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Abstract, Keywords, and Key points 

Background: Diffuse midline gliomas (DMGs), including diffuse intrinsic pontine gliomas 

(DIPGs), have a dismal prognosis with less than 2% surviving 5-years post-diagnosis. The 

majority of DIPGs and all DMGs harbor mutations altering the epigenetic regulatory histone 

tail (H3 K27M). Investigations addressing DMG epigenetics have identified few promising 

drugs, including the HDAC inhibitor (HDACi) panobinostat. Here, we use clinically-relevant 

DMG models to identify and validate other effective HDACi and their biomarkers of 

response. 

Methods: HDACi were tested across biopsy-derived treatment-naïve in vitro and in vivo 

DMG models with biologically-relevant radiation-resistance. RNA sequencing was 

performed to define and compare drug efficacy, and to map predictive biomarkers of 

response.  

Results: Quisinostat and romidepsin showed efficacy with a low nanomolar IC50 values (~50 

and ~5 nM, respectively). Comparative transcriptome analyses across quisinostat, 

romidepsin, and panobinostat showed a greater degree of shared biological effects between 

quisinostat and panobinostat, and less overlap with romidepsin. However, some 

transcriptional changes were consistent across all three drugs at similar biologically effective 

doses, such as overexpression of TNNT1 and downregulation of COL20A1, identifying these 

as potential vulnerabilities or on-target biomarkers in DMG. Quisinostat and romidepsin 

significantly (p <0.0001) inhibited in vivo tumor growth. 
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Conclusions: Our data highlights the utility of treatment-naïve biopsy-derived models; 

establishes quisinostat and romidepsin as effective in vivo; illuminates potential mechanisms 

and/or biomarkers of DMG cell lethality due to HDAC inhibition; and emphasizes the need 

for brain-tumor-penetrant versions of potentially efficacious agents. 

Keywords: diffuse intrinsic pontine glioma (DIPG); diffuse midline glioma, H3 K27M-

mutant (DMG); histone deacetylase inhibitor (HDACi); quisinostat; romidepsin 
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Key points:  

 Treatment-naïve biopsy-derived DMG models have biologically relevant radiation-

resistance and blood-brain-tumor-barriers. 

 Quisinostat and romidepsin are cytotoxic HDAC inhibitors against DMG. 

 Upregulation of TNNT1 or downregulation of COL20A1 may serve as clinical 

biomarkers of HDACi-induced lethality. 

 

Importance of the Study 

 Clinical progress towards effective treatment of DMG has been hampered by limited 

preclinical identification of agents active at relevant biological concentrations. Here, we 

create biopsy-derived treatment-naïve DMG models and are the first to demonstrate the in 

vivo efficacy of the HDAC inhibitors quisinostat and romidepsin in DMG. Furthermore, 

transcriptional analysis revealed critical overlapping and distinct profiles between 

panobinostat and quisinostat versus romidepsin, suggestive of potential vulnerabilities within 

DMG and biomarkers of on-target cytotoxic HDAC inhibition. 

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/advance-article/doi/10.1093/neuonc/noaa249/5948533 by Auckland U

niversity of Technology user on 02 N
ovem

ber 2020



Acc
ep

ted
 M

an
us

cri
pt

 6 

Text 

Introduction 

Diffuse intrinsic pontine glioma (DIPG) is a universally fatal brainstem tumor 

diagnosed in more than 300 children per year in the US
1
. The lack of clinical progress beyond 

the advent of focal radiation has stranded the median overall survival at 11 months for 

decades
2
. Due to its critical location in the brainstem, DIPG cannot be surgical resected so 

many patients are diagnosed radiographically
3
. For many years, it was recommended not to 

perform DIPG biopsies as pathology failed to alter therapy
4
. The subsequent lack of available 

pathologic tissue hampered both the biologic understanding and the development of 

preclinical models. Only in the past decade have post-mortem DIPG collections and a 

resurgence in DIPG biopsies provided a scaffolding on which biologic investigations of 

DIPG can be built
5,6

. Subsequently, H3 K27M mutations, most often in genes encoding 

histone 3.3 (H3.3) or 3.1 (H3.1), were discovered to decrease epigenetically-driven 

transcriptional repression in DIPG
7,8

. Midline gliomas sharing these histone 3 mutations and 

fatal outcomes are now unified under the term diffuse midline glioma, H3 K27M-mutant 

(DMG)
9
. Expression of H3 K27M causes an increase in histone acetylation and reduction in 

H3 K27 methylation
10

. Further increasing this pathological histone acetylation through the 

use of the histone deacetylase inhibitor (HDACi) panobinostat has shown efficacy in several 

preclinical DMG models. Panobinostat treatment causes metabolic dysfunction and 

transcriptome dysregulation, although the precise mechanism of cytotoxicity of many HDACi 

in DIPG have yet to be fully elucidated
11,12

. With available models and deeper molecular 

understanding, epigenetic-regulating agents have been evaluated, including panobinostat, a 

pan-HDACi improving overall survival in some in vivo models
5,13,14

. Considering its clinical 

availability and preclinical efficacy, panobinostat is being evaluated in several DIPG clinical 

trials (e.g. NCT02717455, 03566199, 04341311). 
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Histone deacetylases (HDACs) regulate gene expression by enzymatically removing 

histone acetyl groups; therefore, HDAC inhibition can result in profound transcriptional 

effects especially with multiple, variably expressed HDACs amongst different cancers
15

. 

