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ABSTRACT
Background  While major advances have been made 
in improving the quality of life and survival of children 
with most forms of medulloblastoma (MB), those with 
MYC-driven tumors (Grp3-MB) still suffer significant 
morbidity and mortality. There is an urgent need to explore 
multimodal therapeutic regimens which are effective 
and safe for children. Large-scale studies have revealed 
abnormal cancer epigenomes caused by mutations and 
structural alterations of chromatin modifiers, aberrant 
DNA methylation, and histone modification signatures. 
Therefore, targeting epigenetic modifiers for cancer 
treatment has gained increasing interest, and inhibitors 
for various epigenetic modulators have been intensively 
studied in clinical trials. Here, we report a cross-
entity, epigenetic drug screen to evaluate therapeutic 
vulnerabilities in MYC amplified MB, which sensitizes 
them to macrophage-mediated phagocytosis by targeting 
the CD47-signal regulatory protein α (SIRPα) innate 
checkpoint pathway.
Methods  We performed a primary screen including 78 
epigenetic inhibitors and a secondary screen including 
20 histone deacetylase inhibitors (HDACi) to compare 
response profiles in atypical teratoid/rhabdoid tumor (AT/
RT, n=11), MB (n=14), and glioblastoma (n=14). This 
unbiased approach revealed the preferential activity of 
HDACi in MYC-driven MB. Importantly, the class I selective 

HDACi, CI-994, showed significant cell viability reduction 
mediated by induction of apoptosis in MYC-driven MB, 
with little-to-no activity in non-MYC-driven MB, AT/RT, and 
glioblastoma in vitro. We tested the combinatorial effect of 
targeting class I HDACs and the CD47-SIRPa phagocytosis 
checkpoint pathway using in vitro phagocytosis assays and 
in vivo orthotopic xenograft models.
Results  CI-994 displayed antitumoral effects at the 
primary site and the metastatic compartment in two 
orthotopic mouse models of MYC-driven MB. Furthermore, 
RNA sequencing revealed nuclear factor-kB (NF-κB) 
pathway induction as a response to CI-994 treatment, 
followed by transglutaminase 2 (TGM2) expression, which 
enhanced inflammatory cytokine secretion. We further 
show interferon-γ release and cell surface expression 
of engulfment (‘eat-me’) signals (such as calreticulin). 
Finally, combining CI-994 treatment with an anti-CD47 
mAb targeting the CD47-SIRPα phagocytosis checkpoint 
enhanced in vitro phagocytosis and survival in tumor-
bearing mice.
Conclusion  Together, these findings suggest a dynamic 
relationship between MYC amplification and innate 
immune suppression in MYC amplified MB and support 
further investigation of phagocytosis modulation as a 
strategy to enhance cancer immunotherapy responses.

http://bmjopen.bmj.com/
http://orcid.org/0000-0002-1829-7856
http://dx.doi.org/10.1136/jitc-2022-005871
http://dx.doi.org/10.1136/jitc-2022-005871
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2022-005871&domain=pdf&date_stamp=2023-01-10


2 Marquardt V, et al. J Immunother Cancer 2023;11:e005871. doi:10.1136/jitc-2022-005871

Open access�

INTRODUCTION
Epigenetics is defined as the heritable changes in gene 
expression that occur without changes in the DNA and 
has gained increasing attention in the context of tumor 
initiation and progression. Traditionally cancer has 
been defined as a genetic disease. However, disruption 
of epigenetic mechanisms can influence tumorigenesis 
likewise by inducing malignant cellular transformation 
and driving tumor progression.1 Epigenetic mechanisms, 
including DNA methylation, histone modifications, 
nucleosome positioning, and post-transcriptional gene 
regulation by non-coding RNAs, directly influence gene 
expression patterns and cell identity. The best-studied 
epigenetic modifications are the methylation of the 
DNA base cytosine within so-called CpG island of gene 
promoter regions and the acetylation of lysine side 
chains of histone tails. The methylation of cytosine is 
mediated by DNA methyltransferases (DNMTs), and the 
hypermethylation of CpG island in promoter regions is 
associated with transcriptional silencing of genes.2 DNA 
methylation profiling has been widely applied for classi-
fying brain tumors and helped to identify further layers of 
heterogeneity within entities.3 Furthermore, repression 
of gene transcription is also mediated by histone deacety-
lases (HDACs), which catalyze the removal of acetyl 
groups from the lysine side chains of histone proteins. 
Exploiting the reversible nature of epigenetic modifica-
tions has emerged as a promising therapeutic strategy for 
cancer treatment. The Food and Drug Administration 
(FDA) has already approved DNAMT inhibitors (azacyt-
idine and decitabine) for acute myeloid leukemia and 
myelodysplastic syndrome and histone deacetylase inhib-
itors (HDACi) romidepsin, Zolinza (vorinostat), and 

belinostat (PXD101) for T-cell lymphomas such as cuta-
neous T-cell lymphoma and peripheral T-cell lymphoma. 
In addition, dysregulation of the epigenetic landscape 
has been reported in several pediatric and adult brain 
tumor entities and constitutes a promising therapeutic 
approach.

Medulloblastoma (MB) is the most common malignant 
pediatric brain tumor and is composed of four distinct 
molecular subgroups, with additional layers of intertu-
moral heterogeneity. The four consensus subgroups, 
wingless, sonic hedgehog, group 3, and group 4, are 
characterized by distinct DNA copy number aberra-
tions, mutational alterations, DNA methylation patterns, 
and gene expression profiles.4 5 Relative to all disease 
subgroups, group 3 MB is associated with a compara-
tively poor prognosis in current multimodal therapeutic 
regimens and aberrant activation of the proto-oncogene 
MYC in distinct group 3 subtypes, particularly confers 
dismal outcomes5–7 with metastasis incidence of 39% 
and a less than 45% 5-year overall survival rate in tumor 
with MYC amplification. Metastatic dissemination at 
diagnosis is a well-established clinical predictor of poor 
prognosis in patients with MB.8 Previous studies have 
demonstrated consistently that group 3 MBs display the 
highest propensity for metastatic dissemination at diag-
nosis.7 9 Furthermore, most group 3 MBs recur metastat-
ically10 and maintain or even acquire MYC amplification 
at recurrence11–13 while curative second-line treatment 
options are lacking and desperately needed for these 
patients.

