
UCSF
UC San Francisco Previously Published Works

Title
Senescence Induced by BMI1 Inhibition Is a Therapeutic Vulnerability in H3K27M-Mutant 
DIPG

Permalink
https://escholarship.org/uc/item/3wf2q852

Journal
Cell Reports, 33(3)

ISSN
2639-1856

Authors
Balakrishnan, Ilango
Danis, Etienne
Pierce, Angela
et al.

Publication Date
2020-10-01

DOI
10.1016/j.celrep.2020.108286

Copyright Information
This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, available at 
https://creativecommons.org/licenses/by-nc-nd/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3wf2q852
https://escholarship.org/uc/item/3wf2q852#author
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/


 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Article
Senescence Induced by B
MI1 Inhibition Is a
Therapeutic Vulnerability in H3K27M-Mutant DIPG
Graphical Abstract
Highlights
d An integrated RNAi and drug screen identifies BMI1 as a

target in H3K27M-mutant DIPG

d H3K27M mutation alters histone modifications at the BMI1

promoter

d Inhibition of BMI1 exerts an anti-tumor effect by driving

senescence

d Clearance of senescent cells using BH3 mimetics enhances

the efficacy of BMI1 inhibition
Balakrishnan et al., 2020, Cell Reports 33, 108286
October 20, 2020
https://doi.org/10.1016/j.celrep.2020.108286
Authors

Ilango Balakrishnan, Etienne Danis,

Angela Pierce, ..., Adam Green,

Rajeev Vibhakar, Sujatha Venkataraman

Correspondence
rajeev.vibhakar@cuanschutz.edu (R.V.),
sujatha.venkataraman@cuanschutz.edu
(S.V.)

In Brief

Balakrishnan et al. identify BMI1 as an

oncogenic target using a combinatorial

RNAi and drug screen in diffuse intrinsic

pontine glioma. Genetic and

pharmacological inhibition of BMI1

decreases cell self-renewal by driving

senescence in vitro and in vivo. Clearance

of these senescent cells prolongs survival

in the patient-derived xenograft model.
ll

mailto:rajeev.vibhakar@cuanschutz.edu
mailto:sujatha.venkataraman@cuanschutz.edu
https://doi.org/10.1016/j.celrep.2020.108286
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2020.108286&domain=pdf


OPEN ACCESS

ll
Article

Senescence Induced by BMI1 Inhibition Is
a Therapeutic Vulnerability in H3K27M-Mutant DIPG
Ilango Balakrishnan,1,2 Etienne Danis,1,2 Angela Pierce,1 Krishna Madhavan,1,2 Dong Wang,1 Nathan Dahl,1,2

Bridget Sanford,1 Diane K. Birks,1 Nate Davidson,1 Dennis S. Metselaar,3 Michaël Hananja Meel,3 Rakeb Lemma,1
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3Princess Máxima Center for Pediatric Oncology, Utrecht and Departments of Pediatric Oncology/Hematology, Cancer Center Amsterdam,

Amsterdam University Medical Centers, Amsterdam, the Netherlands
4Department of Neurological Surgery, Northwestern University Feinberg School of Medicine, Chicago, IL 60611, USA
5Departments of Radiology, Radiation Oncology, and Anesthesiology, Colorado Animal Imaging Shared Resource (AISR), University of

Colorado Anschutz Medical Campus, Aurora, CO, USA
6Department of Pathology, University of Colorado School of Medicine, Aurora, CO, USA
7Arthur and Sonia Labatt Brain Tumor Research Centre, The Hospital for Sick Children, Toronto, Ontario, Canada
8Pediatric Hematology and Oncology, Hospital Sant Joan de Deu, Institut de Recerca Sant Joan de Deu, Barcelona 08950, Spain
9Department of Neurological Surgery, University of California, San Francisco, San Francisco, CA, USA
10Departments of Neurology, Neurosurgery, Pediatrics, and Pathology, Stanford University School of Medicine, Stanford, CA 94305, USA
11Department of Human Genetics, McGill University, Montreal, QC H3A 1B1, Canada
12Department of Pediatrics, McGill University, and The Research Institute of the McGill University Health Center, Montreal, QC H4A 3J1,

Canada
13Lead Contact

*Correspondence: rajeev.vibhakar@cuanschutz.edu (R.V.), sujatha.venkataraman@cuanschutz.edu (S.V.)
https://doi.org/10.1016/j.celrep.2020.108286
SUMMARY
Diffuse intrinsic pontine glioma (DIPG) is an incurable brain tumor of childhood characterized by histone mu-
tations at lysine 27, which results in epigenomic dysregulation. There has been a failure to develop effective
treatment for this tumor. Using a combined RNAi and chemical screen targeting epigenomic regulators, we
identify the polycomb repressive complex 1 (PRC1) component BMI1 as a critical factor for DIPG tumormain-
tenance in vivo. BMI1 chromatin occupancy is enriched at genes associated with differentiation and tumor
suppressors in DIPG cells. Inhibition of BMI1 decreases cell self-renewal and attenuates tumor growth
due to induction of senescence. Prolonged BMI1 inhibition induces a senescence-associated secretory
phenotype, which promotes tumor recurrence. Clearance of senescent cells using BH3 protein mimetics
co-operates with BMI1 inhibition to enhance tumor cell killing in vivo.
INTRODUCTION

Diffuse intrinsic pontine glioma (DIPG) is an aggressive, malig-

nant pediatric brain tumor and is one of the leading causes of

brain-tumor-related death in children (Bartels et al., 2011; Grimm

and Chamberlain, 2013). DIPGs demonstrate an infiltrative

pattern of growth within the pons that cannot be resected (Bar-

tels et al., 2011; Jansen et al., 2012). Combination chemotherapy

and unselected single-agent targeted therapy trials have not

improved outcomes, whereas radiotherapy provides only pallia-

tive benefits (Bartels et al., 2011; Jansen et al., 2012). Genetic

analysis of these tumors demonstrated that a somatic Lys27Met

substitution in histone H3.3 (H3.3K27Mmutation) or histone H3.1

(H3.1K27M mutation) occurs in more than 85% of patients with
This is an open access article under the CC BY-N
DIPG and is associated with aggressive tumor growth and

poor survival (Schwartzentruber et al., 2012; Sturm et al., 2014;

Warren et al., 2012; Wu et al., 2012).

A Lys27Met substitution in histone H3 (H3K27M mutation)

results in global hypomethylation at histone H3 lysine 27 trime-

thylation (H3K27me3)-bound promoters, with consequent tran-

scriptional de-repression of these loci (Chan et al., 2013).

Although the H3K27M driver mutation has been shown to have

an oncogenic role, overexpression of the H3K27M transgene

by itself does not induce DIPG tumors in murine brain stem cells

(Halvorson et al., 2015; Lewis et al., 2013). Clearly, dysregulation

of the epigenome is a key factor in DIPG tumorigenesis, but the

exact mechanisms are not well understood. We hypothesized

that other key epigenetic regulators are required to provide
Cell Reports 33, 108286, October 20, 2020 1
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DIPG cells with a survival advantage in the presence of the

H3K27M mutation. To identify additional epigenetic regulators

that cooperate with H3K27M to sustain cells in a transformed

state, we performed an RNAi-based pooled library screen tar-

geting 408 epigenetic genes in DIPG combined with a comple-

mentary drug screen targeting epigenetic regulators. These

paired studies identified BMI1 as a target that severely affected

DIPG cell growth.

Polycomb repressive complex 1 (PRC1) proteins are essential

for normal gene regulation during embryonic development and

are dysregulated in many cancers (Scelfo et al., 2015). BMI1 is

a core component of PRC1, where it acts as an epigenetic chro-

matin modifier to regulate complex genomic programs in stem

cells and cancer cells (Sauvageau and Sauvageau, 2010). In

particular, BMI1 associates with other PRC1 partners to remodel

chromatin through histone H2A lysine 119 monoubiquitination

(H2AubK119, or H2Aub) (Li et al., 2006; Sauvageau and Sauva-

geau, 2010). We and others have shown that chemical inhibition

of BMI1 can attenuate DIPG cell growth in vitro, but the mecha-

nisms are unclear (Kumar et al., 2017; Venkataraman et al.,

2016).

Here we show that increased expression of BMI1 is a direct

product of H3K27M mutation. Inhibition of BMI1 drives DIPG

cells into senescence and activates the senescence-associ-

ated secretory phenotype (SASP). Recent studies show that

induction of senescence in tumor cells is beneficial only

transiently, whereas accumulation of senescent cells is detri-

mental in long-term treatments (Muñoz-Espı́n and Serrano,

2014; Sun et al., 2012). We show that clearance of senescent

DIPG cells with BH3 (B cell lymphoma homology 3) mimetics

that possess senolytic effects synergizes with BMI1 inhibition

to induce cell death in vitro and improve anti-tumor efficacy

in vivo.

RESULTS

Complimentary RNAi and Drug Screens Targeting
Epigenetic Genes Identify BMI1 as a Key Regulator of
H3K27M-Mutant DIPG Cell Growth
To test our hypothesis that other key epigenetic regulators are

required to provide DIPG cells with a survival advantage in the

presence of H3K27M, we performed an RNAi-based functional

genomic short hairpin RNA (shRNA) screen in DIPG cells. SU-

DIPG04 (H3K27M) and histone H3 wild-type (WT) VUMC-

DIPG10 cells were transduced with the lentivirus expressing a

pool of shRNAs targeting different regions within each of the

epigenetic genes. To eliminate off-target effects, non-targeting

shRNAs were included. Sequencing results were analyzed by

comparing the shRNAs present on day 0 (72 h after transduction)

with those present on day 21, with false discovery rates (FDRs) of

0.5 and 0.1, respectively, to identify shRNAs that were depleted

at 21 days (�7 to 8 passages) after transduction (Figures 1A, 1B,

S1A, and S1F). To identify potential drug targets, we performed a

complimentary drug screen consisting of 211 small-molecule in-

hibitors of epigenetic genes (Figures 1A, 1C, S1B, and S1C).

In H3K27M-SU-DIPG04 cells, our analysis identified shRNAs

targeting 80 genes with significant loss at day 21. Several top-

hit genes, including AFF4, HDACs, BRDs, and JMJDs, have
2 Cell Reports 33, 108286, October 20, 2020
already been shown as crucial targets in DIPG, validating our

target identification (Dahl et al., 2020; Grasso et al., 2015; Ha-

shizume, 2017; Piunti et al., 2017). Target genes depleted in

at least 3 replicates and scored in the top 25% of the depleted

shRNAs for each significant gene were considered top hits. The

fold change of these leading-edge genes is shown in Fig-

ure S1D. PCGF2/Mel18 and BMI1, both core members of

PRC1 that have similar biological and biochemical functions,

were among the key targets in the RNAi screen (Figures 1B

and S1E). Additional validation of gene targets identified in the

primary screen was performedwith shRNAs targeting individual

genes in SF8628 (H3K27M), which confirmed BMI1 as a crucial

regulator of DIPG cell growth (Figure 1D). The fold change in all

identified top-hit shRNAs targeting genes in H3K27M and in H3

WT-DIPGs are shown in Table S1. Importantly, BMI1 was not

identified as a top hit in the H3 WT VUMC-DIPG10 cells

(Figure S1F).

Ten genes functionally annotated to three major biological

processes (histone modification, chromatin remodeling, and

cell-cycle regulation) were common vulnerabilities between

H3K27M-mutant and WT pontine tumor cells (Figure S1G).

BMI1 was specific to the H3K27M-DIPG cells.