While pan-HDACi are preclinically effective against a range of cancers, they have broad 

effects on normal tissue as well. In a phase 1 study of children with refractory solid tumors 

treated with panobinostat, one third of children experienced Grade 3-4 thrombocytopenia
16

. 

However, there are other HDACi that have demonstrated preclinical/clinical efficacy and 

may provide the same cytotoxicity of panobinostat with less toxicity, so they warrant further 

evaluations into their underlying mechanisms of cytotoxicity against DMG. Here, we utilize 

novel biopsy-derived treatment-naïve DIPG models to identify novel HDACi that are 

cytotoxic to DIPG. Specifically, we show in vivo efficacy of quisinostat and romidepsin. In 

addition, we use gene expression analysis to describe markers of optimal HDAC inhibition. 

 

Materials and Methods 

Histology 

Paraffin section were cut and placed on charged slides. Hematoxylin and Eosin 

(H&E) staining was performed in the standard fashion. Immunohistochemical staining was 

performed using a Ventana Benchmark Stainer (AZ, USA). Sections were incubated with 

primary antibody to H3 K27M at 1:1200 (Millipore; CA, USA). Slides were incubated with 

biotinylated secondary antibodies, followed by incubation with the streptavidin and 

biotinylated peroxidase complex. Sections were counterstained with hematoxylin and 

mounted. 
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Human specimen and patient-derived cell cultures 

Human cell cultures were generated with informed consent in compliance with 

Institutional Review Board (IRB) approval at Seattle Children’s Hospital (#14449), 

Children’s National Medical Center (#1339), and University Children’s Hospital Zurich 

(#2019-00615). PBT-09FH, PBT-22FH, PBT-24FH, PBT-27FH, and DRIz-D105 were 

biopsy-derived at diagnosis. For PBT-09FH, PBT-22FH, PBT-24FH, PBT-27FH, and MED-

411 tumor tissue was obtained at Seattle Children’s Hospital and cell cultures were created at 

Fred Hutchinson Cancer Research Center (FHCRC). HSJD-DIPG007, from Dr. Angel 

Montero Carcaboso (Hospital Sant Joan de Deu, Barcelona, ESP), and SU-DIPG48, from Dr. 

Michelle Monje (Stanford University, Stanford, CA, USA), were generously donated to 

University Children’s Hospital Zurich. Cells were maintained in NeuroCult NS-A Basal 

Medium with NS-A Proliferation Supplement (STEMCELL Technologies; Vancouver, 

CAN), 1X Antibiotic/Antimycotic (ThermoFisher Scientific; MA, USA), 40 ng/mL 

epidermal growth factor (PeproTech; NJ, USA), and 40 ng/mL fibroblast growth factor 

(PeproTech; NJ, USA). All cell culture models were validated by DNA fingerprinting.  

 

Drugs, radiation, cell viability assays, apoptosis assays 

Panobinostat (LBH589), quisinostat (JNJ-26481585), vorinostat (MK0683), entinostat (MS-

275), romidepsin (FK228), and CAY10603 were purchased from Selleckchem (TX, USA). 

For in vitro drug studies, cells were plated in 96-well plates at 15,000 cells per well and 

cultured 72 hours in the presence of drug in at least duplicate. Experiments were repeated for 

validation. Radiation studies were performed using an X-rad 320 Precision X-ray (Precision 

X-Ray, Inc.; CT, USA) using stage position 4, 320 KV, and 12.50 mA on filter 1. For cell 

viability studies following radiation, 96-well plates were coated in 10 µg/mL of laminin 

(Sigma-Aldrich; MO, USA) in DPBS and incubated for > 4 hours, after which 15,000 cells 
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per well of a single-cell suspension were plated, 24 hours later irradiated, then viability was 

measured 96 hours later. Cell viability was measured using CellTiter-Glo® Luminescent Cell 

Viability Assay (Promega; WI, USA), and data was collected on a Synergy 2 plate reader 

(Bio-Tek; VT, USA). Flow cytometry was performed on a NovoCyte Flow Cytometer 

(ACEA Biosciences; CA, USA) using Annexin V-FITC (Biolegend; CA, USA) and data was 

analyzed using FlowJo software (Becton-Dickinson; NJ, USA). Cell viability for CNMC-

XD-760, DRIz-D105, CNMC-D967, CNMC-D1008, HSJD-DIPG007, and SU-DIPG48 cell, 

was done by plating 5,000 cells/well into 96-well plates, then, after 24 hours, cells were 

exposed to drug for 72 hours. Viability was measured by using CellTiter-Glo™ assay 

(Promega; WI, USA) and data were collected on a Biotek Cytation 3 luminescence reader. 