In the current study, we performed drug screening to 
compare the antitumoral activity of epigenetic inhibitors 
(n=78) in atypical teratoid/rhabdoid tumor (AT/RT), 
MB, and glioblastoma. With our multientity study design, 
we aimed to provide an unbiased evaluation of selective 
activity emerging from the biological differences of the 
entities rather than identifying inhibitors with broad, 
unspecific cytotoxicity across entities. In our compara-
tive analysis, we demonstrate a preferential therapeutic 
activity of HDACi in MYC-driven MB compared with the 
other brain tumors tested. We performed a targeted 
rescreen of commercially available preclinical and clin-
ically approved HDACi (n=20) and identified CI-994 
(tacedinaline), a class I specific HDACi, as the most 
selectively active compound for MYC-driven MB. CI-994 
demonstrated in vivo efficacy against the primary tumor 
and, importantly, metastatic lesions in orthotopic xeno-
graft models of MYC-driven MB. Lastly, we uncovered 
that CI-994 overcomes immune-evasion mechanisms 
in MYC-driven MB potentially by restoring the nuclear 
factor-kB (NF-kB) pathway and inducing the expression 
of immunogenic damage-associated molecular patterns 
(DAMPS) on the tumor cell surface and secretion of 
pro-inflammatory cytokines. This, in combination with 
immune checkpoint blockade (CD47-signal regulatory 
protein α (SIRPα) phagocytosis blockers), provides a 
promising approach to improving the therapeutic effi-
cacy against high-risk MB.

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Despite detailed molecular subclassification of group 3 (MYC ampli-
fied), medulloblastoma development of molecularly targeted ther-
apy has proved challenging. Low mutational load, tumor immune 
suppression, and immune evasion have all contributed to poor re-
sponse to the current generation of immune checkpoint inhibitors 
in brain tumors.

WHAT THIS STUDY ADDS
	⇒ Using a comparative high throughput epigenetic drug screen, 
we identified tacedinaline to have specific antineoplastic activity 
against MYC-amplified medulloblastoma. We further establish epi-
genetic inhibitors as a viable mechanism to induce tumor inflam-
mation to enhance macrophage checkpoint immunotherapy against 
pediatric brain tumors.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR 
POLICY

	⇒ We have identified a potential mechanism by which epigenetically 
driven pediatric tumors with poor host antitumor response can be 
immunologically activated and made susceptible to phagocytosis 
checkpoint immunotherapy. This opens a new avenue of immune-
epigenetic therapy paradigms in children with therapy-resistant 
malignant tumors.
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MATERIAL AND METHODS
Cell lines and culture conditions
A detailed description of all cell models and culture condi-
tions is provided in online supplemental tables 1,2. The 
MYC status of all MB models was annotated according 
to the initial model descriptions (online supplemental 
table 1). Cell line authentication was conducted by short 
tandem report profiling, and mycoplasma contamina-
tions were ruled out by PCR-based evaluation. Briefly 
MB primary cells were grown in Neurobasal (-A) supple-
mented with epidermal growth factor (EGF, 20 ng/mL), 
basic fibroblast growth factor (bFGF, 20 ng/mL) and 
leukemia inhibitory factor (LIF, 20 ng/mL). MED8A was 
cultured in Rosewell Park Memorial Institute (RPMI) 
supplemented with 10% fetal bovine serum (FBS). Cells 
were expanded every 10–14 days. The cell lines D425 MED 
and MED8A used for in vivo experiments were infected 
with EF1-GFP-T2A-Luc2 lentivirus and double-sorted for 
green flourescent protein (GFP) signal.

Inhibitor libraries and drug screening
A complete overview of the libraries is provided in online 
supplemental tables 3-5.

Inhibitors were dispensed using the D300(e) Digital 
Dispenser (Tecan, Crailsheim, Germany) in 8–11 dilu-
tion steps (0.0043–25 µM). The dimethyl sulfoxide 
(DMSO) concentration was normalized to 0.25% in each 
well. The inhibitors were dispensed in a randomized 
manner in white 384-well plates (#3570, Corning, Wies-
baden, Germany). Library plates were stored at −80°C 
and thawed 1 hour before seeding of cell lines using the 
Multidrop Combi Reagent Dispenser (Thermo Scien-
tific, Schwerte, Germany). For each cell line, the optimal 
seeding number was determined prior to the individual 
screen (online supplemental table 2) to ensure exponen-
tial growth during exposure to the inhibitors for 72 hours. 
The final assay volume was 30 µL per well.

CellTiter-Glo luminescent cell viability assay
The CellTiter-Glo reagent (#G7573, Promega, Mann-
heim, Germany) was prepared as per the manufacturer’s 
instructions and used diluted with phosphate-buffered 
saline (PBS) (1:2 to 1:4) for the library screens and undi-
luted for validation. 30 µL/well of the readout reagent was 
dispensed using the Multidrop Combi Reagent Dispenser 
(Thermo Scientific), and luminescence signals were 
measured using a Spark 10M microplate reader (Tecan).

ONE-Glo luciferase assay
For evaluation of NF-κB activation following inhibitor 
or tumor necrosis factor (TNF)-α treatment, the NF-κB 
reporter cells were plated into 384-well plates and treated 
for 48 hours. The ONE-Glo (#E6110, Promega) reagent 
was prepared as per the manufacturer’s instructions, 
added to the wells, and after an incubation time of 10 min, 
luminescence signals were measured. Fold change was 
calculated relative to DMSO control wells.

RNA extraction, complementary DNA synthesis, and 
quantitative real-time PCR
Extraction of RNA from treated or untreated cells was 
conducted using Trizol (#15 596–018, Thermo Scien-
tific) or the Maxwell RSC Instrument (RSC simplyRNA 
Tissue, #AS1340, Promega), and complementary DNA 
(cDNA) was synthesized from 0.5 µg RNA using M-MLV 
Reverse Transcriptase (#M3683, Promega) according to 
the manufacturer’s instructions. Quantitative real-time 
PCR was performed using the CFX384 Touch Real-Time 
PCR Detection System (Bio-Rad, Munich, Germany) 
with TaqMan probes for MYC (Hs.PT.58.26770695, IDT, 
Leuven, Belgium) and TGM2 (Hs.PT.58.23141755, IDT). 
Samples were amplified in triplicate, and relative quantifi-
cation to housekeeping genes PPIA (Hs.PT.39a.22214851, 
IDT) and PGK1 (Hs.PT.58.606641, IDT) was assessed 
using the ΔΔCT method.

Cell lysis, protein extraction, and protein quantification
Cell lysates were generated after treatment of D425 MED 
and MED8A cells with CI-994 (5 µM and 7.5 µM) and the 
corresponding DMSO control (0.1%) for 24 hours and 
48 hours. Cells were lysed, and protein was extracted using 
RIPA lysis buffer (#20–188, Merck Millipore, Darmstadt, 
Germany) supplemented with protease and phospha-
tase inhibitor cocktail from Roche (#04693132001 and 
#04906837001, Sigma-Aldrich, Taufkirchen, Germany). 
Protein was quantified with the Bradford method using 
the Protein Assay Dye Reagent (#500–0006, Bio-Rad). 
Samples were separated by SDS-PAGE and transferred 
to a nitrocellulose membrane (#10600002, Sigma-
Aldrich) by wet blot using the Mini Gel Tank and Blot 
Module (#A25977 and #B1000, Thermo Scientific). The 
membrane was incubated with mouse anti-MYC (#MA1-
980, 9E10, 1:1000, Thermo Scientific) or rabbit anti-TGM2 
(#3557S, D11A6, 1:1000, Cell Signaling, Leiden, The 
Netherlands), and mouse anti-Actin (#MAB1501, clone 
4, 1:5000, EMD Millipore, Darmstadt, Germany) primary 
antibodies overnight at 4°C. Following incubation with 
species-specific, peroxidase-coupled secondary anti-
bodies (anti-rabbit-HRP, #7074S, 1:5000, Cell Signaling 
or anti-mouse-HRP, #H2014, 1:5000, Santa Cruz Biotech, 
Heidelberg, Germany) for 1 hour at room temperature, 
proteins were visualized using the SuperSignal West 
Femto Maximum Sensitivity Substrate (#34095, Thermo 
Scientific) and detected using the LAS-3000 Imaging 
System from Fujifilm (Düsseldorf, Germany).

