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A B S T R A C T

Medulloblastoma is the most prevalent central nervous system tumor in children. Targeted treatment approaches
for patients with high-risk medulloblastoma are needed as current treatment regimens are not curative in many
cases and cause significant therapy-related morbidity. Medulloblastoma harboring MYC amplification have the
most aggressive clinical course and worst outcome. Targeting the BET protein BRD4 has significant anti-tumor
effects in preclinical models of MYC-amplified medulloblastoma, however, in most cases these are not curative.
We here assessed the therapeutic efficacy of the orally bioavailable BRD4 inhibitor, MK-8628, in preclinical
models of medulloblastoma. MK-8628 showed therapeutic efficacy against in vitro and in vivo models of MYC-
amplified medulloblastoma by inducing apoptotic cell death and cell cycle arrest. Gene expression analysis of
cells treated with MK-8628 showed that anti-tumor effects were accompanied by significant repression of MYC
transcription as well as disruption of MYC-regulated transcriptional programs. Additionally, we found that
targeting of MYC protein stability through pharmacological PLK1 inhibition showed synergistic anti-medullo-
blastoma effects when combined with MK-8628 treatment. Thus, MK-8628 is effective against preclinical high-
risk medulloblastoma models and its effects can be enhanced through simultaneous targeting of PLK1.

1. Introduction

Medulloblastoma is the most common malignant brain tumor in
children. It arises from cerebellar cells and can be subdivided in four
distinct clinical, biological and genetic subgroups, i.e. the Wingless
(WNT), Sonic Hedgehog (SHH), group 3 and group 4 [1–3]. Group 3
tumors are characterized by the highest MYC expression and coin-
cidental genomic MYC amplification [1–3]. Patients with group 3 me-
dulloblastoma with high MYC expression have the worst clinical out-
come with 5-year survival rates below 50% [4–6]. Due to the lack of
novel targeted therapies, treatment of patients with group 3 medullo-
blastoma has not significantly improved over the past decade [1,4,6].
Therefore, new drugs are urgently needed for patients with group 3
medulloblastoma. As MYC is the central oncogenic driver of these tu-
mors and tumors are highly dependent on MYC expression, MYC is an

ideal drug target in group 3 medulloblastoma.
Maintenance of high MYC expression in cancer through transcrip-

tional and post-translational modes has been extensively studied in the
past years. For example, high abundance of certain histone modifica-
tions and concomitant recruitment of their epigenetic readers play an
important role in the aberrant expression of oncogenes such as MYC
[7,8]. Targeted inhibition of epigenetic readers recruited to MYC en-
hancers has opened new possibilities to influence the transcriptional
regulation of MYC in cancer [9]. One prototypical example for this is
the targeted inhibition of bromodomain and extra-terminal domain
(BET) containing protein BRD4, which leads to repression of MYC
transcription [10]. Bromodomain protein BRD4 binds to acetylated
lysines in the N-terminal regions of histones and recruits transcriptional
co-activators to H3K27 at enhancer sites [11,12]. Blocking the inter-
action of BRD4 with the H3K27Ac leads to downregulation of MYC and
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MYC target genes in various cancer entities [13–20]. In medullo-
blastoma, pharmacological BET inhibition is most potent in MYC-driven
medulloblastoma models and one report has indicated specific inhibi-
tion of the hedgehog pathway in SHH-medulloblastoma [16,17,21,22].
MK-8628 is a selective small molecule BET protein inhibitor and has
several advantages over previously described BRD4 inhibitors such as
good oral bioavailability and favorable pharmacological properties in
humans [20,23–27]. Future clinical introduction of this compound
depends on in depth analysis of its efficacy in preclinical models.

Although BRD4 inhibition has promising efficacy against solid tu-
mors, single agent treatment is not curative in preclinical in vivo models
of medulloblastoma and will likely not cure patients when used alone
[17,28]. We hypothesized that synergistic combination treatment ap-
proaches could increase efficacy to clinically relevant levels. Based on
previous literature, we reasoned that one potential molecular target for
such combination treatments could be Polo-like kinase 1 (PLK1)
[29–31]. PLK1 is a serine/threonine kinase involved in the PDK1
pathway that binds directly to and phosphorylates MYC, stabilizing it in
the late stage of cell cycle [32]. PLK1 is crucial for MYC regulation and
for cancer cell survival due to its role in cell cycle regulation [30,32],
and PLK1 inhibition can prevent proliferation, self-renewal, and cell-
cycle progression of medulloblastoma cells and induces apoptosis [31].
Combination treatment with PLK1 inhibitors and BRD4 inhibitors has
synergistic effects in leukemia, suggesting that this may also apply to
other tumor entities such as medulloblastoma [33]. We here provide
preclinical evidence that MK-8628 is similarly potent against MYC-
driven medulloblastoma models as compared to previously described
BET-inhibitors. Additionally, we show that combined BET and PLK1
inhibition exhibits synergistic anti-tumor activity in medulloblastoma.
This may serve as a rationale for future clinical testing of BRD4 and
PLK1 inhibitors in patients with high-risk medulloblastoma.

