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1. INTRODUCTION:

Diffuse Intrinsic Pontine Glioma (DIPG) is a type of high-grade glioma that remains uniformly fatal in
2020, represents the leading cause of death for pediatric brain tumor patients, and for which the
standard of care has not improved in over 50 years. In addition, despite at least 100 clinical trials, there
is not a single drug that has been shown to significantly prolong the survival of children with DIPG
beyond radiation alone.The objective of our study is to unravel the role of LSD1 or KDM1A in DIPG
pathogenesis focusing on its effect on immune related genes. We hypothesize that LSD1 promotes
gliomagenesis in part by repressing immune-related genes such as IL18, and that inhibition of KDM1A
will be efficacious in prolonging the survival of DIPG-bearing mice, in part through upregulation of IL18,
thereby altering the tumor microenvironment.

2. KEYWORDS:
3. ACCOMPLISHMENTS:

=  What were the major goals of the project?

= Specific Aim 1: Determine the effects of LSD1 deletion and overexpression in DIPG
pathogenesis in vivo in genetic and xenograft models

» Specific Aim 2 -Determine whether IL18 is a direct target gene of LSD1 and elucidate the
function of IL18 in DIPG pathogenesis using both genetic and xenograft models of DIPG

» Specific Aim 3 Determine the efficacy of LSD1 inhibitors in genetic and xenograft models of
DIPG.

o What was accomplished under these goals?

With regards to aim 1, we have assessed the effect of LSD1 overexpression on tumorigenesis- part of
Subtask 2.1, Subtask 3.1, and Subtask 3.2. We overexpressed WT LSD1, a truncation LSD1 mutant
lacking the demethylase domain, and empty vector in our DIPG model. Interestingly, our preliminary data
suggests that the truncation mutant may slow down tumorigenesis, perhaps by acting as a dominant
negative. This is illustrated in figure 1 and 2. In brief, neonatal pups were infected with the following
vectors to induce tumor formation and mice were monitored closely for signs and symptoms of brain
tumor formation. All the experimental groups included the following 3 vectors: RCAS-PDGFB, RCAS-
H3.3K27M, and RCAS-CRE to delete p53. The variable vectors between the cohorts were WT LSD1,
Mutant LSD1 (truncation mutant without the C-terminus demethylase domain) and empty vector.
Additional details regarding our genetic mouse modeling approach are in the appendix (a published
reference[1].



We have made progress towards aims 2 (preparatory studies for subtask 1) and 3 (subtask 1) in
terms of examining IL-18 expression and determining the efficacy of LSD1 inhibitors in patient derived
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Figure 1. survival curve of murine DIPG initiated with PDGFB; H3.3K27M; and p53 loss

Comparison of the effects of LSD1 WT overexpression, LSD1 truncation mutant (MT), to empty vector, or (RCAS-
¥). Preliminary data suggests that LSD1 MT significantly delay tumor formation. The following comparisons were
made by the log-rank test: LSD1 WT vs. LSD1 MT; p<0.0148* LSD1 WT vs. RCAS-Y; p<0.0629 ns. LSD1 MT vs.
RCAS-Y; p<0.0010***

models of DIPG. We have carried out experiments to test pharmacological inhibition with clinically
relevant LSD1 inhibitors in a series of DIPG cells lines. In Figure 3 we evaluated cell v viability after
DIPG cells were subject to either 120 hours or 96 hours of drug exposure. AlamarBlue cell viability assay
was completed and read with the CLARIOstar® plus microplate reader. Data is reported as relative
fluorescent units (RFU) and is shown as mean * standard deviation. The ICso was determined on Prism9
using a nonlinear regression analysis with [inhibitor] vs. normalized response to fit the dose response
curve to a variable slope. These results indicate that IMG-7289 has the lowest IC50 of any of the
inhibitors AT SR
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Figure 2. Representative high magnification (40X) H&Es of the cohorts in Figure 1

Preliminary analysis Suggests that there is not a significant difference in tumor grade across tumors.
As expected, tumors had high grade histology.
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inhibitor among the various cell lines.