Cell apoptosis assay
MED8A and D425 MED cells were plated into 6-well plates 
(#657160, Greiner Bio-One, Frickenhausen, Germany) 
and treated with CI-994 or DMSO. After 48 hours, cells 
were harvested, stained with propidium iodide (PI) 
(#P4864, Sigma-Aldrich) and fluorescein isothiocyanate 
(FITC)-labeled annexin V (#556 419 and #51-66121E, BD 
Pharmingen, Heidelberg, Germany) as per manufactur-
er’s instructions and analyzed by flow cytometry using a 

https://dx.doi.org/10.1136/jitc-2022-005871
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CytoFLEX flow cytometer (Beckmann Coulter, Krefeld, 
Germany).

Recombinant lentiviral vector construction for stable 
overexpression of MYC
A lentiviral vector was used for gene delivery to induce 
stable overexpression of MYC. The plasmid LeGO-iG2 
(a kind gift from Boris Fehse, derived from Addgene, 
Cambridge, Massachusetts, USA) was used to construct 
the recombinant lentiviral vector. The cDNA sequence of 
MYC was amplified from the pcDNA3.3_c_MYC plasmid 
(a kind gift from Derrick Rossi, derived from Addgene) 
using PCR. PCR primers were designed (online supple-
mental table 6) to include the BamHI and EcoRI restric-
tion endonuclease sites. The PCR product and plasmid 
LeGO-iG2 were digested with BamHI and EcoRI (NEB, 
Frankfurt am Main, Germany). The digested PCR product 
and plasmid were purified using Wizard SV Gel and PCR 
Clean-Up System (Promega) and were then ligated. The 
sequence of all expression vectors was confirmed by DNA 
sequencing and restriction enzyme analysis (data not 
shown).

Stable transduction
Stable overexpression of MYC in UW228-3 cells and stable 
expression of NF-κB reporter construct pHAGE NF-κB-
TA-LUCUBC-GFP-W (a kind gift from Darrell Kotton, 
derived from Addgene) in D425 MED and MED8A cells 
were achieved by lentiviral transduction. The NF-κB 
reporter plasmid contains four copies of a consensus 
NF-κB binding sequence (gggaatttcc) in addition to a 
minimal promoter (minimal TATA-box promoter with 
low basal activity). Pure populations of each stable cell 
line were sorted by flow cytometry for stable GFP expres-
sion using the Moflo XDP (Beckman Coulter).

RNA sequencing and gene set analysis
RNA sequencing data were generated and analyzed as 
described.14 Statistical gene set analysis was performed 
using the non-parametric Kruskal-Wallis test to deter-
mine differential expression at the gene level (p<0.05, 
fold change ±2). Partek flow default settings were used 
in all analyses. The data have been deposited in the gene 
expression omnibus (GEO)data repository (accession 
number GSE123760).

Pathway analysis
Ingenuity pathway analysis (IPA, Qiagen) was conducted 
using genes with significant differential expression 
(p≤0.05 and fold change ±2). The significance cut-off for 
IPA was set to p≤0.05 and z score of ±2 for identification 
of canonical pathways and p≤0.05 and z score of ±1.5 for 
upstream regulators. For upstream regulators of biolog-
ical drugs, all chemical and miRNA entries were filtered 
out. Heatmap visualization and unsupervised hierar-
chical clustering were performed after normalizing mean 
expression to 0 with a SD of 1 and using Pearson’s dissim-
ilarity algorithm and average linkage in Partek Genomics 
Suite (Partek Incorporated).

In vitro phagocytosis
In vitro phagocytosis assay. In vitro phagocytosis assay 
was performed as described before15 with human 
macrophages analyzed by flow cytometry. To obtain 
human monocytes, peripheral blood mononuclear cells 
(PBMCs) collected from venous blood of healthy volun-
teers were separated on a Ficoll density gradient (GE 
Healthcare). CD14+ monocytes were positively selected 
to >95% purity by magnetic-activated cell sorting (MACS) 
using anti-CD14 microbeads (Miltenyi), then plated at 
1×106/ml in 150×25 mm tissue culture plates in RPMI 
1640 with 10% FBS, penicillin/streptomycin, glutamine, 
and HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfo
nic acid). To generate monocyte-derived macrophages, 
isolated monocytes were treated for 7 days with human 
recombinant macrophage colony-stimulating factor (M-
CSF) (25 ng/mL). For phagocytosis assay, carboxyfluo-
rescein succinimidyl ester or CFSE-labeled tumor cells 
were incubated with or without CI-994 and anti-CD47 
Mab (10 µg/mL) for 30 min at 37°C before co-incuba-
tion with macrophages. Adherent macrophages were 
collected using TrypLE Express (Life Technologies) and 
incubated in serum-free medium. 5×104 macrophages 
were added to 1×105 CFSE-labeled live tumor cells per 
well for 4 hours and returned to the incubator. Analysis 
was carried out by flow cytometry. Human macrophages 
were identified using anti-human CD11b-Alexa647 and 
anti-human CD14- APC/Cy7 (BioLegend). Phagocytosis 
assays for each tumor type were performed in triplicates 
and repeated at least two times using PBMCs from three 
different donors.

Orthotopic xenograft models for brain tumors
All mice were housed in specific pathogen-free conditions 
at a barrier facility at the Lokey Stem Cell Building (SIM1) 
at Stanford University School of Medicine (Stanford, 
California, USA) and the University of Colorado, School 
of Medicine Research Tower 1 north Animal facility. All 
animal handling, surveillance, and experimentation 
were performed in accordance with and approval from 
the Stanford University Administrative Panel on Labora-
tory Animal Care (APLAC No. 26548)) and University of 
Colorado AMC administrative panel on laboratory animal 
care (APLAC No. 000777). Male mice were used in all 
experiments D425 MED-GFP-Luc2 or MED8A-GFP-Luc2 
cells were orthotopically injected into 6–10 weeks old 
NOD SCID gamma (NSG) mice. Mice were anesthetized 
with 3% isoflurane (Minrad International, Buffalo, New 
York, USA) and maintained at 2% on the stereotactic 
frame (David Kopf Instruments, Tujunga, California, 
USA) delivered through a nose adaptor. A burr hole was 
placed 2 mm posterior to lambda on the midline. A blunt-
ended needle (75N, 26 s/2”/2.5 µL; Hamilton, Reno, 
Nevada, USA) was lowered into the burr hole to a depth 
of 3 mm below the dura surface and retracted 0.5 mm. 
Using a microinjection pump (UMP-3; World Precision 
Instruments, Sarasota, Florida, USA), 3×104 D425 MED-
GFP-Luc or MED8A-GFP-Luc cells were injected in a 

https://dx.doi.org/10.1136/jitc-2022-005871
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volume of 3 µL at 30 nL/s. After leaving the needle in 
place for 1 min, it was retracted at 3 mm/min.