 

Antibodies and Western blotting 

Cells were lysed in M-PER lysis buffer (ThermoFisher; MA, USA), supplemented with 

PhosSTOP and cOmplete inhibitors (Sigma-Aldrich; MO, USA) and the protein 

concentration was measured utilizing QuickStart Bradford 1X Dye Reagent (Bio-Rad; CA, 

USA). Samples were resolved on Bolt 4-12% Bis-Tris gels (ThermoFisher; MA, USA), 

transferred to 0.2 µm nitrocellulose, and blotted with either Acetylated Lysine Antibody at 

1:1000, Acetyl -Tubulin (Lys40) Antibody at 1:1000, β-Actin (8H10D10) Mouse mAb at 

1:2000 (Cell Signaling Technologies; MA, USA), or Anti-Histone H3 (acetyl K9, K14, K18, 

K23, K27) antibody 47915 (Abcam) at 1:1000. Select lysates were stained for PARP 

cleavage using a CST antibody (D64E10). Secondary antibodies from Li-Cor Biosciences 

(NE, USA) were used at 1:10,000 to detect primaries (IRDye 800CW Donkey anti-Mouse 

IgG and IRDye 680RD Goat anti-Rabbit IgG). 
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Surgical procedure and in vivo treatment of tumor bearing mice 

Mouse studies were conducted in accordance with FHCRC Institutional Animal Care and Use 

Committee (IACUC) approved protocol #1457. 8-week-old NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) 

mice were provided by internal breeding. Athymic nude (Hsd:Athymic Nude-Foxn1nu) mice were 

obtained from Envigo (IN, USA). Intracranial xenografts were established in NSG mice by injecting 

100,000 tumor cells suspended in 2 µL PBS at a position of 2 mm lateral and 1 mm caudal to lambda. 

Symptomatic mice were euthanized, and tumors were resected for analysis and generation of flank 

xenografts. Flank xenografts were established by injection ~2x106 dissociated PBT-09 cells into soft 

tissue flank of athymic nude mice. Quisinostat and romidepsin were dissolved in 2% Tween80, 2% 

DMSO, 48% Peg300, 48% water, and dosed intraperitoneally. 

 

RNA sequencing & Expression Analysis 

DMG cells were treated in culture with HDACi for 72 hours before total RNA isolation using 

RNeasy Plus Mini Kit (Qiagen; MD, USA). Multiplexed RNA-Seq was performed on 

libraries generated using the TruSeq Stranded Total RNA Library Prep kit (Illumina; CA, 

USA) and sequenced on a HiSeq 2500 (Illumina). Resultant reads passing Illumina’s quality 

threshold were aligned to hg38 using STAR v2.5.2a (2-pass mapping), counts per gene were 

generated using Subread featureCounts v1.6.0, and log2 ratios of normalized data were 

calculated for vehicle treatment versus the various drug treatments using edgeR v3.25.8. 

Normalized log2 FC were utilized to perform hierarchical clustering in edgeR on the full 

dataset, top 1000 most variable genes, and top 500 most variable genes. Quantitative PCR 

using Taqman probes (Life Technologies; CA, USA) was performed on FSTL5, ITIH5, and 

ACTB following generation of cDNA using SuperScript IV reverse transcriptase (Life 

Technologies) according to manufacturer’s instructions. 
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Statistical Analysis 

To evaluate cell viability following treatment with panobinostat, quisinostat, or romidepsin 

compared to other HDACi, we used the one-sided Kolmogorov–Smirnov test, designed to 

test if two curves originate from the same distribution. P-values were calculated by the 

“ks.test” function from R “stats” package. To compare post-radiation cell viability of 

MED411 versus our DMG models and to compare cell viability post-HDACi in our DMG 

models results to those from Zurich, we utilized a two-sided Kolmogorov–Smirnov test. To 

evaluate if there was decreasing cell viability from 24 to 48 to 72 hours, we employed the 

one-sided Kolmogorov-Smirnov test to compare the 48 to 24 hours curve and the 72 to 48 

hours curve. To compare western blot protein acetylation, we used a t-test. To evaluate if the 

pairwise overlapping numbers in the Venn diagram, we performed a hypergeometric test 

using the “phyper” function in R “stats” package. To assign differentially expressed gene 

significance, we used EBSeq
17

. To evaluate consistency between Taqman and RNA-seq 

results, we performed a paired t-test with degrees of freedom 5 (two-sided test) and 

calculated a Pearson correlation coefficient. Statistical data is provided in Supplemental 

Document 1. 

