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Abstract
Background: Medulloblastoma (MB) patients with MYC oncogene amplification or overexpression exhibit extremely
poor clinical outcomes and respond poorly to current therapies. Epigenetic deregulation is very common in MYCdriven MB. The bromodomain extra-terminal (BET) proteins and histone deacetylases (HDACs) are epigenetic regulators of MYC transcription and its associated tumorigenic programs. This study aimed to investigate the therapeutic
potential of inhibiting the BET proteins and HDACs together in MB.
Methods: Using clinically relevant BET inhibitors (JQ1 or OTX015) and a pan-HDAC inhibitor (panobinostat), we
evaluated the effects of combined inhibition on cell growth/survival in MYC-amplified MB cell lines and xenografts
and examined underlying molecular mechanism(s).
Results: Co-treatment of JQ1 or OTX015 with panobinostat synergistically suppressed growth/survival of MYCamplified MB cells by inducing G2 cell cycle arrest and apoptosis. Mechanistic investigation using RNA-seq revealed
that co-treatment of JQ1 with panobinostat synergistically modulated global gene expression including MYC/HDAC
targets. SYK and MSI1 oncogenes were among the top 50 genes synergistically downregulated by JQ1 and panobinostat. RT-PCR and western blot analyses confirmed that JQ1 and panobinostat synergistically inhibited the mRNA
and protein expression of MSI1/SYK along with MYC expression. Reduced SYK/MSI expression after BET (specifically,
BRD4) gene-knockdown further confirmed the epigenetic regulation of SYK and MSI1 genes. In addition, the combination of OTX015 and panobinostat significantly inhibited tumor growth in MYC-amplified MB xenografted mice by
downregulating expression of MYC, compared to single-agent therapy.
Conclusions: Together, our findings demonstrated that dual-inhibition of BET and HDAC proteins of the epigenetic
pathway can be a novel therapeutic approach against MYC-driven MB.
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Background
Medulloblastoma (MB) is the most common type of
childhood brain cancer worldwide [1]. Treatment for MB
includes surgery, radiation, and chemotherapy. Unfortunately, current treatments are associated with long-term
morbidity, including lifelong cognitive deficiencies, endocrine dysfunction, neurological deficits, and secondary
tumors [1, 2]. MB has biological/genetic heterogeneity
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with classically four major molecularly distinct subgroups
that include wingless (WNT), Sonic-hedgehog (SHH),
Group 3, and Group 4 [3, 4]. The 2021 WHO Classification of Tumors of the Central Nervous System classified
MB into four molecularly defined MBs (WNT-activated,
SHH-activated and TP53-wildtype, SHH-activated and
TP53-mutant, non-WNT/non-SHH) and one histologically defined group [5]. In this classification, non-WNT/
non-SHH comprised Group 3 and Group 4 tumors. Of
these, Group 3 MB often exhibits MYC amplification
(17–20% of cases) or overexpression and has the worst
prognosis of the MB subgroups, with < 60% 5-year overall survival. MYC-driven MB has high metastatic potential and is often resistant to even multimodal treatments
[6–8]. There is a pressing need to develop novel targeted
therapies that attack Group 3 MB while incurring limited
toxicities.
Epigenetic mechanisms are increasingly considered
major factors contributing to MB pathogenesis [9, 10].
Particularly, dysregulation of epigenetic/chromatin modifiers, including histone acetylation/methylation marks,
is very common in in Group 3 and Group 4 MBs, compared with other subgroups [11, 12]. Histone acetylation
marks play important roles in regulating gene transcription, including transcription of MYC oncogene. These
marks are written by histone acetyltransferases (HATs),
erased by histone deacetylases (HDACs) and read by
bromodomain extra-terminal (BET) proteins [13–15].
Importantly, HDACs and BET proteins have been shown
to regulate MYC transcription and its associated tumorigenic programs [16, 17], making them rational targets for
MYC-driven MB therapy.
HDACs have been implicated in promoting tumorigenesis mainly by silencing tumor suppressor genes and
apoptosis inducers [18]. As HDACs are frequently overexpressed in cancers including MB, they have been recognized as promising therapeutic targets, and several
pharmacologically distinct HDAC inhibitors have been
developed [19, 20]. Various HDAC inhibitors, such as
panobinostat and vorinostat, have shown potent efficacy
against MB in preclinical studies [21, 22]. More than a
dozen HDAC inhibitors are currently being evaluated in
the clinic and/or clinical trials [20]. While the results of
preclinical studies are encouraging, early clinical trials of
HDAC inhibitors have only shown a limited efficacy in
patients with advanced tumors. Therefore, it is important
to explore epigenetic-based drug combination strategies to improve efficacy against tumors in general, and to
identify promising approaches against MB in particular.
As chromatin readers, the BET proteins (such as BRD3
and BRD4) bind to acetylated lysine residues on histone
proteins and play important roles in the transcription
of oncogenes such as MYC and MYCN [23, 24]. BET
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inhibitors, such as JQ1 and OTX-015, competitively
bind to acetyl–lysine recognition pockets, displace BET
bromodomain proteins from chromatin, and inhibit the
expression of oncogenes, leading to cancer cell growth
inhibition and apoptosis. BET inhibitors have shown
promising in vitro and in vivo anticancer effects against
MB, NUT-midline carcinoma, multiple myeloma, lymphoma, leukemia, and neuroblastoma [16, 23–25]. However, treatment with BET protein inhibitors alone does
not cause cancer remission in MB-bearing mice [16].
Synergistic effects of HDAC and BET inhibitors have
been observed in different cancer types, including neuroblastoma and glioblastoma [26–29]. However, concurrent
targeting of BET proteins and HDACs in MB remains
unexplored. In this study, we tested the effects of BET
inhibitor and HDAC inhibitor co-treatment on global
gene expression, including SYK and MSI1 oncogenes;
MYC protein expression; and anticancer efficacy against
MYC-driven MB in vitro and in vivo.