2. Materials and methods

2.1. Cell culture and in vitro treatment

The four human medulloblastoma cell lines were grown either in
Dulbecco's Modified Eagle Medium (DMEM) (HD-MB3, UW228 and
DAOY) or Roswell Park Memorial Institute medium (RPMI) 1640 (ONS-
76), both supplemented with 10% FCS, L-glutamine, and 1% penicillin/
streptomycin. The identity of all cell lines was verified by STR geno-
typing performed by the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany). Using PCR all cell lines were
found to be free of mycoplasma (primers sequences available upon
request). MK-8628-API (Active Pharmaceutical Ingredient) and
Volasertib-API were purchased from Selleckchem (Munich, Germany)
and GSK461364A was purchased from Axon Medchem (Groningen,
Netherlands), aliquoted for single use and stored at −20 °C as a 10mM
stock solution in dimethyl sulfoxide (DMSO). For passaging and
seeding, cell lines were washed with PBS, trypsinized and resuspended
in fresh media, then counted using trypan blue dye staining. For
treatment, cells were exposed to 0–10 μM MK-8628-API, 0–0.1 μM
Volasertib-API, 0–0.3 μM GSK461364A-API or combinations of them
prepared as serial dilutions in full medium. The final DMSO con-
centration was kept at or below 1%.

2.2. Cell proliferation, cell death, cell viability and cell cycle analysis

Medulloblastoma cell lines were seeded onto 96-well plates
(500 cells per well) in triplicate for all assays, and incubated for 24h to
permit surface adherence. Cells were treated with 0–10 μM MK-8628-
AP, 0–0.1 μM Volasertib-API or combination of both. Viability was as-
sessed 72h after treatment using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega, Wisconsin, USA) according to the manufac-
turer's protocol. The IC50 and area under the curve (AUC) were calcu-
lated using GraphPad Prism 7.0 (GraphPad Software Inc., San Diego,

CA, USA) as previously described [34]. Apoptosis and proliferation
were assessed after treatment with 500 nM MK-8628-API using the Cell
Death and BrdU ELISA assays (Roche, Basel, Switzerland), respectively,
after 24h, 48h and 72h of drug treatment. All assays were performed
according to the manufacturer's protocols. For cell cycle analysis, cell
lines were cultured for 72h in the presence of 500 nM MK-8628-API,
5 nM Volasertib-API, combination of both or DMSO control in 10 cm
dishes at 3.5× 105 cells/dish. Cells were harvested after 2h incubation
with EdU, then DNA was stained with propidium iodide using Click-iT
Plus™ EdU Flow Cytometry Assay Kits (Thermo Fisher Scientific, Mas-
sachusetts, USA) as described before [35]. Cellular DNA content was
analyzed in a BD LSRFortessa X-20 (BD Biosciences, California, USA).
All experiments were independently performed at least 3 times, if not
otherwise indicated.

2.3. Quantitative reverse transcription polymerase chain reaction (qRT-
PCR)

Total RNA was extracted from cells using RNeasyMini kit (Qiagen,
Hilden, Germany) according to the manufacturer's protocol and con-
centration was determined with Nanodrop (Thermo Fisher Scientific).
For CCND1, cDNA synthesis was performed using the SuperScript re-
verse transcription kit (Invitrogen, Darmstadt, Germany) and its ex-
pression was monitored using Assays-on-Demand™ (Applied
Biosystems, Foster city, CA, USA). Expression values were normalized
to the geometric mean of GAPDH [36]. Data analysis and error pro-
pagation were performed using the qbasePLUS software version 1.5
(http://www.biogazelle.com). For MYC, cDNA was synthesized using
the Transcriptor First Strand cDNA Synthesis Kit (Roche) and its ex-
pression was measured using StepOne Plus™ (Applied Biosystems).
Expression values were normalized to the geometric mean of HPRT1 as
described before [36]. Data analysis and error propagation were per-
formed using the (StepOne Software v2.3 (Applied Biosystems). All
experiments were independently performed at least 3 times, if not
otherwise indicated.