Tumor formation was followed by bioluminescence 
imaging on an IVIS spectrum instrument (Caliper Life 
Science, Hopkinton, Massachusetts, USA) and quanti-
fied with Live Image V.4.0 software (Living Image, Perki-
nElmer, Waltham, Massachusetts, USA). MB-engrafted 
mice were given a daily treatment of CI-994 (30 mg/kg) 
or vehicle control per oral gavage until they reached 
morbidity.

The drug solution of CI-994 was prepared according to 
the manufacturer’s instructions. Briefly, CI-994 powder 
was first dissolved in DMSO and stored at −20°C. On the 
day of administration, a final solution was prepared using 
diH20 and administered at a concentration of 30 mg/
kg per oral gavage. Control mice received DMSO alone. 
For combination studies with anti-CD47 mAb, anti-CD47 
(B6H12) was administered as before at 10 mg/kg every 
48 hours.

Data analysis
Dose-response curves were generated using non-linear 
regression (log(inhibitor) versus normalized response) 
with mean luminescence signals from DMSO control 
wells (≥3) as 100% cell viability. Inhibitor response was 
calculated relative to the control (GraphPad Prism soft-
ware, V.5.03). All data are presented as mean±SD unless 
stated otherwise. Comparisons between different groups 
were made using employing Student’s t-test or analysis of 
variance as appropriate. Statistical significance between 
different dose-response curves was assessed with regards 
to the fitted midpoints (log IC50) using the sum-of-squares 
F test. The statistical significance of Kaplan-Meier survival 
curves was evaluated using the log-rank (Mantel-Cox) 
test. P values≤0.05 were considered significant. Heatmaps 
were generated using the Morpheus online tool (https://​
software.broadinstitute.org/morpheus/).

RESULTS
Comparative cross-entity drug screening of epigenetic 
modulators reveals preferential antitumoral activity of HDACi 
in MB
To comprehensively evaluate epigenetic modifiers as 
therapeutic targets for the most common malignant 
brain tumor entities across all age groups, we performed 
a drug screen using our in-house semi-automated plat-
form. Specifically, a unique collection of AT/RT (n=11), 
MB (n=14), and glioblastoma (n=11) in vitro models were 
systematically exposed to a library of 78 inhibitors that 
target epigenetic writers, readers, erasers, and transcrip-
tional regulators (online supplemental table 3).

To identify inhibitors that are selectively active in one 
entity or subgroup, we compared the median response 
(IC50 value) in one entity against the median of the 
other tested entities together. Out of the 78 inhibitors 
screened, 48 drugs displayed a median IC50 greater than 
25 µM (online supplemental table 7), revealing that the 

majority of inhibitors showed negligible activity. However, 
17 inhibitors showed significantly lower IC50 values in 
MB compared with glioblastoma and AT/RT in vitro. 
Remarkably, 11 out of the 17 (65%) selective compounds 
were HDACi, demonstrating a clear over-representation 
of this inhibitor class (online supplemental table 7). The 
preferential therapeutic activity of HDACi was even more 
notable when MB models were subdivided according to 
MYC status. We found significantly decreased IC50 values 
for these 11 inhibitors when comparing MYC-driven MB 
with non-MYC-driven MB (p=0.0019, online supplemental 
figure 1). Thus, we next focused on epigenetic inhibitors 
that exhibit preferential sensitivity in MYC-driven MB 
(figure  1A,B). We identified 32 inhibitors with higher 
median activity in MYC-driven MB (figure  1A, group 
1), 40 inhibitors with no preferential activity (group 2), 
and 4 inhibitors that were less active in MYC-driven MB 
when compared with the median response in the other 
tested entities (group 3). Among the group of inhibitors 
with higher median activity in MYC MB, we identified 13 
epigenetic inhibitors that were significantly more active 
when compared with the other tested entities. Again, 
the majority of these significantly active inhibitors were 
HDACi (n=9, 69%) (figure  1A,B). Only six inhibitors 
demonstrated selective activity when in glioblastoma or 
AT/RT models were compared against the other cell 
lines together. Three inhibitors of the histone methyl-
transferase G9a were preferentially active in glioblastoma 
cell lines, validating our screening approach since G9a 
has already been shown to be a promising therapeutic 
target in glioblastoma (online supplemental figure 2 and 
online supplemental table 7).16 In addition, we identified 
two DNMTs inhibitors (5-azacytidine and fisetin) and the 
Jumonji inhibitor GSKJ4 as selectively active in AT/RT 
models (online supplemental figure 3 and online supple-
mental table 7). In conclusion, as in previous corrobo-
rating studies,17–19 our cross-entity screen emphasizes the 
remarkable in vitro antitumoral potential of HDACi, in 
particular for MYC-driven MB.

Targeted HDACi library screen reveals CI-994 as a selective 
inhibitor for MYC-driven MB
Given the selective antitumoral activity of HDACi in 
MYC-driven MB, we performed a second screen, exclu-
sively evaluating HDACi, using our cross-entity panel of 
brain tumor cell lines (figure 1C). The focused HDACi 
library included the previously evaluated HDACi (n=15) 
and was extended with the FDA-approved drugs pano-
binostat, romidepsin, and belinostat, as well as the well-
characterized HDACi entinostat and tubastatin A. IC50 
values derived from both screens, are highly correlated 
(Pearson’s correlation r=0.956, figure  1D). The FDA-
approved drugs vorinostat, panobinostat, romidepsin, 
and belinostat showed substantial inhibition of cell 
viability across the three tumor entities, with IC50 values in 
the low nanomolar range for panobinostat and romide-
psin (online supplemental table 8). In contrast, valproic 
acid, phenylbutyrate, and MC 1568 failed to inhibit cell 