Figure 3. Single Agent Activity of LSD1 inhibition in a SU-DIPG models. A) SU-DIPG VI, B) SU-DIPG IV, C)
SU-DIPG XlII lines were treated for with either GSK-LSD1, ORY-1001, ORY-2001, or IMG-7289 and
measured using an AlamarBlue cell viability assay. D) Table summarizing the IC50 values for each LSD1

Pharmacological inhibition of LSD1 in HGG is promising, but optimization of the treatment regimens will be
necessary to sustain antitumor responses. In liquid cancer models, mitogen-activated protein kinase (MAPK)
signaling activation acts as a mechanism of resistance to LSD1 inhibitors. This pathway is relevant in GBM
and DIPG because it is frequently hyperactivated, in part via mutations and/or amplification of receptor tyrosine
kinases (RTKs). Western blot analyses were carried out in DIPG cell lines treated with LSD1 inhibitors for
120 hours (SU-DIPG XIll and SU-DIPG VI) or 72 hours (SU-DIPG IV). After LSD1 inhibitor treatment, cells
were harvested, and protein lysates were made using RIPA buffer. Protein concentration was quantified with
the Bradford assay and equal amounts (50 ug XllI, 60 ug VI, and 30 ug V) were loaded onto an 8% (XIII) or
10% (VI and 1V) polyacrylamide gel for Western blot analysis. Images were developed with ECL reagent using
a ChemiDoc™ Touch Imaging System. Data shown below in Fig 4 indicates activation of ERK and AKT
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Figure 4. Activation of kinase signaling after LSD1 inhibition. A) SU-DIPG VI B) SU-DIPG IV, and C) SU-DIPG XIlI cell
lines underwent 120h — SU-DIPG XIIl and SU-DIPG VI — or 72 hours — SU-DIPG IV — of treatment with either GSK-LSD1,
ORY-1001, ORY-2001, or IMG-7289. Cells were then harvested and lysate for western blot analysis. The blots were
then probed for phosphorylated ERK and AKT while normalized to total protein and vinculin as a loading control.

signaling. Based on these results we will test if enhancing efficacy of LSD1 inhibition through kinase inhibitor
combination is a rational strategy.




4.

Relevant to aim 2, we have tested pharmacological inhibition of LSD1 on transcript and protein levels of IL-
18. Figure 4 shows quantitative PCR of IL-18 transcript in DIPG IV cells. Although an increase in IL-18
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Figure 5. [L-18 transcript and protein expression in high grade glioma cell lines after exposure to LSD1

transcript is apparent after 24 h of exposure with the indicated doses, the increase does not reach statistical
significance. However, protein expression of IL-18 as measured by western blotting appears elevated as
shown in Figure 5. Additional experimental details regarding the human DIPG models and some of the in vitro
experiments described in the progress report can be found in our initial collaborative paper|2].

O

o

O

IMPACT:

O

What opportunities for training and professional development has the project provided?

Funds were utilized to support laboratory personnel who had no prior experience with
primary patient derived brain tumor cell lines. This enhanced their skill and prompted them

to attend seminars relevant to brain tumor therapeutics. A summer student was also trained
through funds available for this project.

How were the results disseminated to communities of interest?

An abstract will be presented at the 2022 Society for Neuro-oncology Conference describing
this work. This will be presented as a poster. The title of the abstract is Co-inhibition of
kinase signaling pathways and epigenetic regulators overcomes compensatory effects in
pediatric high-grade glioma. The presenting author is Jack Adams (Summer student).

What do you plan to do during the next reporting period to accomplish the goals?

We have obtained LSD1 floxed mice and are crossing them into the Nitva mice. We hope to
complete the LSD1 deletion experiments by the end of year 2- compare tumorigenesis with
and without deletion of LSD1 and subsequent analysis as stated in SOW. In addition, we
have generated an RCAS-IL-18, and so will begin the proposed IL18 over-expression
experiments in year 2 as stated in SOW. The in vivo experiments and ChIP experiments will
be prioritized in the next year. We will also begin generating knockdown and knockout lines.