Methods
Cell lines and small molecule inhibitors

MB cell lines D-283 (MYC-amplified) and D-341(MYCamplified) were purchased from American Type Culture
Collection. HD-MB03 (MYC-amplified) MB cell line
was purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen (Germany). ONS-76 (nonMYC-amplified, SHH) MB cell line was purchased from
Sekisui-XenoTech (USA). Cell lines were authenticated
by their respective resources using short tandem repeat
profiling. All cell lines were also tested for negative mycoplasma contamination using MycoSensor-PCR assay
kit (Agilent-Technologies). All cell lines were cultured
and maintained using RPMI-1640 media supplemented
with 10% heat-inactivated FBS, penicillin (100 U/ml)
and streptomycin (100 µg/ml) (Life Technologies) in a
humidified incubator at 5% CO2 and 95% air atmosphere
at 37 °C. Experiments were performed using less than
10 passages for each cell line. The BET-protein inhibitors JQ1 and OTX-015 and pan-HDAC inhibitor panobinostat were purchased from MedChemExpress LLC.
Cell growth, apoptosis, and cell cycle analyses

Cell growth, apoptosis, and cell cycle analyses in MB cells
treated with inhibitors were performed using the MTT
assay, Annexin-V assay and propidium-iodide staining,
respectively, as described previously [30–32].
Western blotting

Western blot analysis was performed using a previously
described protocol in our lab [30]. Primary antibodies
used in this analysis included c-MYC, BRD4, SYK, MSI1,
Cyclophillin B and Vinculin (Cell Signaling Technology).
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All SMARTpool siRNAs (a pool of 3–4 target-specific siRNAs of each gene) used were purchased
from Dharmacon Inc. Non-targeting control (NTC)
(D-001810–10-05), BRD4 (L-004937–00-0005), SYK
(L-003176–00-0005) and MSI1 (L-011338–00-0005) siRNAs (each at 50 nM) were transiently transfected into
MB cells using L
 ipofectamine2000 (Invitrogen) according to the manufacturer’s instructions. Following 72 h of
transfection, cells were subjected to downstream analyses
using western blotting, q-PCR and MTT assays.

in the right-flank with 2.5 × 105 HD-MB03 MB cells
suspended in 100 µl of a 3:1 PBS/Matrigel mixture. Ten
days post-tumor injection, when tumor was palpable,
the tumor bearing mice were divided into four treatment groups (n = 5 each group) and treated three times a
week for three weeks. The vehicle control treatment was
(5% DMSO + 45% PEG 300 + 2% Tween 80. Experimental treatments were OTX-015 (50 mg/kg, p.o.), panobinostat (10 mg/kg, i.p.), or the combination of OTX-015
with panobinostat. The vehicle control was administered
using both intraperitoneal (i.p.) and oral (p.o.) routes.
The OTX015 and panobinostat were dissolved in a small
volume (50 µl) of 100% DMSO solvent and stored at
-20 °C. These inhibitors were further diluted with PEG
300 and Tween 80 accordingly to make DMSO concentration to 5% in a final treatment solution. Doses for
these inhibitors were at ranges of achievable exposures
in mice or humans [33–36]. Tumor volume was assessed
twice a week using the digital caliper. When tumor volume approached 2 cm3, the mice were euthanized using
CO2 and tumor tissues were collected and processed for
immunohistological analyses for the expression of key
proteins.

RNA sequencing and gene expression analyses

Statistical analysis

Quantitative RT‑PCR (qRT‑PCR)

RNA was prepared using RNeasy (Qiagen) kit and 2 µg of
total RNA was used for cDNA preparation using Superscript Verso enzyme kit (Promega). cDNA product was
amplified in 10 µl reaction using SYBR-Green Super-mix
and standard gene-specific primers (Applied Biosystems).
In this analysis, pre-designed primers for SYK, MSI1 and
MYC genes from Integrated DNA Technologies (IDT),
were used. All reactions were processed in a QuantStudio-3 PCR System and results analyzed by QuantStudio
software (Applied Biosystems).
siRNA knock‑down and transfection

RNA from inhibitor-treated HD-MB03 cells, was purified
using the Qiagen RNeasy Kit. After confirming sequence
grade quality of RNA using an Agilent 2100 Bioanalyzer,
an RNA library was prepared using True-Seq RNA Sample Prep V2 Kit and subjected to RNA sequencing using
the Illumina NextSeq550 system in the UNMC Genomics Core Facility. Each sample was processed in triplicate.
In this analysis, approximately 22,000 protein coding
genes were sequenced. The original fastq reads were processed by a newly developed standard pipeline utilizing
STAR as the aligner and RSEM as the tool for annotation
and quantification at both gene and isoform levels. Using
these reads, the normalized FPKM and TPM values for
all the available genes were calculated and then differential gene expression and gene-set-enrichment (GSE)
analysis between treatment groups were performed. The
defined gene sets for MYC/HDAC and other cancer hallmark targets used in this study were from The Molecular
Signatures Database (MSigDB).
Animal studies

All animal experiments were performed according to a
UNMC Institutional Animal Care and Use Committee
(IACUC) approved protocol. In this study, six- to eightweek-old NSG female mice from Jackson Laboratories
were used. We used only female mice to limit biological variables. These mice were subcutaneously injected

All experiments were repeated at least three times and
mean and standard error values were calculated. Statistically significant differences were calculated using
Student t-tests or analysis of variance (ANOVA) and a
significance threshold of p < 0.05 or p < 0.01, as noted. To
determine synergy, we employed the Chou and Talalay
method for combination index (CI) analysis using CalcuSyn software (Biosoft, UK) [37]. CI < 0.9 indicates synergism, 0.9–1.1 additivity and > 1.1 antagonism.

Results
Synergistic effects of the inhibitors of BET proteins
and HDACs on MB cell growth

Because BET inhibitors inhibit the expression of tumor
promoting genes and HDAC inhibitors induce the
expression of tumor silencing genes, we explored the
synergistic anticancer effects of BET inhibitors (JQ1,
OTX015) and an FDA approved pan-HDAC inhibitor panobinostat on the cell growth of MYC-amplified
and non-MYC-amplified MB cell lines using a standard
MTT assay. We have previously shown in one of our MB
studies that MYC-amplified cell lines are more sensitive
to BET inhibitors [31], compared to non-MYC MB cell
lines, suggesting that BET inhibitors can synergize with
other targeted agents (such as HDAC inhibitors) more
efficiently in MYC-amplified MB cells. In this in vitro
study, low-µM or nM concentrations of these inhibitors
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were employed as previously standardized and reported
by us and others [26, 27, 31].
We tested the single agents and combinatorial/synergistic potential of BET inhibitors (JQ1 or OTX015) and
HDAC inhibitor panobinostat, in MB cell lines, including
three MYC-amplified (D-283, HD-MB03, D-341) and one
non-MYC-amplified (ONS-76). These were treated with
increasing concentrations of JQ1, OTX015 and panobinostat, alone or in combinations with either JQ1-panobinostat or OTX015-panobinostat, for 72 h. The MTT
results (Fig. 1A) showed a dose-dependent cell growth
inhibition of all MB cell lines by BET inhibitors (JQ1 or
OTX015) at low-µM and panobinostat at nM concentrations. At lower doses, each inhibitor displayed superior
efficacy in MYC-amplified lines, compared to non-MYCamplified MB cells. Interestingly, co-treatment of JQ1
or OTX015 with panobinostat significantly suppressed
growth of MYC-amplified MB cell lines in a dosedependent manner, compared with single agent treatment (Fig. 1A). Although there was a significant effect
of this combination in non-MYC MB (ONS-76) cells
treated with higher doses, growth inhibition was more
pronounced in MYC-amplified MB cells, consistently
suggesting MYC-dependent efficacies of these inhibitors.
Combination index (CI) analysis by the Chou-Talalay
method [37] confirmed that combinations of BET-HDAC
inhibitors had strong and greater synergistic inhibitory
effects on MYC-amplified MB cell growth, with CI values ranging from 0.2 to 0.7 in MYC-amplified cell lines
and 0.7 to 0.9 in non-MYC MB cells (Fig. 1B). Together,
results suggested synergistic anti-MB potential of BETHDAC inhibition.
Combination of BET inhibitors with panobinostat induces
cell cycle arrest and apoptosis

