
Neuro-Oncology
21(9), 1150–1163, 2019 | doi:10.1093/neuonc/noz089 | Advance Access date 16 May 2019

 1150

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved. 
For permissions, please e-mail: journals.permissions@oup.com

A large-scale drug screen identifies selective inhibitors 
of class I HDACs as a potential therapeutic option for 
SHH medulloblastoma

Ekaterina Pak,† Ethan L. MacKenzie,† Xuesong Zhao, Maria F. Pazyra-Murphy, Paul M. C. Park, 
Lei Wu, Daniel L. Shaw, Emily C. Addleson, Suzanne S. Cayer, Begoña G.-C. Lopez, 
Nathalie Y. R. Agar, Lee L. Rubin, Jun Qi, Daniel J. Merk,† and Rosalind A. Segal†

Departments of Cancer Biology and Pediatric Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts, USA 
(E.P., E.L.M., X.Z., M.F.P-M., E.C.A., S.S.C., D.J.M., R.A.S.); Department of Neurobiology, Harvard Medical School, 
Boston, Massachusetts, USA (E.P., E.L.M., X.Z., M.F.P-M., E.C.A., S.S.C., D.J.M., R.A.S.); Department of Cancer Biology 
and Medical Oncology, Dana-Farber Cancer Institute and Harvard Medical School, Boston, Massachusetts, USA 
(P.M.C.P., L.W., D.L.S., J.Q.); Department of Neurosurgery, Brigham and Women’s Hospital, Harvard Medical School, 
Boston, Massachusetts, USA (B.G-C.L., N.Y.R.A.); Department of Radiology, Brigham and Women’s Hospital, Harvard 
Medical School, Boston, Massachusetts, USA (N.Y.R.A.); Department of Cancer Biology, Dana-Farber Cancer Institute, 
Boston, Massachusetts, USA (N.Y.R.A.); Department of Stem Cell and Regenerative Biology, Harvard University, 
Cambridge, Massachusetts, USA (L.L.R.); Harvard Stem Cell Institute, Cambridge, Massachusetts, USA (L.L.R.); 
Hertie-Institute for Clinical Brain Research, Eberhard Karls University, Tübingen, Germany (D.J.M.)

Corresponding Authors: Rosalind A. Segal, Dana-Farber Cancer Institute, 450 Brookline Avenue, Boston, MA 02215, USA (Rosalind_
segal@dfci.harvard.edu); Daniel J. Merk, Hertie-Institute for Clinical Brain Research, Ottfried-Müller-Str. 27, 72076 Tübingen, Germany 
(daniel.merk@uni-tuebingen.de).
†Authors contributed equally.

Abstract
Background.  Medulloblastoma (MB) is one of the most frequent malignant brain tumors of children, and a large 
set of these tumors is characterized by aberrant activation of the sonic hedgehog (SHH) pathway. While some 
tumors initially respond to inhibition of the SHH pathway component Smoothened (SMO), tumors ultimately recur 
due to downstream resistance mechanisms, indicating a need for novel therapeutic options.
Methods.  Here we performed a targeted small-molecule screen on a stable, SHH-dependent murine MB cell line 
(SMB21). Comprehensive isotype profiling of histone deacetylase (HDAC) inhibitors was performed, and effects of 
HDAC inhibition were evaluated in cell lines both sensitive and resistant to SMO inhibition. Lastly, distinct mouse 
models of SHH MB were used to demonstrate pharmacologic efficacy in vivo.
Results.  A subset of the HDAC inhibitors tested significantly inhibit tumor growth of SMB21 cells by preventing 
SHH pathway activation. Isotype profiling of HDAC inhibitors, together with genetic approaches suggested that 
concerted inhibition of multiple class I HDACs is necessary to achieve pathway inhibition. Of note, class I HDAC 
inhibitors were also efficacious in suppressing growth of diverse SMO inhibitor‒resistant clones of SMB21 cells. 
Finally, we show that the novel HDAC inhibitor quisinostat targets multiple class  I  HDACs, is well tolerated in 
mouse models, and robustly inhibits growth of SHH MB cells in vivo as well as in vitro.
Conclusions.  Our data provide strong evidence that quisinostat or other class I HDAC inhibitors might be thera-
peutically useful for patients with SHH MB, including those resistant to SMO inhibition.

Key Points

1.  Sonic hedgehog medulloblastoma is sensitive to class I HDAC inhibition.

2.  HDAC inhibition is efficacious in SMO inhibitor‒resistant medulloblastoma.

3. � HDAC inhibitor quisinostat effectively inhibits SHH signaling and tumor growth 
intracranially in vivo.
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Brain cancer is the leading cause of cancer-related death 
in the pediatric population, and the cerebellar tumor 
medulloblastoma (MB) is the most common malignant 
brain tumor in children. Intensive treatment has drasti-
cally improved prognosis in MB, and approximately 70% of 
patients can now be cured.1 Unfortunately, these treatments 
have profound side effects, including reduced cognitive 
function, hearing loss, and secondary cancers. Thus, there 
has been a major effort to develop novel, more targeted 
therapies with fewer side effects.

