset (GSE85217: WNT n = 51; SHH n = 146; Grp3 n = 
131 and Grp4 n = 300). Interestingly, an overexpression of MSI1 was observed in MBs tissues when
compared to normal cerebellum (P < 0.05, Fig. 1B). Within MB molecular subtypes, MSI1 expression was
higher in Grp3/Grp-4-MBs (p < 0.001 and p < 0.0001, respectively) when compared to WNT and SHH-MBs
subtypes in our cohort; we have also con�rmed the overexpression of MSI1 in Grp3/Grp4-MBs by
analyzing the GSE85217 dataset (Figs. 1B-C).

Once we observed that MSI1 was overexpressed in both Grp3/Grp4-MBs, we further evaluated its
potential signi�cance as a predictive biomarker for MB subgroups. Thus, receiver operating characteristic
(ROC) analysis was employed to examine the discrimination accuracy of the MSI1 as a diagnostic marker
for Grp3/Grp4-MBs. As shown in (Fig. 1D), the area under the ROC curve was 0.856 (p < 0.001),
suggesting a signi�cant high accuracy in discriminating between Grp3/Grp4-MBs from non-Grp3/Grp4-
MBs.

To reinforce our initial hypothesis, we evaluated the immunoreactivity of monoclonal anti-MSI1 antibody
in formalin-�xed para�n-embedded samples of pediatric MBs (WNT n = 2; SHH n = 1; Grp3 n = 3 and Grp4
n = 2) by the immunological staining, as summarized in (Table 1). At the protein level, MSI1 staining was
strong with score (+) %, percentage of MSI1 positive tumor cells of the +++ (< 50–75%) and ++++ (< 75–
100%) in Grp3 (n = 3) and Grp4-MBs (n = 2) tissues (both in nucleus an in the cytoplasm) and low in WNT
(n = 2) and SHH (n = 1) tumors with score (+) %, percentage of MSI1 positive tumor cells of the + (< 25%),
++ (< 25–50%), both in nucleus and cytoplasm (Figs. 2A-H and Table 1). Of note, the number of MBs
biopsies included in the immunohistochemical staining was limited and insu�cient to be correlated to
any clinical feature.



Page 9/21

Table 1
Immunohistochemical analysis of MSI1 expression in pediatric MBs.

Tumor ID Sample MB Subtype Score Intensity MS11 qRT-PCR (RQ)

1 WNT-MBs + + + Hipo 4.00

5 SHH-MBs + + + Hipo 3.30

20 SHH-MBs + + Hipo 0.27

34 Grp3-MBs + + + + + Hiper 6.72

35 Grp3-MBs + + + + Hiper 7.30

42 Grp3-MBs + + + + Hiper 7.38

43 Grp4-MBs + + + + + + Hiper 6.39

58 Grp4-MBs + + ++ + + Hiper 6.91

Notes: Expression of MSI1 was examined on formalin-�xed, para�n embedded tissue samples of
MBs using immunohistochemistry (IHC). Evaluation of IHC: Score (+) %, percentage of MSI1 positive
tumor cells. + (< 25%), ++ (< 25–50%), +++ (< 50–75%) and ++++ (< 75–100%). Intensity of
immunostaining (immunoreactivity) in tumor cells: Low (+), Strong (+ +). The hipo or hiperexpression
was based in media of expression values of all MBs sample data by qRT-PCR. Value of media
expression data is 6.39. RQ = Quanti�cation Relative. Hipoexpressed (Hipo) and Hiperexpressed
(Hiper). MB – Medulloblastoma.

MSI1 is overexpressed in D283 Med: Grp3/Grp4-MBs cell line

The mRNA and protein levels of MSI1 were also evaluated by western blot and immuno�uorescence in
two MB cell lines classi�ed as Grp3/Grp4-MBs: D283 Med and USP-13-MED [19, 20]. The D283-Med cells
showed an increased expression of MSI1, in contrast to USP-13-MED (p < 0.01) (Fig. 3A). At protein level,
the D283 Med cell line consistently showed higher concentrations of MSI1 when compared to USP-13-
MED cells (Figs. 3B-C) by western blot analysis. Interestingly, our results of immuno�uorescence in the
D283 Med cell line showed MSI1 strongly stained in the cytoplasmic and nuclei, while in the USP-13-MED,
weak MSI1 staining was observed in the cytoplasm, with dot staining in apical cell extensions of cell-to-
cell contact (Figs. 3D-E). According to these �ndings, we selected the D283-Med cell line to explore the
functional roles of MSI1 into Grp3/Grp4-MBs cells.