https://software.broadinstitute.org/morpheus/
https://software.broadinstitute.org/morpheus/
https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
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Figure 1  Drug screening of distinct malignant brain tumor entities reveals the significant vulnerability of MYC-driven 
medulloblastoma towards HDAC inhibition in vitro. (A) Heatmap representing the activity of 78 epigenetic modulators across 
36 brain tumor cell lines derived from medulloblastoma (MB, n=14), glioblastoma (GBM, n=11), and atypical teratoid/rhabdoid 
tumors (AT/RT, n=11). Inhibitor response was subdivided into three groups. Group 1 consists of inhibitors that showed a lower 
median IC50 for MYC-driven MB compared with the remaining entities. Group 2 inhibitors were largely inactive across the 
entities, and group 3 inhibitors were less active in the MYC-driven MB cell lines compared with the other entities. Inhibitors 
are sorted according to their respective p value when comparing the IC50 values of MYC-driven MB against the IC50 values 
of all other cell lines (unpaired t-test). (B) The screened epigenetic library is composed of various inhibitor classes targeting 
different epigenetic modulators (the inner circle). Out of the 78 inhibitors screened, 13 drugs were significantly more active in 
MYC-driven MB (outer layer). Nine of those selective inhibitors are HDAC inhibitors (HDACi), three compounds inhibit DNA 
methyltransferases, and one drug is an aurora kinase inhibitor. (C) A focused re-screen of selected HDACi in brain tumor cell 
lines identified CI-994 as a selective inhibitor for MYC-driven MB. The heatmap represents the IC50 values (µM) of 20 HDACi 
in 29 cell lines. Inhibitors are sorted according to the respective p value derived from comparing IC50 values of the MYC-driven 
MB against the IC50 values of all other tested cell lines (unpaired t-test). (D) The response of the HDACi was highly correlated 
between the primary screen (Epigenetic library, x-axis) and the secondary screen (HDACi library, y-axis). The graph displays the 
log IC50 (nM) values of the 15 overlapping HDACi in the 29 cell lines included on both screens. (E) Mean dose-response profile 
and mean IC50 (µM) of CI-994 for each entity/subgroup. (F) The validation screen of CI-994 confirmed the selective response in 
MYC-driven MB. The values shown represent mean±SEM. *, p<0.05; **, p<0.01; ***, p<0.001. HDAC, histone deacetylases.
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viability at the maximal concentration of 25 µM in any 
of the screened cell lines (online supplemental table 
8). Notably, again none of the HDACi were selectively 
active against glioblastoma or AT/RT cell lines in vitro 
(online supplemental table 8). In contrast, 13 of the 
total 20 HDACi were identified as preferentially active in 
MYC-driven MB, compared with the other brain tumor 
models, namely the inhibitors CI-994, KD5170, TC-H 106, 
entinostat, LMK235, scriptaid, M344, vorinostat, pyrox-
amide, NSC 3852, belinostat, SBHA and panobinostat 
(figure 1C, online supplemental table 8). Among these 
preferentially active HDACi, the class I HDAC selective 
inhibitor CI-994 demonstrated the most selective reduc-
tion of cell viability in MYC-driven MB (p=1.34×10–8, 
fold-change 3.6; figure 1C, online supplemental table 8). 
While CI-994 exhibited a mean IC50 of 5.97 µM in the MYC-
driven MB, the maximal HDACi concentration of 25 µM 
induced, on average less than 50% cell viability reduction 
in any of the other brain tumor entity models (p<0.0001, 
figure 1E). Notably, three class I selective HDACi (CI-994, 
TC-H106, and entinostat) were among the top five most 
preferentially active inhibitors in MYC-driven MB. In a 
validation screen of CI-994 with an extended concentra-
tion range of up to 50 µM, we verified the preferential 
activity of CI-994 in MYC-driven MB versus other brain 
tumor entities as demonstrated by significantly lower IC50 
values(figure 1F). We also observed minimal cell killing 
of non-malignant cells (online supplemental figure 4) 
with human fetal fibroblasts exhibiting a mean IC50 of 
4800 µM. Greater than 75% viability was seen at 5 µM 
treatment of normal human astrocytes and neonatal 
mouse neuronal cultures compared with <20% viability 
seen in MB002 cells. In conclusion, our data indicate that 
CI-994 selectively inhibits cell viability of MYC-driven MB 
in vitro.

CI-994 induces apoptosis and decreases MYC expression in 
MYC-driven MB cell lines
To elucidate the antitumoral effect of CI-994 on MYC-
driven MB, we determined the induction of apoptosis 
following HDACi treatment in two well-characterized, 
MYC-amplified MB models, namely D425 MED and 
MED8A (online supplemental table 1). These cells were 
treated with 5 or 7.5 µM of CI-994 for 48 hours, stained 
with annexin V and PI, and subsequently analyzed by flow 
cytometry. We observed a significant increase in annexin 
V-positive and PI-positive cells in both cell lines on inhib-
itor treatment at 7.5 µM (p<0.01, figure  2A), indicating 
that induction of apoptosis contributes to the antitu-
moral activity of CI-994. Since CI-994 exerts selective 
activity against MYC-driven MB cells, we examined the 
impact of CI-994 treatment on MYC expression levels in 
D425 MED and MED8A. Notably, treatment with CI-994 
significantly decreased MYC messenger RNA (mRNA) 
and protein levels in these two models (p<0.05 for each 
comparison, figure 2B), suggesting that the antitumoral 
effect of class I specific HDACi CI-994 is partly mediated 
by transcriptional repression of MYC. Consistent with the 

reduced MYC expression, on lentiviral-based MYC over-
expression in UW228-3, an MB cell line model with low 
endogenous MYC level, we observed a twofold decrease in 
IC50 value compared with the isogenic control (p<0.0001, 
figure  2C). Thus, our results indicate that the antitu-
moral activity of CI-994 in MB is in part MYC-dependent, 
suggesting that aberrant MYC activation in group 3 MB 
may comprise a predictive biomarker for the response to 
CI-994.

CI-994 inhibits growth and reduces leptomeningeal 
dissemination of MYC-driven MB in vivo
Considering the selective inhibitory effect of CI-994 in 
vitro, we next tested its efficacy in two orthotopic xenograft 
mouse models of MYC-driven MB in vivo. D425 MED and 
MED8A cells expressing GFP and luciferase were orthoto-
pically injected into the cerebella of NSG mice (figure 3A). 
Tumor engraftment was detected by bioluminescence 
imaging (BLI) after 7 days. Subsequently, tumor-bearing 
mice were randomized to daily treatment with either 
vehicle control or CI-994 (30 mg/kg, by mouth). Treat-
ment with CI-994 significantly decreased tumor growth in 
both mouse models (figure 3B,C). Control mice exhib-
ited a median survival of 34 and 15 days for MED8A and 
D425 MED after tumor engraftment, respectively. CI-994 
treatment resulted in a significantly prolonged median 
survival of 41 days for MED8A (p=0.0026, figure  3D) 
and 23 days for D425 MED (p=0.01, figure 3D). In addi-
tion to the reduced tumor growth at the primary site, 
we detected a significant reduction of spinal dissemina-
tion in the CI-994 treatment group in both MYC-driven 
models (both models p<0.01, figure 3E). Thus, our data 
demonstrate the anti-tumoral activity of CI-994 against 
the primary site and, importantly, against the metastatic 
compartment of MYC-driven MB in vivo. As metastatic 
recurrences are predominantly observed in group 3 MB, 
and effective therapeutic strategies are lacking,10 identi-
fication of a novel therapeutic agent targeting the meta-
static compartment is particularly relevant.