MB is classified into 4 subgroups that are characterized 
by distinct gene expression and methylation profiles, 
mutations, and prognoses: WNT, sonic hedgehog (SHH), 
group 3, and group 4.2 Tumors of the SHH subgroup ex-
hibit mutations that lead to constitutive activity of the 
SHH pathway. Recently, the small-molecule inhibitors 
vismodegib and sonidegib targeting the SHH signaling 
component Smoothened (SMO) have been shown to pro-
long time to disease progression in patients with recur-
rent SHH MB.3 However, a significant proportion of SHH 
MBs are resistant to treatment with SMO inhibitors at 
time of diagnosis,4 and long-term utility of SMO inhibitors 
in treating MB is limited by acquired drug resistance in 
patients initially responding to these drugs.5,6 These 
findings illustrate the need for targeted therapeutics that 
act downstream of SMO to prevent tumor progression in 
SHH MB, particularly those tumors with poor prognosis 
due to TP53 mutations or gene amplifications of MYCN 
and/or GLI2.7,8

Several classes of molecular regulators have been 
shown to control SHH output both during normal de-
velopment and SHH MB formation, including G 
protein-coupled receptors (GPCRs),9,10 kinases,11,12 and 
epigenetic modifiers.4,13,14 Given the prominent role that 
these protein classes play within the SHH pathway and 
in MB growth, we conducted a small-molecule screen of 
inhibitors targeting these 3 classes of regulators using re-
cently developed, stable, TP53-mutated SHH MB cells. We 
find that histone deacetylase (HDAC) inhibitors specific for 
HDAC1 and HDAC2 reduce SHH signaling and are effective 
at blocking tumor growth in cells that are both responsive 
and resistant to SMO inhibitors. Furthermore, we demon-
strate that JNJ-26481585 (quisinostat), an HDAC inhibitor 
with marked potency toward class I HDACs and a known 
safety profile in people, is efficacious in vivo and provides 
a promising option for treating SHH MB.

Materials and Methods

Animals

Atoh1-cre, SmoM2Fl/+ and nu/nu mice were obtained from 
The Jackson Laboratory and Charles River Laboratories, 
respectively.

Tumor Cell Culture

SMB21, SMB55, and SMB56 cell lines were derived from 
spontaneous MB tumors in Ptch+/− mice; generation and 
characterization of these cells as well as loss of function 
mutants from SMB21 cells were previously described.15,16 
All cells were cultured as neurospheres in ultra-low attach-
ment culture flasks with Gibco Dulbecco’s modified Eagle’s 
medium (DMEM)/F12 (2% B27, 1% penicillin/streptomycin).

High-Throughput Small-Molecule Screening

SMB21 cells were seeded in duplicates in 96-well plates 
(1 × 104 cells per well) by automated cell seeding. Twenty-
four hours after seeding, 50  µL of media containing ei-
ther dimethyl sulfoxide (DMSO) or a small molecule were 
added to the screening plates. Control compounds were 
included on every screening plate along with 80 test 
compounds. After 72 hours, cell viability was measured 
using CellTiter 96 Aqueous One Solution (Promega), and 
calculated as a percentage of control (DMSO-treated) 
cells. Compounds reducing cell viability by more than 
50% compared with the DMSO control were considered 
screen hits.

Generation of the HDAC1/2 Selective 
Inhibitor DLS-3

Schematic detailing the synthesis of the HDAC1/2 selec-
tive inhibitor DLS-3. For details of the reaction, consult the 
Supplementary Materials.

Importance of the Study

More precise treatment options for SHH subgroup MB, 
including those tumors resistant to SMO inhibitors, will 
enable improved survival with fewer adverse sequelae. 
Using a targeted high-throughput drug screen, we 
identified class  I  HDAC inhibitors as a major class 
of compounds capable of inhibiting growth of SHH-
driven medulloblastoma cells. Notably, class  I  HDAC 
inhibitors, including JNJ-26481585 (quisinostat), were 

able to overcome multiple, well-documented re-
sistance mechanisms that act at different nodes in 
the SHH pathway. Therefore, our study redefines 
HDAC isoform inhibitor capability for targeting SHH 
signaling and sets the stage for further investiga-
tion of class  I  HDAC inhibitors as a promising thera-
peutic approach for treating naïve and refractory SHH  
medulloblastoma.
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Cell Survival Assays with Pharmacologic 
Inhibition

Cell lines (SMB21 or SMB21-derived mutants) were seeded 
at a density of 1 × 104 cells in 96-well plates. Drugs were 
added 24 hours after seeding, and viability was measured 
72 hours later. Survival curves were modeled using non-
linear regression with a sigmoid dose response for calcu-
lation of half-maximal inhibitory concentration (IC50). HDAC 
inhibitor OJI-1 was a gift from Aaron Beeler and previously 
described17; pandacostat was a gift from Jay Bradner18; 
WT161 was a gift from Ken Anderson19; and Merck 60 was 
obtained from Merck Pharmaceuticals. Sonidegib (LDE225) 
and JNJ-26481585 were purchased from Selleck Chemicals.

Plasmids

Specifics for all plasmids used in this study can be seen in 
the Supplementary Materials.

Lentiviral Production

Lentivirus was generated using human embryonic kidney 
293T cells maintained in DMEM (10% heat inactivated fetal 
bovine serum, 1% penicillin/streptomycin). After trans-
fection, media were collected sequentially over the next 
3 days. Viral supernatant was spun at 1100 rpm to remove 
cell debris and then concentrated via filter centrifugation 
at 2000 g.

Analysis of Cell Cycle Distribution and Apoptosis

For cell cycle analysis, tumor cells were treated with 
quisinostat (hereafter called JNJ) for 2  h, fixed in 100% 
ethanol, and subsequently stained with propidium io-
dide/RNase staining solution (Cell Signaling). The cells 
were analyzed in a BD LSR Fortessa. For analysis of ap-
optosis, cells were treated with JNJ for indicated periods 
and subsequently analyzed using the Abcam annexin 
V‒fluorescein isothiocyanate apoptosis detection kit ac-
cording to the manufacturer’s protocol. All flow cytometry 
analyses were performed with FlowJo.