2.4. Western blot analysis

Protein lysates were extracted from cells, separated on NuPAGE
10% Bis-Tris Gel (Invitrogen) and electro-transferred on Polyvinylidene
difluoride (PVDF) membranes (Roche). Membranes were incubated for
1h with 10% nonfat dry milk (or 5% BSA for phospho-antibodies) in
tris-buffered saline plus 0.1% Tween 20 (TBS-T), then incubated with
primary antibodies in 10% nonfat dry milk (or 5% BSA for phospho-
antibodies) in TBS-T overnight at 4 °C. Primary antibodies against the
following proteins and dilutions were used: MYC (1:500, #9402, Cell
Signaling Technology (CST), Danvers, MA, USA), BRD4 (1:200, H-250,
sc-48772, Santa Cruz, Dallas, TX, USA), WEE1 (1:1000, sc-5285, Santa
Cruz), CCND1 (1:500, #2922, CST), E2F1 (1:200, AF4825, R&D
Systems, Minneapolis, MI, USA), PLK1 (1:500, H-152, sc-5585, Santa
Cruz), phospho-PLK1 (1:200, ab39068, Abcam, Cambridge, UK) and
beta-actin (1:20000, 3700S, CST). After washing thrice with TBS-T,
membranes were incubated 1h at room temperature with secondary
antibodies diluted 1:5000 in 10% nonfat dry milk (or 5% BSA for
phospho-antibodies) in TBS-T. Horseradish peroxidase (HRP)-con-
jugated anti-rabbit IgG (111-035-003, Dianova, Hamburg, Germany) or
HRP-conjugated anti-mouse IgG (115-035-003, Dianova) were used as
secondary antibodies. Proteins were visualized using the ImmunoCruz™
Western Blotting Luminol Reagent (Santa Cruz) and analyzed on a
FusionFX7 detection device (Vilber Lourmat, Eberhardzell, Germany).
All experiments were independently performed at least 3 times, if not
otherwise indicated.
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2.5. Affymetrix microarrays, gene ontology and gene set enrichment
analysis

HD-MB03 cells were plated at 1×105 cells/well in 6-well plates
and after 12h were treated in triplicate with medium containing 0.2%
DMSO (control) or 500 nM MK-8628-API for 24h. Total RNA was ex-
tracted using the RNeasyMini kit (Qiagen). Three replicates were
treated and analyzed. Samples were profiled using the genechip
Affymetrix Human Gene Expression Array (HG-U133 Plus 2.0,
Affymetrix, Santa Clara, CA, USA) as described [37]. Microarray.CEL
files were normalized and summarized to gene levels with RMA nor-
malization [38]. Probes for which the log2 expression was ≥1.5 and
had p-values ≤ 0.01 were considered as differentially expressed and
picked for further analysis. Differential expression analysis was per-
formed using limma package for R [39]. Hierarchical clustering was
performed on the Euclidean distance of log2 expression values for the
50 most differentially expressed genes to visualize differential gene
expression in HD-MB03 cells following MK-8628-API treatment. Gene
ontology (GO) analysis and gene set enrichment (GSEA) analysis were
performed using the clusterProfiler package in R [40]. The c6 onco-
genic signatures (http://software.broadinstitute.org/gsea/msigdb/
index.jsp) gene sets from Molecular Signatures Database (MSigDB)
were used in this study. Furthermore we analyzed MYC signature scores
(Dang [41], Kim [42], Schuhmacher [43], Westermann [44]). Ag-
glomerative hierarchical clustering was performed using pairwise
complete linkage and a Pearson correlation metric across both samples
and genes.

2.6. Statistical analysis

Graph Pad Prism 7.0 (GraphPad Software Inc.) was used to calculate

IC50 and the area under the curve (AUC) and to perform Kaplan-Meier
survival analysis with log-rank statistics on treated and untreated
mouse cohorts. Additionally, GraphPad was used to perform Student's
two-sided t-tests to compare all interval variables, and the chi-square
test was used for the comparison for all categorical variables. Fiji (NIH
Image, Maryland, USA) was used for image analysis of western blot
chemiluminescence images. Excess over Bliss was calculated using sy-
nergyfinder for R [45].

2.7. In vivo treatment of xenograft tumors in nude mice

HD-MB03 medulloblastoma cells were cultured to 80% confluency,
harvested and suspended in 200 μL Matrigel™ (BD Bioscience,
Heidelberg, Germany) for subcutaneous inoculation (1× 107 cells per
mouse, n= 24 mice) into the left flank of 4-week-old female athymic
(nu/nu) mice. Mice were randomly assigned to either MK-8628-SD
(Solid Dispersion) or vehicle control groups (n=9 mice per group)
after tumors reached 150–200mm3 in size. MK-8628-SD was adminis-
tered using orogastric gavage. The mice were treated daily with water,
25mg/kg MK-8628-SD, twice per day with 25mg/kg MK-8628-SD or
two times a week with cyclophosphamide 100mg/kg. Tumor growth
was monitored using a caliper and tumor volume was calculated using
the formula (breadth× length×height)/2. Mice were euthanized by
cervical dislocation when tumor size exceeded 2500mm3. To assess
short term effects of MK-8628 treatment on molecular features of tu-
mors, 6 doses of 50mg/kg body weight MK-8628-SD or solvent (n=3
mice each group) were administered at 0, 12, 24, 36, 48, 60 and 72h
over a 3-day course. These mice were euthanized by cervical dislocation
4h after the last MK-8628-SD dose and xenograft tumors were excised
from all mouse treatment cohorts, and divided into halves. Half the
tissue was snap-frozen in liquid nitrogen then stored at −80 °C and the