In the complimentary epigenetic drug screen, only �35 drugs

targeting 22 genes significantly suppressed cell viability to less

than 40%compared with control (DMSO) cells (Figure 1C). Com-

plete fold change in cell viability with all drugs in the screen is

given in Figure S1H and Table S1. The combined screens iden-

tified seven chromatin-associated genes and their correspond-

ing chemical inhibitors as the key regulators of H3K27M-mutant

DIPG cell growth (Figure 1E; Table S1). As expected, not all top-

hit genes were the same in both screens. The seven identified

key regulators of DIPG cell growth included histone deacety-

lases, bromodomains, and lysine demethylases (Jumonji

demethylases, JDMs); BMI1; and methyltransferases including

PRMTs (protein arginine methyltransferases), EHMTs (euchro-

matic histone-lysine N-methyltransferases), and DNMTs (DNA

methyltransferases) (Figure 1F). Many of these were previously

validated as targets in DIPG (Grasso et al., 2015; Hashizume,

2017; Piunti et al., 2017). We chose to further investigate the

role of BMI1 in H3K27M-mutant DIPGs, because it was common

to both shRNA and drug screen in H3K27M cells, but not WT

cells.

BMI1 and BMI1-Catalyzed H2Aub Is Overexpressed in
DIPG
BMI1 mRNA expression was significantly elevated in a local

cohort of DIPG patient samples (Figure S1I) and a publicly avail-

able larger cohort of DIPG patients compared with normal pons

(Figure S1J). To examine whether BMI1 was clinically relevant,

we evaluated the expression of BMI1 protein in a cohort of

DIPG tumor specimens. These specimens demonstrated the

typical histological features of DIPG (Figure 2Ai). BMI1 protein

is highly expressed in a panel of DIPG patient samples (Fig-

ure 2Aii) expressing positive H3K27M-mutant staining (Fig-

ure 2Aiii) with reduced expression of H3K27me3 (Figure 2Aiv).

The relative expression of BMI1 in the H3WT-DIPG patient sam-

ple is lower than that in H3K27M-DIPGs as seen by immunohis-

tochemistry (IHC), although this finding was limited by the
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Figure 1. Complimentary Functional shRNA and Drug Screens Targeting Epigenetic Genes to Identify Crucial Regulators of the H3K27M-

Mutant DIPG Tumor Cell Growth

(A) Schematic of the epigenetic shRNA and drug screen performed.

(B) Fold changes in depleted shRNAs (blue), unchanged shRNAs (black), and enriched shRNAs (red) targeting epigenetic genes from the shRNA pool. Blue dots

show shRNAs corresponding to the set of genes when knockdown inhibits SU-DIPG04 cell proliferation, black dots represent shRNAs with no change, and red

dots identify tumor-suppressor genes that, when inhibited, promote cell proliferation. The x axis shows shRNA representation for each gene.

(C) Percentage of cell viability of SU-DIPG04 cells after indicated individual drug treatments from the drug screen pool for 5 days at 3 mM compared with DMSO-

treated cells (100%).

(D) Secondary validation using individual shRNAs of the top hits identified from the primary pooled-shRNA screen using SF8628 cells. Data represent mean ±

SEM.

(E) Venn diagram summarizes the number of genes with the highest fold change (FDR = 0.5) that were depleted in the two complementary screens using SU-

DIPG04 cells.

(F) Overlap of seven sets of genes significantly depleted in both screens.

See also Figure S1 and Table S1.
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number of available specimens because of the rarity of H3 WT-

DIPGs (Figure S2A).

BMI1 mediates transcriptional repression of target genes

through H2Aub (Cao et al., 2005; Morey et al., 2015). Consistent

with these observations, the H3K27M-DIPG patient tissues with

high BMI1 also showed increased H2Aub protein expression

(Figure 2Av), suggesting that increased expression of BMI1 is
correlated with its increased functional activity. BMI1 and

H2Aub expression was semiquantitatively assessed, and both

scored significantly higher in the H3K27M-DIPG patient tissues

compared with normal pons (Figures 2B and 2C). Similarly,

DIPG cell lines revealed higher expression of BMI1 at the protein

level compared with the normal pons (Figure 2D). Cell lines ex-

pressing the H3K27M mutant showed increased H2Aub protein
Cell Reports 33, 108286, October 20, 2020 3
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Figure 2. IHC and ChIP-Seq Analysis of Indicated Proteins in H3K27M-DIPGs and Normal Cells

(A) DIPG patient tumors and normal pons tissue section staining for H&E, BMI1, H3K27M, H3K27me3, and H2Aub. Positive control is the SU-DIPGXIII cell pellet

sections stained for different proteins. Scale bar, 50 mm.

(B and C) Scoring of BMI1, ***p < 0.003 DIPG versus pons (B), and H2Aub, *p < 0.04 DIPG versus pons (C), from the IHC slides of pons and DIPG patient samples.

Data represent mean ± SEM.

(D) Western blot of BMI1 protein in DIPG cell lines.

(E) Genome tracks of H3K27ac at the BMI1 promoter in OPCs, in different brain regions, and in H3K27M-DIPGs. The x axis represents the BMI1 genomic location,

and the y axis represents the RPM (reads per million) value.

See also Figure S2 and Table S2.
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and increased mRNA expression of BMI1 compared with normal

pons and other cancer cell lines (Figures S2B and S2C).

Because H3K27M is associated with increased levels of histone

H3 lysine 27 acetylation (H3K27ac), which in turn increases gene

transcription, we examined the occupancy of H3K27ac marks at

the BMI1 promoter in different cell lineages within the context of

DIPG. Increased enrichment of H3K27ac marks was noted at the

BMI1 promoter in H3K27M-DIPG tumor cells compared with both

oligodendrocyte precursor cells (OPCs) and cells from different re-

gions of normal brain (Figure 2E) (Nagaraja et al., 2019). These data

together suggest that the increased expression of BMI1 is corre-

lated to that of H3K27M-mutant expression in DIPGs.

Expression of H3K27M Mutation Upregulates BMI1 in
Cells
To investigate whether the high expression of BMI1 in DIPGwas a

result of H3K27M histone mutation, we developed isogenic DIPG

model cell lines and normal human astrocytes (NHA) (see STAR

Methods): HSJD-GBM01+H3K27M, VUMC-DIPG10+H3K27M,

NHA+H3K27M, and HSJD-DIPG-007+H3.3 WT. Expression of

the H3K27M transgene in the histone WT cells resulted in an in-

crease in BMI1 level (Figures 3Ai–3Aiii and 3Bi–3Biii) and in

H2Aub protein (Figures 3Ci–3Ciii). These changes were accom-

panied by increased cell proliferation (Figures 3Di–3Diii) (Funato

et al., 2014), as well as a decrease in H3K27me3 and an increase

in H3K27M proteins (Figures 3Ci–3Ciii). In contrast, HSJD-DIPG-

007 cells transduced with H3.3 WT transgene showed a signifi-

cant decrease in the BMI1 expression (Figures 3Aiv and 3Biv), a

decrease in H2Aub (Figure 3Civ), and a decrease in cell prolifera-

tion (Figure 3Div), accompanied by a moderate increase in

H3K27me3 (Figure 3Civ). Although NHA+H3K27M cells showed

high H3K27M protein expression, we found no significant change

in cell proliferation, suggesting the need for additional transform-

ing factors or that NHA may not recapitulate DIPG-like tumors in

the presence of H3K27M (Figure 3Dii).

RNA sequencing (RNA-seq) and gene set enrichment analysis

(GSEA) of the isogenic cell lines showed predominant changes in

BMI1 pathway genes. Genes that depended onBMI1 for its func-

tion were upregulated in HSJD-GBM01+H3K27M cells

compared with HSJD-GBM01 WT cells. There was a clear shift

in the gene expression upon transduction of the H3K27M trans-

gene into WT glioma cells (Figure 3E).Those same sets of genes

were all downregulated in HSJD-DIPG-007+H3.3WT-expressing

cells compared with its isogenic paired line (Figure 3E). These

changes were reflected at the chromatin level: expression of

H3.3 WT in H3K27M-HSJD-DIPG-007 cells increased the

repressor H3K27me3 occupancywhile decreasing the activating

H3K27ac mark at the BMI1 promoter (Figure 3F).
Figure 3. Impact of H3K27M Mutation on BMI1 Demonstrated Using Is

(A–C) Expression of BMI1 mRNA (A), BMI1 protein (B), and histone proteins (C).

(D) Cell proliferation measured by XCELLigence.

(E) Enrichment plot fromGSEA for BMI1- andMel18-related gene sets in H3.3K27M

in HSJD-DIPG-007 (right).

(F) H3K27ac, H3K27me3, and total H3 ChIP-seq tracks at the BMI1 promoter in

(G) Effect of CRISPR-CAS9-mediated H3K27M-KO in SU-DIPGXIII on the express

KO cells, and (iv) genome browser tracks showing changes in H3K27ac and H3K

0.05, **p < 0.01, ***p < 0.001 by Student’s t test. See also Figures S2D and S2E.
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To validate our findings in another model, we used the

CRISPR-CAS9-mediated H3K27M-mutant knockout (H3K27M-

KO) SU-DIPGXIII cells that were previously established (Haru-

tyunyan et al., 2019). H3K27M-KO significantly reduced expres-

sion of BMI1 and its associated functional partner H2Aub

compared with the original mutant SU-DIPGXIII cells (Figures

3Gi–3Giii). Furthermore, analyzing the publicly available chro-

matin immunoprecipitation sequencing (ChIP-seq) dataset for

these CRISPR-modified cells (Harutyunyan et al., 2019) clearly

showed that this reduction in BMI1 in the H3K27M-KO cells is

associated with a decrease in the enrichment of H3K27ac marks

and concomitant increase in the repressive H3K27me3 marks at

the BMI1 promoter region (Figure 3Giv). These findings suggest

that the H3K27Mmutation directly regulates repressive and acti-

vating marks at the BMI1 promoter to control its gene expres-

sion. More interestingly, a similar decrease in the enrichment of

H3K27ac marks wasseen at the promoter regions of other lead-

ing-edge genes that we identified in Figures 1F and S1D in the

H3K27M-mutant edited DIPG cells (Figures S2D and S2E). This

suggests that H3K27M increases the expression of these genes

to change the global epigenetic landscape, thus promoting

tumorigenesis.

BMI1 Is Required for Cell Self-Renewal and
Maintenance of H3K27M-Mutant DIPG Cells in a Stem-
like State
Because BMI1 controls stem cell self-renewal (Park et al., 2004;

Siddique et al., 2013), we next examined whether BMI1 is

required for DIPG cell self-renewal. We stably transduced multi-

ple H3K27M-DIPG cells with lentivirus-expressing shRNAs tar-

geting BMI1 or with non-targeting shRNAs (shNull) (Figure S3A).

Depletion of BMI1 significantly decreased the neurosphere size

(Figures S3B and S3C) and attenuated the frequency of neuro-

sphere formation significantly as measured by limiting-dilution

assay (Figure S3D). These data show that the tumor initiating ca-

pacity of H3K27M-DIPG cells was significantly decreased by

depleting BMI1.

To confirm the influence of BMI1 on the stemness of H3K27M-

DIPGs, we examined the expression of neuroglial stem cell

markers OLIG2, SOX2, and NESTIN (Anderson et al., 2017; Mis-

uraca et al., 2016; Xu et al., 2017). Expression of these markers

decreased with BMI1 knockdown (Figure S3E), which is consis-

tent with the reduction in neurosphere formation.