HDAC Isoform Inhibition Assay

Fluorogenic HDAC isoform inhibition assay for all indicated 
HDAC inhibitors was conducted as previously described.20 
Recombinant HDAC protein was obtained from BPS 
Bioscience.

Cell Proliferation Assay

SMB21 cells were infected with short hairpin (sh)RNA 
lentiviruses and selected with puromycin 48  hours 
post-transduction. Subsequently, cells were counted 
and plated on 96-well plates. Remaining cells were 
collected for cell lysates after 7  days of puromycin 
selection. Readings for MTS [3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] were taken 24  hours after plating and then 
every 48 hours thereafter up to day 6. Cell proliferation was 
normalized to MTS signal on day 0.

Immunoblots

Briefly, cells were lysed and resolved by sodium dodecyl 
sulfate gel electrophoresis on 4–12% Bis-Tris gels. Proteins 
were transferred to polyvinylidene difluoride membranes 
and probed with the indicated primary antibodies. 
Horseradish peroxidase–linked secondary antibodies were 
used for visualization. Blots were quantified using ImageJ.

RNA-Sequencing

RNA-sequencing was performed on 2 Illumina NextSeq 
500 runs with single-end 75 bp reads. Alignment and quan-
tification were performed using the STAR aligner version 
2.5.1b.21 Principal component analysis and differential 
gene expression analysis were performed using the R/
Bioconductor package DESeq2.22 For additional informa-
tion, consult the Supplementary Materials.

Data Availability

All sequencing data generated in this study are avail-
able under Gene Expression Omnibus accession number 
GSE129512.

Pharmacokinetic Analyses and In Vivo Efficacy

For pharmacokinetic studies, wildtype mice received either 
5 or 10 daily doses 5 milligram per kilogram body weight 
(mpk) JNJ or vehicle control. Drug penetration into the 
brain was evaluated using a mass spectrometry–based 
imaging approach (consult Supplementary Materials for 
details). For tolerability studies, nu/nu mice were treated 
once daily with a single dose of 10 mpk JNJ or a combina-
tion dose of 60 mpk LDE225 with escalating dose of JNJ. 
For efficacy studies, tumor cells were injected subcuta-
neously into the right flank of nu/nu mice, and mice were 
separated into treatment groups when tumor reached 
150  mm3. Mice were euthanized when tumors exceeded 
2000  mm3. For JNJ-26481585 treatment experiments 
with Atoh1-cre::SmoM2Fl/+ mice, all animals received the 
drug (8 mg/kg) or corresponding vehicle daily starting at 
postnatal day P20. Animals were monitored for clinical 
symptoms.

Statistical Analysis

Statistical analyses were performed with one-way or 
two-way ANOVA with Bonferroni correction for multiple 
comparisons. Significance threshold for P-value was 0.05 
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). If not 
stated otherwise, all data are displayed as mean ± SD. All 
statistical analyses were performed using Microsoft Excel 
or GraphPad Prism 7.
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Study Approval

All experimental procedures were done in accordance with 
National Institutes of Health guidelines and approved by 
the Dana-Farber Cancer Institutional Animal Care and Use 
Committee. For further details, consult the Supplementary 
Materials.

Results

Small-Molecule Screen Identifies HDAC Inhibitors 
as Potential SHH MB Therapeutics

The development of novel therapies for MB has been lim-
ited by the lack of stable, SHH pathway–dependent MB cell 
lines amenable to large scale screens. Here we performed 
a drug screen using an SHH-dependent cell line (SMB21) 
derived from Ptch1−/− MB,16 employing a chemical library 
representing 960 small molecules that are predominantly 
inhibitors of GPCRs, kinases, or epigenetic modifiers, 
and including sonidegib and 2 selected inhibitors of MEK 
(mitogen extracellular-signal-regulated kinase) as posi-
tive and negative controls, respectively.16 We assessed 
tumor cell viability in response to 3 days of treatment at 
2 different concentrations for each compound (Fig. 1A, 
Supplementary Fig. 1A and B). In the initial screen, 105 
of 960 molecules reduced the number of viable cells by at 
least 50% at a concentration of 1 µM (Supplementary Fig. 
1C and D, Supplementary Table 1), including several small 
molecules previously reported to inhibit SHH signaling, 
such as JQ1, JK184, and sonidegib.23–25 Within those 105 
effective compounds, 9 HDAC inhibitors dramatically 
reduced cell survival at tested doses (Supplementary Fig. 
1E), representing the largest group of related compounds 
in our list of hits. However, our compound library in-
cluded a total of 67 HDAC inhibitors, suggesting speci-
ficity among the HDAC inhibitors. HDAC inhibitors have 
been previously proposed as potential therapies for SHH 
MB,26,27 but it is not yet understood whether HDAC inhi-
bition is effective for tumors resistant to SMO inhibitors, 
and whether there is selectivity for specific HDACs among 
the inhibitors that impact SHH MB.

To confirm the screen hits, we performed a 5-dose 
secondary screen for 43 compounds identified in the 
primary screen, excluding a total of 62 compounds for 
potential nonspecific toxicity based on our own experi-
ence.28 To test their potential for treating SMO inhibitor–
resistant disease, we performed this screen on SMB21 
cells as well as SMB21 cells overexpressing a truncated, 
constitutively active form of human GLI2 (GLI2ΔN), rend-
ering those cells SHH pathway–dependent but resistant 
to SMO inhibition.29,30 Using a stringent cutoff of greater 
than 80% cell viability reduction, 27 out of 43 (63%) and 
21 out of 43 (49%) compounds were effective on SMB21 
and SMB21-GLI2ΔN cells, respectively (Supplementary 
Table 2). Specifically, all 8 HDAC inhibitors identified as 
hits in the primary screen significantly reduced SMB21 
cell survival (Fig. 1B), while 6 out of 8 HDAC inhibitors 
also inhibited survival of SMB21 cells expressing 
GLI2ΔN.