To determine if combination of BET inhibitors with panobinostat induces cell cycle arrest and apoptosis, MB cell
lines were treated with a sub-optimum (IC50) concentration of each inhibitor, alone or combined and subjected
to cell cycle analysis using propidium-iodide staining and
apoptosis analysis using Annexin-V staining. The cell
cycle profile (Fig. 2A) in MYC-amplified (D-283, D-341,
HD-MB03) cell lines showed that while JQ1 arrested the
cells in G1 phase and panobinostat in G2 phase of the cell
cycle, co-treatment of JQ1 and panobinostat drastically
increased the population of cells in G2 phase compared
to individual treatments. These results suggest that as
single agents, JQ1 and panobinostat target cell cycle differently, but in combination, JQ1 has an additive effect
on panobinostat-induced G2 cell cycle arrest. Results of
apoptosis analyses (Fig. 2B and 2C) using an Annexin-V
assay demonstrated significantly increased induction of
apoptosis after combined treatment with BET inhibitor
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(JQ1 or OTX015) and panobinostat in all MB cell lines,
compared to single agents. There was also significant
induction of apoptosis by JQ1, OTX015 or panobinostat
alone in MYC-amplified (D-283, D-341, HD-MB03) cell
lines. While the combination of BET-HDAC inhibitors
significantly induced apoptosis in non-MYC (ONS-76)
cells, we did not observe any significant effects of these
inhibitors alone in ONS-76 cells (Fig. 2C), suggesting that
these inhibitors alone are more efficacious in inducing
apoptosis of MYC-amplified MB cells. Together, these
results suggest that combination of JQ1 or OTX015
with panobinostat suppresses the cell growth of MYCamplified MB cells by inducing G2 cell cycle arrest and
apoptosis.
JQ1 and panobinostat synergistically modulate global
gene expression in MYC‑driven MB cells

As both BET proteins and HDACs have been shown to
modulate global gene transcription [38, 39], we next
investigated the combination potential of JQ1 and panobinostat on the overall transcriptional modulation of
MYC-amplified HD-MB03 cells. We performed RNAsequencing in HD-MB03 cells treated with JQ1 and
panobinostat alone or combined for 24 h. Using log2 foldchange ≥ 2 as the cutoff, our gene expression data showed
that JQ1 upregulated the expression of 3% (18/588) of
the genes activated by panobinostat, and panobinostat
upregulated the expression of 62% (18/29) genes activated by JQ1 (Fig. 3A). Conversely, JQ1 downregulated
the expression of 49.3% (82/166) genes suppressed by
panobinostat, and panobinostat downregulated the
expression of 25.6% (82/320) genes suppressed by JQ1.
As expected, nearly all the genes commonly upregulated
or downregulated by JQ1 and panobinostat as singleagent treatments were similarly modulated by the combination of JQ1 and panobinostat (Fig. 3A). The data show
that JQ1 and panobinostat alone or combined, activate a
common set of genes, and repress a much larger common
set of genes, in MB cells.
Notably, our data show that the combination of JQ1
and panobinostat synergistically modulated overall gene
expression. For example, using the log2 fold-change cutoff of ≥ 2, gene expression analysis showed that JQ1 alone
and panobinostat alone regulated the expression of 320
and 754 target genes, respectively, and the combination of JQ1 and panobinostat modulated the expression
of 1435 genes (Fig. 3A). These data were also consistent
with the gene expression profile using log2 fold-change
cutoff of ≥ 4, where the combination of JQ1 and panobinostat synergistically modulated the expression of more
than 300 genes, compared to the expression of 52 and
182 genes respectively modulated by JQ1 and panobinostat alone (Fig. 3A).
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Fig. 1 Synergistic effects of BET and HDAC inhibitors on MB cell growth. A MTT assay showing dose-dependent growth effects of BET inhibitors
JQ1 or OTX015 (OTX) and HDAC inhibitor panobinostat (PAN) alone or combined, with the doses as indicated, in MB cell lines at 72 h. Percentage
of viable cells is relative to DMSO-(solvent control)-treated cells. Results are the representative of three independent replicates. Plotted values and
error bars represent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.005 (Student-t-test). The asterisks are showing significance between single agents and
combinations (JQ1 or PAN vs JQ1-PAN combination; OTX or PAN vs OTX-PAN combination). B Combination index (CI) analysis for the synergism of
JQ1/PAN or OTX/PAN in MB cell lines