 

Results  

Treatment-naïve DMG model development from biopsy-derived tissue is feasible 

To investigate the feasibility of developing treatment-naïve biopsy-derived models, we 

processed tissue from diagnostic DIPG biopsies. We established cell cultures from four 

patients whose tumors were radiographically DIPG (Fig. 1A-D). All showed histologic 

features of high-grade glioma (Fig. 1E-H) and three met the criteria of DMG by H3 K27M 

immunohistochemistry (IHC) (Fig. 1I-L). UW-OncoPlex
TM

, a clinical targeted DNA 
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platform, was used to interrogate genome alterations, summarized in Table 1 along with 

clinical information of the patients from whom cultures were derived
18

. 

 To correlate radiation-resistance in our patients and their corresponding cell cultures, 

we reviewed each patient’s progression-free survival (PFS) and overall survival (OS). Two 

cultures (PBT-22FH, PBT-24FH) were generated from patients who experienced early 

progression despite standard ~54 Gy focal radiation: the former progressed at day 121 and 

died on day 190 post-diagnosis, while the latter progressed 79 days post-diagnosis and died 

on day 222 post-diagnosis. In contrast, the patient represented by PBT-09FH, did not 

experience progression until 284 days post-diagnosis, and death occurred on day 468. The 

patient from whom PBT-27FH was derived experienced tumor progression on day 288 and 

remains alive. To assess the cultures’ radiation-resistance, we treated them with 0-32 Gy and 

measured cell viability at 96 hours (Figure 1M). PBT-22FH and PBT-24FH showed 69.1% 

and 78.1% viability, respectively, after 32 Gy (Fig. 1M). In contrast, PBT-09FH had only 

32.6% viability under the same conditions. As medulloblastoma is another highly malignant 

pediatric central nervous system (CNS) tumor, we investigated the radiation response of our 

previously published medulloblastoma culture MED-411FH
19

. As hypothesized, MED-

411FH was more sensitive to radiation than the DMG models, evidenced by lower cell 

viability (p=9.03e-6), emphasizing DMG’s radiation-resistance compared to other aggressive, 

high-grade CNS tumors (Fig. 1M). 

Quisinostat and romidepsin are effective against DMG at low nanomolar concentrations 

While the HDACi panobinostat has demonstrated efficacy in some DMG models and has 

entered pediatric clinical trials, it is associated with dose-limiting cytopenias
20

. As HDACi 

comprise a broad class with variable effects that may induce cytotoxicity, we evaluated 

several HDACi, including CAY10603, entinostat (MS-275), panobinostat (LBH589), 

quisinostat (JNJ-26481585), romidepsin (FK288), and vorinostat (MK0683). We performed a 
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72-hour dose titration cell viability assay in PBT-09FH, PBT-22FH, PBT-24FH, and PBT-

27FH cells, revealing that panobinostat, quisinostat, and romidepsin lowered cell viability at 

biologically-relevant doses (i.e. < ~1µM) to a much greater extent than other HDACi (Fig. 

2A-D). For example, in PBT-09FH the IC50 of panobinostat, quisinostat, and romidepsin 

were 34 nM, 60 nM, and 0.39 nM, significantly lower than the other HDACi (p=0.008, 

0.0001, and 6.1E-6, respectively) (Fig. 2A). Statistical significance was seen across all 

models (Supplemental Doc. 1). Considering historical variability in drug responses in vitro 

due to drug stock potency, laboratory techniques, and models tested, we requested the 

research team at University Children’s Hospital Zurich evaluate quisinostat and romidepsin. 

With separately purchased drugs and across multiple DMG cultures (n=6), mean IC50 were 

24.8 nM and 1.26 nM following treatment with quisinostat and romidepsin, respectively, 

which were consistent with our findings (p=0.35, 0.47, respectively) (Fig. 2E,F). Our 

timecourse tracking of quisinostat- and romidepsin-treated PBT-09FH and PBT-22FH cells 

showed significantly decreasing cell viability consistent with a cytocidal effect (e.g. p-values 

of changing viability in quisinostat-treated PBT-09FH at 48 compared to 24 hours and at 72 

compared to 48 hours were 0.029 and 0.029, respectively) (Fig. 2G,H). Statistical 

significance was also seen in PBT-22FH (Supplemental Doc 1). To confirm apoptosis as the 

mechanism of cell death, flow cytometry of 100 nM quisinostat-treated and romidepsin-

treated PBT-09FH and PBT-22FH cells were performed (Fig. 3A). In contrast to only 15.3% 

of vehicle-treated cells, 67.4% percent of quisinostat-treated PBT-22FH cells stained positive 

for Annexin-V and negative for DAPI, indicating early apoptosis
21

. As validation, we treated 

PBT-09FH and PBT-22FH with panobinostat, quisinostat, romidepsin, and vorinostat (a 