Given its potency and previous safety profile in phase 
I and II testing,31–34 we focused further studies on the HDAC 
inhibitor JNJ-26481585 (quisinostat). JNJ significantly in-
hibited viability of several murine cell lines derived from 
Ptch1−/− MB16 at nanomolar concentrations (Fig. 1C). 
Furthermore, JNJ exhibited similar potency in inhibiting 
cell survival as did vincristine, a broadly cytotoxic com-
pound used in the clinic for treatment of MB (Fig. 1D), 
while it is significantly more potent than the bromodomain 
inhibitor JQ1, which has been discussed as a targeted 
therapeutic avenue for MB.35 Strikingly, JNJ significantly 
increased the fraction of G0/G1 cells and decreased the 
number of cells in S phase as early as 2 hours after treat-
ment start (Fig. 1E). While we did not detect an increase 
of apoptosis at this early stage of HDAC inhibition, JNJ 
treatment led to a significant increase in cell death after 24 
hours (Fig. 1F). Together, these data suggest that a subset 
of HDAC inhibitors may provide an effective and highly po-
tent therapeutic approach for treating both SMO inhibitor–
sensitive as well as SMO inhibitor–resistant SHH MB.

The HDAC Inhibitor JNJ-26481585 Inhibits SHH 
Pathway Activity

As expected, JNJ treatment of SHH MB cells leads to an 
increase in histone acetylation (Fig. 2A). To determine the 
specificity of the effect of JNJ on SHH-dependent cells, we 
investigated the effect of JNJ on SMB21 cells expressing 
a constitutively active human HRAS (G12V), as these 
cells depend on RAS/mitogen-activated protein kinase 
signaling rather than on active SHH signaling.16 In contrast 
to parental SMB21 cells as well as SMO inhibitor‒resistant 
SMB21 derivatives with loss of Sufu (Sufu knockout [KO]) 
or loss of function mutations in the ciliary component Ofd1 
(Ofd1 KO),15,16 SMB21-HRAS cells showed decreased re-
sponse to JNJ (Fig. 2B), providing evidence that JNJ spe-
cifically inhibits growth of SMB21 cells by inhibiting the 
SHH pathway.

We performed RNA sequencing of SMB21 tumor cells 
to investigate effects of JNJ treatment on global gene ex-
pression. We identified 2418 and 4776 genes that were 
differentially expressed at 2 hours or 24 hours of JNJ, re-
spectively, with a high degree of consistency across bi-
ologic replicates (Fig. 2C and D, Supplementary Table 3, 
Supplementary Fig. 2). Strikingly, gene ontology (GO) 
analysis revealed that early changes primarily involve 
gene networks associated with acetyltransferase activity, 
while the top GO terms repressed at late stages were as-
sociated with DNA replication, cell cycle progression, 
and mitosis. In line with previous results,36 JNJ treat-
ment significantly and rapidly induced expression of the 
tumor suppressor gene Foxo1 (Fig. 2E).36 In contrast, ex-
pression of the transcription factor Atoh1 and several of 
its direct targets such as Pax6 and Barhl137 were signif-
icantly downregulated at early stages of JNJ treatment 
(Fig. 2E). It has been shown previously that deletion of 
Atoh1 disrupts SHH signaling and prevents the forma-
tion of SHH MBs,38 consistent with data that several di-
rect targets of Atoh1 such as Mycn, D-type cyclins, and 
primary cilia components15 are involved in SHH output. In 
line with the inhibition of major downstream targets of the 
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Fig. 1  A small-molecule screen identifies a subset of HDAC inhibitors that reduce SHH MB cell survival. (A) Screen schematic: 960 compounds 
were screened in a 2-dose primary screen, followed by a 5-dose secondary screen using SMB21 and SMB21-GLI2ΔN cells. (B) Results from 8 
HDAC inhibitors tested in a 5-dose secondary screen in SMB21 and SMB21-GLI2ΔN cells (n = 2 biological repeats). (C) Dose-dependent response 
in SMB21, SMB55, and SMB56 cells after 24 h of JNJ treatment (n = 3). (D) Dose-dependent response in SMB21 cells after 24 h of treatment with 
JNJ, vincristine, and JQ1 (n = 3). (E) Cell cycle analysis as determined by propidium iodide (PI) staining for SMB21 cells treated with JNJ (20 nM) or 
DMSO control for 2 h (n = 3). (F) Analysis of apoptosis as determined by annexin-V/PI staining for SMB21 cells treated with JNJ (20 nM) for 2 h or 
24 h and corresponding DMSO controls (n = 3).
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pathway, the SHH effector Gli1 was also downregulated 
at late stages of JNJ treatment.