To explore the impact of BMI1 depletion in DIPG, RNA-seq

was performed on these cells. GSEA of the RNA-seq data

show decreased E2F1 accompanied by a decrease in cell

mitosis and increased cellular senescence gene programs (Fig-

ure S4A). In line with this, we observed a significant decrease
ogenic Model Cell Lines

-mutant overexpression in HSJD-GBM01 (left) and in H3.3WT overexpression

HSJD-DIPG-007 and H3.3 WT transduced cells. See also Figure S2D.

ion of (i) BMI1mRNA, (ii) BMI1 protein, (iii) histones in the parental andH3K27M-

27me3 marks at the BMI1 promoter in these cells. Pairwise comparisons; *p <

Data represent mean ± SEM.



SU-DIPG04 HSJD-DIPG-007 BT245 SF8628 VUMC-DIPG10

PTC028(IC50 in nM) 25.96 28.56 25.1 27.87 39.5

PTC209(IC50 in nM) 1315 855.7 689.7 522.8 519.9

Mutational Status H3.1K27M H3.3K27M H3.3K27M H3.3K27M H3 Wt

PTC028 (IC50 in nM)

NHA 45.14 BT245-
H3K27M 25.1 SU-DIPGXIII-

H3K27M 25.44

NHA+H3K27M 29.28 BT245-
H3K27M-KO 36.21 SU-DIPGXIII-

H3K27M-KO 40.34

A

B C

D E

F

(i)

(ii)

(iii) Vehicle PTC028(12.5mg/Kg)

p1
6

p2
1

G
LB

1
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in the colony-forming ability of BMI1-depleted DIPG cells (Fig-

ures S4B and S4C). Downregulated genes mapped to cancer-

promoting pathways, including cell proliferation and cell cycle

(Figure S4D), whereas upregulated genes mapped to cell differ-

entiation pathways (Figure S4E). These data suggest that BMI1

inhibition suppresses pro-tumorigenic pathways activated by

the H3K27M mutation and promotes differentiation gene

programs.

Small-Molecule Inhibitors of BMI1 Decrease H3K27M-
Mutant DIPG Cell Proliferation
High-throughput screening of small-molecule inhibitors identi-

fied PTC (post-translational control) compounds that inhibit the

function of BMI1 and cell proliferation as promising targets in

DIPG. These compounds, developed by PTC Therapeutics,

inhibit BMI1 activity and decrease BMI1 protein expression

(Dey et al., 2018; Wang et al., 2017). PTC209 and PTC028 both

decreased BMI1 expression and significantly inhibited

H3K27M-DIPG cell growth in a dose-dependent manner with

low nanomolar concentrations (Figures 4Ai, S5A, and S5Bi).

We then examined whether the KO of the H3K27M mutation in

DIPG alters sensitivity to BMI1 inhibition. CRISPR-CAS9-medi-

ated H3K27M-KO and their paired isogenic H3K27M-mutant

cells were treated with varying concentrations of PTC028 for

5 days, and the half maximal inhibitory concentration, IC50 values

of growth inhibition were determined. H3K27M-KO DIPG cells

were less sensitive to BMI1 inhibition compared with their

parental cells (Figures 4Aii and S5Bii). Conversely, ectopic

expression of H3K27M in the NHA cells (NHA+H3K27M), re-

sulted in increased sensitivity to PTC028 compared with the

parental NHA cells (Figures 4Aii and S5Bii). These findings also

suggest that the differential increase in BMI1 because of the

presence of H3K27M mutation is functionally contributing to

DIPG tumor growth. Both PTC compounds significantly impaired

the self-renewal capacity of H3K27M-DIPG cells (Figures 4B and

S5C). We then treated a H3K27M-DIPG primary tumor short-

term culture (UPN-1285, high BMI1) with PTC028. There was a

significant decrease in cell viability, suggesting that inhibiting

BMI1 can be an effective treatment in DIPG (Figure 4C).

Previous studies established that both PTC209 and PTC028

spare normal cells while targeting tumor cells (Bakhshinyan

et al., 2019). Therefore, we extended our studies in vivo to

validate the anti-tumor effect of PTC028. BT245-luc2-GFP
Figure 4. In Vitro and In Vivo Anti-tumor Effects of BMI1 Inhibition in D
(A) Growth inhibitory IC50 values of BMI1 small-molecule inhibitors (i) in DIPG ce

(+H3K27M is mutant transduced, and H3K27M-KO is the CRISPR-CAS9 KO of t

(B) Neurosphere size was measured by live-cell imaging with DIPG cells treated

versus PTC (three groups), p = 0.0034 (SU-DIPGXIII) and p = 0.0048 (SF8628). P

treatments by Student’s t test. See also Figure S5C. Data represent mean ± SEM

(C) Cell viability measured using a primary DIPG patient-derived cell, UPN1285,

*DMSO versus PTC treatments by Student’s t test. Data represent mean ± SEM

(D) (i) Tumor implant and treatment protocol, (ii) Kaplan-Meier survival plot of the

analysis of p16, p21, and GLB1 expression of the treated tumor tissue. See also

(E) Volcano plot, with a heatmap adjacent to it, showing the differentially expresse

DMSO control. Genes highlighted in orange are expressed with an FDR = 0.05 a

pathways. See also Figure S5E.

(F) GSEA from the RNA-seq data obtained from SF8628 cells treated with PTC0

pathway gene sets. See Figure S5F.
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(H3K27M) cells were implanted into the murine pons to form

xenografts and then treated with PTC028 (Figure 4Di). The Ka-

plan-Meier survival estimate showed that PTC028 treatment

significantly increased animal survival rate when the median

survival in PTC028-treated mice (33 days) was compared

with that in control mice (22 days) (**p = 0.0074) (Figure 4Dii).

BT245 xenograft tumors were tested for the expression of

H3K27M and morphology to confirm fidelity to human DIPG

tumors (Figure S5D). Given that the oncogenic role of BMI1

is to repress the transcription of tumor suppressors, including

p21 and p16, with the latter as the best-known target for cell

growth arrest and senescence (Jacobs et al., 1999), we hy-

pothesized that this increased survival could result from in-

crease in tumor suppressors. Therefore, we analyzed these

proteins in the tumor tissues exposed to PTC028 treatment

and in the vehicle-treated controls by IHC. There was an in-

crease in p16, p21, and their associated senescent b-galacto-

sidase (b-gal) protein, GLB1 (Wagner et al., 2015), in the

PTC028-treated tumor tissues, indicating effective inhibition

of BMI1 in vivo (Figure 4Diii).

This is the first demonstration of in vivo activity of BMI1 inhibi-

tion in a murine pontine DIPG model. These data are critical,

because they support the current clinical trial of BMI1 inhibition

in children with DIPG (NCT03605550), which was initiated in

the absence of in vivo preclinical studies.

To understand themolecular mechanisms of PTC028-induced

growth arrest, and to test whether chemical inhibition phenocop-

ies the genetic inhibition of BMI1, we performed RNA-seq to

study the transcriptomic changes induced by the inhibition of

BMI1 function (Figures 4E and S5E). Analysis of the resultant

data in two cell lines showed 48 and 39 genes were downregu-

lated and 152 and 120 genes were upregulated in PTC028-

treated SF8628 and SU-DIPG04 cells, respectively (*p < 0.05).

Further analysis of these genes shows that similar to genetic

knockdown of BMI1, PTC028 treatment decreased the expres-

sion of certain crucial proliferative (E2F1 and KRAS) and stem

cell markers (NESTIN and SOX2) while increasing the expression

of tumor-suppressor genes (p21) and differentiation markers

(GFAP) (Figures 4E and S5E). GSEA identified networks

associated with cell proliferation and stemness as significantly

downregulated and networks associated with oligodendrocyte

differentiation and senescence as upregulated by PTC028 (Fig-

ures 4F and S5F).
IPGs
ll lines using PTC209 and PTC028 and (ii) in H3K27M-mutant-modified lines

he mutant) using PTC028. See also Figure S5B.

with PTC drugs, using Incucyte at day 12 after treatment. By ANOVA, DMSO

airwise comparison; *p < 0.01, **p < 0.002, ***p < 0.0001; DMSO versus PTC

treated with 100 nM of PTC028 for 3 days. Pairwise comparison; ***p < 0.004;

.

animals treated with either vehicle or PTC028 (n = 7 each group), and (iii) IHC

Figure S5D.

d genes detected by RNA-seq in PTC028-treated SF8628 cells compared with

nd are associated with cell proliferation, differentiation, or tumor-suppressor

28 (IC50) compared with DMSO-treated cells annotated to multiple signaling
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PTC028 Treatment Reverses BMI1 and H2A
Ubiquitination-Mediated Repression of Differentiation-
Related Genes
Gene enrichment analysis from RNA-seq data showed that

inhibition of BMI1, by both shRNA and PTC028, induced dif-

ferentiation in DIPG cells (Figures 4F and S5F). A recent sin-

gle-cell RNA-seq study on H3K27M-DIPGs identified two

distinct cell populations: astrocytic and oligodendrocytic (Fil-

bin et al., 2018). We therefore investigated whether PTC028

treatment changed the chromatin status of the genes involved

in the differentiation of these two cell lineages. Because BMI1

catalyzes H2Aub for repression of target genes, we asked

whether BMI1 and H2Aub occupy the same differentiation

gene loci and whether PTC028 treatment alters their chro-

matin occupancy.

BMI1 occupies chromatin throughout the genome but is en-

riched at transcription start sites (TSSs) (Figures 5A, S6A, and

S6B). Analysis of genes associated with BMI1 occupancy re-

veals numerous processes involving neuronal differentiation

pathways (denoted by an asterisk) enriched in BMI1 occupancy

(Figure 5B). A heatmap view of the ChIP-seq read intensity

confirmed significant loss of BMI1 binding with PTC028 treat-

ment across the genome in SU-DIPG04 (Figure 5C) and

SF8628 (Figure S6C). The BMI1 peak count ± 3 kb surrounding

the TSS was significantly attenuated in the PTC028-treated SU-

DIPG04 cells (Figures 5C and 5D) and SF8628 cells (Figures

S6C and S6D), both with p < 0.01. The average levels of

H2Aub peaks were decreased to a lesser extent with PTC028

treatments (Figures 5C, 5E, S6C, and S6E). Importantly,

pathway analysis of genes with high promoter BMI1 binding re-

vealed a decrease in BMI1 binding with PTC028 treatment,

including differentiation-related genes (Figure 5F, denoted by

an asterisk).

We then examined the BMI1 and H2Aub occupancy at pro-

moters of three genes that are known to be involved in the differ-

entiation of astrocytes and oligodendrocytes, namely, GLUL,

PTGDS, and SFRP2 (Jin et al., 2017; Tcw et al., 2017; Zhao

et al., 2015). The chromatin occupancy of BMI1 and H2Aub

decreased in PTC028-treated cells compared with DMSO-

treated cells (Figure 5G). The decreased occupancy was associ-

ated with a concomitant increase in the expression levels of

these genes after PTC028 treatment (Figure 5G). We then tested

whether similar binding of BMI1 and H2Aub would be seen in a

biopsy-derived cell line H3K27M-SF8628 to control for possible

effects of radiation treatment on BMI1 (Ginjala et al., 2011). We

found a similar binding peak for both BMI1 and H2Aub in

SF8628 cells, as well as that PTC028 treatment increased the

expression of the same set of differentiation genes seen in SU-
Figure 5. BMI1 and H2Aub Genomic Distribution and Changes in Its E

BMI1

(A and B) ChIP-seq heatmap analysis of BMI1-enriched genomic loci (A) and KE

(C) ChIP-seq heatmaps of BMI1 and H2Aub in SF8628 cells treated with DMSO

(D and E) Average profiles of BMI1 peaks (D) and H2Aub (E) in SU-DIPG04 cells

(F) KEGG pathway changes in BMI1 peak enrichment in SU-DIPG04 cells after t

(G) Genome browser views representing the results of ChIP-seq for BMI1 and H2A

DIPG04 cells.