negative control due to its relative ineffectiveness) and demonstrated a dose-dependent 

increase in apoptosis, as measured by PARP cleavage, following treatment with panobinostat 

and quisinostat to a much greater degree than after vorinostat (Fig. 3B)
11

. While the HDACi 
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panobinostat reduces DMG cell viability in vitro and in some models extends overall survival 

in vivo, dose-limiting hematologic toxicities remain a clinical challenge
22

. As HDAC6 

modulation of -tubulin acetylation has been implicated in the development of cytopenias, 

we performed a western blot to assess protein expression
23-25

. Panobinostat and CAY10603 (a 

positive control due to its HDAC6 specificity), elicited dose-dependent increases in the 

abundance of acetylated -tubulin, while quisinostat and romidepsin did not (Fig. 3C). 

 

Quisinostat and romidepsin are effective in an in vivo treatment-naive DMG flank model 

To evaluate blood-brain-tumor drug penetration, we treated orthotopic xenograft 

DMG tumor-bearing athymic mice with vehicle versus 1 week of intraperitoneal (IP) 

quisinostat (10 mg/kg MWF) and euthanized mice 3 hours following the final dose to 

evaluate histone 3 acetylation as a marker of on-tumor effect. Intra-tumoral histone 3 

acetylation did not increase following treatment with quisinostat (p=0.39) (Fig. 4A). To 

evaluate if this was due to lack of drug efficacy or tumor penetration, we assessed albumin 

staining of the orthotopic PBT-09FH model by IHC. Albumin staining is restricted to blood 

vessels in normal CNS, while in tumors causing blood-brain-barrier disruption such as our 

orthotopic xenograft MED-411FH model, albumin can be detected within the tumor (Fig. 

4B)
26

. In our orthotopic xenograft PBT-09FH model, CNS IHC revealed albumin staining 

restricted to blood vessels (Fig. 4B). Given the concern that HDACi could not effectively 

penetrate the orthotopic tumors of our treatment-naïve DMG model, we implanted PBT-

09FH cells into flanks of athymic mice to develop a DMG flank model as an alternative 

method to evaluate in vivo efficacy. Abundant albumin staining was observed in the flank 

tumor (Fig. 4B). 

To evaluate on-tumor drug effect, DMG flank tumors were formed over ~4 weeks 

and, after reaching a volume of 100 mm
3
, tumor-bearing mice were treated with vehicle, 
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quisinostat, or romidepsin. Quisinostat was dosed at 10 mg/kg MWF. The romidepsin dose 

was chosen based a pilot study in which cohorts of 3 mice were treated with either vehicle or 

romidepsin at 0.3 mg/kg, 1 mg/kg, or 3 mg/kg MF. 3 mg/kg was found to have unacceptable 

toxicity within the first week of dosing, while 0.3 mg/kg and 1 mg/kg were tolerated with no 

significant weight loss (i.e. >20%) or neurologic toxicity. Laboratory studies revealed anemia 

and AST elevations at 1 mg/kg dosing (without corresponding clinical changes); platelets 

were not significantly altered (Supplemental Table 1). Treatment with quisinostat (10 mg/kg 

MWF) or romidepsin (1 mg/kg MF), increased acetylation by western blot (Fig. 4C; p=0.011) 

and IHC (Fig. 4D) within the flank DMG tumor, suggesting tumor penetration of quisinostat 

and romidepsin. Therefore, a larger 3-arm study was performed: vehicle control (n=6), IP 

quisinostat  (n=6), and IP romidepsin (n=6). Flank tumor-bearing mice (minimum volume = 

100 mm
3
) were enrolled with median tumor volumes of 119.4, 134, and 135.3 mm

3
 for the 

vehicle, quisinostat, and romidepsin cohorts, respectively (Fig. 4E). Study endpoints were 

tumor growth ≥ 1000 mm
3
 or treatment cutoff of 90 days and tumor volume was measured 

with calipers. Due to COVID-related workplace restrictions, the 90-day treatment was 

amended to 75 days. While 6/6 vehicle-treated mice exited the study for tumor burden (≥ 

1000 mm
3
), this did not occur in any quisinostat-treated or romidepsin-treated mice (Fig 4D). 