Fig. 1. MK-8628 exhibits significant anti-medulloblastoma effects in vitro at low nanomolar concentrations. (A) Dose response of four medulloblastoma cell
lines treated with MK-8628 for 72h. Inhibitory concentrations of 50% viability (IC50) are stated in the diagram. (Red: MYC-amplified; blue: non MYC-amplified with
high MYC expression; green: nonMYC-amplified with low MYC expression) (B) Relative BrdU incorporation of four medulloblastoma cell lines treated with MK-8628
(250 nM and 500 nM) or DMSO control for 24h. (C) Relative amount of cytoplasmic histone-associated DNA fragments, indicating cell death, in medulloblastoma cell
lines treated with MK-8628 (250 nM, 500 nM) or DMSO control for 24h. (D) Cell cycle distribution of medulloblastoma cell line HD-MB03 after treatment with MK-
8628 (500 nM) or DMSO control for 24h. (E) Fraction of HD-MB03 cells in each cell cycle phase after treatment with MK-8628 (500 nM) or DMSO control for 24h. (F)
Fraction of HD-MB03 cells in S phase as measured in (E) (Student's t-test: * = p < 0.05, ** = p < 0.01, *** = p < 0.001).
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other half was formalin-fixed and paraffin-embedded for further ana-
lysis. All animal experiments were performed in accordance with the
Council of Europe guidelines for accommodation and care of laboratory
animals, and protocols were approved by the Ethical Commission for
Animal Experimentation at the University Hospital Essen.

3. Results

3.1. MK-8628 treatment reduces cell viability of medulloblastoma cell lines
by inducing cell death and reducing cell proliferation

To test the anti-medulloblastoma activity of MK-8628, we treated
four medulloblastoma cell lines with MK-8628 and measured relative
ATP abundance over time. In all medulloblastoma cell lines treated
with MK-8628 we observed a significant decrease in cell viability with
increasing drug concentration (Fig. 1A, Suppl. Fig 1A, Suppl. Fig 1B).
The concentration of MK-8628 leading to 50% growth inhibition (IC50)
were between 142.6 nM and 448.6 nM, similar to concentrations de-
scribed for other BET inhibitors [17,37,46]. We observed that cell lines
expressing higher MYC levels, HD-MB03, DAOY and ONS-76, showed
lower IC50 values than UW228, which expresses low levels of MYC
(Fig. 1A, Suppl. Fig 1A). Consistent with decreased cell viability, MK-
8628 treatment led to a significant decrease in cell proliferation in
medulloblastoma cells as evidenced by reduced BrdU incorporation
after inhibitor treatment (Fig. 1B, Suppl. Fig 1C). Additionally, we
observed that treatment with MK-8628 led to a significant increase in
cell death in all cell lines, as measured by release of cytoplasmic his-
tone-associated DNA fragments (Fig. 1C, Suppl. Fig 1D). To measure
changes in cell cycle we performed EdU pulse labeling followed by
fluorescence-activated cell sorting (FACS) measurement of the cell cycle
distribution of HD-MB03 cells treated with MK-8628 (Fig. 1D). Con-
sistent with the increase in cell death we observed an increase of the
fraction of cells in sub G1 phase (Fig. 1E). Previous reports have shown
that BET inhibition leads to cell cycle arrest in G1 and S phases due to
BRD4's critical role in these processes [47,48]. Consistently, we ob-
served a decrease in the fraction of cells in G1 and S phases (Fig. 1D, E
and 1F). Taken together, treatment of medulloblastoma cell lines with
MK-8628 leads to reduction in cell viability and cell proliferation and to
increased cell death, to a similar extend as previously described for
other BET inhibitors [16,17,37,46].

3.2. Pharmacological BRD4 inhibition with MK-8628 leads to repression of
MYC expression and MYC-driven gene expression programs in
medulloblastoma cell lines

BET inhibitors have been shown to lead to repression of MYC in
medulloblastoma cells [13,17]. To assess the effect of BET inhibitor MK-
8628 on MYC mRNA, MYC protein and MYC target gene expression we
treated medulloblastoma cell lines with MK-8628 and performed qRT-
PCR and western immunoblotting analysis of known BRD4-regulated
targets [14]. MYC protein and mRNA expression was repressed after
MK-8628 treatment, whereas CCND1 and WEE1 showed varying grades
of repression (Fig. 2A, B, 2C and 2D, Suppl. Fig. 1E) [14,16,17]. BRD4
did not change in expression after MK-8628 treatment, consistent with
disruption of its activity and not its expression (Fig. 2A, Suppl. Fig 1F).
Even short term treatment with MK-8628 followed by treatment wash
out led to reduction of CCND1 expression for the following 24 h, sug-
gesting that long-term target repression could be achieved with short-
term inhibitor treatment (Fig. 2D). To assess the effect of MK-8628 on
global gene expression programs in vitro, we performed gene expression
microarray analysis of cells treated with MK-8628 compared to cells
treated with DMSO control. A total of 6268 and 4982 genes were sig-
nificantly up- or downregulated after MK-8628 treatment, respectively.
Unsupervised clustering of the samples (3vs3) showed a clear separa-
tion of the top 50 differentially up- or downregulated genes according
to the type of treatment (Fig. 2E). To assess the efficacy of MK-8628 to