In addition, we subjected our expression data to GSE
analysis. GSE analysis revealed significant enrichment of
MYC and HDAC target gene sets by JQ1-panobinostat

combination treatment (Fig. 3B). Further GSE analysis
of the other cancer targets identified the gene-enrichment of cell cycle (E2F- and G2M-targets), apoptosis,
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Fig. 2 Combination of BET and HDAC inhibitors leads to cell cycle arrest and induces apoptosis. A Cell cycle analysis of three MYC-amplified MB cell
lines (HD-MB03, D-341, D-283) using propidium-iodide (PI) staining following treatment with JQ1 (0.5 µM) and PAN (10 nM) alone or combined for
24 h. Cumulative Chi Square (χ2)-derived p-value for the cell cycle distribution in each cell line with treatments. This p-value denotes significance
between all treatments. B Representative flow cytometry-derived scatter diagrams of Annexin-V-FITC staining show apoptosis induction in
MYC-amplified HD-MB03 cells treated for 72 h with 0.5 µM JQ1 or OTX, 10 nM PAN alone, or combinations of PAN with JQ1 or OTX. C Bar graphs
show quantification of Annexin-V/PI double positive apoptotic cells in three MYC-amplified (HD-MB03, D-341, D-283) and one non-MYC-amplified
(ONS-76) MB cell lines treated as above. Results are the representative of three independent experiments. Plotted values and error bars represent
mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001 (Student-t-test). The p-values denote significance of cumulative comparison between
DMSO-control or single agents and combinations
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Fig. 3 Combined effects of JQ1/PAN on global gene expression. Using RNA-seq, gene expression studies were performed in HD-MB03 cells 24 h
after treatment with DMSO (vehicle control), JQ1 (0.5 µM), PAN (10 nM) or the combination of JQ1 and PAN. A Venn-diagrams showing number of
genes upregulated or downregulated by JQ1 and PAN alone or combined, compared to DMSO. B GSE analysis for the modulation of MYC/HDAC
target gene sets by the combination of JQ1 and PAN, compared to DMSO. FDR, false discovery rate; ES, enrichment score. C Heatmap showing the
top 50 genes most significantly downregulated by JQ1-PAN combination treatment
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DNA repair, hypoxia, epithelial-mesenchymal-transition,
and stem cell targets by JQ1-panobinostat combination
treatment (Supplementary Table S1). Among these, the
enrichment of cell cycle and apoptosis associated gene
sets supports our prior results (Fig. 2) showing the interaction between JQ1 and panobinostat in inducing G2-cell
cycle arrest and apoptosis in MB cells.
Combination of JQ1 with panobinostat downregulates
the expression of SYK and MSI1

We further looked for the top 50 genes most significantly downregulated by the combination. Among these,
we identified SYK (spleen tyrosine kinase) and MSI1
(Musashi1) as the most cancer-relevant genes (Fig. 3C,
Supplementary Table S2). Using q-PCR and western
blot analyses in HD-MB03 and D-283 MB cell lines, we
further confirmed that co-treatment of JQ1 and panobinostat significantly inhibited the expression of SYK and
MSI1 at both mRNA and protein levels, compared to
individual treatment (Fig. 4A and B). JQ1 or panobinostat
alone significantly downregulated the expression of these
genes or proteins. In contrast, MYC mRNA was not
affected by JQ1 or panobinostat alone, but was significantly downregulated by the JQ1-panobinostat combination (Fig. 4A). Importantly, the expression of BRD4 (a key
BET protein outside of the top 50 downregulated genes
but especially relevant due to its role as an upstream epigenetic regulator of MYC) and MYC proteins were each
downregulated by JQ1 or panobinostat alone, and more
profoundly by the combination of these two inhibitors
(Fig. 4B).
As the BET inhibitor JQ1 alone significantly downregulates SYK/MSI1 expression (Fig. 4A and B), we further
investigated whether the genetic inhibition of BET protein BRD4 also modulates SYK/MSI1 expression. Genesilencing of BRD4 in HD-MB03 cells by transfection with
a pool of BRD4-siRNAs reduced the expression of SYK,
MSI1, and MYC proteins, further supporting the epigenetic regulation of SYK and MSI1 by BRD4 in MYCdriven MB cells (Fig. 4C). Together, the data suggest that
JQ1 and panobinostat synergistically modulate target
gene expression, including MYC/HDAC gene sets and
the expression of SYK and MSI1 oncogenes.
Next, we tested if SYK and MSI1 genes, downstream
of the BET/HDAC targets, themselves have functional
impact on MB cell growth and MYC expression. We
therefore determined the effect of siRNA-mediated
knockdown of SYK and MSI1 on MYC protein expression and cell growth in HD-MB03 and D-283 MB cell
lines. Immunoblot analysis showed that knockdown of
both SYK and MSI1 had no effect on MYC expression
(Fig. 5A), but significantly reduced cell growth in both
cell lines (Fig. 5B).
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Combination of OTX015 with panobinostat reduces tumor
growth in MYC‑driven MB xenografts

To validate our in vitro results, we further tested the
single agent and combined efficacies of BET and HDAC
inhibitors in NSG subcutaneous xenograft mice. In this
in vivo study, since JQ1 is not being considered in clinical
trials because of its short half-life, we utilized the clinically relevant BET inhibitor OTX015, which is in multiple
clinical trials in patients with solid tumors or hematologic
malignancies [25]. To examine the combined therapeutic
potential of OTX015 and panobinostat against MYCdriven MB in vivo, NSG mice were xenografted subcutaneously with HD-MB03 cells and treated with vehicle
control, OTX015, panobinostat, and the combination of
OTX015 with panobinostat. Our data shows that nearly
all mice receiving vehicle control developed tumors of 2
cm3 by 21 days post-treatment. Therefore, we considered
this time point as the end point for this study. As shown
in Fig. 6A and B, 21 days post-treatment with OTX015
or panobinostat alone tumor growth/weight was significantly suppressed, with reductions of 33.5% (by OTX015)
and 61.3% (by panobinostat), compared to vehicle control. Combination of OTX015 with panobinostat further
significantly suppressed tumor growth/weight by 48%
(compared to OTX015) and 17.6% (compared to panobinostat), suggesting the antitumor potential of OTX015
combined with panobinostat, against MYC-driven MB in
vivo. In addition, treatment with these inhibitors alone or
combined did not cause significant changes in the total
body weights and histopathology of vital organs between
control and treatment groups (Supplementary Fig. S1),
suggesting the tolerability of these therapies in mice.
We further examined the effect of OTX015 and panobinostat, alone or combined, on the expression of
MYC, proliferation marker Ki-67, and apoptosis marker
cleaved-caspase-3 (CC3) in xenografted tumors. Immunohistochemical analyses showed that while OTX015 or
panobinostat alone reduced the expression of MYC and
Ki-67 and induced the expression of CC3, the combination of OTX015 and panobinostat even more significantly
reduced the expression of MYC and Ki-67 and induced
the expression of CC3 in xenografted tumors (Fig. 6C
and D). The data together suggest that the combination
of BET-HDAC inhibitors synergistically inhibits MYC
protein expression and proliferation associated markers,
thereby blocking the tumor progression of MYC-driven
MB in vivo.