All ChIP-seq peaks are relative to TSS (±3 kb). Asterisks indicate pathways of di
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DIPG04 cells (Figure S6Fi). Compared with normal cells, these

differentiation genes are expressed at lower levels in DIPG pa-

tient tumors, as shown in Figure S6Fii. These data suggest that

BMI1 contributes to the undifferentiated state of H3K27M-

DIPG cells by directly occupying promoters of differentiation-

related genes in both astrocytic and oligodendrocytic lineages.

In addition, although there were prominent changes in BMI1

enrichment after drug treatment, the change in H2Aub occu-

pancywas subtle (Figures 4 and 5). Although BMI1 is a key player

for the canonical PRC1 that deposits H2AK119 ubiquitylation,

other paralogs of PRC1 have similar functions, especially Ring

1A/B, which shows enzymatic activity toward H2A monoubiqui-

tylation (Vidal and Starowicz, 2017; Wang et al., 2004). In addi-

tion, the existence of non-canonical PRC1 components like

BCOR and L3MBTL2 catalyze H2A monoubiquitylation (Gear-

hart et al., 2006; Trojer et al., 2007). Therefore, functional redun-

dancy and compensation by other paralog genes of PRC1 may

account for the less prominent changes observed in H2Aub oc-

cupancy after BMI1 inhibition.

Inhibition of BMI1 Facilitates Cellular Senescence in
DIPG
Our RNA-seq transcriptomic analysis revealed enrichment in

senescence pathway genes with both genetic and chemical inhi-

bition of BMI1 (Figures 4F, S4A, and S5F). These changes were

accompanied by a phenotypic increase in senescence in both

RNAi-mediated depletion and chemical inhibition of BMI1 (Fig-

ures 6A, 6B, and S7A). Two well-known mechanisms of BMI1

to control cell proliferation and inhibit senescence are repression

of p16 (Meng et al., 2010; Wang et al., 2012) and repression of

p21 (Subkhankulova et al., 2010). Both genetic and pharmaco-

logical inhibition of BMI1 upregulated p16 and p21 (Figures 6C,

6D, S7Bi, S7Bii, S7C, and S7D). Interestingly, in one of our model

cell lines, HSJD-GBM01+H3K27M, in which there was an in-

crease in BMI1 levels as a result of H3K27M expression, a com-

plete loss of p16 protein expressionwas observed (Figure S7Biii).

These results highlight the co-dependence of the oncohistone

H3K27M on BMI1 to suppress p16 and p21 and to promote

tumorigenesis.

p16 is one of the direct targets of BMI1, and some brain tumors

harbor deletion of p16, although it has been shown to be rarely

deleted at the genomic level in human DIPGs (Paugh et al.,

2011; Wu et al., 2012; Zarghooni et al., 2010). We tested whether

inhibition of p16 rescues DIPG cells from BMI1 inhibitors. Small

interfering RNA (siRNA)-mediated silencing of p16 in SF8628

(with moderate p16 expression) decreased the stability of p16

mRNA and partially rescued cells from PTC028-treatment-

induced cell death (Figure S7E). This partial rescue of cells in
nrichment at Specific Genomic Regions with Chemical Inhibition of

GG pathway enrichment for BMI1 peaks (B) in SU-DIPG04 and SF8628 cells.

(blue) or PTC028 (orange).

treated with DMSO (green) or PTC028 (orange).

reatments.

ub and the results of RNA-seq for the genes GLUL, PTGDS, and SFRP2 in SU-

fferentiation. See also Figure S6.
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the absence of p16 could result from the compensatory mecha-

nism of other BMI1 targets, including p19 and p21 tumor sup-

pressors, that are strongly induced after PTC028 treatment;

otherwise, the tumor cell growth could be controlled by other

CDKN2A-independent pathways (Douglas et al., 2008). It is

also possible that although PTC028 specificity to BMI1 inhibition

has been well established (Bakhshinyan et al., 2019; Siddique

et al., 2013), these small-molecule inhibitors can have other

downstream effects beyond BMI1 inhibition (Li et al., 2014).

Senescent cells secrete chemokines, inflammatory cyto-

kines, and growth factors commonly known as SASP (Wata-

nabe et al., 2017). We also found that BMI1 inhibition showed

a moderate increase in the release of several SASP factors

(interleukin [IL]-6, IL-8, VEGF [Vascular Endothelial Growth Fac-

tor], and CXCLs [Chemokine C-X-C motif Ligands]) in both

PTC028-treated cells and BMI1 knockdown cells (Figures 6E–

6G). Secretion of the prominent cytokine IL-6 was increased

in cells treated with increasing concentrations of PTC028, and

these cells showed a concomitant increase in the senescence

cell marker GLB1 (Figure S7F). To investigate whether the in-

duction of senescence and the secretion of SASP factors are

direct effects of BMI1, we analyzed BMI1 occupancy, along

with its co-functional partner H2Aub, at SASP factor-related

gene promoters in DIPG cells.

We identified direct binding of BMI1 and H2Aub at promoters

of genes that are involved in activating senescence in cells (p19

and p21) at the CTGF (Connective Tissue Growth Factor) and at

the IL-6 promoters (SASP factors). PTC028 treatment signifi-

cantly reduced the promoter binding of BMI1 andH2Aub in these

gene loci, with a concomitant increase in their mRNA expression

(Figures 6H and S7G). The corresponding mRNA expression of

these genes in DIPG patient samples is shown below the

genome tracks (Figure S7H). These data strongly suggest that

BMI1 directly binds to and suppresses the expression of these

genes in DIPG cells and that inhibiting BMI1 in these cells thus

promotes SASP factors.
Figure 6. Senescence and Senescence-Associated Gene Expressions

BH3 Mimetics on BMI1-Inhibition-Induced Cellular Senescence and Ap

(A and B) Representative pictures of SA-b-gal (senescence associated beta galac

in SF8628. Adjacent graphs show the quantification of the number of cells with blu

the three groups was p < 0.0001 (A) and p = 0.0037 (B).

(C) Western blot analysis of p16 and p21 in SU-DIPG04 cells transduced with sh

(D) Western blot analysis of p16 and p21 in SF8628 cells treated with PTC028.

(E–G) Concentration of SASP factors released by DIPG cells after treatment with

(H) Changes in BMI1 and H2Aub genome tracks at the specific gene locations

genome locations, and the y axis represents the RPM for the indicated genes. F

visualized by greater transcript tag density over the exons of the indicated genes

arrows shown below ChIP-seq tracks).

(I) Representative pictures of neurospheres and sub-spheres (red arrows) formed i

size and number of neurospheres formed shown adjacently.

(J) SASP factors measured in SU-DIPG04 with long-term exposure to PTC209.

(K) Western blot showing changes in anti-apoptotic proteins after short- and lon

(L) Dose-response curve on cell viability (MTS (viability asassay endpoint) of SF86

assay is a viability assay based on cell metabolic activity.

(M) Real-time measurement of proliferation of HSJD-DIPG-007 shBMI1 or shNul

(N) Representative pictures of SA-b-gal staining of BT245 cells, with different tre

(O) Flow cytometry analysis of annexin V-PI/7AAD as a measure of apoptosis in

0.0001. Pairwise comparisons; *p < 0.05, **p < 0.012, ****p < 0.001; control vers

See also Figures S7 and S8.
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Clearance of Senescent Cells with BH3 Mimetics
Enhanced the Anti-tumor Efficacy of BMI1 Inhibition
In Vitro

Although induction of senescence inhibits tumor cell growth,

long-term maintenance of senescent cells can promote a pro-

tumorigenic environment, implicating them inmaking tumor cells

resistant to targeted therapy (Coppé et al., 2008; Freund et al.,

2010; Muñoz-Espı́n and Serrano, 2014). Studies have shown

that therapy-induced senescence can act as a key mechanism

of tumor recurrence (Saleh et al., 2019; Schosserer et al.,

2017). We tested whether accumulation of these BMI1-inhibi-

tion-induced senescent cells had adverse effects on DIPG

growth. Neurosphere formation assay showed that prolonged

treatment of DIPG cells with PTC209 resulted in an increased

cell self-renewal frequency, as evident from the formation of

larger spheres (Figure 6I), and an increasing number of sub-

spheres (Figure 6I, red arrows) compared with cultures that un-

derwent short-term treatment. Concomitantly, there was a

significant increase in SASP factors in these cells (Figure 6J). A

prolonged culture with genetic inhibition of BMI1 also showed

increased cell proliferation rate (Figure S8A). These results sug-

gest that the cells have gained tumorigenic potential in long-term

drug exposure.

To identify pharmacological compounds that will have a syn-

ergistic effect with BMI1 inhibition, thereby preventing a ther-

apy-induced adverse effect, we performed meta-analysis using

the differentially enriched gene sets in PTC028 relative to

DMSO-treated cells from RNA-seq data. One of the top pre-

dicted agents was obatoclax, a BH3 mimetic (Figure S8B).

BH3 mimetics are compounds that bind to the anti-apoptotic

BCL2 family of proteins and induce apoptosis in cells (Cragg

et al., 2009). BH3 proteins mediate the survival of senescent

cells (Delbridge and Strasser, 2015; Moncsek et al., 2018). We

established that BH3 proteins were re-expressed with pro-

longed PTC209 drug exposure, leading to decreased apoptosis

(Figure 6K).
and Secretory Phenotype (SASP) with BMI1 Inhibition and Impact of

optosis

tosidase) staining with genetic inhibition of BMI1 (A) and with BMI1 inhibitors (B)

e staining normalized to the total number of cells. By ANOVA, the p value within

BMI1.

either PTC209 (E) or PTC028 (F) and after genetic knockdown of BMI1 (G).

indicated in SU-DIPG04 cells after PTC028 treatment. The x axis represents

or RNA-seq tracks, the increase in gene expression with PTC028 treatment is

(exons are the horizontal bars, and the direction of transcription is indicated by

n short- and long-term exposure of DIPG cells to PTC028, with quantification of

g-term exposure of cells to PTC drugs.

28 cells treated with PTC028 and ABT263 either alone or in combination. MTS

l cells with ABT263 (250 nM).

atment conditions shown.

HSJD-DIPG-007 cells treated with PTC028 and obatoclax. By ANOVA, ****p <

us treatment by Student’s t test. Data represent mean ± SEM.
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To test whether anti-BH3 agents would affect DIPG cells, we

first sequentially treated SU-DIPG04 cells with PTC028 for

5 days, followed by treatment with ABT263, a well-characterized

BH3 mimetic (Faber et al., 2015). Combination treatment with

ABT263 induced greater cell killing (Figure 6L), with a corre-

sponding decrease in BH3 protein levels (Figure S8C). A similar

decrease in cell growth was observed in the shRNA-mediated

BMI1 knockdown cells treated with ABT263 (Figure 6M). Impor-

tantly, the combination of PTC028 with ABT263 was highly syn-

ergistic (Figure S8D). Treatment with obatoclax or ABT263 signif-

icantly cleared the BMI1-inhibition-induced senescent cells and

increased cell killing (Figures 6N and S8E). There was an associ-

ated decrease in BH3 proteins and the senescent protein GLB1

in cells after this combination treatment (Figures S8C and S8F).