To test whether a disruption of the SHH pathway was 
responsible for the effects seen after JNJ treatment, we 
performed gene set enrichment analysis (GSEA). The top 
gene set that is downregulated in response to JNJ treat-
ment was one indicative of active SHH signaling in cere-
bellar granule neuron precursors (GCNPs), suggesting that 
JNJ inhibits SHH signaling in a rapid and sustained fashion 
(Fig. 2F). Further single sample GSEA analyses revealed 
that even 2 h of treatment with JNJ caused a significant 
reduction of a gene set implicated in SHH pathway activa-
tion in GCNPs (P  =  0.044, GCNP_SHH_UP_EARLY.V1_UP) 
(Fig. 2G). The ability of JNJ to inhibit the SHH pathway was 
corroborated by analysis at the protein level, as GLI1 pro-
tein levels were decreased in SMB21 cells following 24 h of 
treatment with JNJ at nanomolar concentrations (Fig. 2H 
and I). Taken together, these data indicate that the HDAC in-
hibitor JNJ rapidly attenuates the SHH pathway transcrip-
tional network in MB cells, leading to a dramatic decrease 
in tumor cell viability.

Inhibitors Targeting Class I HDACs Reduce 
Viability of SHH Pathway–Dependent MB Cells

Isoform specificity profiling indicates that JNJ is a pan-
HDAC inhibitor with marked potency toward HDAC1.33 
RNA sequencing analysis of SMB21 cells (Fig. 3A) and 
expression analysis of a cohort of 223 human SHH MBs39 
(Supplementary Fig. 3) revealed that class  I HDACs are 
consistently expressed at higher levels compared with 
other HDAC isoforms. Thus, variable efficacy of HDAC 
inhibitors in our screen may be due to differing inhibi-
tion of the class I HDACs. To investigate this, we obtained 
and tested isoform specificity of several known and novel 
HDAC inhibitors. We found that DLS-3 is highly selective 
for HDAC1/2; Merck 60 is an HDAC1/2/3 selective inhib-
itor; WT161 is HDAC6 selective; while OJI-1 is an HDAC8 
inhibitor and pandacostat is a broad pan-HDAC inhib-
itor (Fig. 3B). These results were validated by including 
the pan-HDAC inhibitor SAHA and class I HDACi MS275 
as controls for HDAC activity (Supplementary Fig. 4). In 
agreement with previous results,33 JNJ is highly potent 
in inhibiting both classes I and II HDACs, displaying much 
higher potency than all other tested HDAC inhibitors in 
this study. The class I specific inhibitors DLS-3 and Merck 
60, like JNJ, reduced SMB21 cell survival below 50%, 
while neither OJI-1 nor pandacostat reduced cell survival 
(Fig. 3C). Of note, the selective HDAC6 inhibitor WT161 
also significantly decreased survival of tumor cells. 
Moreover, Merck 60, which exhibits the highest potency 
for inhibition of HDAC1/2, also demonstrated the lowest 
IC50 for SMB21 cells of the novel compounds tested (Fig. 
3D), providing further correlative evidence for a relation-
ship between HDAC1/2 inhibition and antitumor potency. 
In line with our previous results, both class  I  HDAC-
specific inhibitors DLS-3 and Merck 60 as well as the 
HDAC6-specific WT161 decreased GLI1 protein in SMB21 
cells (Fig. 3E and F). As HDAC6 alters tubulin acetylation, 
this effect may reflect changes in microtubule stability 
within the primary cilia implicated in SHH signaling. 

However, although WT161 has highest potency against 
HDAC6, it has IC50 values for HDAC1/2/3 that are similar 
to DLS-3, suggesting that the effects on tumor cell pro-
liferation might also reflect inhibition of class  I HDACs. 
Together our data indicate that the HDAC inhibitors se-
lective for class  I HDACs or for HDAC6 can be useful in 
treating SHH MBs.

Individual Knockdown of Hdac1 or Hdac2 
Only Partially Phenocopies Pharmacologic 
Class I HDAC Inhibition

We used genetic approaches to reduce expression of 
Hdac1 and Hdac2 to understand the contributions of these 
2 closely related class I enzymes to the growth of MB cells. 
While knockdown of each HDAC by shRNA approaches 
individually was confirmed by western blot analysis, we 
detected a compensatory increase of the HDAC2 protein 
after Hdac1 knockdown and a tendency for higher HDAC1 
protein levels after Hdac2 knockdown (Fig. 4A and B), 
a mechanism that has already been described for Hdac1 
and Hdac2.40,41 Since we did not detect any compensa-
tory increase of the corresponding paralog at the RNA 
level (Fig. 4C), we assume that this compensatory effect is 
mediated at the protein level. Reduced expression of either 
Hdac1 or Hdac2 using selective shRNAs clearly decreases 
cell viability relative to a luciferase shRNA control by 56% 
and 42%, respectively (Fig. 4D). However, unlike treatment 
with JNJ or SMO knockdown, reducing expression of ei-
ther Hdac1 or Hdac2 alone was not effective at reducing 
viability or GLI1 protein levels (Fig. 4E and F). In contrast, 
a simultaneous knockdown for Hdac1 and Hdac2 (Fig. 4G 
and H) reduced cell viability of SMB21 cells on average by 
73% relative to control cells (Fig. 4I), and was therefore dra-
matically more potent than knockdown of either one of the 
HDAC isoforms alone. Furthermore, while the knockdown 
of either Hdac1 or Hdac2 alone altered expression of some 
SHH target genes, we found that simultaneous knockdown 
of both genes was more efficacious in downregulating 
those genes (Supplementary Fig. 5). This was especially 
true for the main SHH effector Gli1, which was only af-
fected by knockdown of both enzymes. These data provide 
evidence that, while expression of both Hdac1 and Hdac2 
is essential for growth of SHH MB cells, targeting either 
of these enzymes individually is not sufficient to inhibit 
SHH signaling. Compensatory changes and overlapping 
functions of these 2 paralog enzymes could account for 
these findings.