disrupt MYC-regulated transcriptional programs, we compared the ob-
served gene expression changes with signatures calculated from pub-
lished gene expression data of HD-MB03 treated with the BET inhibitor
JQ1 [17] as well as from four published MYC/MYCN target gene sig-
natures [41–44]. Consistent with similar pharmacological activity
against BRD4, MK-8628 induced similar gene expression changes as
previously reported for JQ1 treatment (Fig. 2F) [41–44]. As described
for BRD4 inhibition, all four MYC/MYCN programs were significantly
disrupted after MK-8628 treatment (Fig. 2F). Gene Ontology analysis
(GO analysis) revealed that MK-8628 treatment lead to disruption of
pathways related to chromatin regulation and neuronal development,
consistent with previous reports on BRD4 functions in chromatin reg-
ulation and differentiation (Fig. 2G) [11,12]. A total of 45 pathways
were significantly up- or downregulated after treatment with MK-8628
(Suppl. Table 1). Furthermore, gene set enrichment analysis (GSEA)
showed a total of 50 pathways that were significantly up- or down-
regulated after treatment with MK-8628 (Suppl. Table 2). The sig-
nificantly downregulated pathways included MYC pathway among
others (Fig. 2H). Other pathways closely related to cancer development
or to BET protein, such as E2F family, were also disrupted by MK-8628
treatment (Fig. 2H, Suppl. Table 2) [14]. In conclusion, MK-8628
treatment of MYC-driven medulloblastoma cells potently disrupts
transcriptional programs regulated by BRD4.

3.3. Oral treatment with MK-8628 reduces tumor growth and induces
apoptosis of human MYC-amplified group 3 medulloblastoma xenografts

Next, we assessed the efficacy of MK-8628 in an in vivo high-risk
medulloblastoma model. We treated mice harboring xenografts of
group 3 MYC-amplified HD-MB03 cells with MK-8628. In order to
mimic clinically relevant conditions, oral treatment with MK-8628 was
started when tumors where established and exponentially growing and
had reached at least 200mm³ in volume. Oral MK-8628 treatment lead
to a significant decrease in tumor growth over time (Fig. 3A). This
decrease in tumor burden led to a significant survival advantage for
mice treated with MK-8628 (Fig. 3B). However, treatment response was
not curative and less effective than treatment with cyclophosphamide, a
cytotoxic agent commonly used in medulloblastoma therapy, sug-
gesting that monotherapy with BRD4 inhibitors may not have clinically
relevant effects in patients with medulloblastoma (Fig. 3A and B). In-
terestingly, there was no significant difference in tumor growth be-
tween the mice treated once a day compared to mice treated twice daily
(Fig. 3A and B). Consistent with our in vitro studies, we observed that
the fraction of proliferating cells as measured by staining for Ki67 was
significantly decreased in tumors treated with MK-8628 (Fig. 3C and
D). Furthermore we observed a significant increase in apoptotic cells as
measured by staining for cleaved caspase-3 in tumors from mice treated
with MK-8628 (Fig. 3C and D). Together, MK-8628 significantly re-
pressed cell proliferation and induced apoptosis in vivo, which led to
reduced tumor growth over time and suggests that MK-8628 could have
the potential to exhibit clinically relevant effects in patients suffering
from medulloblastoma tumors.