One quisinostat-treated mouse was euthanized on day 52 for gastrointestinal obstruction 

(without systemic toxicity). The mice in both the quisinostat-treated and romidepsin-treated 

cohorts demonstrated inhibited tumor growth compared to vehicle with median tumor volume 

of the quisinostat and romidepsin-treated cohorts were 270.5 mm
3
 and 384.5 mm

3
, 

respectively, at study endpoint (p<0.0001) (Fig. 4F). This confirmed systemically delivered 

quisinostat and romidepsin were tolerable and provided prolonged tumor control in vivo. 
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Cytotoxic HDAC inhibitors induce shared RNA expression changes in DMG 

To investigate if, panobinostat, quisinostat, and romidepsin induced similar transcriptomic changes, 

we performed RNA sequencing using PBT-22FH, the most common molecular subtype. To compare 

across doses inducing cytotoxicity, panobinostat, quisinostat, and romidepsin were tested at their 

approximate IC25, IC50, IC75. Following 72-hour drug exposure, RNA was extracted and RNA-Seq 

differential expression analysis was performed (Supplemental Table 2). Unsupervised hierarchical 

clustering revealed similar gene expression changes between panobinostat and quisinostat, 

overlapping at each dose level. When including romidepsin, we took two approaches: testing 

romidepsin at the same dose as panobinostat and quisinostat (50 nM) and at closer biologically 

equivalent dose by in vitro cytotoxicity (100 nM panobinostat and quisinostat vs 50 nM romidepsin) 

and found statistically significantly overlapping genes (Fig. 5A; Supplemental Doc 1). We performed 

hierarchical clustering across three drug concentrations and found high correlation between 

transcriptional changes at each dose of quisinostat and panobinostat, while all three doses of 

romidepsin clustered independently (Figure 5B). A smaller gene subset, including TNNT1 and 

COL20A1, correlated among all three drugs. In each approach, there was less overlap between the 

transcriptomic changes of romidepsin compared to the other two drugs. Analysis of the most 

differentially regulated genes by absolute fold-change revealed striking overlap between 

panobinostat-treated and quisinostat-treated samples, with 71/100 most upregulated genes, and 

67/100 most downregulated genes in common at 100 nM. While less similar, romidepsin at 50 nM 

still demonstrated considerable overlap with the other two drugs at 100 nM (Fig 5A), with 

approximately one-fifth of the top 100 affected genes overlapping (23 upregulated, 19 

downregulated). Comparison of all three drugs at equimolar concentration (50 nM) only modestly 

reduced the correlative gene counts.  

In all three drug treatments, SMIM24 and TNNT1 were upregulated, while COL20A1 and 

IFITM3 were downregulated. 5/6 most upregulated genes were shared between panobinostat and 

quisinostat treatments: FSTL5, ITIH5, SMIM24, SLC17A6, and GLRA3 (Fig. 5C). FSTL5 and ITIH5 
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(p<0.001) were two of the most upregulated genes following both 50 nM and 100 nM panobinostat 

and quisinostat treatment. At the 100 nM quisinostat dosing, FSTL5 and ITIH5 expression increased 

over 1000x. Of note, an analysis of paired glioma tumor/normal brain samples found FSTL5 had the 

strongest expression correlation with other genes in glioma tissue27. 3/6 most downregulated genes 

following panobinostat and quisinostat treatment were also shared: GPR37L1, C6orf15, and 

HEPACAM (Fig. 5C). GPR37L1 (p<0.001) was the second most downregulated gene following 

panobinostat and quisinostat treatment with ~90x lower expression and was the most 

downregulated gene following quisinostat treatment with ~80x lower expression. Of note, GPR37L1 

appears critical to sonic hedgehog (SHH) medulloblastoma, in which its ablation delays tumor 

development28. Transcriptome changes identified in our RNA-seq data were validated by targeted 

TaqMan quantitative PCR and displayed high correlation (Pearson correlation coefficient = 0.976 and 

0.979 for FSTL5 and ITIH5, respectively) (Fig. 5D).  

 

 

 

Discussion  

The lack of clinical progress against DMG and the staggering number of failed trials 

necessitates better understanding of drugs advanced to the clinic. Here, we describe four 

novel treatment-naïve biopsy-derived DMG models whose radiation-naïve status may 

provide a valuable platform to evaluate novel therapeutics, including sequentially with 

radiation. We demonstrate low nanomolar efficacy of quisinostat and romidepsin in DMG 

(IC50 of ~50 and ~5 nM, respectively), findings validated in six other models by international 

colleagues. We also demonstrate quisinostat and romidepsin cause prolonged tumor growth 

inhibition in vivo in a xenograft DMG flank model. RNA sequencing post-treatment unveiled 

tight transcriptional overlap between the panobinostat and romidepsin-induced changes. 

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/advance-article/doi/10.1093/neuonc/noaa249/5948533 by Auckland U

niversity of Technology user on 02 N
ovem

ber 2020



Acc
ep

ted
 M

an
us

cri
pt

 18 

DMG cells treated with romidepsin had a more distinct transcriptome, though potentially 

important biological overlap between panobinostat, quisinostat, and romidepsin remain. 