Discussion
While the MYC oncogene is established as the oncogenic
driver in Group 3 MB, it has remained undruggable [38].
Thus, targeting regulatory components of MYC and the
downstream signaling pathways that MYC regulates
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Fig. 4 Combined effects of BET and HDAC inhibitors on SYK and MSI1 expression. A Quantitative-PCR and B western blot analyses for the mRNA
and protein expression of BRD4, SYK, MSI1 and MYC in MB HD-MB03 and D-283 cell lines treated for 24 h with 0.5 µM JQ1, 10 nM PAN alone, or
both combined. GAPDH and Cyclophillin-B (cyclo)/ Vinculin were used as the loading controls in q-PCR and western blot analyses, respectively.
Results are the representative of three independent replicates. Plotted values and error bars represent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001 (Student-t-test). C Western blot analysis for the expression of BRD4, SYK, MSI1 and MYC proteins in HD-MB03 cells transfected with
scrambled (control-siRNAs) and BRD4-siRNAs (50 nM) for 48 h

Kling et al. J Exp Clin Cancer Res

(2022) 41:321

Page 10 of 14

Fig. 5 Gene-silencing effects of SYK and MSI1 on MB cell growth and MYC expression. HD-MB03 and D-283 cell lines were transfected with control
(NTC), SYK and MSI1 siRNAs (each at 50 nM and 100 nM) for 72 h and subjected to (A) western blot (for the expression of SYK or MSI1 and MYC
proteins) and (B) MTT (cell growth) analyses. GAPDH was used as the loading control in western blot analysis. Results are the representative of three
independent experiments. Plotted values and error bars represent mean ± SEM. *p < 0.05 (Student-t-test)

may have great potential therapeutic value. Studies have
revealed that damaging germline mutations in known
cancer predisposition genes are rare in Group 3 or Group
4 MBs [6], suggesting that dysregulated epigenetic pathways might be critical in the pathogenesis of such MBs.
Indeed, recent extensive molecular profiling of primary
MBs using transcriptome and methylome profiling identified somatic copy number aberrations and mutations
in histone acetyl/methyl transferases, demethylases,
and deacetylases [9, 10]. Of special interest, the epigenetic regulators, BET proteins and HDACs, have been
shown to regulate the transcription of MYC oncogene in
MYC-driven MB [16, 17], suggesting that targeting MYC
transcription by dual-inhibition of BET proteins and

HDACs is a viable strategy. In this study, we show that
combined inhibition of BET proteins by JQ1 or OTX015
and HDACs by panobinostat triggered broad antitumor
activities in MYC-driven MB, both in vitro and in vivo.
This study provides the first preclinical evidence for the
therapeutic potential of dual-targeting BET and HDACs
against highly aggressive MB.
With the goal of targeting epigenetic-driven cancers,
several epigenetic drugs are being explored as possible therapeutics [39]. Of these, some of the most promising epigenetic anticancer agents are BET inhibitors
and HDAC inhibitors. Several BET inhibitors, such as
GSK525762 and OTX015, are in multiple clinical trials in
patients with solid tumors or hematologic malignancies
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Fig. 6 Combined in vivo effects of OTX and PAN in subcutaneous MYC-amplified MB-bearing xenografts. A Tumor volume measurement of
xenografted mice following treatments. The differences between treatment groups represent ANOVA-based comparison of the tumor volumes on
21 days post-treatment. B Weight measurement of the tumors (shown in a photo image and plotted in a bar graph) from the last three xenografted
mice sacrificed following treatments. Plotted values and error bars represent mean ± SEM. C Representative IHC images (40 × magnification with
60 µm scale bar) of MYC, Ki-67 and cleaved-caspase-3 (CC3) in treated xenografts. D The percentage of MYC, Ki-67 and CC3 positive cells derived
from histology scores was semi-quantified in the tumors (shown in Fig. 6B) of three xenografted mice following 21 days post-treatment of inhibitors.
*p < 0.05; **p < 0.01; ***p < 0.001 (ANOVA)

[25]. Moreover, the recent FDA approval of the HDAC
inhibitor panobinostat to treat advanced multiple myeloma [20] highlights the feasibility of developing a BET–
HDAC inhibitor combination strategy in the clinic. In
this study, we have shown that a combination of JQ1 or
OTX015 with panobinostat synergistically induces cell
growth inhibition and apoptosis in MB. Importantly,
in a subcutaneous mouse model of MYC-driven MB,