3.4. Combination of BRD4 and PLK1 inhibitors have synergistic anti-MYC
and anti-medulloblastoma effects in vitro

Even though treatment with MK-8628 showed promising anti-tumor
activity in vivo (Fig. 3), these effects were not curative, which is in line
with previous reports on BRD4 inhibitor in vivo activity [17]. We rea-
soned that combination of MK-8628 with other drugs affecting MYC
expression might improve therapeutic effects. PLK1 inhibitors such as
Volasertib and GSK461364A can potently reduce cell viability and
suppress MYC protein expression in cancer cells [29–31]. Furthermore,
in leukemia combined PLK1 and BRD4 inhibition has synergistic anti-
leukemia effects [49]. We therefore hypothesized that combining MK-
8628 with Volasertib or GSK461364A could also have synergistic
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Fig. 2. MK-8628 treatment leads to repression ofMYC transcription and protein expression. (A) Protein expression as measured using western immunoblotting
of known BRD4 target genes compared after treatment of four medulloblastoma cell lines with MK-8628 (500 nM) or DMSO control for 24h. (B) Area under the curve
(AUC) of the western immunoblotting chemiluminescence signals of MYC protein as measured in (A) (Student's t-test: * = p < 0.05, ** = p < 0.01,
*** = p < 0.001). (C) MYC mRNA expression 4 and 24 h after MK-8628 treatment of medulloblastoma cell line HD-MB03 (Student's t-test: * = p < 0.05,
** = p < 0.01, *** = p < 0.001). (D) CCND1 mRNA expression of medulloblastoma cell line HD-MB03 treated for 1 or 3 h with 500 nM MK-8628 or DMSO
control, measured at 3, 6, 12 or 24 h after treatment washout. (E) Heatmap of the top 50 differentially expressed genes in HD-MB03 cells after treatment with MK-
8628 compared to DMSO-treated cells. (F) Enrichment of the published MYCN gene expression signatures in differentially expressed genes after treatment with MK-
8628 compared to JQ1-treated cells. (G) Gene ontology (GO) analysis of RNA expression changes in HD-MB03 cells treated with MK-8628 compared to DMSO control
(x-axis = number of genes affected, size of circle indicating gene ration MK-8628 treatment vs. GO-term and circle color indicating adjusted p-value). (H) Two
exemplary gene set enrichment analysis (GSEA) plots of the genes differentially expressed after treatment with MK-8628.
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effects against medulloblastoma cells. To test this, we assessed the ef-
fect of Volasertib and GSK461364A on medulloblastoma cell viability.
In all medulloblastoma cell lines treated with PLK1 inhibitors we ob-
served a significant decrease in the number of viable cells with in-
creasing inhibitor concentrations (Fig. 4A and Suppl. Fig. 2A). The IC50

ranged between 4.1 nM and 32.4 nM for Volasertib. Again, MYC-am-
plified HD-MB03 cells were most sensitive to Volasertib treatment,
while UW228 cells, expressing low levels of MYC, were more resistant
to treatment (Fig. 4A). The IC50 for GSK461364A ranged between
7.6 nM and 170.9 nM, except for DAOY cells which showed a high IC50

at 5285.0 nM (Suppl. Fig. 2A). Next, we assessed the synergistic effect
of combined Volasertib and MK-8628 treatment on medulloblastoma
cells. In HD-MB03, DAOY and ONS-76 cell lines, an excess over Bliss
analysis indicated synergistic effects of combined PLK1 and BRD4 in-
hibitor treatment with highest synergy found at low drug concentra-
tions, in particular in DAOY and ONS-76 cells (Fig. 4B, Suppl. Fig. 2B).
Interestingly, combination treatment was antagonistic in UW228 cells,
expressing low levels of MYC, suggesting that the efficacy of combined
BRD4 and PLK1 inhibitor treatment might depend on MYC expression
levels (Suppl. Fig. 2B). It was recently shown that Volasertib can bind to
BRD4 [50,51]. In order to confirm that the synergy observed was in-
dependent of this activity, we tested combination treatment with MK-
8628 and GSK461364A, a highly specific PLK1 inhibitor, in all four
medulloblastoma cell lines. Again, combination treatment exhibited
synergistic anti-medulloblastoma effects (Suppl. Fig. 2C). Consistent to
these synergistic effect of MK-8628 combined with PLK1 inhibitors,
addition of Volasertib to MK-8628 treatment led to a greater reduction
of MYC, CCND1 and WEE1 expression compared to single agent treat-
ment, which was accompanied by reduced PLK1 activity as evidenced
by the reduction of PLK1 auto-phosphorylation (Fig. 4C and D). Sy-
nergistic effects on cell viability were accompanied with a significant
increase in the fraction of apoptotic cells in sub G1 phase and a

concomitant decrease in S phase, compared to single agent treatment
(Fig. 4E, F and 4G and Suppl. Fig. 3). In summary, combined PLK1 and
BRD4 inhibition exhibits synergistic anti-medulloblastoma effects
which is accompanied by strong repression of BRD4 and PLK1 targets
such as MYC mRNA expression and MYC protein stability (Fig. 4H).

4. Discussion

We here provide preclinical evidence for the therapeutic efficacy of
BET bromodomain inhibitor MK-8628 in high-risk medulloblastoma.
We show that single agent treatment with MK-8628, a small molecule
BET bromodomain inhibitor, efficiently reduces cell viability and in-
creases cell death for in vitro and in vivo models of high-risk medullo-
blastoma. These anti-tumor effects are accompanied by efficient tran-
scriptional repression of MYC and its target genes as described for other
BET inhibitors [16,17]. Additionally, we provide evidence that PLK1
inhibition can synergistically increase the anti-medulloblastoma effects
of BRD4 inhibitors, providing a rationale for combined BRD4 and PLK1
inhibition in high-risk medulloblastoma.