DIPG cells treated with the sequential combination of PTC028

and obatoclax significantly increased the cell apoptotic index,

suggesting that clearance of senescent cells enhances cell

killing (Figure 6O). These results suggest that targeting senes-

cent cells enhances the anti-tumor effect of PTC drugs.

Increased Anti-tumor Effect of PTC028 in Combination
with BH3 Mimetics during In Vivo DIPG Treatment
We next tested the impact of BH3 mimetics in combination with

BMI1 inhibition in vivo. Obatoclax was chosen for the in vivo

studies based on its ability to cross the blood-brain barrier

(BBB), resulting in optimal tumor inhibition in pediatric brain tu-

mor models (Bakhshinyan et al., 2019; Cruickshanks et al.,

2012). Pons tumor-bearing mice were treated with PTC028

(oral gavage, 12.5 mg/kg), obatoclax (intraperitoneal, 3 mg/kg),

or a combination of PTC028 and obatoclax, as detailed in Fig-

ure 7A. MRI of the axial plane (Figure 7B) and the sagittal plane

(Figure S9A) shows the anatomic location of the tumor in the

pons and the changes in the tumor volume with treatment.

Two weeks after initiation of treatment, vehicle-treated mice

showed a larger tumor volume (median = 10.8 mm3) compared

with animals that received either PTC028 alone (median =

1.3 mm3) or obatoclax alone (median = 0.9 mm3) (Figure 7C).

MRI of animals receiving both drugs showed minimal tumor

growth (median = 0.2mm3) (Figure 7C).MRI taken oneweek after

treatments were stopped demonstrated an increase in the tumor

size in animals treated with PTC028 alone or obatoclax alone. In

contrast, animals receiving combination therapy continued to

show minimal tumor even after the treatment was stopped (Fig-

ures 7B, 7C, S9A, and S9B). Bioluminescence imaging (IVIS) was

performed once a week to track tumor growth (Figure 7D). A

decrease in tumor volume, as evident from the luminescence
Figure 7. In Vivo Effects of PTC028 and Obatoclax Either Alone or in Se

This Study

(A) Schematics illustrating the experimental in vivo drug treatment schedule. Afte

treatment groups: (i) vehicle alone, (ii) PTC028 alone, (iii) obatoclax alone, and (iv

(B) Representative axialMRI of intracranial pons tumor inmice at the 2ndweek of th

X denotes those animals that reached the endpoint.

(C) Quantification of tumor volume from the MRI. Data represent mean ± SEM.

(D) Representative in vivo bioluminescence images of the Luc-expressing BT245

adjacent to the image displays bioluminescence counts (photons per second).

(E) Kaplan-Meier survival plot of the animals exposed to the different drug treatm

(F) Graphical representation highlighting the overall outcome of this study.

See also Figure S9.
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flux intensity, was seen during the individual drug treatments.

A more significant decrease was observed with the combination

treatments (Figures 7D and S9B). The Kaplan-Meier survival es-

timate showed that all drug treatment groups increased their sur-

vival rate compared with the vehicle-treated group. The median

survival in the control group was 22 days. Survival time with

PTC028 alone was a median of 33 days (**p = 0.0074), whereas

with median survival time with obatoclax treatment was 35 days

(**p = 0.0020). The combination treatment group demonstrated a

significant prolongation of survival compared with both the con-

trol group and the single-agent treatment groups, with a median

survival of 46 days (***p = 0.0002) (Figure 7E). There was a signif-

icant loss in animal bodyweight in the vehicle-treated group, and

the animals died from rapid tumor growth. However, in the treat-

ment groups that received PTC028 alone or obatoclax alone,

there was no significant decrease in animal weight during the

treatments, and weight loss was seen only 2 weeks after the

treatments were stopped (Figure S9C). An increase in body

weight was observed in animals receiving combination therapy,

suggesting the combination treatments were effective in

decreasing the tumor burden, thereby leading to prolonged ani-

mal survival (Figure 7E). Although tumor regrowth was evident

during the drug-free period, a delay in regrowth of tumors with

the combination treatment was observed (Figure 7D).

Complete blood cell (CBC) analysis from mice collected

immediately after the animal’s sacrifice showed no significant

toxicity associated with either obatoclax alone or in combination

with PTC028 (Figure S9D). Although an increase in some CBC

parameters was seen with the PTC028 treatment, no noticeable

toxicity was observed. IHC of these mice tumors after the

endpoint showed a decrease in the number of proliferating cells

(Ki67) and BMI1. There was a greater increase in p16, p21, and

GLB1 in the tumor tissue of mice treated with PTC028 compared

with vehicle treatment. This increase in senescent-related pro-

teins was abrogated in the combination treatment with obato-

clax (Figure S9E). Tumors treated with obatoclax or with the

combination of drugs had increased levels of cleaved caspase.

IHC of the normal tissue adjacent to the murine pons tumor

showed no toxicity, as measured by cleaved caspase-3, in

response to different treatments (Figure S9E).

DISCUSSION

DIPG is a uniformly fatal brain tumor of childhood characterized

by the oncohistone H3K27M mutation that induces chromatin

dysregulation and tumorigenesis in H3K27M-DIPGs (Chan
quential Combination in DIPG Xenografts, and Overall Results from

r tumor establishment in mouse pons, the animals were randomized into four

) sequential treatment with PTC028 and obatoclax.

e indicated treatment and at the 4th week (aweek after treatmentwas stopped).

tumor cells before, after, and during the treatments specified. The scale bar

ents specified.
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et al., 2013). Single-cell analysis of primary DIPG tumors demon-

strated that most H3K27M-mutant-expressing glioma cells are

arrested in an aggressively proliferating, undifferentiated state

(Filbin et al., 2018). Using genetically driven models, Larson

and colleagues showed that the H3K27M mutation drives

changes in bivalent promoters and affects expression of genes

associated with neural development (Larson and Baker, 2019;

Larson et al., 2019). Therefore, identification of genes respon-

sible for blocking differentiation that can be best exploited ther-

apeutically is an urgent need for DIPG.

We found BMI1 to be a major epigenetic vulnerability in

H3K27M-DIPG cells. It was identified as a distinctive common

target between the two complimentary screens performed.

Several research laboratories have demonstrated in in vitro

that chemical inhibition of BMI1 decreases tumor cell self-

renewal, proliferation, and metastatic potential in tumors,

including pediatric brain tumors (Bakhshinyan et al., 2019; Ku-

mar et al., 2017). We found similar effects with both genetic

and chemical inhibition of BMI1 in DIPG. In addition, because

small-molecule inhibitors of BMI1 have been shown to inhibit

BMI1 function through indirect pathways, our study highlights

the importance of using genetic inhibition of BMI1 models to

decipher key phenotypic changes.More importantly, we demon-

strate for the first time that chemical inhibition of BMI1 with the

PTC series of compounds attenuates DIPG tumor growth in vivo.

These data will be critical in helping to evaluate the results of the

ongoing phase 1 clinical trial.

Using model cell lines, we demonstrate that expression of the

H3K27M transgene in histone WT cells increased BMI1 expres-

sion and that this increase was associated with increased

H3K27ac active histone marks at the BMI1 promoter. A recip-

rocal change in the H3K27ac activation mark and the

H3K27me3 repressive mark at the BMI1 promoter was seen

when the H3 WT transgene was transduced in H3K27M-DIPG

cells and in CRISPR-CAS9-mediated H3K27M-KO cells. These

data, along with others, strongly suggest that the H3K27Mmuta-

tion changes the chromatin landscape to lock in the gene tran-

scription that is required for tumor progression and that BMI1

is one such oncogene in histone-mutant DIPGs. A recent study

demonstrated that most gene signaling pathways regulated by

the twomutant variants (H3.1K27MandH3.3K27M) are common

(Nagaraja et al., 2019). Our data, with respect to BMI1 and its co-

functional partner H2Aub, revealed no variation in their chro-

matin occupancy and gene transcription between H3.1 and

H3.3 tumor subtypes, suggesting that the increase in BMI1 is a

product of histone lysine 27 mutation and that its induction pro-

motes a stem-like state in cells with either histone mutation.

Although BMI1 is expressed in DIPG tumor cells irrespective of

histonemutation status, the presence of either of the histonemu-

tations increased the basal levels of BMI1, making the cells more

sensitive to BMI1 inhibition compared with WT histone-express-

ing cells.

A study using murine models of DIPG demonstrated that the

H3K27M mutation accelerates tumorigenesis by suppressing

the tumor-suppressor protein p16, and as expected, most

DIPG tumors harboring the H3K27M have low levels of p16

expression (Cordero et al., 2017). Our data suggest that the

low levels of p16 in DIPGs could result from the increased
BMI1 activity orchestrated by the oncohistone H3K27M, which

together at least partly contribute to tumorigenesis.

Our study, along with others, suggests that the suppression of

BMI1 results in increased p16 and p21 expression that induces

senescence in cells, thereby repressing cell growth (Bhatta-

charya et al., 2015; Dimri et al., 2002). Although induction of

senescence is important in arresting tumor cell growth, it has

been shown that chronic overexpression of p16 and p21 induced

senescence and that accumulation of these senescent cells can

promote cell replication and tumorigenesis (Kim et al., 2017). Se-

nescent cells are not quiescent but rather metabolically active

cells that secrete multiple pro-inflammatory cytokines and che-

mokines, which can promote malignant phenotypes (Coppé

et al., 2008; Freund et al., 2010; Muñoz-Espı́n and Serrano,

2014). We found that BMI1 inhibition decreased self-renewing

ability and induced senescence but that these senescent cells

eventually reactivated to promote tumor growth. Several seno-

lytic BH3 mimetic agents have been used to clear senescent

cells as a therapeutic strategy for multiple disease models,

including cancer, as well as for aging (Chang et al., 2016; Kim

et al., 2017; Lujambio, 2016). Here we used obatoclax in combi-

nation with PTC028 to show the combinatorial increased anti-tu-

mor effect in vivo. There was a significant decrease in tumor vol-

ume with combination therapy with PTC028 and no detectable

toxicity. Although in this study we performed preclinical valida-

tion using one of the BMI1 inhibitor analogs PTC028, different

analogs can exert their pharmacological activity through

different pathways. Nevertheless, this study provides the proof

of principle that monotherapy with BMI1 inhibitors will be bene-

ficial only temporarily; when administered in combination with

BH3 mimetics, the approach could provide a long-term survival

advantage in DIPG patients. This is because DIPG cells exposed

to PTC028, although effective in cell growth inhibition, become

resistant to this treatment over time due to their own pro-inflam-

matory, anti-apoptotic microenvironment. Hence, the combina-

tion of PTC028with the senolytic drug obatoclax, which removes

this pro-inflammatory, anti-apoptotic microenvironment, is a

promising therapeutic strategy for DIPG.

Based on our data and that of others, we propose the model

shown in Figure 7F. The onset of oncogenic H3K27M in DIPG

precursor stem cells changes BMI1 expression that is induced

tomaintain the cells in a primitive undifferentiated state. BMI1 in-

hibition leads to tumor growth arrest by downregulating cell pro-

liferation and inducing senescence in DIPG cells. This repression

in tumor cell growth, although encouraging, is a temporary effect

because of reactivation of senescent cells. Clearance of senes-

cence with BH3mimetics attenuates tumor growth and prolongs

survival. In summary, the H3K27M mutation co-opts with BMI1

to promote tumorigenesis and DIPG tumor cell killing is

enhanced by combining epigenetic inhibition of BMI1 with seno-

lytic compounds. Future clinical trials should include strategies

combining these agents to target DIPG efficiently.