we have confirmed that OTX015 or panobinostat alone
suppresses MB tumor growth, and the combination of
these synergistically blocks MB progression. Our study
therefore suggests the feasibility of using these inhibitors in combination in MB patients with poor prognoses.
This therapeutic strategy has broad relevance for cancer
therapy beyond MB, as the findings are consistent with
recent reports where the BET inhibitors (JQ1, OTX015
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or RVX2135) and the HDAC inhibitors (panobinostat or
vorinostat) synergistically inhibit MYC expression and
exhibit antitumor efficacies in preclinical models of neuroblastoma, glioblastoma and lymphoma [26–28].
A recent study in MYCN-amplified neuroblastoma
showed that JQ1 and panobinostat commonly activate,
and more often downregulate, target gene expression in
MYCN-amplified neuroblastoma cells [26]. In our gene
expression study, we made very similar observations that
BET inhibitor JQ1 and HDAC inhibitor panobinostat
commonly upregulate, and more often downregulate, target gene expression in MYC-amplified MB cells. Importantly, compared to cells treated with single inhibitors,
genes are more substantially modulated (up or downregulated) in cells treated with JQ1 and panobinostat combination. The combination also modulates the expression
of a large number of genes not regulated by JQ1 or panobinostat alone. In addition, GSEA analysis reveals that
MYC and HDAC target gene sets are among the most significantly enriched by the combination therapy. Together,
these results suggest that dual inhibition of BET and
HDACs synergistically modulates global gene expression.
This synergy may result from the hyperacetylation of histones by panobinostat that increases the affinity of BET
proteins binding to open chromatin, thereby enhancing
the modulation of gene transcription by BET inhibitors.
Among the top 50 genes (most significantly and synergistically downregulated by JQ1 and panobinostat
combination), we identified SYK and MSI1 genes as
the most cancer relevant genes, particularly considering their involvement in neurodevelopment [40–43].
Therefore, in this study, SYK and MSI1 oncogenes were
selected to further explore their roles in MB tumorigenesis. Interestingly, combination of JQ1 with panobinostat
significantly decreased the expression of SYK and MSI1
at both mRNA and protein levels. In addition, combination of JQ1 and panobinostat significantly synergized in
reducing MYC protein expression. Importantly, data data
from the SYK and MSI1 knockdown experiments showed
decreased MB cell growth without affecting MYC expression, indicating that SYK and MSI1 themselves are able
to regulate MB tumorigenesis. We therefore hypothesize
that reduced expression of SYK and MSI1 is mechanistically important, along with suppressed MYC expression,
in the synergistic anticancer effects of these drugs in MB.
To our knowledge, this study is first to demonstrate
BET and HDAC are upstream regulators of SYK and
MSI1 expression. Beyond this, no evidence exists if
SYK and MSI1 have any roles in the context of BET and
HDAC driven epigenetic tumor regulation. Nevertheless, there are few evidence suggest that both SYK as a
non-receptor tyrosine kinase and MSI1 as an RNAbinding protein can regulate MYC translation/stability
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by activating/phosphorylating PI3K/AKT signaling and
regulating mRNA stability post-transcriptionally, respectively [42, 44, 45]. In this regard, our data with the knockdown of SYK and MSI1 in MB cells showed no effects
on MYC protein expression, suggesting that SYK/MSI1
might not have roles in regulating MYC translation/stability in MB. In general, the role of SYK in MB tumorigenesis is largely unexplored. However, SYK kinase plays
key roles in promoting tumorigenesis in various other
cancers including brain tumor glioblastoma [40, 41]. SYK
is well-known oncogene and tumor promoter in leukemia [46]. Activation or overexpression of SYK triggers
several signal transduction pathways modulating proliferation, differentiation, and cell survival [40, 46]. More
importantly, in addition to hematopoietic cells, SYK is
also expressed in brain neuronal cells and regulates cell
proliferation and vascular development [47], and therefore could play a key role in MB progression. In comparison, MSI1 has been characterized as a neural stem cell
marker, contributes to the maintenance of self-renewal
and differentiation of cells, and has been implicated in the
tumorigenesis of multiple tumor types including MB [42,
48, 49]. The importance of MSI in maintenance of neural stem cells supports a possible role in MB tumorigenesis. MSI1 has been shown to be expressed in all four MB
subgroups, with particularly high expression in Group 3
and 4 tumors [49]. In addition, analysis of MSI1 across a
large cohort of MB patients demonstrated that high MSI1
expression is a strong indicator of poor prognosis [49].
Together, the studies based on published reports and our
data, suggest that both SYK and MSI1 might play key
tumorigenic roles in MYC-driven MB. Further investigation is required to establish mechanism(s) for their tumorigenic roles in the MB tumor microenvironment and to
determine if these can be exploited therapeutically.
Although we did not test the BET-HDAC combination
strategy in MB orthotopic models, it is evident from preclinical animal studies that BET-HDAC inhibitors including OTX015 and panobinostat, as single agents, can cross
the blood–brain-barrier and target brain tumors such
as MB and glioblastoma [16, 27, 33, 34]. In addition, in
one of our previous MB studies, we have shown that
BET inhibitor JQ1 can penetrate brain and block tumor
growth in an orthotopic MB mouse model [31]. These
findings highlight the feasibility of clinical investigation
of this combination strategy in MB. Both subcutaneous
and orthotopic/intracranial xenograft models are being
used in MB studies. Subcutaneous models are appropriate for initial drug testing and screening as this model
allows for easy tumor visualization and quantification,
making decisions of treatment initiation less difficult.
Orthotopic models of MB require additional features
such as modification/optimization of tumor cells in order
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to image and quantitate tumor growth, or optimization
of imaging methods. Experimental parameters to test our
findings using patient-derived xenografts (PDX) in a MB
orthotopic model are currently under development in
our lab.

Conclusions
In summary, our study demonstrated that targeting epigenetic pathways using BET and HDAC inhibitors has
synergistic antitumor potential in MYC-driven MB in
vitro and in vivo. Mechanistically, the combination of
BET and HDAC inhibitors synergistically modulates
global gene expression, including the expression of MYC
and HDAC target gene sets and known oncogenes SYK
and MSI1 in MYC-amplified MB cells. Our findings
therefore identify a novel potential strategy to inhibit
MYC expression in aggressive MB. While further studies using appropriate in vivo models are required, our
findings highlight a basis for considering this targeted
approach as a new therapy for MB.
Abbreviations
BET: Bromodomain extra-terminal; CI: Combination index; DMSO: Dimethylsulfoxide; FBS: Fetal bovine serum; GSEA: Gene set enrichment analysis; HDAC:
Histone deacetylase; h: Hour; MB: Medullooblastoma; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MSI1: Musashi1; MYC: V-myc avian
mylocytomatosis viral oncogene homolog; MYCN: V-myc avian mylocytomatosis viral oncogene neuroblastoma homolog; nM: Nanomolar; OTX: OTX-015;
PAN: Panobinostat; qRT-PCR: Quantitative real-time polymerase chain reaction;
RNA-seq: RNA sequencing; siRNA: Silencing-RNA; SYK: Spleen tyrosine kinase;
µM: Micromolar.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13046-022-02530-y.
Additional file 1: Supplementary Table S1. JQ1 and panobinostat
synergistically modulate gene expression. GSE analysis was performed
using RNA-sequencing based differential gene expression in HD-MB03
cells 24 h after treatment with control (DMSO) solvent, 0.5 µM JQ1, 10 nM
panobinostat, or the combination of JQ1 and panobinostat. GSE analysis
generated enriched gene sets, confirming modulation of MYC/HDAC, cell
cycle, apoptosis, hypoxia, EMT and stem cell target gene sets by JQ1 and
panobinostat alone or in combination. NES, normalized enrichment score;
FDR, false discovery rate.
Additional file 2: Supplementary Table S2. The top 50 genes most
significantly downregulated by the combined JQ1-PAN treatment in
HD-MB03 cells.
Additional file 3: Fig. S1. Effects of inhibitors on body weight and
histology of the MB xenograft mice. (A) The line graph is Showing the
mean body weight of mice following treatment with inhibitors alone or
combined as indicated. (B) Histopathology (H&E) of the vital organs of MB
xenografts following 21 days post treatment with inhibitors. The images
were scanned and captured using digital scanner EVOS Image system at
20x magnification.
Acknowledgements
The authors thank the Child Health Research Institute and the Fred and
Pamela Buffett Cancer Center supported (Genomics, Flow Cytometry,