Thus, the knockdown of MSI1 was performed in D283 Med cell line by using lentiviral transduction with
two different vectors: shRNA_MSI1#1 (constructed to the Exon 4 region) and shRNA_MSI1#2 (directed to
Exon 8 of MSI1 gene structure), as well as an empty vector (pure/empty vector - shRNA_Scramble) as a
control. The qRT-PCR analysis showed a reduction of approximately 60% in shRNA_MSI1#1 and 85% of
MSI1 mRNA levels in shRNA_MSI1#2 (p < 0.001) cells relative to control (shRNA_Scramble; Fig. 4A).
Similarly, the western blot analysis of transduced cells revealed a signi�cant reduction of MSI1 protein
levels in both shRNA_MSI1#1(p < 0.05) and shRNA_MSI1#2 (p < 0.001) cells compared with the control
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(Figs. 4B-C). Of note, the silencing of MSI1 was more signi�cant in the cells transduced with the second
clone (shRNA_MSI1#2).

MSI1 knockdown decreased the number of cells in G2/M phase

MSI1 is known to be associated with cell cycle dysfunction [12]. Thus, we next investigated whether the
genetic silencing of MSI1 would affect cell cycle progression. A higher percentage of D283 Med
shRNA_MSI1#1 cells were observed in the G0/G1 (p < 0.0001) and S phase (p < 0.001) compared to
control (Figs. 5A-D). However, MSI1 knockdown decreased the number of cells in G2/M phase in both
D283 Med shRNA_MSI1#1 and D283 Med shRNA_MSI1#2 (p < 0.01 and p < 0.001, respectively (Fig. 5D).

MSI1 knockdown decreases chemoresistance to cisplatin and increases cell death by apoptosis

Since MBs frequently present resistance to cisplatin treatment [23], we sought to investigate whether the
overexpression of MSI1 is involved in chemoresistance of Grp3/Grp4-MBs cancer cells. To this end, we
performed cell viability assays to uncover the effect of the MSI1 silencing on cellular sensitivity to
cisplatin and MB progression in vitro. As shown in Fig. 5E, D283 Med shRNA_MSI1#1 and D283 Med
shRNA_MSI1#2 cells were more sensitive to chemotherapy compared to shRNA_Scramble (p < 0.05) when
treated with different concentrations (3, 5, 7 and 10µM) of cisplatin for 72h. In addition, we observe that
knockdown MSI1 cells were more sensitive to treatment with cisplatin (shRNA_MSI1#1 | IC50 6.6µM and
shRNA_MSI1#2 | IC50 4.1µM) when compared to control shRNA_Scramble, IC50 10.98 µM (Fig. 5E and
Supplementary Table 01).

To further investigate the mechanism by which MSI1 knockdown decreases cisplatin resistance, we
evaluated the role MSI1 silencing in triggering cell apoptosis. Annexin V/PI-positive cells were counted as
an index of cell death, at the time of 72h treatment, using cisplatin at 4.1 µM (lower dose). As expected,
cisplatin treatment induced a signi�cant increase in the apoptosis ratio in the shRNA_Scramble (30%, p < 
0.01), shRNA_MSI1#1 (12%, p < 0.001) and shRNA_MSI1#2 (63%, p < 0.001) compared to untreated cells
(Figs. 5F-G). However, this effect was more pronounced in shRNA_MSI1#2 (63%, p < 0.001) cells, in which
we observed an induction around 9 times greater in the rate of apoptosis after cisplatin treatment, while
in the shRNA_Scramble this increase was of approximately 5 times (Fig. 5G). Collectively, our �ndings
suggest that MSI1 knockdown represses D283 Med cells progression whereas sensitizes these cells to
cisplatin by enhancing apoptosis of Grp3/Grp4-MBs cancer cells.

Discussion
Currently, the paucity of speci�c target therapies associated to an increased tumor resistance to current
chemotherapeutic regimens are key clinical challenges of Grp3/Grp4-MBs treatment [2, 24]. In this study,
we investigated the expression pro�le and functional roles of MSI1, a marker and a regulator of neural
stem cells [9, 11–13], in Grp3/Grp4-MBs. MSI1 is recognized as a key regulator of neural stem cell
proliferation and maintenance within the Dentate Gyrus, a part of the hippocampal formation in the
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temporal lobe of the brain and the Sub-Ventricular Zone [25]. Of note, any dysregulation of MSI1
expression is associated with tissue instability and can lead to tumorigenesis [14, 26].