What was the impact on the development of the principal discipline(s) of the project?



o The project seeks to evaluate whether LSD1 is good therapeutic target to treat this incurable brain
cancer. Results in this first year of the award are still supportive of our hypothesis, which is that
LSD1 is a good therapeutic target. In year 2 we will continue to evaluate this target and determine
how it contributes to tumor formation. Some of the results in year 1 may also suggest a future
combination therapy (LSD1 inhibitor + a kinase inhibitor) to explore therapeutically.

o What was the impact on other disciplines?
= Nothing to Report

o What was the impact on technology transfer?
= Nothing to Report

o What was the impact on society beyond science and technology?
= Nothing to Report

= | think figuring out how to cure this childhood brain cancer will be of benefit to society. An
incurable cancer in children where the standard of care has not budged, has a negative
impact on society and particularly the families directly affected by it.

5. CHANGES/PROBLEMS:
o Changes in approach and reasons for change
= Nothing to report
o Actual or anticipated problems or delays and actions or plans to resolve them
= Nothing to report
o Changes that had a significant impact on expenditures
= Nothing to report

o Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

= Nothing to report. Institutional Review Board/Institutional Animal Care and Use Committee
approval dates were 1/13/22 and 4/26/22 respectively.

o Significant changes in use or care of human subjects
= No significant changes

o Significant changes in use or care of vertebrate animals.
= No significant changes

o Significant changes in use of biohazards and/or select agents
= No significant changes

6. PRODUCTS:

o Publications, conference papers, and presentations

= Journal publications. Nothing to report



= Books or other non-periodical, one-time publications. Nothing to report.

= Other publications, conference papers, and presentations.

Poster presentation at the annual Society of Neuro-Oncology meeting. Presenter is Jack
Adams. Title of poster is: Co-inhibition of kinase signaling pathways and epigenetic
regulators overcomes compensatory effects in pediatric high-grade gliomas.

Website(s) or other Internet site(s)
Nothing to report

Technologies or techniques
Nothing to report

Inventions, patent applications, and/or licenses
nothing to report

Other Products

Identify any other reportable outcomes that were developed under this project. Reportable
outcomes are defined as a research result that is or relates to a product, scientific advance, or
research tool that makes a meaningful contribution toward the understanding, prevention, diagnosis,
prognosis, treatment, and/or rehabilitation of a disease, injury or condition, or to improve the quality
of life. Examples include:

= RCAS-IL18 — a plasmid that will overexpress murine IL18 in TVA positive cells.

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

O

What individuals have worked on the project?

Name: Oren Becher

Project Role: Principal Investigator

Researcher Identifier (e.g. ORCID ID): ORCID ID: 0000-0003-4016-8492

Nearest person month worked: 24

Contribution to Project: Dr. Becher is overseeing the project.
Funding Support:

Name: Anna Racanelli, BA

Project Role: Helping with tumor induction and mouse monitoring

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked: 3

Contribution to Project: Technical support. Master’s student
Funding Support:

Name: Mili Chizhik, BA




Project Role:

Research technician

Researcher Identifier (e.g. ORCID
ID):

Nearest person month worked:

24

Contribution to Project:

Technical support: cell culture, tumor induction, and mouse
monitoring

Funding Support: Becher Seed funds

Name: Joya Chandra

Project Role: Subcontract PI

Researcher Identifier (e.g. ORCID ID): ORCID ID: 0000-0003-4016-8492
Nearest person month worked: 24

Contribution to Project: Dr. Chandra is overseeing the project
Funding Support:

Name: Huaxian Ma, MS

Project Role: Research scientist

Researcher Identifier (e.g. ORCID
ID):

Nearest person month worked:

9

Contribution to Project:

Huaxian performed experiments under Dr. Chandra’s
mentorship

Funding Support:

Name: Samantha Gadd, PhD

Project Role: Bioinformatics

Researcher Identifier (e.g. ORCID ID): ORCID ID:

Nearest person month worked: 1.2

Contribution to Project: Performing bioinformatics analysis




Funding Support:

o Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?