Pharmacologic HDAC Inhibition via JNJ Is 
Effective Against SMO Inhibitor–Resistant SHH 
MB Cells

The major targeted treatments for SHH subgroup MB are 
the SMO inhibitors, vismodegib and sonidegib. However, 
primary and secondary resistance mechanisms preclude 
a durable response in the clinic.4–6 We therefore tested the 
ability of JNJ to treat several distinct models of SHH MB 
cells that are resistant to SMO inhibitors, including SMB21-
GLI2ΔN, Sufu KO, and Ofd1 KO cells. Of note, Trp53 is 



 1156 Pak et al. Class I HDACs in sonic hedgehog medulloblastoma

  

H3K14

H3K18

H3K27

H4K8

H4K12

β Actin

DM
SO

JN
J 2

0n
M

JN
J 1

00
nM

125

100

75

50

25

0C
el

l S
ur

vi
va

l (
%

)
-1 0 1 2

JNJ (log [nM])

SMB21

SMB21

Sufu KO
Ofd1 KO

-HRAS (G12V)

IC50 (nM)
7.60
8.20
5.48

31.23

DMSO_2h JNJ_2h

JNJ_2h

JNJ_2h

JNJ_24h

JNJ_24h

JNJ_24h

DMSO_24h

20

–20

0

–25 0 25 50
PC1: 47% Variance

P
C

2:
 1

9%
 V

ar
ia

nc
e

DMSO
3

2

1

0

F
ol

d 
ch

an
ge

 m
R

N
A

 le
ve

ls

Fo
xo

1
Shh

Ato
h1

Pax
6

Bar
hl1

M
yc

n

Ccn
d1 Gli1

DMSO

DMSO

JNJ_2h JNJ_24hDMSO

LDE 20 100

JNJ (nM)

-160 kDa
  GLl1

-42 kDa
  ACTIN

1.5

1.0

0.5

0.0

R
el

at
iv

e 
G

Ll
1 

pr
ot

ei
n

DMSO LDE 20 100

JNJ (nM)–1 1
z score

–1 1
z score

GCNP_SHH_UP_EARLY.V1_UP
GCNP_SHH_UP_LATE.V1_UP
GCNP_SHH_UP_EARLY.V1_DN
GCNP_SHH_UP_LATE.V1_DN
GO_DNA_REPLICATION
GO_DEOXYRIBONUC._BIO._PROCESS
GO_MITOTIC_RECOMBINATION
GO_CELL_CYCLE_G1_S_PHASE_TRANS.
HALLMARK_G2M_CHECKPOINT
HALLMARK_E2F_TARGETS

0.0
–0.1
–0.2
–0.3
–0.4

5.0
2.5

–2.5
0.0

JNJ (positively
correlated)

JNJ (positively
correlated) DMSO

(negatively correlated)
DMSO

(negatively correlated)

E
nr

ic
hm

en
t

sc
or

e
R

an
ke

d
m

et
ric

E
nr

ic
hm

en
t

sc
or

e
R

an
ke

d
m

et
ric

24h2h

GCNP_SHH_UP_LATE.V1.UP GCNP_SHH_UP_LATE.V1.UP
0.10

–0.10
–0.20
–0.30

0.00

4
2

–2
0

2h

24h

A B

D E

F

G

H

I

C

Fig. 2  JNJ reduces survival of SHH MB cell lines by inhibiting SHH pathway activity. (A) Western blot analyses of H3 and H4 histone acetylation 
marks in SMB21 cells treated with JNJ for 24 h. (B) Dose-dependent response of parental SMB21, SMO inhibitor–resistant derivatives of SMB21 
cells (Sufu KO and Ofd1 KO), and HRAS-driven G12V SMB21 cells treated with JNJ for 24 h (n = 3; P-values depict difference between SMB21 and 
SMB21-HRAS cells). (C) Principal component analysis of global gene expression profiles from JNJ-treated SMB21 cells (20 nM) at 2 h and 24 h and 
corresponding DMSO controls. (D) Unsupervised hierarchical clustering of genes differentially depleted in SMB21 cells treated with DMSO or JNJ 
for 2 h or 24 h (Euclidean distance, average linkage). (E) mRNA levels for genes associated with SHH signaling after treatment with JNJ. P-values 
are derived from Wald test statistics in the DESeq2 package. (F) Gene set enrichment plots for a gene set associated with active SHH signaling in 
cerebellar granule neuron precursors (normalized enrichment score NES: 2 h = 1.44, 24 h = 2.37). (G) Unsupervised hierarchical clustering of single 
sample GSEA scores for selected gene sets. (H) Western blot analyses of GLI1 protein levels in SMB21 cells treated with either 1 μM LDE-225 or 
indicated concentrations of JNJ for 24 h. (I) Quantification of western blots shown in H (n = 3).



1157Pak et al. Class I HDACs in sonic hedgehog medulloblastoma
N

eu
ro-

O
n

colog
y

  
125

A

B

C D

E F

100

75

25

50

50

–50

0

100

75

25

50

0

0

R
P

K
M

Hda
c1

Hda
c2

Hda
c3

Hda
c4

Hda
c5

Hda
c6

Hda
c7

Hda
c8

Hda
c9

Hda
c1

0

Hda
c1

1

OJI-1150

100

50

–50

0

150

100

–100

50

–50

0

100

–100

N
or

m
al

iz
ed

 to
 D

M
S

O
N

or
m

al
iz

ed
 to

 D
M

S
O

50

–50

0

150

100

50

–50

0

150

100

N
or

m
al

iz
ed

 to
 D

M
S

O
N

or
m

al
iz

ed
 to

 D
M

S
O

50

–50

0

150

100

50

–50

0

150

100

N
or

m
al

iz
ed

 to
 D

M
S

O
N

or
m

al
iz

ed
 to

 D
M

S
O

10–9 10–8 10–7 10–6 10–5 10–4

10–9 10–8 10–7 10–6 10–5 10–4

Concentration (M)
10–9 10–8 10–7 10–6 10–5 10–4

10–9 10–8 10–7 10–6 10–5 10–4

Concentration (M)
10–9 10–8 10–7 10–6 10–5 10–4

Concentration (M)