Page 13 of 14

Bioimaging and Tissue Sciences) core facilities at UNMC. The authors thank
Matthew Sandbulte, PhD, for his help in editing this manuscript.
Authors’ contributions
NKC and DWC conceptualized and designed the study. NKC, MJK, VK, NKM,
EMM, GA and SR performed the experiments and analyzed the data. KBC,
SSJ and DWC contributed significantly to the interpretation of the data.
NKC and MJK wrote the manuscript. All authors read and approved the final
manuscript.
Funding
This work was fully supported by the State of Nebraska through the Pediatric
Cancer Research-Child Health Research Institute (PCRG-CHRI Grant Funds
(LB905) awarded to N. K. Chaturvedi, PhD. This funding had no role in the
study design, data collection and analysis, interpretation of the data, decision
to publish, or writing the manuscript.
Availability of data and materials
The data generated and/or analyzed during this study are available from the
corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
All animal experiments were performed according to a UNMC Institutional
Animal Care and Use Committee (IACUC) approved protocol, #18–037-06-FC.
Consent for publication
Not applicable
Competing interests
The authors declare that they have no competing interest.
Author details
1
Department of Oral Biology, Creighton University, School of Dentistry,
Omaha, NE 68102, USA. 2 Child Health Research Institute, University
of Nebraska Medical Center, Omaha, NE 68198, USA. 3 Department of Genetics, Cell Biology and Anatomy, University of Nebraska Medical Center, Omaha,
NE 68198, USA. 4 Department of Pediatrics, Hematology/Oncology Division,
University of Nebraska Medical Center, Omaha, NE 68198, USA. 5 Department
of Biochemistry and Molecular Biology, University of Nebraska Medical Center,
Omaha, NE 68198, USA. 6 Department of Pediatrics, Hematology and Oncology Division, University of Nebraska Medical Center, Nebraska Medical Center,
Omaha, NE 68198, USA.
Received: 5 August 2022 Accepted: 31 October 2022

References
1. Gajjar AJ, Robinson GW. Medulloblastoma-translating discoveries from
the bench to the bedside. Nat Rev Clin Oncol. 2014;11:714–22.
2. Gajjar A, Chintagumpala M, Ashley D, Kellie S, Kun LE, Merchant TE,
et al. Risk-adapted craniospinal radiotherapy followed by high-dose
chemotherapy and stem-cell rescue in children with newly diagnosed
medulloblastoma (St Jude Medulloblastoma-96): long-term results
from a prospective, multicentre trial. Lancet Oncol. 2006;7:813–20.
3. Taylor MD, Northcott PA, Korshunov A, Remke M, Cho YJ, Clifford SC,
et al. Molecular subgroups of medulloblastoma: the current consensus.
Acta Neuropathol. 2012;123:465–72.
4. Cavalli FMG, Remke M, Rampasek L, Peacock J, Shih DJH, Luu B, et al.
Intertumoral Heterogeneity within Medulloblastoma Subgroups.
Cancer Cell. 2017;31:737–54.
5. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D,
et al. The 2021 WHO Classification of Tumors of the Central Nervous
System: a summary. Neuro Oncol. 2021;23:1231–51.
6. Northcott PA, Buchhalter I, Morrissy AS, Hovestadt V, Weischenfeldt J,
Ehrenberger T, et al. The whole-genome landscape of medulloblastoma
subtypes. Nature. 2017;547:311–7.

Kling et al. J Exp Clin Cancer Res

7.
8.
9.
10.
11.
12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.

29.

30.

31.

(2022) 41:321

Cho YJ, Tsherniak A, Tamayo P, Santagata S, Ligon A, Greulich H, et al. Integrative genomic analysis of medulloblastoma identifies a molecular subgroup that drives poor clinical outcome. J Clin Oncol. 2011;29:1424–30.
Ray S, Chaturvedi NK, Bhakat KK, Rizzino A, Mahapatra S. Subgroup-Specific Diagnostic, Prognostic, and Predictive Markers Influencing Pediatric
Medulloblastoma Treatment. Diagnostics (Basel). 2021;12:61.
Roussel MF, Stripay JL. Epigenetic Drivers in Pediatric Medulloblastoma.
Cerebellum. 2018;17:28–36.
Yi J, Wu J. Epigenetic regulation in medulloblastoma. Mol Cell Neurosci.
2018;87:65–76.
Jones DT, Northcott PA, Kool M, Pfister SM. The role of chromatin remodeling in medulloblastoma. Brain Pathol. 2013;23:193–9.
Dubuc AM, Remke M, Korshunov A, Northcott PA, Zhan SH, Mendez-Lago
M, Kool M, Jones DT, Unterberger A, Morrissy AS, et al. Aberrant patterns
of H3K4 and H3K27 histone lysine methylation occur across subgroups in
medulloblastoma. Acta Neuropathol. 2013;125:373–84.
Allis CD, Jenuwein T. The molecular hallmarks of epigenetic control. Nat
Rev Genet. 2016;17:487–500.
Jenuwein T, Allis CD. Translating the histone code. Science.
2001;293:1074–80.
Zhang T, Cooper S, Brockdorff N. The interplay of histone modifications writers that read. EMBO Rep. 2015;16:1467–81.
Bandopadhayay P, Bergthold G, Nguyen B, Schubert S, Gholamin S, Tang
Y, et al. BET bromodomain inhibition of MYC-amplified medulloblastoma.
Clin Cancer Res. 2014;20:912–25.
Ecker J, Thatikonda V, Sigismondo G, Selt F, Valinciute G, Oehme I, et al.
Reduced chromatin binding of MYC is a key effect of HDAC inhibition in
MYC amplified medulloblastoma. Neuro Oncol. 2021;23:226–39.
Hai R, He L, Shu G, Yin G. Characterization of Histone Deacetylase Mechanisms in Cancer Development. Front Oncol. 2021;11:700947.
Glozak MA, Seto E. Histone deacetylases and cancer. Oncogene.
2007;26:5420–32.
Li Y, Seto E. HDACs and HDAC Inhibitors in Cancer Development and
Therapy. Cold Spring Harb Perspect Med. 2016;6:026831.
Pei Y, Liu KW, Wang J, Garancher A, Tao R, Esparza LA, et al. HDAC and PI3K
Antagonists Cooperate to Inhibit Growth of MYC-Driven Medulloblastoma. Cancer Cell. 2016;29:311–23.
Ecker J, Oehme I, Mazitschek R, Korshunov A, Kool M, Hielscher T, et al.
Targeting class I histone deacetylase 2 in MYC amplified group 3 medulloblastoma. Acta Neuropathol Commun. 2015;3:22.
Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM, et al. BET
bromodomain inhibition as a therapeutic strategy to target c-Myc. Cell.
2011;146:904–17.
Puissant A, Frumm SM, Alexe G, Bassil CF, Qi J, Chanthery YH, et al. Targeting MYCN in neuroblastoma by BET bromodomain inhibition. Cancer
Discov. 2013;3:308–23.
Stathis A, Bertoni F. BET Proteins as Targets for Anticancer Treatment.
Cancer Discov. 2018;8:24–36.
Shahbazi J, Liu PY, Atmadibrata B, Bradner JE, Marshall GM, Lock RB, et al.
The Bromodomain Inhibitor JQ1 and the Histone Deacetylase Inhibitor
Panobinostat Synergistically Reduce N-Myc Expression and Induce Anticancer Effects. Clin Cancer Res. 2016;22:2534–44.
Zhang Y, Ishida CT, Ishida W, Lo SL, Zhao J, Shu C, et al. Combined HDAC
and Bromodomain Protein Inhibition Reprograms Tumor Cell Metabolism and Elicits Synthetic Lethality in Glioblastoma. Clin Cancer Res.
2018;24:3941–54.
Bhadury J, Nilsson LM, Muralidharan SV, Green LC, Li Z, Gesner EM, et al.
BET and HDAC inhibitors induce similar genes and biological effects and
synergize to kill in Myc-induced murine lymphoma. Proc Natl Acad Sci U
S A. 2014;111:E2721–30.
Mazur PK, Herner A, Mello SS, Wirth M, Hausmann S, Sánchez-Rivera FJ,
et al. Combined inhibition of BET family proteins and histone deacetylases as a potential epigenetics-based therapy for pancreatic ductal
adenocarcinoma. Nat Med. 2015;21:1163–71.
Chaturvedi NK, Rajule RN, Shukla A, Radhakrishnan P, Todd GL, Natarajan
A, et al. Novel treatment for mantle cell lymphoma including therapyresistant tumor by NF-kB and mTOR dual-targeting approach. Mol Cancer
Ther. 2013;12:2006–17.
Chaturvedi NK, Kling MJ, Griggs CN, Kesherwani V, Shukla M, McIntyre
EM, et al. A Novel Combination Approach Targeting an Enhanced Protein