= Dr. Becher has been awarded a new MPI RO1 award (6/1/22-5/31/27). Contact PI is
Dolores Hambardzumyan. R01 CA258636-01A1 titled: The role of Myeloid cells in
pediatric high-grade gliomas. There is no overlap with this award. His effort is 20%.

= His RO1 R0O1 CA197313-08 has completed and we have submitted a NCE for an
additional year. This NCE is still being process by NIH. The period of NCE is 9/1/22-
8/31/23. The requested effort for the NCE period is 9%.

o What other organizations were involved as partners?
= Organization Name: MD Anderson
= Location of Organization: Houston TX
= Partner's contribution to the project

1. Collaboration — This award is a collaboration between Mount Sinai (Oren
Becher) and MD Anderson (Joya Chandra) as in the award documents.

e Organization Name: Ann & Robert H. Lurie Children’s Hospital of Chicago
e Location of Organization: Chicago, IL
e Partner’s contribution to the project
1. Collaboration — Sam Gadd, PhD is providing bioinformatics expertise.

Conclusion-

We have made great progress in year 1 and are excited for year 2: the LSD1 deletion experiment, the IL18
overexpression experiments, additional pharmacological experiments such as BBB penetration with the
LSD1 inhibitors to prioritize the one that we will test in vivo in year 3. In year 1 we obtained some key
reagents such as the LSD1 floxed mice, generation of the RCAS-IL18 as well as obtaining all the
administrative approvals. We did still generate some data that is of interest and is supportive of our

original hypothesis that LSD1 inhibitors may be therapeutic to treat DIPG (an incurable brain cancer in
children).

References
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Abstract

Diffuse intrinsic pontine glioma (DIPG) is a highly aggres-
sive pediatric brainstem tumor genetically distinguished from
adult GBM by the high prevalence of the K27M mutation in the
histone H3 variant H3.3 (H3F3A). This mutation reprograms
the H3K27me3 epigenetic landscape of DIPG by inhibiting the
H3K27-specific histone methyltransferase EZH2. This globally
reduces H3K27me2/3, critical repressive marks responsible for
cell fate decisions, and also causes focal gain of H3K27me3
throughout the epigenome. To date, the tumor-driving effects
of H3.3K27M remain largely unknown. Here, it is demonstrat-
ed that H3.3K27M cooperates with PDGF-B in vivo, enhancing
gliomagenesis and reducing survival of p53 wild-type (WT)
and knockout murine models of DIPG. H3.3K27M expression
drives increased proliferation of tumor-derived murine neuro-
spheres, suggesting that cell-cycle deregulation contributes to
increased malignancy in mutant tumors. RNA sequencing on
tumor tissue from H3.3K27M-expressing mice indicated global
upregulation of PRC2 target genes, and a subset of newly
repressed genes enriched in regulators of development and
cell proliferation. Strikingly, H3.3K27M induced targeted

Introduction

Despite over half a century of research directed toward the
development of an efficacious treatment for diffuse intrinsic
pontine glioma (DIPG), a rare and deadly tumor arising within
the pons region of the brainstem predominantly in children, no
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repression of the p16/ink4a (CDKN2A) locus, a critical regu-
lator of the Gy-G; to S-phase transition. Increased levels of
H3K27me3 were observed at the pl6 promoter; however,
pharmacologic reduction of methylation at this promoter
did not rescue p16 expression. Although DNA methylation is
also present at this promoter, it is not K27M dependent.
Intriguingly, inhibition of DNA methylation restores p16
levels and is cytotoxic against murine tumor cells. Importantly,
these data reveal that H3.3K27M-mediated p16 repression
is an important mechanism underlying the proliferation
of H3.3K27M tumor cells, as in vivo cdkn2a knockout elim-
inates the survival difference between H3.3K27M and H3.3WT
tumor-bearing mice.