Concentration (M)
10–9 10–8 10–7 10–6 10–5

Concentration (M)
Concentration (M)

DLS-3

HDAC1
HDAC2

HDAC3
HDAC4

HDAC5
HDAC6

HDAC7
HDAC8

HDAC9

C
ha

ng
e 

in
 S

M
B

21
ce

ll 
su

rv
iv

al
 (

%
)

S
M

B
21

 c
el

l s
ur

vi
va

l (
%

)

OJI-
1

Pan
da

co
sta

t

DM
SO

W
T 1

61

DLS
-3

M
er

ck
 6

0
JN

J 1 2 3 4
Concentration (log [nM])

DM
SO

LD
E22

5

JN
J

DLS
-3

M
er

ck
 6

0

W
T 1

61

OJI-
1
Pan

da
co

sta
t

DM
SO

LD
E22

5
JN

J

DLS
-3

M
er

ck
 6

0

W
T 1

61
OJI-

1

Pan
da

co
sta

t

-160 kDa
GLI1

-42 kDa
ACTIN

2.0

1.5

1.0

0.5

0

R
el

at
iv

e 
G

LI
1 

pr
ot

ei
n

SMB21

IC50 values
(nmol/L) Merck 60

HDAC1

HDAC2

HDAC3

DLS-3

5365

156.2

690.6

812.4e2

444.4

8.236

53.97

781.2

WT 161

7209

326.2

631.8

296.4

Pandacostat WT 161

JNJMerck 60

Fig. 3  HDAC1/2 isoform specific inhibitors reduce SHH MB cell survival. (A) Reads per kilobase of transcript per million mapped reads (RPKM) of 
HDAC isoforms in SMB21 cells. (B) HDAC selectivity profiling for various HDAC inhibitors (n = 2). (C) Single dose screen for SMB21 cells treated 
with isoform specific HDAC inhibitors for 24 h (n = 3). All drugs except JNJ dosed at 10 μM, JNJ positive control dosed at 1 μM. (D) Dose re-
sponse curve of SMB21 cells treated with DLS-3, Merck 60, and WT161 for 24 h (n = 3). The table shows IC50 values for all 3 compounds as tested 
in SMB21 cells, and corresponding IC50 values for HDAC1, HDAC2, and HDAC3 derived from the in vitro enzymatic assay. (E) Western blot analyses 
of GLI1 protein levels in SMB21 cells treated with indicated HDAC inhibitors for 24 h. DMSO (vehicle) and LDE225 were included as controls. (F) 
Quantification of western blots shown in E (n = 3).



 1158 Pak et al. Class I HDACs in sonic hedgehog medulloblastoma

mutated in the SMB21 cells,16 and so these already repre-
sent a good model of aggressive tumors. Treatment with 
JNJ effectively reduced viability of GLI2ΔN-expressing 
cells (as predicted based on the secondary screen results), 
while LDE225 was not able to inhibit proliferation of these 
cells at any concentration tested (Fig. 5A). In fact, JNJ dis-
played IC50 values in the nanomolar range for all SMO in-
hibitor–resistant cell types tested (Fig. 5B), suggesting that 
JNJ acts downstream of these SHH pathway components. 
Furthermore, as observed for parental SMB21 cells, JNJ was 
similarly potent at inhibiting cell survival of SMB21-GLI2ΔN 

cells as was vincristine, while both of these compounds 
were more potent than the bromodomain inhibitor JQ1 
(Fig. 5C). Notably, JNJ significantly reduced GLI1 protein 
levels in GLI2ΔN-expressing as well as in parental SMB21 
tumor cells (Fig. 5D and E). While the class  I HDAC selec-
tive inhibitors DLS-3 and Merck 60 as well as the HDAC6 in-
hibitor WT161 also somewhat affected GLI1 levels, LDE225, 
pandacostat, and OJI-1 did not reduce GLI1 protein expres-
sion in this resistant line. Thus, JNJ potently reduces via-
bility in both SMO inhibitor–resistant and –sensitive SHH 
MB cells through abrogating SHH pathway activity.

  
A
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JNJ Is Well Tolerated and Effective in Mouse 
Models of SHH MB

To determine whether JNJ might be useful as a clinical treat-
ment for SHH subgroup MB either alone or in combination 
with a SMO inhibitor, we carried out in vivo testing. First, 
we used a mass spectrometry–based in situ derivatization 
protocol to indirectly assess JNJ penetration in vivo into 
the brain after intraperitoneal application of 5 mg/kg of the 
drug. While the drug derivative was below limit of detec-
tion, segmentation by bisecting K-means of the multivariate 

spectral information highlighted marked differences be-
tween the brain chemistry of vehicle- and JNJ-treated mice, 
suggesting that JNJ is able to cross the blood–brain barrier 
(Supplementary Fig. 6). In subsequent tolerability studies, we 
found that mice treated with up to 8 mg/kg of JNJ in combi-
nation with sonidegib (10 mg/kg) exhibited acceptable levels 
of weight loss (less than 10%) (Supplementary Fig. 7). We 
then examined the efficacy of JNJ treatment in vivo, using 
an allograft model of SHH MB cells treated daily with vehicle, 
JNJ, sonidegib, or a combination of the two (Fig. 6A). Tumor 
growth was observed in all control mice, and 7 out of 10 had 
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to be sacrificed due to tumor burden before the conclusion 
of the 50-day treatment period (Fig. 6B and C). Treatment 
with JNJ, or with sonidegib alone dramatically reduced 
tumor growth, and all mice in these groups survived beyond 
the 50-day endpoint. A  combination of sonidegib and JNJ 
reduced tumor growth in 9 out of 10 animals treated. One 
mouse in this group had a complete response, with no meas-
urable tumor from day 14 to day 50 of treatment. Overall no 
significant differences were observed among the 3 treatment 
groups, indicating that JNJ efficacy is comparable to that of a 
SMO inhibitor, and that JNJ could potentially be used in com-
bination with sonidegib to target SHH MB.