While panobinostat has shown preclinical efficacy against DMG, it should not be 

assumed to work similarly to other HDACi or to be the best-in-class agent. Considering the 

broad array of HDACi and diverse molecular targets including the metabolome, epigenome 

and DNA damage response
29

, the assumption should be that HDACi induce varying 

differential gene expression. While on-target acetylation and tumor permeability were not 

present in our orthotopic xenograft models, we established flank DIPG tumors in which 

quisinostat and romidepsin had a significant and prolonged effect of controlling tumor growth 

and are the first to show this in vivo benefit. As HDAC inhibition can affect megakaryocyte 

function, HDAC6 activity impacts lymphocyte chemotaxis, and -tubulin acetylation plays a 

role in platelet formation, we investigated HDAC6-induced effects between quisinostat and 

romidepsin versus panobinostat as they were otherwise similar
30-32

. We found less acetylation 

of -tubulin by quisinostat and romidepsin, suggesting potential for lower hematopoietic 

toxicity than panobinostat. Based on early clinical experience, panobinostat may more 

commonly cause grade 3 and 4 hematologic toxicities compared to quisinostat and 

romidepsin
22,33-36

. In particular, a 92-person Phase 1 quisinostat study found only 5% of 

patients had grade 1 or 2 thrombocytopenia and no patients had grade 3 or 4
35

. Our data, and 

their clinical tolerability, support their further investigation of quisinostat and romidepsin in 

other models, potentially as part of multi-agent regimens. While quisinostat and romidepsin 

were not tumor-penetrant in our orthotopic model, HDACi likely have variable on-target 

intra-tumoral activity across different in vivo model systems so this should be considered as 

part of all laboratory CNS-related HDACi investigations. Considering the dearth of 

preclinically effective agents against DIPG and the decades of clinical trials failing to display 

efficacy, options for developing blood-brain-tumor penetrant versions of these agents is 
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warranted. Locoregional delivery of HDACi and other epigenetic drugs either intrathecally 

or, as water-soluble formulations, via convention-enhanced delivery (CED) have already 

demonstrated in vivo efficacy and are advancing into clinical trials
37,38

. Agents may also have 

superior intratumoral penetration when conjugated to blood-brain-tumor trafficking 

molecules, such as chlorotoxin
39,40

. Preclinical glioma studies have already demonstrated this 

approach is feasible and that chlorotoxin conjugation can lead to increased efficacy
41

. 

Considering many HDACi display limited cytotoxicity against DMG, evaluations for 

methods of action or shared effects amongst effective agents are critical. Our hierarchical 

analysis displayed panobinostat and quisinostat’s striking commonalities of the gene 

expression at each dose level. The tight transcriptional overlap suggests potential 

vulnerabilities or biomarkers, including upregulation of TNNT1, SMIM24, FSTL5, and ITIH5. 

Of note, TNNT1 promotes colorectal cancer progression and breast cancer cell 

proliferation
42,43

, while COL20A1 is aberrantly expressed in adult gliomas
44

. FSTL5 was 

recently shown to have the strongest expression correlation with other genes in a co-

expression network of gliomas, making its overexpression post-cytotoxic HDACi a particular 

interest
27

. In medulloblastoma, FSTL5 was found to be a negative prognostic marker by 

sequencing and by IHC
45

. Also, FSTL5 modulation has been studied in a preclinical model of 

hepatocellular carcinoma, in which its overexpression decreased tumor size in vivo
46

. ITIH5 

is a tumor suppressor associated with chemoradiotherapy response and metastatic 

dissemination
47,48

. Several genes were also consistently downregulated, including COL20A1, 

IFITM3, and GPR37L1. In gliomas, IFITM3 has been implicated in tumor growth, migration, 

and invasion
49,50

. In SHH medulloblastoma, knocking out GPR37L1 leads to a delayed, less 

aggressive tumor
28

.  Further biological assessment of how individual differential expression 

of the most highly ranked genes affects DMG cell viability may be valuable. Ultimately, 
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these genes warrant further exploration as potentially clinically relevant biomarkers of 

HDACi on-target cytotoxic effect or avenues for narrower targeting.  

In conclusion, our data supports the biological relevance of our treatment-naïve DMG 

models and supports the development of more blood-brain-tumor penetrating versions of 

quisinostat and romidepsin or enhanced locoregional delivery systems. 
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Captions 

Table 1: Characterization of the treatment-naïve biopsy-derived DIPG/DMG models 

 

Fig. 1 Formation of treatment-naïve biopsy-derived DMG cell cultures. Clinical 

correlates for patients providing PBT-09FH, PBT-22FH, PBT-24FH, and PBT-27FH 

including MRI Brain Axial T2 FLAIR post-contrast (A-D), H&E 

Immunohistochemistry (E-H), and H3 K27M IHC (I-L). Scale bar 100 µm. (M) Cell 

viability following in vitro radiation treatment (****p<0.0001). 