Recent insights into molecular subtype MBs origins hypothesized that during early cerebellar
development, the Grp3-MBs arise from progenitor cells of the outer granular layer while Grp4-MBs
originate from cells of the upper rhombic lip (uRL) [27, 28]. Herein, we demonstrated that MSI1 is
upregulated in MB tissues compared to normal cerebellum and highlighted its overexpression speci�cally
in Grp3/Grp4-MBs, in contrast to the other MBs subtypes. Thus, we suggest that the overexpression of
MSI1 have a potential role in tumor progression/aggressiveness in this speci�c setting of MBs.

Consistently with our results, the overexpression of MSI1 was found in different pediatric brain tumors,
such as glioblastomas, gliomas and ependymomas, as well as MBs [15, 16, 29–31]. VO Dat T. et al.,
(2012) have shown that increased levels MSI1 in MBs tissues were associated with poor overall and
progression-free survival [31]. Due to the limited number of MB biopsies available for immunostaining in
our cohort, it was not possible to correlate the levels of MSI1 expression to any clinical feature in
Grp3/Grp4-MBs. On the other hand, by using ROC analysis we demonstrated a very high correlation of
MSI1 expression for identifying Grp3/Grp4 cases of MBs, indicating that MSI1 may be a potential
biomarker and could be further explored as a therapeutic target not only for Grp3-MBs, but possibly to
Grp4-MBs as well. To our knowledge, the present study is the �rst to depict MSI1 a potential as biomarker
for Grp3/Grp4-MBs.

Given that cancer is the result of multiple genetic alterations, there are many transcriptional and post-
transcriptional mechanisms modulated by RBP's that are involved into key cellular processes, such as cell
proliferation and cell fate [12]. However, the role and the underlying molecular mechanisms in which the
overexpression of MSI1 could lead to Grp3/Grp4-MBs oncogenesis remained unexplored. Surprisingly, we
observed that the knockdown of MSI1 promoted cell cycle disruption in the G1/S transition and,
consequently, decreased the number of cells in the G2/M phase in Grp3/Grp4-MBs cells. Cell cycle arrest
is one important mechanisms by which cancer cells growth may be suppressed [32]. Interestingly, MSI1
has been proposed to act as a repressor of the translation of mRNAs encoding inhibitors of cell cycle
progression [33, 34]. In addition, previous reports have shown that MSI1 modulates endometrial
carcinoma cell cycle progression by p21(WAF1/CIP1) regulation [35]. Also, the knockdown of MSI1 induced
cell cycle arrest at the G1/S phase in hepatoma cells in vitro [36], as well as inhibited cell cycle
progression by targeting p21 and p27 in human osteosarcoma cells [37]. Recently, a robust study has
demonstrated that many of the main target genes of MSI1 in glioblastoma are involved in cell cycle
control, highlighting the cyclin-dependent kinases: CDK2, CDK6, CCNA1, CCNA2, as well as p21, and p27
[38].

Another critical aspect of our study was to investigate whether MSI1 is involved in the progression, drug
resistance and induction of programmed cell death in Grp3/Grp4-MBs carcinogenesis. Interestingly, we
found that the knockdown of MSI1 in Grp3/Grp4-MBs cell lines decreased cell survival rate (cell viability)
and enhanced cell death by apoptosis in response to cisplatin treatment. Although more studies are
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clearly necessary to unravel the mechanistic relationship between these phenomena, in agreement with
our �ndings, it has been reported that MSI1 is involved in drug resistance of colorectal cancer cells [39],
glioblastoma [40] as well as gastric cancer [41].

Likewise, detailed understanding on how MSI1 may contribute to the processes of drug resistance and
cell death in cancer remains elusive to date. Thereby, one of the main goals of this research was to
investigate MB cell-line behavior following MSI1 silencing in association to cisplatin. More recently, new
compounds were described to be able to disrupt MSI1 regulatory functions. These novel MSI1 inhibitors
may be interesting drugs to be tested in animal models, in association to classical chemotherapeutic
agents (i.e. cisplatin) for Grp3/4 MB, in order to de�ne if this association may recapitulate in vivo tumor
arrest and decrease of cisplatin chemoresistance in this setting. Our study has some limitations: the
number of patients with MB we were able to include in this study is small. Also, we were able to validate
MSI1 expression by IHC only in a few numbers of cases.