To validate these findings in an endogenously arising 
intracranial SHH MB mouse model, we carried out further 
testing in Atoh1-cre::SmoM2Fl/+ mice. JNJ treatment was 
started at postnatal day P20, when sizable tumors have al-
ready developed, and mice were treated daily until they 
became symptomatic and needed to be euthanized. Kaplan–
Meier survival analyses revealed that mice treated with JNJ 
display a significant survival benefit (P = 0.0008) compared 
with vehicle treated mice (Fig. 6D). In addition, tumors iso-
lated from JNJ-treated mice had lower expression levels of 
SHH target genes Gli1 and Ptch1 (Fig. 6E), indicating that 
JNJ inhibits SHH signaling in MB cells. These findings pro-
vide critical evidence that JNJ is capable of crossing the 
blood–brain barrier. Therefore, JNJ represents a novel ther-
apeutic option for the clinical treatment of SHH MB.

Discussion

We made use of a stable, SHH-dependent MB cell line 
to screen inhibitors of GPCRs, kinases, and epigenetic 
modifiers for their efficacy in treating this malignant brain 
tumor. Here we demonstrate that inhibition of class I HDACs 
by use of the novel HDAC inhibitor JNJ constitutes a prom-
ising therapeutic strategy for SHH MB, including tumors re-
sistant to targeted therapies with SMO inhibitors. Somatic 
and germline mutations of TP53 are relatively common in 
children with SHH MB, and these children often experience 
recurrent disease following standard therapy.8 Of note, the 
model system used here for large-scale drug screening 
harbors a mutation in Trp53,16 indicating that JNJ or other 
therapeutic options identified in this study might be an ap-
propriate strategy for those high risk patients. The com-
prehensive isotype selectivity profiling of multiple HDAC 
inhibitors presented in this study will also be broadly useful 
for clinical scientists beyond the MB field.

While our screen panel included 67 HDAC inhibitors, 
only 9 of these agents exhibited efficacy in our cell lines. 
Notably, all inhibitors that exhibited efficacy are reported to 
be potent inhibitors of HDAC1/2 isoforms, and our detailed 
analyses reveal that structural class and isoform specificity 
of HDAC inhibitors predict the ability to restrain growth of 
SHH MB. This accords well with the preferential expression 
of class I HDACs in SHH MB shown here and by others.26,42 
Thus, class  I HDACs are the primary mediators of tumor 
cell growth in SHH MB. In this regard, JNJ and other 
class I HDAC inhibitors, such as MGCD0103, which has re-
cently been shown to be efficacious in SHH MB,27 repre-
sent promising options for therapeutic intervention.36,42–44

Several mechanisms by which HDAC1/2 activity contributes 
to tumor growth and survival have been suggested, including 
promotion of replication fork progression during S phase45 
and G1-to-S phase transition.40 Here, we demonstrate that an 
early and stable effect of HDAC1/2 inhibition is a reduction in 
SHH pathway signaling. In our experiments, JNJ was effective 
against SMO inhibitor–resistant SHH MB cells with mutations 
at various steps in the SHH pathway, suggesting that HDACs 
act at late stages in the SHH pathway. Late stage events in the 
pathway entail epigenetic changes in gene expression, which 
could be affected by changes in acetylation of histones or of 
the transcription factors GLi1 and GLi2.46,47 HDAC inhibitors 
are effective in MB cells expressing truncated, constitutively 
active GLI2, which lacks many identified acetylation sites. 
Thus histone deacetylation by HDAC1 or 2 is likely to be crit-
ical in this response. We find that an HDAC6 inhibitor, WT161, 
also reduced SHH MB cell survival and SHH pathway activity. 
Conflicting data on the role of HDAC6 in SHH signaling have 
been reported.26,48 HDAC6 has distinct substrates from most 
other isoforms, and is best known for its role in microtubule 
deacetylation, which might impact primary cilia signaling. 
Even though WT161 has highest potency toward HDAC6, it 
also has considerable activity toward class  I  HDACs, which 
may also contribute to its efficacy.

At present, approximately one third of patients with SHH 
subgroup MB succumb to their disease, and this is particu-
larly true for children with TP53-mutant tumors. Moreover, 
given the large proportion of MB that exhibit de novo or 
acquired resistance to SMO inhibitors, new therapeutics 
should circumvent documented mechanisms of resistance. 
We find that JNJ is effective in reducing expression of SHH-
associated gene transcripts and limiting tumor growth in 
multiple cell lines resistant to SMO inhibition. Our data and 
previous reports indicate that JNJ is well tolerated at clini-
cally relevant concentrations, crosses the blood–brain bar-
rier, and is effective in multiple models of SHH MB.31,32,34 
Thus, JNJ may provide an effective clinical agent for further 
development as a novel therapeutic option for SHH MB.
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