Limitations of Study
This article highlighting the impact of H3K27M mutation on the

BMI1 oncogene and the effect of the inhibition of BMI1 on DIPG

cell growth was submitted to Cell Reports for considerations in

December 2019. The reviewers’ comments were received in
Cell Reports 33, 108286, October 20, 2020 15
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March 2020, during the coronavirus disease 2019 (COVID-19)

outbreak. With the major nationwide lockdown, we were not

able to fully address some reviewer suggestions. We have ad-

dressedmost points raised by reviewers. However, we have iden-

tified the following limitations to our study. First, althoughwe have

shown in one DIPGmouse model that the anti-tumor effect of the

combination of PTC028 with obatoclax results in increased ani-

mal survival, a reviewer asked us to repeat the study using addi-

tional DIPG mouse models. Second, we performed ChIP-seq

analysis to show changes in BMI1 and H2Aub occupancy in the

H3K27M-DIPG cells from PTC028 treatment. One of the re-

viewers suggested performing a similar experiment using H3

WT-DIPGs. These studies are valuable and will be pursued soon.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

BMI1 Cell Signaling Cat#6964S RRID:AB_10828713

p21 Cell Signaling Cat#2947S RRID:AB_823586

p16ARC Abcam Cat#51243 RRID:AB_2059963

p53 Abcam Cat#179477 RRID:AB_2737134

Caspase 3 Cell Signaling Cat#9662S RRID:AB_331439

PARP Cell Signaling Cat#9542S RRID:AB_2160739

BCL2 Cell Signaling Cat#2872S RRID:AB_10693462

MCL1 Cell Signaling Cat#5453S

BCL-XL Cell Signaling Cat#2764S RRID:AB_2228008

b-Galactosidase (GLB1) Proteintech Cat#15518-1-AP RRID:AB_2263448

IL6 Cell Signaling Cat#12153 RRID:AB_2687897

a-Tubulin Cell Signaling Cat#3873S RRID:AB_1904178

b-Actin HRP Cell Signaling Cat#12262S RRID:AB_2566811

H3.3K27M Millipore ABE419(Discontinued)

H3.3K27M RevMab BioSciences Cat#31-1175-00 RRID:AB_2716432

H3K27me3 Cell Signaling Cat#9733S RRID:AB_2616029

H2AubK119 Cell Signaling Cat#8240S RRID:AB_10891618

H3 Abcam Cat#1791 RRID:AB_302613

BMI1 Novus Cat#NBP2-22204

Ki67 Cell Signaling Cat#9449 RRID:AB_2797703

Cleaved Caspase-3 Cell Signaling Cat#9661 RRID:AB_2341188

p21 Novus Cat#NBP2-48351

BMI1 Cell Signaling Cat#5856 RRID:AB_10838137

ubiquityl-histone H2A EMD Millipore Cat#05-678 RRID:AB_309899

H3K27ac Abcam Cat#ab4729 RRID:AB_2118291

Biological Samples

UPN1285 University of Colorado / Morgan Adams

Foundation tumor bank

N/A

Chemicals, Peptides, and Recombinant Proteins

Triton X-100 Sigma Aldrich Cat#93443

Tween20 Fisher Scientific Cat#BP337-500

Restore Plus Stripping Buffer Thermo Scientific Cat#46430

Luminata ECL Plus Substrate Millipore Cat#WBLUF0500

Dimethyl Sulphoxide Sigma Aldrich Cat#D2650

Kolliphor Sigma Aldrich Cat#S5135

Sodium Vanadate Fisher Scientific Cat#S454-50

Sodium Molybdate Sigma Aldrich Cat#243655

RIPA Buffer Thermo Scientific Cat#87787

Polybrene Sigma Cat#TR-1003-G

PTC209 Sigma Cat#1143

PTC028 Biorbyt Cat#Orb181369

ABT263 APExBIO Cat#A3007

Obatoclax Mesylate Selleck Chem Cat#GX15-070

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Protease Inhibitor Cocktail tablets Roche Cat#11836153001

Heparin Stem Cell Technologies Cat#07980

EGF Shenandoah Technologies Cat#100-26

FGF Shenandoah Technologies Cat#100-146

PGDF-AA Shenandoah Technologies Cat#100-16

PGDF-BB Shenandoah Technologies Cat#100-18

Critical Commercial Assays

RNeasy Plus mini Kit QIAGEN Cat #74136

DNeasy Blood and Tissue Kit QIAGEN Cat #69504

High Capacity cDNA Reverse Transcription

Kit

Thermo Fisher Cat #4368814

Senescence b-Galactosidase Staining Kit Cell Signaling Cat#9860

Milliplex Map human cytokine/chemokine

magnetic bead panel kit

Millipore Cat#HCYTOMAG-60K-PX41

Signal Silence p16(INK4A) siRNA Cell Signaling Cat#6598

Lipofectamine RNAiMAX Transfection

Reagent

Thermo Fisher Cat#13778100

Deposited Data

ChIP Sequencing data https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE140768

GEO: GSE140768

RNA-Seq data https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE140768

GEO: GSE140768

Experimental Models: Cell Lines

Human: Patient-derived cell cultures Refer Table S2

Experimental Models: Organisms/Strains

6-week old Athymic Female Nude Mice

(Nude-Foxn1)

Jackson Laboratory 007850JNU

Oligonucleotides

BMI1 Thermo Fisher Scientific 1726196

OLIG2 Thermo Fisher Scientific 1714797

p21 Thermo Fisher Scientific 171842

p16 Thermo Fisher Scientific 4331182

NESTIN Thermo Fisher Scientific 1590813

MAP2 Thermo Fisher Scientific 1475471

SOX2 Thermo Fisher Scientific 1753592

GFAP Thermo Fisher Scientific 1415273

GAPDH Thermo Fisher Scientific 1712565

Software and Algorithms

ELDA program for Limiting dilution assay http://bioinf.wehi.edu.au/software/elda/ N/A

Metascape program http://metascape.org N/A

Cytoscape Tool Shannon et al., 2003 N/A

RNA-Sequencing Analysis - Trimmed and

clipped for quality control

Trimmomatic (v0.36) N/A

RNA-Sequencing Analysis - Read quality

was checked

FastQC v0.10.1 N/A

RNA-Sequencing Analysis – High Quality

Reads imported

STAR (v2.4.0.1) for alignment into BAM

files.

N/A

RNA-Sequencing Analysis - Count the

reads from BAM files.

Genomic Alignments package (v1.16.0) N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

RNA-Sequencing Analysis - Differential

expression genes on the raw counts

DESeq (v1.32.0) N/A

ChIP-Sequencing – Bowtie 2; Version 2.3.2 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

N/A

ChIP-Sequencing - Samtools; Version 1.9 http://samtools.sourceforge.net/ N/A

ChIP-Sequencing - MACS2; Version

v2.1.1.20160309

https://github.com/macs3-project/MACS/

wiki/Install-macs2

N/A

ChIP-Sequencing - ChIPseeker; Version

1.20.0

https://www.bioconductor.org/packages/

release/bioc/html/ChIPseeker.html

N/A

R2 Genomics analysis and Visualization

platform

https://hgserver1.amc.nl/cgi-bin/r2/main.

cgi

N/A

Illustrator 23.0.3 Adobe N/A

GraphPad Prism 8.1.1 GraphPad N/A

Servier Medical Art; Creative Commons 3.0 https://smart.servier.com/ N/A
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sujatha

Venkataraman (sujatha.venkataraman@cuanschutz.edu).

Materials Availability
This study did not generate any new reagents.

Data and Code Availability
No unpublished custom code, software or algorithm was used in this study. The accession number for the RNA-Seq and ChIP-Seq

data reported in this paper is GEO: GSE140768. https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE140768.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical specimens
Clinical samples used in this study include both biopsy and autopsy tissues. A smaller cohort of DIPG patient tumor tissues and

normal pons used in this study were collected at Children’s hospital of Colorado (CHCO) under the approved IRB protocol (IRB-

9500). Biopsy samples of pons tumor tissue were collected from patients during surgery with the approved protocol and consent.

Tissue specimenswere prepared formicroarray gene expression analysis, RNA sequencing, protein analysis, sectioning and staining

for different proteins, while part of the tissue specimens was stored by flash freezing. Autopsy samples were collected with proper

consent and prepared similar to biopsy samples. Pathological slides used in this study were obtained from different patients diag-

nosed with DIPG that were collected at CHCO, and other centers including VUMedical Center (VUMC), Netherlands. Please see Ta-

ble S2 for DIPG patient age, sex and tumor mutation status.

Cell lines and cell cultures
The complete list of cell lines used in this study along with the source obtained given in the Key Resources Table and Table S2. All

cultures were grown as either tumor neurospheres or asmonolayer with themedia with supplements as described in previous studies

and given in Table S2 (Nagaraja et al., 2019). CRISPR/CAS9 mediated KO of H3K27M and parental BT245 and SU-DIPGXIII cell lines

were obtained from Dr. Jabado, and these cells were cultured using plates coated with poly-L-ornithine (0.01%) (Sigma) and laminin

(0.01 mg/mL) (Sigma). Later these cells were grown as neurospheres in ULA plates for further studies. Cell cultures were periodically

validated using DNA fingerprinting and routinely checked for mycoplasma contamination.

Mouse Xenograft model and drug testing
Human DIPG tumor cells were implanted into the pons of 6-week-old female athymic nude mice. A suspension of �100,000 BT245-

luc2-GFP (H3.3K27M mutant) cells in a total volume of 2 ml serum-free media was injected at a rate of 400 nL/min into the brain at a

site 0.800mm lateral tomidline, 4.700mmposterior to bregma, and 4.500mmventral to the surface of the skull. Tumor formation was

monitored by bioluminescent imaging (BLI) once per week using the IVIS Xenogen 2500 imaging machine.
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Monotherapy and sequential treatment of PTC028with Obatoclax was considered as a therapeutic regime in this experiment. After

tumor establishment in the pons, animals were randomized into 4 treatment groups as follows: 1) Control vehicle alone, n = 7; 2)

PTC028 alone, n = 7 (12.5mg/Kg/day administered orally); 3) Obatoclax alone, n = 7 (3mg/Kg/day administered intraperitoneally);

and 4) combination of PTC028 (12.5mg/Kg/day) and Obatoclax (3mg/Kg/day), n = 7. The schematic of the experimental drug treat-

ment protocol followed in this study is shown in Figure 7A. Compound PTC028 dosing was decided based on the acute toxicity study

we previously performed in mice. The vehicle used to deliver the PTC028 has the composition of 0.5% Hydroxypropyl Methylcellu-

lose and 0.1% Tween 80 in distilled water, and Obatoclax was dissolved in 5%DMSOwith 5%Kolliphor (Sigma) and diluted in sterile

1XPBS. TheObatoclax dosing that was shown to be non-toxic in a glioblastomamodel was used (Karpel-Massler et al., 2015). Tumor

growth and response to therapy were determined biweekly by bioluminescence imaging as previously described (Hashizume et al.,

2014) and by magnetic resonance imaging (MRI) of the mouse brain. Bioluminescence counts (acquired on an IVIS200 optical scan-

ner) for each animal at each time point were normalized against corresponding readings obtained at the beginning of the therapy.

High-resolution T2-turboRARE MRI of both sagittal and axial planes was acquired on a Bruker 9.4 Tesla BioSpec MRI scanner using

a mouse head array coil. The tumor volumes (mm3) were calculated by placing a region of interest (ROI) on each anatomical slice and

multiplying their sum by the slice thickness (0.7 mm). The tumor volumes were calculated by the radiologist.