In order to successfully introduce BRD4 inhibitors into clinical
trials, adequate biomarkers for selection of patients, which are likely to
respond, are clearly needed. While it has been challenging to identify
markers predicting hypersensitivity to BET inhibitors, MYC and MYCN
expression still remain the most commonly found features amongst
responsive tumor cells [28]. Consistently, we and others have pre-
viously shown that MYC-expressing medulloblastoma cells are re-
sponsive to BET protein inhibition and that inhibition efficiently re-
presses MYC transcription [16,17,21,22,52,53]. In line with previous
findings, MK-8628 treatment also efficiently disrupted MYC transcrip-
tion in MYC-amplified medulloblastoma which was further corrobo-
rated by our observation of highest induction of apoptosis by MK-8628
in cells harboring MYC amplifications. Tang et al. suggested that BRD4

Fig. 3. MK-8628 treatment leads to decreased tumor growth and enhanced survival in vivo. (A) Tumor volume in nude mice harboring HD-MB03 xenografts
treated with solvent (H2O), cyclophosphamide (CPM) (100mg/kg) or MK-8628 (25 or 2×25mg/kg). (B) Kaplan Meier analysis of the overall survival of nude mice
harboring HD-MB03 xenografts and treated with CPM (100mg/kg) or MK-8628 (25 or 2×25mg/kg) compared to mice treated with vehicle control (H2O) (sig-
nificance was calculated by log rank test). (C) Representative histological photomicrographs of tumors treated with MK-8628 or vehicle control (H & E: hematoxylin
& eosin). (D) Quantitative analysis of photomicrographs of tumors treated with MK-8628 compared to tumors treated with vehicle control and stained for Ki67 (left)
and cleaved caspase-3 (right) (Student's t-test: * = p < 0.05, ** = p < 0.01).
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also regulates GLI transcription downstream of SMO in medullo-
blastoma from the SHH group [21]. Similar to Tang et al. we also ob-
served considerable effects of MK-8628 in UW228 cells, which originate
from a SHH medulloblastoma tumor and only expresses MYC at a low
level. This raises the question, whether molecular features other than
MYC may also predict susceptibility to BET inhibition. Some reports

suggested that all genes regulated by enhancer regions marked with
high H3K27 acetylation as well as high BRD4 occupancy (so called
“super enhancers”) are hypersensitive to BRD4 inhibition [53–56].
Consistently, both MYC and GLI are marked by such “super-enhancers”
in group 3 and SHH medulloblastoma, respectively [53]. As both MYC
status and SHH activation are clinically testable, these features might

(caption on next page)
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lend themselves as inclusion criteria for clinical trials with BET in-
hibitors. In order to advance BET inhibitors into clinical testing, how-
ever, further insight about biomarkers predicting susceptibility towards
BET inhibition may be required.

Another prerequisite for successful clinical testing of targeted
therapeutics is knowledge about pharmacodynamics markers that effi-
ciently measure molecular response of tumors during treatment. Again,
MYC protein and mRNA remains the most reliably observed molecular
response marker in tumors treated with BRD4 inhibitors [17,37]. Why
inhibition of BRD4, a global regulator of gene transcription, only leads
to transcriptional repression of a subset of genes, most of them related
to oncogenesis, is still under investigation [57]. Xu and Vakoc sug-
gested that BRD4 inhibitors preferentially suppress genes that are dy-
namically expressed through exogenous stimuli or those expressed in a
lineage-specific manner and thus are under influence of numerous
trans- and cis-acting regulators [28]. Many growth and cancer pro-
moting genes such as MYC are therefore suppressed after treatment
with BET inhibitors in tumors and could be used as pharmacodynamics
markers [28]. Consistently, MYC was also repressed after treatment of
medulloblastoma cell lines with MK-8628 and therefore may be useful
as a molecular marker for tumor response in future clinical trials.

Many BET inhibitors are currently being tested clinically, and it is
still difficult to predict which drugs might have sufficient clinical po-
tency and favorable pharmacological properties to be appropriate for
clinical use. Comparison of gene expression changes induced by MK-
8628 and JQ1 on medulloblastoma showed a high similarity of gene
expression changes, indicating that MK-8628 and JQ1 are similarly
specific BET inhibitors at nanomolar concentrations. In contrast to JQ1
and other BET inhibitors, MK-8628 is orally bioavailable, which might
be advantageous for clinical use [24]. Similarly to other BET inhibitors,
MK-8628 potently inhibited xenograft tumor growth, and significantly
prolonged mouse survival in a MYC-driven xenograft model. The sur-
vival advantage observed in mouse xenograft models of high-risk me-
dulloblastoma suggests that MK-8628 has the potential to generate a
measurable response in this patient subgroup, which have dismal
prognoses with current treatment regimens, and thus, should be a ra-
tionale for the clinical testing of MK-8628 in patients with medullo-
blastoma. However, MK-8628 as well as other inhibitors tested pre-
clinically do not cure mice harboring medulloblastoma xenografts,
suggesting that single-agent BRD4 inhibitor treatment might not have
sufficient potency to cure patients suffering from medulloblastoma.
Even patients suffering from a BRD4-driven disease such as NUT mid-
line carcinoma, who initially respond well to BRD4 inhibitor-treatment,
often relapse after several months [58]. This suggests that combination
of BRD4 inhibitors with other therapeutics might be needed to effi-
ciently treat patients suffering from medulloblastoma and other BRD4-
dependent tumors.