CI-994 induces NF-κB pathway activation in MYC-driven MB
To assess the molecular effects of CI-994 on transcrip-
tion, we performed RNA sequencing on cells treated with 
CI-994 and vehicle control. The MYC-driven MB cell lines 
MED8A, D425 MED, and D341 MED were treated with 
the respective IC50 concentrations of CI-994 for 48 hours. 
Treatment with CI-994 resulted in global gene expression 
changes as detected by RNA sequencing. We identified 173 
genes as differentially expressed in DMSO versus CI-994-
treated cells using a minimal fold-change ±2 and p≤0.05 
as a cut-off (online supplemental table 9). To elucidate 
canonical pathways and upstream regulators controlled 
by CI-994 treatment, we performed IPA on the differen-
tially expressed gene sets. Among the canonical path-
ways and upstream regulators significantly dysregulated 
following CI-994 treatment, NF-κB pathway activation 
was consistently identified (online supplemental tables 
10,11). Moreover, 26 of 45 canonical pathways (58%) 

https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
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https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
https://dx.doi.org/10.1136/jitc-2022-005871
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are functionally linked to NF-κB pathway activity (online 
supplemental table 10). Among the significantly dysreg-
ulated NF-κB pathway genes, transglutaminase 2 (TGM2) 
was the most upregulated target gene in CI-994-treated 
versus DMSO-treated cells (fold-change 17.5, p<0.05, 
figure 4A).20 Furthermore, differentially expressed NF-κB 
pathway genes were sufficient to subdivide all models into 
treatment groups using unsupervised hierarchical clus-
tering (figure 4A). We next confirmed significant CI-994-
mediated upregulation of TGM2 mRNA and protein 
levels in D425 MED and MED8A cells (figure  4B,C). 
Hence, our differential expression analysis, in combina-
tion with pathway enrichment analyses, points towards a 
CI-994-mediated NF-κB pathway activation as a potential 
resistance mechanism in MYC-driven MB. Increase in 

TGM2 and decrease in cMYC and Ki67 was observed in 
tumor cells in vivo (online supplemental figure 5).

CI-994 induces tumor inflammation in MYC-MB cell lines and 
increases infiltration of inflammatory macrophages in vivo
Previously it has been shown that amplification of 
TGM2 correlated with increased inflammation in gastric 
cancers.21 We next investigated whether TGM2 upreg-
ulation by CI-994 played a role in tumor inflammation. 
MED8A, D425MED, D283MED and MB002 cells were 
treated with either DMSO, CI-994 (5 μM), CI-994+ZDON 
(TGM2 inhibitor: 1 μM) or CI-994+ERW1041E (TGM2 
inhibitor: 10 μM) for 48 hours. ZDON is a cell-permeable, 
peptide-based irreversible inhibitor that reacts with the 
active site cysteine of TGM2 and ERW1041E is a cell-
permeable, active-site directed, acyl-donor substrate 

Figure 2  CI-994 induces apoptosis and downregulates MYC expression in MYC-driven medulloblastoma cell lines. 
(A) Representative FACS analysis of MED8A and D425 MED cells treated either with DMSO (control), 5 or 7.5 µM of CI-994 
for 48 hours, and bar graphs displaying the mean of n=4 replicates. CI-994 treatment resulted in a dose-dependent increase 
in mean early apoptotic and late apoptotic cells on treatment in both cell lines. (B) For MYC expression analyses MED8A and 
D425 MED cells were treated with 2.5, 5, or 7.5 µM of CI-994 for 48 hours. MYC mRNA expression values were normalized 
to housekeeping controls, and expression was calculated relative to DMSO control. Representative Western blots for MYC 
and ACTIN loading controls for MED8A and D425 MED cells following treatment with 5 or 7.5 µM CI-994 treatment for 48 
hours. (C) MYC overexpressing UW-228–3 cells (UW-228–3 MYC OE) were more sensitive toward CI-994 treatment than the 
respective isogenic control cells with low endogenous MYC expression (UW-228–3 ctrl). Values shown represent mean±SD 
of 3–4 replicates per condition. *, p<0.05; **, p<0.01; ***, p<0.001. DMSO, dimethyl sulfoxide; FACS. flow cytometry; mRNA, 
messenger RNA.
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Figure 3  CI-994 inhibits tumor growth and reduces leptomeningeal dissemination of MYC-driven medulloblastoma in vivo. 
(A) Treatment schedule for the evaluation of in vivo efficacy of CI-994 in MYC-amplified medulloblastoma. (B) Bioluminescence 
imaging and luminescence signal quantification of MED8A or D425 MED (C) xenograft from CI-994 treated and control mice. 
CI-994 treatment reduced tumor growth significantly compared with control mice (MED8A p=0.0015; D425 MED p=0.0344). 
(D) CI-994 significantly increased survival in both models of MYC-amplified medulloblastoma (MED8A p=0.0026; D425 MED 
p=0.01). (E) The formation of spinal metastases was significantly reduced in CI-994 treated mice compared with control mice, as 
determined by quantification of bioluminescence intensity along the spine (MED8A p=0.005; D425 MED p=0.009).
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competitive inhibitor of TGM2. Cell culture superna-
tant was collected and analyzed for the secretion of pro-
inflammatory/T helper 1 (TH-1)-promoting cytokines 
monocyte chemoattractant protein-1 (CCL2/MCP-1), 
interleukin (IL)-1β, and ΤΝF-α. Treatment with CI-994 
(5 μM) alone significantly increased secretion of CCL2/
MCP-1, IL-1βand TNF-α (figure  5A). Secretion of all 
three cytokines induced by CI-994 was suppressed by two 
(functionally independent) TGM2 inhibitors ZDON and 
ERW1041E. No significant change in inhibitory cytokines 
such as IL-10 was observed. We next investigated whether 
treatment of MYC-MB xenograft tumor-bearing mice by 
CI-994 induced macrophage infiltration (figure  5B–D: 
CD11b) and a macrophage polarization profile toward 
a favorable antitumorigenic microenvironment. Mice 
(n=5 each) that had been orthotopically xenografted with 
MYC-MB cell lines D425 MED or MED 8a and confirmed 
by BLI were subsequently treated with either CI-994 or 
control for 3 weeks after confirmation of tumor engraft-
ment. The resulting tumor-bearing brain tissue was 
analyzed by flow cytometry for the polarization profile of 
infiltrating mouse macrophages using cell surface marker 
expression of CD11b (total macrophages), CD80, and 
CD64, as shown previously.22 Mice treated with CI-994 were 
found to have an increased infiltration of macrophages. 

Furthermore, an increased number of macrophages 
with M1 phenotype markers (CD80+CD64+) relative to 
untreated mice were observed in xenografts from D425 
MED (figure  5D) and MED8A (figure  5E). Increase in 
TGM2 and decrease in cMYC and Ki67 was observed in 
tumor cells in vivo (online supplemental figure 4).