Fig. 2 Quisinostat and romidepsin exhibit low nanomolar efficacy against DMG 

cultures. Cell viability assay of HDACi (72 hours) in (A) PBT-09FH, (B) PBT-22FH, 

(C) PBT-24FH, and (D) PBT-27FH. C=CAY10603, E=entinostat, P=panobinostat, 

Q=quisinostat, R=romidepsin, and V=vorinostat. (E) Cell viability assay following 72 

hours of quisinostat and (F) romidepsin treatment performed at University Children’s 

Hospital Zurich. Cell viability timecourse assay following quisinostat and romidepsin 

treatment in (G) PBT-09FH and (H) PBT-22FH. 

Fig, 3 Quisinostat and romidepsin induce apoptosis in DMG cultures. (A) Flow 

cytometry of PBT-22FH stained with DAPI and FITC-Annexin V following 72 hour 

treatment with 100 nM quisinostat (left) and duplicate histogram overlays for 

Annexin V staining over concentrations of quisinostat- and romidepsin-treated PBT-

09FH and PBT-22FH (right). (B) Western blot of cPARP and Ac-histone 3 in lysates 

generated from HDACi treated PBT-09FH and PBT-22FH (concentrations in nM). 
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(C) Four-hour timecourse Western blot showing decreased acetyl -tubulin but very 

similar H3 acetylation by 500 nM quisinostat and 50 nM romidepsin compared to 500 

nM panobinostat (HDAC6 inhibitor CAY10603 as a positive control of -tubulin 

acetylation) in PBT-22FH. (D) Western blot of acetyl -tubulin-specific antibody, 

demonstrating no change over the timecourse of treatment of PBT-22FH with 50 nM 

romidepsin. 

Fig. 4 Quisinostat and romidepsin induce prolonged tumor growth inhibition in an in 

vivo DMG flank model. (A) Western blots for H3 acetylation in vehicle and 

quisinostat-treated orthotopic xenograft PBT-09FH tumor lysate, with corresponding 

histograms of β-actin normalized intensities below. V=vehicle, Q=quisinostat, ns=no 

significant difference. (B) IHC of albumin in orthotopic xenograft PBT-09FH tumor 

compared to orthotopic xenograft MED-411FH and flank PBT-09FH tumors. Arrows 

indicate albumin-positive blood vessels. Scale bar 100 µm (C) Western blots for H3 

acetylation in vehicle and quisinostat-treated flank PBT-09FH tumors, with 

corresponding histograms of β-actin normalized intensities below (*p<0.05). (D) H3-

Ac IHC replicates of xenograft PBT-09FH flank tumors following systemic vehicle, 

quisinostat (10 mg/kg, MWF), or romidepsin (1 mg/kg, MF). V=Vehicle, 

Q=Quisinostat, R=Romidepsin. (E) Tumor volume over time in flank xenograft 

cohorts treated with vehicle, quisinostat (10 mg/kg MWF), or romidepsin (1 mg/kg 

MF). (F) Boxplot of tumor volumes at study endpoint showing significantly decreased 

tumor volume in quisinostat and romidepsin-treated cohorts when compared to 

vehicle (****p<0.0001). 
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Fig. 5 Transcriptomic studies reveal targets of cytotoxic HDAC inhibition. (A) Venn 

diagrams show the overlap between the 100 most up and downregulated genes for 

quisinostat, panobinostat, and romidepsin treated PBT-22FH cells relative to vehicle 

control. Comparisons are shown for equimolar treatment (50 nM) or 50 nM 

romidepsin versus 100 nM quisinostat and panobinostat. (B) Unsupervised 

hierarchical clustering of the union of the top 500 most differentially regulated genes, 

displaying union of top 20 for each treatment (87 genes total). (C) Modulation of 

expression levels with drug concentration for top six differentially up and 

downregulated genes following panobinostat and quisinostat treatment. (D) TaqMan 

PCR validation of expression changes in FSTL5 and ITIH5, compared to RNA-seq 

(R
2
 = Pearson coefficient). 
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Table 1: Characterization of the treatment-naïve biopsy-derived DIPG/DMG models 

 

ID Genomic mutations Age at 

diagnosis(years) 

Patient 

PFS 

(days) 

Patient 

OS 

(days) 

Median in 

vitro viability 

at 8 Gy (n=3) 

PBT-

09FH 

H3FA3, NF1, 

PI3KCA bi-allelic 

2 284 468 36% 

PBT-

22FH 

H3F3A, TP53 5 121 190 81% 

PBT-

24FH 

PMS2 (hypermutant) 13 111 222 71% 

PBT-

27FH 

HIST1H3B, TP53 bi-

allelic, NTRK2 ITD 

6 262 n/a 58% 

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/advance-article/doi/10.1093/neuonc/noaa249/5948533 by Auckland U

niversity of Technology user on 02 N
ovem

ber 2020



Acc
ep

ted
 M

an
us

cri
pt

Figure 1 

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/advance-article/doi/10.1093/neuonc/noaa249/5948533 by Auckland U

niversity of Technology user on 02 N
ovem

ber 2020



Acc
ep

ted
 M

an
us

cri
pt

 30 

Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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