Body weight was measured twice a week and mice were monitored daily and euthanized at endpoints which included irreversible

neurological deficit, body condition score less than 2, or weight loss of greater than 20%. Mouse survival was closely monitored till

the end of the experiments.

The drug toxicity was measured at the end of the experiments; aliquots of blood was collected in EDTA coated tubes from the an-

imals immediately after sacrifice to measure hematological parameters using a CBC (complete blood counts) instrument Heska,

Element HT5 Veterinary Hematology Analyzer, USA.

METHOD DETAILS

Lentiviral production and target cell transductions
Lentiviral particles for transductions were made from a pooled shRNA library (transOMIC technologies, #TRH6110), from individual

shRNAs targeting BMI1, from pCDH-EF1-MCS-IRES-PURO-H3.3K27M, -H3.3 Wt, and -empty vector plasmids. For lentiviral pro-

duction, HEK293FT cells were co-transfected with the packaging plasmids; psPAX, pMD2.G and shERWOOD-Ultramir-GFP-

shRNAs library by using Lipofectamine 3000 reagent. Single target knock down, mutant or Wt histone lentiviruses were made

with similar packaging of plasmids using HEK293FT cells. The target cells were transduced with the lentiviral vectors using 8 ng/

ml of polybrene and the transduced cells were selected with up to 2 mg/mL puromycin (Sigma-Aldrich). Additionally, cells were sorted

by flow cytometry for GFP-positivity to isolate the pure population of transduced cells with the shRNA transductions. The effects of all

transductions were determined by western blotting for specific proteins.

Functional Genomic shRNA screening
TheH3.1K27M-mutated SU-DIPG04 cell linewas transducedwith a pooled lentiviral shRNA library consisting of�4200 shRNAs target-

ing 408 epigenetic genes (Human LVX-ZsGreen lentiviral shRNA-mir Epigenetics-related genes, transOMIC, TRH6110). The pool con-

tained around 4-10 shRNAs per gene (4200 total shRNAs). Lentiviral particles of the pooled shRNA library were made as described

above. DIPG cells were seeded and 24 hours after seeding these cells were infected with the pooled shRNA lentiviral library with a

MOI of 0.3 using polybrene (n = 4). Seventy two hours after transduction (day 0), one aliquot (control, before puromycin) of cells

were collected for isolating genomic DNA and the rest of the transduced cells were reseeded. These cells were reseeded and 24 hours

after seeding, cells were selected with puromycin (2mg/ml) treatment to select for the pure populations of cells expressing the trans-

duced histones. These cells were maintained in culture medium for a further 21days (day 21) (passaging every 3 days). Cells were

passaged to maintain an MOI of 0.3 at all times to ensure that each transduced cell had a single genomic integration from the shRNA

expressing the same gene in the presence of puromycin. The cells were then collected at 21 days (�7-8-doubling times of the cell) after

transduction. Genomic DNAwas isolated and processed to amplify individual shRNAs with two rounds of PCR and sequenced with an

Illumina HiSeq 3000/ HiSeq 4000 instrument. The sequencing reads were aligned to the shRNA library using Bowtie and the ambiguous

readswere excluded from the analysis. Only reads thatmatched exactly to the adaptor sequence and the shRNA library sequencewere

considered for analysis and the best alignment was noted. Reads were filtered that did not have at least 3 replicates. Resulting read

counts per shRNA were analyzed using R-based package by comparing the shRNAs present on day 0 to day 21, with FDRs of 0.5

and 0.1. These experiments were performed multiple times (n = 4) to check for reproducibility. Genes were considered as a top hit

when there was increased shRNA depletion at the end of 21 days compared to day 0 and this occurred in at least 3 of the 4 replicates.

Figure S1A shows the schematics of this method, similar to a previously reported method (Sroczynska et al., 2014).

Epigenetic chemical drug screening
Drugs included in this panel targeting different chromatin modifiers are given in Figure S1C. This epigenetic screening was performed

using two separate sets of chemical probes targeting chromatin modifiers; one from the SGC (#17748) and the second one from the

Cayman Chemicals (#11076) for a total of 211 drugs targeting various regulators. Briefly, SU-DIPG04 cells (2000 cells/well) were

seeded in the middle 60 wells of a 96-well plate and the surrounding wells were filled with sterile PBS thus preventing media
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evaporation. 24 hours after seeding, these cells were treated with 3 mM of each of the 211 chemical probes in the two screen panels

using DMSO as a control. The media and drug was changed after 48 hours, and replenished with same concentration of the drugs,

and the treatment was continued for 5 days. The cell viability was measured on day 5 using the CellTiter 96� AQueous One Solution

Cell Proliferation Assay kit (MTS) (#3581, Promega, USA). The number of viable cells was determined bymeasuring the absorbance at

492nm with a plate reader spectrometer. The cell viability was reported after normalizing the absorbance values from cells treated

with each of the chemical probes to that of DMSO treated (control) cells.

Making of syngeneic model cell lines
The H3.3 Wt cell lines; VUMC-DIPG10, HSJD-GBM01, and NHA (normal human astrocytes), were made to stably express the

H3K27M mutant transgene by transducing these cells with the lentiviral H3K27M mutant transgene or empty vector. Similarly, the

H3K27M mutant HSJD-DIPG-007 cells were stably transduced with the Wt H3.3 lentiviral plasmid. Briefly, the cells (�100,000/

well) were seeded onto a 6-well plate and the cells were transduced with the lentiviral plasmids using polybrene (polybrene final con-

centration of 8 ng/ml). These plasmids were kindly gifted by Dr. C. David Allis, Rockefeller University, NY (Lewis et al., 2013). Pure

populations of transduced cells were selected using puromycin. The overexpression of these histone transgenes was confirmed

by western blotting of histone proteins isolated by acid extraction. Thesemodel cell lines will be referred in this study as the following:

HSJD-GBM01+H3K27M; VUMC-DIPG10+H3K27M, NHA+H3K27M and HSJD-DIPG-007+H3.3Wt.

Stable knock down of BMI1 gene
Stable knock down of genes was carried out using shRNAs targeting different genes. Briefly, the cells (�100,000/well) were seeded

onto a 6-well plate and the cells were transduced with the lentiviral shRNA using polybrene (polybrene final concentration of 8 ng/ml).

Transduced cells were selected using puromycin (2mg/ml) and the cells were routinely maintained in the cell culture medium contain-

ing 1mg/ml of puromycin. shRNAs targeting BMI1 was obtained from transOMIC technologies and from the Functional Genomic Core

Facility at the University of Colorado, Denver.

Cell transfection with siRNA directed to p16
The signal silence� siRNA inhibiting p16 was obtained from Cell Signaling Technologies (# 6598). A scrambled siRNA was used as a

negative control (siNC). The H3K27M-SF8628 DIPG cells were seeded (�100,000 cells) per well in 3-wells of a 6-well plate for each of

the siRNAs. After 24 hours, the cells were transfected with siRNA with final concentrations of 30 and 60 pmol. The cells were trans-

fected using Lipofectamine RNAiMAX reagent (Invitrogen, Life Technologies, Carlsbad, CA) according to manufactures protocol us-

ing serum-free opti-MEM. After 72 hours of transfections, the cells were split for growth assays with drug treatment studies and for

isolating RNA to test for p16 mRNA expression by QRT-PCR.

Cell proliferation and cell growth assays
Transduced cells were seeded on day 1 and allowed to grow for 3-cell doubling time after whichMTS reagent was added to eachwell

and the absorbance was measured at 492nm wavelength using a plate reader to determine the changes in the cell proliferation. Cell

growth was assessed using an XCELLigence real-time measurement machine. Cells (�2000/well) were seeded on day 1 on a gold-

plated 96-well E-plate and the impedance of cells was measured in real-time. Slopes were calculated as a measure of the rate of cell

growth using the RTCA software program.

Similarly, the cell proliferation assay was performed as described above after individual drug treatments. The drugs used in this

study were all dissolved in DMSO to make stock concentrations to use in in vitro experiments. Cells (�2500 cells) were seeded

on a 96 well plate. After 24 hours, cells were treated with varying concentration of the drugs, then after 5 days of drug treatment,

the cell viability was measured by MTS assay. Using the GraphPad Prism, the IC50 for each drug treatment and for each cell line

used was determined.

The cell viability assaywas performed on one of the primary patient DIPG tumors, UPN-1285, that was collected from the surgery at

our CHCO. The tumor cells (confirmed by H&E staining) were isolated from the tumor tissue as single cells and sorted by flow cytom-

etry for live populations of cells. The live cells were counted, seeded and treated with the control DMSO or PTC028 (100nM) for

3 days. The viability of the cells after 3 days of treatment was measured by Trypan Blue dye exclusion assay.

Western blot analysis
Protein analysis was donewith both thewhole cell lysate andwith isolated histone proteins fromcells.Whole-cell protein lysateswere

harvested in RIPA lysis buffer (Thermo Fisher Scientific) supplementedwith protease inhibitor (Roche), Sodium vanadate and Sodium

molybdate.

Histone proteins, on the other hand, were isolated by acid extraction from cells. Briefly, the cells were lysed with 15-minute incu-

bation in 100 mL of lysis buffer (1X PBS + 0.5% Triton X-100) on ice followed by vortexing four times intermittently for every 5 minutes.

The cell lysate was centrifuged at 10,000 rpm at 4�C for 10 mins and the supernatant was discarded. The cell pellet was washed with

50 mL of lysis buffer, centrifuged at 10,000 rpm at 4�C for 10 mins and the supernatant was discarded. Finally, the cell pellet was

incubated in 10-15 mL of 0.2N HCl overnight at 4�C followed by centrifuging for 10 mins at 4�C and the clear supernatant was

collected and used for histone protein analysis.
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The protein concentrations were determined by BCA assay for which the protein standards were made with RIPA buffer or with

buffer containing 0.2N HCl to determine the concentrations of whole cell lysates and histone protein lysates respectively. �25-

50 mg of whole cell lysate proteins or �1-3 mg of histone proteins were used for western blotting. The proteins were separated on

4%–20% PROTEAN TGX Gels (Biorad) and blotted using the wet transfer system (Biorad) as previously described (Alimova et al.,

2012). The lists of primary antibodies used to detect different proteins are given in the Key Resources Table.

Cell Senescence assay
Cellular senescence was measured using a b-Galactosidase (b-gal) staining assay kit (Cell Signaling) following manufacturer’s in-

struction. Briefly, cells (�10,000) at their lowest passage were seeded in a 6-well plate and allowed to proliferate. For the genetic

knockdown cell, after 7-10 days, cells were fixed and stained with b-gal reagent at pH 6.0, overnight at 37�C. Development of a

blue color indicative of senescing cells was visualized and quantified under a Nikon microscope. Similarly, to measure senescence

in cells treated with different drugs, 24 hours seeding the cells, were treated with drugs, cultured and fixed and stained at different

time points as follows:

Senescence using single agent: Cells were treated with their IC50 of the PTC drug for 7 days after which drug was removed and

fresh media was replaced. After 2 days, the cells were fixed and stained for b-gal.

Senescence using combination treatment: Cells were treated with IC50 of the PTC drugs for 5 days followed by ABT263 (250nM) or

Obatoclax (50nM) treatment for additional 3 days and cells were then fixed and stained for b-gal.

Immunohistochemistry (IHC)
Human DIPG tumor and normal tissues were fixed in formalin, paraffin embedded and sectioned. Hematoxylin-Eosin (H&E) staining

for IHC was performed at the pathology core facility at UCD. Staining for proteins were done using monoclonal antibodies as listed in

the Key Resources Table. IHC of pons tumor tissues from both experimental and control mice were also done as described above.