CI-994 enhances anti-CD47 mediated phagocytosis and 
survival of MYC-MB tumor bearing mice
To identify the effect of CI-994 mediated NF-kB activation 
on macrophage checkpoint immunotherapy, superna-
tants were harvested from MYC amplified MB cell lines 
(MB002, D425, and D283) that had been treated with 
CI-994 for 24 hours, and levels of tumor secreted inter-
feron (IFN)-γ was analyzed. Significantly higher levels 
of IFN-γ were detected in all three cell lines (figure 6A), 
with the highest response in D283 cells. The release of 
damage-associated molecular patterns is crucial for the 
success of the CD47-SIRPα phagocytosis checkpoint 
immunotherapy. We assessed if CI-994 treatment induces 
phagocytosis of tumor cells and causes the release of 
DAMPs. We found that calreticulin was expressed on 
the surface of MYC-driven MB cells, and its cell-surface 
exposure was upregulated by CI-994 treatment (p<0.05, 
figure 5B,C). Furthermore, a significant increase in the 

Figure 4  CI-994 treatment induces the expression of NF-κB pathway genes in MYC-driven medulloblastoma. (A–C) MED8A, 
D425 MED, and D341 MED treated with CI-994 or vehicle control were analyzed by RNA sequencing. The non-parametric 
supervised analysis identified 130 upregulated and 43 downregulated genes with a fold change ±2 and p≤0.05, which were 
analyzed by ingenuity pathway analysis (IPA). (A) Table showing top 20 out of 44 canonical pathways with activation z-score 
≥2 and ranked by p value. (B) Table of top 10 upstream regulators identified by IPA with an activation score ≥1.8 and p≤0.05. 
(C/D) Unsupervised hierarchical clustering of genes regulated by NF-κB complex. (E) MED8A and D425 MED cells were treated 
with 2.5, 5, or 7.5 µM of CI-994 for 48 hours. TGM2 mRNA expression values are normalized to housekeeping controls, and 
expression is calculated relative to DMSO control. The values shown represent the mean±SD of three replicates per condition. 
(F) Western blots for TGM2 and Actin loading controls following CI-994 treatment for 24 and 48 hours. *, p<0.05; **, p<0.01; ***, 
p<0.001. DMSO, dimethyl sulfoxide; mRNA, messenger RNA; NF-kB, nuclear factor-kB; TGM2, transglutaminase 2.
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Figure 5  CI-994 induces a TGM2-dependent pro-inflammatory cytokine response from tumor cells and an increase in 
infiltration of pro-inflammatory macrophages within tumors: (A) Essay for secretion of CCL1, interleukin-1B, and TNF-α was 
carried out by ELISA. Significant increase (***p<0.001: ordinary one-way analysis of variance) in the secretion of all three 
cytokines was observed in MB002, D425MED, MED8A, and D283MED cell lines on treatment with 5 µM CI-994. We also 
observed a significant drop in secretion of all three cytokines on inhibition of TGM2 using two different inhibitors, ZDON 
and ERW1041E. (B–C) Representative data from In vivo analysis of macrophage infiltration of macrophages in NSG mice 
with D425MED (B) or MED8A (C) cells xenografted into the cerebellum. Tumors were harvested and analyzed for total 
macrophage infiltration as identified being GFP– (tumors cells) and CD11b+. Increase in pro-inflammatory macrophages 
(CD45+CD11b+CD80+CD64+) is seen in CI-994 treated animals as compared with DMSO control. (D) Quantitative presentation 
of flow cytometry analysis from B and C. significant increase in CD11b+ macrophages (**p<0.01; n=5) and CD80+CD64+ 
(*p<0.05; n=5) was observed in D425MED cells whereas higher infiltration was observed in CD11b+ (***p<0.001; n=5) and 
CD80+CD64+ (**p<0.01; n=5 each). Each data point is an individual tumor-bearing mouse. *p<0.05; **p<0.01; ***p<0.001. 
DMSO, dimethyl sulfoxide; TGM2, transglutaminase 2; TNF, tumor necrosis factor.
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Figure 6  CI-994 sensitizes MYC-driven medulloblastoma cells to anti-CD47 phagocytosis checkpoint immunotherapy: 
(A) Tumor inflammation on CI-994 treatment was evaluated by an ELISA-based assay for IFN-γ secretion. A significant increase 
(**p<0.05: non-parametric t-test) is seen in MB002, D425, and D283 cell lines on treatment at 2.5 μM CI-994. (B) An increase 
in expression of surface calreticulin is seen in MB002 (left panel) and D425 (right panel) as assayed by flow cytometry. (C) An 
increase in the relative surface calreticulin expression per cell was assayed by measuring the MFI for four different cell lines. 
(D) Levels of HMGB1 were assayed by a standard colorimetric ELISA. (E) D425 cells were incubated with human peripheral 
blood mononuclear cells-derived macrophages and tumor cells pretreated with either IgG control, CI-994, anti-CD47 mAb 
(B6H12), or a combination of CI-994+ anti-CD47 mAb. Phagocytosis was assayed using flow cytometry. (F) Survival analysis of 
D425 tumor-bearing mice treated with either control, CI-994, anti-CD47, or a combination of anti-CD47 and CI-994.(p=0.0002 
using the log-rank (Mantel-Cox) test with a HR of 3.669). DMSO, dimethyl sulfoxide; IFN, interferon; mAb, monoclonal antibody; 
MFI, mean fluorescence intensity.
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release of another DAMP protein, high mobility group 
box 1 protein, was noticed in CI-994 treated groups 
(p<0.05, figure 5D). The combination of CI-994 and anti-
CD47 monoclonal antibody (mAb) strongly enhanced 
phagocytosis of D425 cells by human PBMC-derived 
macrophages, whereas the treatment of anti-CD47 
showed only a slight increase in phagocytosis (figure 5E). 
In vivo experiments in two different MYC-MB orthotopic 
xenograft models corroborated these results and showed 
that the combination treatment of CI-994 and anti-CD47 
significantly enhanced survival as compared with CD47 or 
CI-994 alone (figure 5F,G).