There are many reports about combining BRD4 inhibitors with other
targeted agents. For example drugs targeting PARP, HDAC, BCL2,
mTOR and BRAF, respectively, have been shown to enhance anti-tumor
efficacy of BRD4 inhibitors [59–65]. Many combinations show pro-
mising results in preclinical models; yet it will be challenging to select
combinations for clinical trials, as most studies have been conducted in

different tumor entities with different compounds and were assessed
with different assays. One way to prioritize combination treatments
may be to base their selection on our knowledge about their molecular
mechanisms. As mentioned above, it is well described that BRD4 in-
hibition has significant effects on MYC expression and some, if not
most, of its therapeutic effects, may be due to MYC repression. It is
therefore likely that combining BRD4 inhibitors with other means of
repressing MYC may potentiate the therapeutic effects of BRD4 in-
hibitors in a synergistic manner. Based on this idea, we selected to
combine BRD4 and PLK1 inhibitors, as PLK1 inhibition is known to lead
to increased MYC degradation [66]. This approach was recently shown
to be successful in acute myeloid leukemia (AML) [33]. Consistent with
reports in AML, combination of MK-8628 with Volasertib showed sig-
nificant synergistic anti-medulloblastoma effects in MYC-expressing
medulloblastoma cell lines but not cells expressing low levels of MYC.
Interestingly, antagonistic effects were observed in UW228 cells, sug-
gesting that other, yet to be defined mechanism of susceptibility to
either BRD4 or PLK1 might be affected by inhibition of either target.
This further substantiates the evidence that dual targeting of MYC by
simultaneous inhibition of BRD4 and PLK1 might be a promising ap-
proach to increase therapeutic effects against a subset of medullo-
blastoma tumors. Intriguingly, several groups have recently described
that many kinase inhibitors also have the ability to bind to the acetyl-
lysine domain of BRD4, and Wang et al. explored and modulated the
selectivity of such compounds and created selective dual inhibitors that
target both PLK1 and BRD4 simultaneously [67]. Based on our ob-
servations about combining single-targeting BRD4 and PLK1 inhibitors,
one might predict that the use of novel, dual-targeting agents might
have the potential to generate clinically relevant therapeutic effects
against MYC-driven tumors.

In summary, MK-8628 has promising preclinical anti-tumor activity
against MYC-driven high-risk medulloblastoma, which can be po-
tentiated by combination with PLK1 inhibitors. Further studies will be
needed to carefully define in vivo activity of combination treatment
once single agent phase I trials are completed and agents with favorable
pharmacological properties are available, as this rationally devised
strategy may have the potential to ameliorate the treatment of patients
suffering from medulloblastoma.
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Fig. 4. Combining BRD4 inhibitor MK-8628 and PLK1 inhibitor Volasertib has synergistic effects against high-risk medulloblastoma cells. (A) Dose re-
sponse of four medulloblastoma cell lines treated with Volasertib for 72h. Inhibitory concentrations of 50% viability (IC50) are stated in the diagram. (B) Excess over
Bliss analysis of MYC-driven HD-MB03 cells treated with combinations of MK-8628 and Volasertib (red color indicates synergy). (C) Relative MYC mRNA expression
as measured using qRT-PCR after treatment with MK-8628, Volasertib or combination treatment for 4h compared to vehicle control-treated cells (Student's t-test:
* = p < 0.05, ** = p < 0.01). (D) Protein expression of BRD4 and PLK1 targets after treatment of medulloblastoma cell line HD-MB03 with DMSO control, MK-
8628 (500 nM), Volasertib (5 nM), or combination of both (500 nM MK-8628 + 5 nM Volasertib) for 24h. (E) FACS-based measurement of the cell cycle distribution
of HD-MB03 cells after treatment with DMSO control, MK-8628 (500 nM), Volasertib (5 nM), or combination of both (500 nM MK-8628 + 5 nM Volasertib) for 24h.
(F) Fraction of HD-MB03 cells in each cell cycle phase after treatment with DMSO control, MK-8628 (500 nM), Volasertib (5 nM), or combination of both (500 nM
MK-8628 + 5 nM Volasertib) for 24h. (G) Fraction of HD-MB03 cells in S phase as measured in (F) (Student's t-test: * = p < 0.05, ** = p < 0.01,
*** = p < 0.001). (H) Schematic of the proposed mechanism of action of combined BRD4 and PLK1 inhibition in medulloblastoma based on previous models [34].
BRD4 is a regulator of gene transcription and inhibition of its binding to chromatin leads to repressed MYC mRNA expression. PLK1 is a kinase involved in regulation
of protein degradation and its inhibition is known to lead to increased MYC protein degradation.
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