The IHC staining was analyzed and the pictures were taken using an Olympus BX40 microscope with 40X objective lens. The protein

staining was scored from 0 to 3 (maximum staining) based on the level of staining. The scoring included several microscopic fields

and the fieldswith no staining are scored as zero; staining from 1 to 25%was scored as 1; from 25 to 75%was scored 2 and; the fields

with greater than 75% staining was scored 3 and the scores was verified by a pathologist at the Children’s Hospital Colorado,

Aurora). Each slide was scored on at least three different H&E positive staining sections for each sample and the average value is

plotted.

In vitro extreme limiting dilution assay and neurosphere assay
The limiting dilution assay was performed as described previously (Sieburg et al., 2002; Tropepe et al., 1999; Hu and Smyth, 2009).

Briefly, cells were seeded onto round bottom ultra-low attachment plates in proliferating medium containing no serum. A series of

numbers ranging from 1 cell to 500 cells were seeded onto each of the 96-well plate. On day 12 after seeding, the number of wells

containing spheres in each cell number seeding conditions was counted and analyzed using the ELDA program, (http://bioinf.wehi.

edu.au/software/elda/). This program measures the self-renewing ability of a given cell at a given dilution.

For the neurosphere assay to estimate the cell self-renewal capacity, 50 to 100 cells were seeded as above and allowed to grow for

10 to 12 days. The neurosphere forming ability of cells was visualized, and the neurosphere size was measured using the IncucyteTM

live cell imaging analysis system as previously described (Veo et al., 2019). These primary neurospheres were then dissociated,

centrifuged at a low speed of 100 rpm for 5 minutes to remove all the dead cells. The live cells were then counted and reseeded

in low-attachment plates with serum free proliferating media as above to determine the secondary neurosphere forming ability of

the cells.

Drug Combination Index assay
The combination index studywas carried out using small-molecule inhibitors, two BMI1 inhibitors (PTC209 and PTC028) and the BH3

mimetics, ABT263. The PTC028 concentrations ranged from 5nM to 50nMand PTC209 concentrations ranged from 0.25 mM to 5 mM.

Each of these concentrations was combined with 100nM to 1000nM of ABT263. The cells were also treated with each of these drugs

alone, as controls for this combination index measurement. Briefly, cells (�2000) were seeded onto a 96 well plate and allowed to

grow adherently. After 24 hours, the cells were treated with different concentrations of the drugs as indicated in each experiment.

After 5 days, media was replaced with fresh medium containing MTS reagent and the viability of the remaining live cells was

measured as absorbance at 492nm using a plate reader. The resulting combination index (CI) theorem of Chou-Talalay was used

to calculate quantitatively whether the combination of drugs resulted in an additive (CI = 1), synergistic (CI < 1), or antagonistic (CI

> 1) effect (Ashton, 2015; Chou, 2010).

Clonogenic Survival assay
BMI1 knock down cells along with the control cells were seeded (�250-500 cells) onto a 6 well plate and allowed to form colonies for

14 days. For SF8628 cells alone, cells were seeded onto a 6-well plate that was previously coated with 0.1% gelatin and the cells

were seeded as described above. After 14 days, colonies were fixed with 4% PFA (Paraformaldehyde) and stained with 0.25%Crys-

tal violet in methanol and the colonies with greater than 40 cells were counted.
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ChIP and ChIP-Sequencing
The ChIP procedure was essentially done as previously described (Szak et al., 2001) with appropriate modifications. DIPG cells were

treated with respective IC50 of PTC028 or DMSO for 5 days. The growth medium was aspirated from cells at 70% confluence and

replaced with a 1% formaldehyde in 1X DPBS for 10 mins at room temperature. The cross-linking was terminated by addition of

glycine to a final concentration of 0.125M and incubated for 5 min. The cells were washed twice with cold PBS and scraped in

RIPA buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5 mM EDTA, 1.0% NP-40, 0.5% deoxycholate, 0.1% SDS, 1 mM PMSF,

and a protease inhibitor cocktail). The cell lysates were sonicated to yield chromatin fragments with DNA length ranging between

250 to 500 bp as assayed by agarose gel electrophoresis. After removing the debris, chromatin extracts were collected, and protein

concentration was determined by BCA protein assay reagents (Pierce). For immunoprecipitation, chromatin extracts with 1 mg pro-

tein for each sample were pre-cleared with 40 ml of protein A/G agarose beads (pre-washed in RIPA buffer) at 4�C for 1 hour. The

agarose beads were pelleted by centrifugation and the supernatants were recovered in a fresh tube. 2 mg of primary antibody and

fresh protein A/G agarose beads were added to the pre-cleared chromatin extracts and incubated overnight at 4�C with slow rota-

tion. The immunoprecipitates were washed successively with 1 mL of low salt buffer (20mM Tris-HCl [pH 8.0], 150mM NaCl, 0.1%

SDS, 1%Triton X-100, 2mMEDTA), high salt buffer (20mMTris-HCl [pH 8.0], 500mMNaCl, 0.1%SDS, 1%Triton X-100, 2mMEDTA),

LiCl washing buffer (10mM Tris-HCl [pH 8.0], 250mM LiCl, 1.0% NP40, 1.0% deoxycholate, 1 mM EDTA) and twice with TE buffer.

The DNA-protein complexes were eluted with 200 ml of IP elution buffer (1%SDS, 0.1MNaHCO3). The eluents were pooled together,

and the cross-links were reversed by adding NaCl (a final concentration 0.2M) into the eluents and incubating them at 65�C for 5

hours. DNAs was recovered by proteinase K and RNase A digestion, followed by phenol/chloroform extraction and ethanol precip-

itation. Pellets were resuspended in 100 ml of 10 mM Tris-HCl (pH 8.0) and submitted for sequencing.

Cell apoptosis measurement
Cell apoptosis was measured using flow cytometer (Guava Easycyte 8HT) with Annexin V-PE and 7AAD binding buffer. Briefly, cells

were seeded on a 96 well plate and treated with drugs at different concentration. Treated cell suspensions (100ml) in PBS+1%FBS

flow buffer at the indicated time points were mixed with 100 ml of Annexin-V containing 7-AAD reagent (Millipore) and incubated for

30 minutes. These cells were then analyzed using the flow cytometer. The Annexin-V and 7-AAD positive stained cells were consid-

ered apoptotic and both negatively stained cells were considered as live cells.

Senescence associated secretory phenotype (SASP) factors measurement
DIPG cells with and without different treatments were analyzed using a Milliplex Map human cytokine/chemokine magnetic bead

panel kit according to the manufacturer’s instructions. This kit contains analytes for different cytokines and chemokines. The cell su-

pernatant media was collected and was used for this assay. The final readouts using the Luminex’s xMAPMAGPIX� instrument and

the analyte concentrations were quantified with the standard curves. These assays were performed in duplicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Results were subjected to statistical analysis using the GraphPad Prism software. Statistical significance (p < 0.05) was computed

using one-way ANOVA for three or more conditions and two-tailed and parametric Student’s t tests for two conditions. Patient sam-

ples were compared with normal pons samples using non-parametric Mann-Whitney t test. Survival curves were analyzed using Ka-

plan-Meier method and statistical significance (p < 0.05) was computed using Gehan-Breslow-Wilcoxon tests, with groups

compared by respective median survival or number of days taken to reach 50% morbidity. For the shRNA screen with 3 replicates,

targets with both standard p < 0.05 and lenient p < 0.1, using Student’s t test was considered as targets.

Gene Expression: Microarray, RNA sequencing, QRT-PCR and Gene ontology analysis
Patient-tumor samples were processed, homogenized using a hand-homogenizer. RNA from the homogenized tumor tissues or from

cell lines were extracted with an RNeasy Plus RNA kit (QIAGEN) and the purity of the RNA isolated was examined using an Agilent

2100 Bioanalyzer. Microarray analysis was performed using the Human Genome U133plus2 Array (Affymetrix) platform. The micro-

array data was generated and analyzed as previously described (Birks et al., 2011a, 2011b; Knipstein et al., 2012). RNA sequencing

was done on the RNA isolated from patient tissue samples and cell lines. Two sets of RNA-sequencing were done using the cell lines;

RNA isolated from cells after genetic knockdown of BMI1 and RNA isolated from the cells treated with BMI1 inhibitor PTC028

(respective cells IC50 concentrations) or vehicle (DMSO) for 5 days. mRNA libraries were made from the isolated pure RNA and

RNA sequencing was performed using Nova-Seq. Both microarray analysis and RNA sequencing were performed in the Genomics

and Microarray core facility at the University of Colorado, Denver. Gene expressions from public dataset was obtained using the R2

program, R2: Genomics Analysis and Visualization Platform (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi).

Gene set enrichment analysis (GSEA) was done comparing samples using tools available from the Broad Institute Molecular Sig-

natures Database, (http://www.broadinstitute.org/gsea/msigdb) (Subramanian et al., 2005). From the sequenced gene profiling data,

differential expression of significant genes (> 2-fold) between paired samples were identified using DSEQ2 (Love et al., 2014).
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The relationship between the differentially expressed genes with respect to their functional pathways was also identified by using a

network map generated from the Metascape program (http://metascape.org) (Tripathi et al., 2015), and the network mapping was

visualized using the online Cytoscape tool (Shannon et al., 2003). Briefly, the set of gene clusters from the RNA sequencing data

was uploaded in the Metascape program which gives the enrichment network among the genes, which can be visualized using

the Cytoscape visualization tool where the same-color circles represent gene terms from the same cluster.

To specifically identify compounds that synergizes with PTC028, we used enrichment analysis in the Metascape program and the

network displays compounds that significantly reverses the gene functional pathways.

Volcano plots were made with the RNA sequencing data using the R program for visualizing the differential gene expressions.

These are plots showing the gene counts on the X- axis and the -fold change between the paired samples of comparison (-log 10

of the p value) on the y axis. The genes that are dysregulated, either high or low expressing genes, are seen either to the right or

to the left of the plot, and the significant genes are usually seen at the top of the plot.

For QRT-PCR, the isolated RNAs were reverse transcribed using Taqman reverse transcriptase (Applied biosystems). The purity of

the RNA was checked using a nanodrop with an absorbance 260:280 greater than 1.8. The relative quantitation of the expression of

the gene of interest was determined by DDCTmethod using the Applied Biosystems STEPONEPLUS Real Time PCR system and the

software. The list of gene probes used are given in the Key Resources Table.

ChIP-Seq data processing and analysis
ChIP-Seq libraries were sequenced on the Illumina HiSeq 2500 platform. Bowtie2 was used to align the 50bp single-end sequencing

reads to a reference human genome (hg19) downloaded from the UCSC Genome Browser. Unmapped and mapped reads were

removed, and PCR duplicate reads were removed using Sam tools version 1.5. Peaks were called using MACS2

(v2.1.1.20160309) (Zhang et al., 2008) with default parameters. Peak locations were further annotated according to the known genes

in hg19 and 3000 bp of upstream and downstream of transcription start sites (TSS) considered as promoter regions using the R/Bio-

conductor package ChIP seeker (Yu et al., 2015). Additional ChIP-Seq data were processed and analyzed from the previously pub-

lished dataset (Nagaraja et al., 2019; Piunti et al., 2017).

DATA AND SOFTWARE AVAILABILITY

RNA and ChIP Sequencing data have been deposited in the National Center for Biotechnology Information Gene Expression

Omnibus (GEO) database and are publicly accessible through GEO: GSE140768.
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