Taken together, our results demonstrated that MSI1 is overexpressed in Grp3/Grp4-MBs when compared
to non- Grp3/Grp4 tumors. In addition, our �ndings provide for the �rst time, experimental evidence
indicating that MSI1 knockdown in association to cisplatin enhances tumor apoptosis by promoting cell
cycle disruption and ultimately decreasing cisplatin chemoresistance. These in-vitro evidences may
support further investigation on the potential role of combining MSI1 inhibitors to chemotherapy for
Grp3/Grp4-MBs.
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Figures
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Figure 1

Clinicopathological features and MSI1 expression overview in a Brazilian cohort of MBs. (A) Summary of
clinical features and molecular characteristics of tumor samples from 59 pediatric patients: Molecular
classi�cation (WNT-MBs; SHH-MBs; Grp3-MBs and Grp4-MBs); gender (female or male); Age at diagnosis
(below or above 3 years); tumor resection (Gross total resection GTR or subtotal resection STR); tumor
metastasis (Absent or Present); risk strati�cation (Average or High); tumor relapse (yes or no); Patient
status and outcome (alive or tumor relapse/death); Disease status (alive; death related to MB or others).
Samples used for the evaluation of MSI1 expression by IHC (immunohistochemistry). (B) Relative gene
expression of MSI1 in an in-house cohort of MBs and normal cerebellum (Cerebellum n-5; WNT n=15;
SHH n=18; Grp3 n=9 and Grp4 n=17) by qRT-PCR. ANOVA were conducted using the Tukey multiple
comparisons post-test to assess the statistical signi�cance between groups. *indicates (p<0.01), **
(p<0.001) and ****(p<0.0001). (C) Evaluation of MSI1 expression pro�ling in pediatric MBs using data
expression of dataset GSE85217 (MBs samples: WNT n=51; SHH n=146; Grp3 n=131 and Grp4
n=300). (D) Receiver operating characteristic (ROC) analysis of the diagnostic value of MSI1 in
distinguishing Grp3/Grp4-MBs and WNT/SHH-MBs based on data expression of an in-house cohort.
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Figure 2

MSI1 Immunostaining and prediction. (A-H) Representative microscopic images depicting the MSI1
staining (brown) and showing positivity levels in MBs tissues by IHQ. WNT/SHH-MBs subtypes exhibited
the low immunostaining to MSI1 (<50%); in contrast, Grp3/Grp4-MBs demonstrate high immunostaining
to MSI1 (<100%). Both of subtypes showed nucleus and cytoplasm labeled. Scale bar, 50 µm. Original
magni�cation x20. 

Figure 3

Characterization of MSI1 expression in Grp3/Grp4-MBs cell line models: (A) Relative expression of MSI1
by RT-qPCR in D283 Med and USP-13-MED cell lines. The graph shows the mean ± standard deviation of
three independent experiments (*p<0.01). (B) Relative MSI1 protein quanti�cation. (C) Representative
image of protein pro�le of MSI1 by Western blot in pediatric MB cell lines D283 Med and USP-13-MED.
GAPDH protein was used as an endogenous control. The relative quanti�cation of protein expression was
determined by ImageJ software. Representative photomicrographs of the immuno�uorescence
technique: Fluorescence intensity and location of MSI1 (magenta). (D) D283 Med – strong intensity for
the nucleus and cytoplasm; (e) USP-13-MED – medium intensity for the cytoplasm and weak for the
nucleus. Notes: Expression of MSI1 in cell lines was examined using indirect immuno�uorescence
method. Analysis by confocal laser scanning microscopy.
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Figure 4

MSI1 knockdown: (A) Relative expression of MSI1 by RT-qPCR (B-C) Protein quanti�cation of MSI1 by
Western blot in D283 Med cell lines after gene modulation. Relative quanti�cation of protein expression
was performed using ImageJ software. GAPDH protein was used as an endogenous control. All graphs
show mean ± standard deviation (SD) of three independent experiments. **p<0.05; ***p<0.01 and
****p<0.001, compared to control (Scramble).
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Figure 5

Impact of MSI1 knockdown in D283 Med (Grp3/Grp4-MBs) cells. (A-C) The cell cycle histograms. (D) The
knockdown of MSI1 in the D283 Med shRNa_MSI1#1 and D283 Med shRNA_MSI1#2 cells decreased
G2/M phase when compared to shRNA_Scramble. (E) Cell viability was assessed by Cell Titer assay.
Reduction of cell proliferation of D283 Med shRNa_MSI1#1 and D283 Med shRNA_MSI1#2 after cisplatin
treatment (3, 5, 7 and 10 µM) for 72 hours compared to shRNA_Scramble. The IC50 values of cisplatin
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treatment in D283 Med shRNa_MSI1#1, D283 Med shRNA_MSI1#2 and shRNA_Scramble are 4.1 µM, 6.6
µM and 10.98 µM, respectively. (F-G) knockdown of MSI1 associated with cisplatin treatment in D283
Med cells increased cell apoptosis. Apoptosis was detected by �ow cytometry after Annexin and
propidium iodide staining. Two-Way ANOVA Test. The graphs show the mean ± standard deviation of
three independent experiments. *p<0.05; **p<0.01 and ****p<0.001 compared to control
(shRNA_Scramble).
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