DISCUSSION
Amplification of MYC constitutes a widely accepted 
biomarker indicating poor prognosis and driver of 
aggressive tumor biology in patients with MB, as demon-
strated in several clinical trial cohorts and retrospective 
analyses.7 23 24 Hence, patients with MYC-driven MB are 
commonly treated with intensified high-dose chemo-
therapy and radiotherapy protocols.4 However, 5-year 
overall survival does not exceed 40% in this patient 
cohort, and the aggressive treatment strategies often 
result in severe long-term side effects and secondary 
malignancies in survivors.25–28

Our understanding of the underlying intertumoral 
heterogeneity is constantly expanding, with the recogni-
tion of molecularly defined MB subgroups in the current 
WHO classification,29 and currently emerging subgroup-
specific subtypes.9 24 30 A refined, molecular-based classifi-
cation acknowledging this biological heterogeneity allows 
the prioritization of therapeutic targets and improves 
current risk stratification with prognostically-relevant 
strata in the context of current treatment approaches.31 32 
Clinical translation of disease subgroups or subtypes to allo-
cate specific treatments is now emerging to be integrated 
into clinical trials (eg, NCT02212574, NCT01878617, and 
SJMB12 trial).33

In order to identify novel therapeutics for the most 
common malignant brain tumors of all age groups, we 
performed a targeted drug screen to evaluate epigenetic-
based therapies in AT/RT, MB, and glioblastoma. Our 
approach significantly enhances recent HDACi-related 
insights for MYC-driven MB19 as we identify drugs that are 
specifically active in entities or even molecularly-defined 
subsets of tumors. In our primary screen, we demon-
strated that HDACi are specifically active in MYC-driven 
MB compared with non-MYC MB, AT/RT, and glioblas-
toma models. Although epigenetic dysregulation caused 
by, for example, aberrant methylation patterns or alter-
ations of chromatin modulators is also commonly iden-
tified in AT/RT and glioblastoma, cell lines from these 
entities were, on average, less susceptible to our epigen-
etic inhibitor library. Our cross-entity comparison, there-
fore, indicates that targeting epigenetic modulators might 
be particularly promising for MB. In a targeted re-screen 
with an extended HDACi library, we identified CI-994 as 

the most promising and selective HDACi in MYC-driven 
MB. CI-994 is an orally bioavailable class I specific HDACi, 
which crosses the blood-brain barrier.34 Previous studies 
reported that CI-994 inhibits proliferation and induces 
apoptosis in vitro and in vivo in other tumor entities,35 36 
but it was not examined in MB up to now.

Based on the selective activity of CI-994 in MYC-driven 
MB and the attractive pharmacological features as well 
as the known side effect profiles of CI-994 for treating 
children with brain tumors, we prioritized this drug for 
in vivo testing. Our in vivo data not only demonstrate 
significantly extended survival in two orthotopic MYC-
driven MB mouse models (figure  3D) but, importantly, 
reveal significant antitumoral activity against metastatic 
dissemination (figure 3E). This addresses a pressing clin-
ical challenge, as these tumors are commonly metastatic 
at diagnosis and at recurrence, which is associated with 
dismal prognosis, and therapeutic strategies are urgently 
required for these high-risk patients.

Downstream effects of class I specific HDACi and 
potential resistance mechanisms are currently unknown 
in MB. Using a transcriptomic approach, our data high-
lighted a significant induction of the NF-κB pathway on 
CI-994 treatment, which was detected in multiple curated 
gene sets, and significant transcriptional activation was 
demonstrated using IPA (online supplemental table 10). 
The NF-kB pathway plays a crucial role in the regulation 
of tumor inflammation. As a controller of the transcrip-
tion of cytokines and antimicrobial effectors, NF-kB is 
involved in promoting differentiation, development, and 
response in cells of innate and adaptive immune systems. 
MYC-driven neoplastic cells can bypass immune detection 
by regulating immune checkpoints through CD47 and 
programmed death-ligand 1.37 38 Therefore, activation of 
NF-kB in MYC-driven MB cells may restore the immune 
response and sensitize these cells to immunotherapy. 
Here we observed an upregulation of tissue TGM2, a 
direct transcriptional target of NF-kB that is frequently 
upregulated during inflammation and wounding. Treat-
ment with CI-994 increased pro-inflammatory cytokine 
secretion by Grp3-MB tumor cells, which was inhibited by 
the blocking of TGM2 function. The CCL2/MCP-1, IL-1β, 
ΤΝF-α and IFN-γ TH-1 responses explain the infiltration 
of pro-inflammatory macrophage response when Grp-3 
MB xenograft bearing mice were treated with CI-994.

Recently, the important roles of macrophages in the 
surveillance and elimination of tumor cells, which was 
termed ‘programmed cell removal’ (PrCR), have been 
revealed by us and other laboratory studies.39–42 The upregu-
lation of anti-phagocytic ‘don’t eat me’ signals on cancer cells 
protects them from PrCR, while blockade of such pathways 
enables PrCR and leads to the elimination of tumor cells 
by macrophages. The CD47/SIRPα axis serves a broader 
role as a myeloid immune checkpoint frequently co-opted 
by tumor cells to avoid immune surveillance.43 Previously 
we demonstrated that anti-CD47 monoclonal antibody 
has potent antitumor activity against a wide range of solid 
tumors, including adult glioblastoma44 and five etiologically 
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distinct human pediatric brain tumors, including Grp3-MB 
(6). More recently, a number of studies have shown that 
inducing immunogenic cell death is an attractive approach 
to activating the immune microenvironment of ‘cold’ 
tumors. Inducing immunogenic cell death and expression 
of DAMPs, such as calreticulin and phosphatidyl-serine on 
the cell surface, increase the immunogenicity of tumor 
cells to trigger immune responses engaging both the innate 
and adaptive immune responses. Here we demonstrate 
that sublethal doses of CI-994 caused tumor inflammation 
presumably through the activation of the NF-kB pathway 
leading to secretion of the pro-inflammatory cytokine 
IFN-γ. We further observe cell surface expression of calre-
ticulin as well secretion of HMGB1. These, combined with 
the blockade of the CD47-SIRPα phagocytosis checkpoint 
pathway, enhance macrophage-mediated tumor cell phago-
cytosis in vitro and in vivo, thereby enhancing the survival 
of mice with MYC-driven MB xenografts. While the blood-
brain barrier is a major concern for the delivery of drugs 
from the systemic circulation to the brain prior, our previous 
studies have shown accessibility of the anti-CD47 Mab to 
the tumor bed. Furthermore, previous studies suggest that 
the central nervous system (CNS) is immune-accessible and 
interacts dynamically with the systemic immune system.45 
Inflammation also induces immune cells to migrate into the 
parenchyma by traveling a chemotactic response through 
(among others) IFN-γ inducible cytokine gradients, a key 
pro-inflammatory myeloid activator.46 47 Additionally, FcRn, 
a ubiquitous immunoglobulin receptor highly expressed in 
blood vessels in the brain, can facilitate IgG transport into 
the CNS.48 Currently there are multiple clinical investiga-
tions targeting the CD47/SIRPα axis alone or in combina-
tion with reagents that enhance the do not eat me signal.49 50

Our study demonstrates the efficacy of combining 
macrophage-checkpoint inhibition with HDACi for cancer 
immunochemotherapy against MYC-driven MB. The combi-
nation of anti-CD47 and HDACi eliminated MYC-driven 
cancer cells with increased efficacy due to the enhance-
ment of the NF-kB mediated ‘eat-me’ signals and antibody-
dependent block of ‘don’t eat-me’ signals. This may be an 
effective approach for treating high-risk MYC-driven MB.
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