Page 14 of 14

32.

33.

34.
35.

36.
37.
38.
39.
40.
41.
42.
43
44.
45.
46.
47.
48.
49.

Synthesis Pathway in MYC-driven (Group 3) Medulloblastoma. Mol Cancer Ther. 2020;19:1351–62.
Chaturvedi NK, Kling MJ, Coulter DW, McGuire TR, Ray S, Kesherwani V,
et al. Improved therapy for medulloblastoma: targeting hedgehog and
PI3K-mTOR signaling pathways in combination with chemotherapy.
Oncotarget. 2018;9:16619–33.
Berenguer-Daizé C, Astorgues-Xerri L, Odore E, Cayol M, Cvitkovic E, Noel
K, et al. OTX015 (MK-8628), a novel BET inhibitor, displays in vitro and
in vivo antitumor effects alone and in combination with conventional
therapies in glioblastoma models. Int J Cancer. 2016;139:2047–55.
Phi JH, Choi SA, Kwak PA, Lee JY, Wang KC, Hwang DW, et al. Panobinostat,
a histone deacetylase inhibitor, suppresses leptomeningeal seeding in a
medulloblastoma animal model. Oncotarget. 2017;8:56747–57.
Amorim S, Stathis A, Gleeson M, Iyengar S, Magarotto V, Leleu X, et al.
Bromodomain inhibitor OTX015 in patients with lymphoma or multiple
myeloma: a dose-escalation, open-label, pharmacokinetic, phase 1 study.
Lancet Haematol. 2016;3:196–204.
Goldberg J, Sulis ML, Bender J, Jeha S, Gardner R, Pollard J, et al. A phase
I study of panobinostat in children with relapsed and refractory hematologic malignancies. Pediatr Hematol Oncol. 2020;37:465–74.
Chou TC. Drug combination studies and their synergy quantification
using the Chou-Talalay method. Cancer Res. 2010;70:440–6.
Chen H, Liu H, Qing G. Targeting oncogenic Myc as a strategy for cancer
treatment. Signal Transduct Target Ther. 2018;3:5.
Cheng Y, He C, Wang M, Ma X, Mo F, Yang S, et al. Targeting epigenetic
regulators for cancer therapy: mechanisms and advances in clinical trials.
Signal Transduct Target Ther. 2019;4:62.
Mócsai A, Ruland J, Tybulewicz VL. The SYK tyrosine kinase: a crucial player
in diverse biological functions. Nat Rev Immunol. 2010;10:387–402.
Moncayo G, Grzmil M, Smirnova T, Zmarz P, Huber RM, Hynx D, et al. SYK
inhibition blocks proliferation and migration of glioma cells and modifies
the tumor microenvironment. Neuro Oncol. 2018;20:621–31.
Kudinov AE, Karanicolas J, Golemis EA, Boumber Y. Musashi RNA-Binding
Proteins as Cancer Drivers and Novel Therapeutic Targets. Clin Cancer Res.
2017;23:2143–53.
das Chagas PF, Baroni M, Brassesco MS, Tone LG. Interplay between the
RNA binding-protein Musashi and developmental signaling pathways. J
Gene Med. 2020;22:3136.
Krisenko MO, Geahlen RL. Calling in SYK: SYK’s dual role as a tumor
promoter and tumor suppressor in cancer. Biochim Biophys Acta.
2015;1853:254–63.
Sun H, Lin DC, Cao Q, Pang B, Gae DD, Lee VKM, et al. Identification of a
Novel SYK/c-MYC/MALAT1 Signaling Pathway and Its Potential Therapeutic Value in Ewing Sarcoma. Clin Cancer Res. 2017;23:4376–87.
Cheng AM, Rowley B, Pao W, Hayday A, Bolen JB, Pawson T. Syk tyrosine
kinase required for mouse viability and B-cell development. Nature.
1995;378:303–6.
Yanagi S, Inatome R, Takano T, Yamamura H. Syk expression and novel
function in a wide variety of tissues. Biochem Biophys Res Commun.
2001;288:495–8.
Kharas MG, Lengner CJ. Stem Cells, Cancer, and MUSASHI in Blood and
Guts. Trends Cancer. 2017;3:347–56.
Vo DT, Subramaniam D, Remke M, Burton TL, Uren PJ, Gelfond JA, et al.
The RNA-binding protein Musashi1 affects medulloblastoma growth via
a network of cancer-related genes and is an indicator of poor prognosis.
Am J Pathol. 2012;181:1762–72.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