Implications: This study shows that H3.3K27M mutation and
PDGEF signaling act in concert to accelerate gliomagenesis in a
genetic mouse model and identifies repression of p16 tumor
suppressor as a target of H3.3K27M, highlighting the G,-S cell-
cycle transition as a promising therapeutic avenue. Mol Cancer Res;
15(9); 1243-54. ©2017 AACR.

therapies have improved the dismal survival rates. DIPG patients
have a median survival of less than one year after diagnosis, and
less than 20% of patients survive past 2 years. The diffuse and
infiltrating nature of the tumor coupled with its extremely sen-
sitive location precludes surgical resection. Currently, the stan-
dard regimen of radiotherapy provides only temporary relief from
symptoms, and no chemotherapy has shown efficacy beyond
radiation alone (1, 2).

Recent large-scale analyses of DIPG patient samples has
allowed for major advances in our understanding of the driving
mechanisms underlying DIPG. These studies have identified the
most commonly occurring genetic alterations, which include
H3.3/H3.1 K27M mutations (80%), mutations in TP53 (77%),
and amplification of PDGFRA (36%; refs. 3-11). The H3 histone
mutations not only differentiate pediatric from adult gliomas, but
also define distinct gene expression profiles between cortical and
brainstem gliomas specific to the particular amino acid tail
residue mutations (12). The H3.3K27M mutation has increas-
ingly gained interest due to its high frequency, specific spatio-
temporal occurrence, and gain-of-function mechanism of action.
H3.3K27M histones act as potent inhibitors of H3K27 di- and
trimethylation (H3K27me2/3) by binding to the SET domain of
EZH2, the histone methyltransferase component of the Polycomb
repressive complex 2 (PRC2) causing global reduction of these
repressive marks (13). The H3.3K27M-mediated global changes
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comprise a specific epigenetic signature that may hold valuable
insight into the driving mechanisms behind this aggressive dis-
ease (14, 15).

Chromatin immunoprecipitation sequencing (ChIP-seq) and
whole-genome bisulfite sequencing studies of K27M-mutant
DIPG and pediatric high-grade glioma patient samples identified
focal regions retain or gain H3K27me3 along with the global loss
of H3K27me3 and subsequent DNA hypomethylation profile
(15). The CDKN2A locus was included as a site of novel PRC2-
dependent gain of promoter H3K27me3 (14). Homozygous
deletion of the CDKN2A locus, which harbors both the p16/
INK4A and p19/ARF transcripts, although a common genetic
alteration across all human cancer types, rarely occurs in DIPG
(16). Although the tumor suppressor function of p16, an endog-
enous CDK4/6 inhibitor, has been thought to remain predom-
inantly uncompromised in DIPG, phase I clinical trials are under
way assessing the safety of CDK4/6 inhibitors in treating affected
children (17). To date, however, no work has demonstrated
whether this novel increase in H3K27me3 at the CDKN2A locus
is directly mediated by the H3.3K27M oncohistone to regulate its
expression or whether repression of this locus contributes to
gliomagenesis.

To address the role of H3.3K27M in DIPG, we developed an
in vivo brainstem glioma mouse model incorporating the
H3.3K27M mutation and platelet-derived growth factor-B
(PDGEFB) activation, in both p53 wild-type (WT) and knockout
settings, using the RCAS/tv-a avian retroviral system (13, 18).
We demonstrate that the expression of H3.3K27M cooperates
with PDGF signaling to increase proliferation and tumor grade
in vivo in both p53 WT and deficient models. Intriguingly,
H3.3K27M causes global gene derepression as expected, but
also novel gene repression. We find that p16 is a target for
aberrant H3.3K27M-induced repression and although there is a
localized gain in promoter H3K27me3, only inhibition of DNA
methylation rescues gene expression. Importantly, genetic
knockout of cdkn2a abolishes the survival difference between
mice harboring H3.3K27M- and H3.3WT-expressing tumors. In
addition, H3.3K27M-expressing tumor cells show significantly
increased sensitivity to CDK4/6 inhibition by palbociclib com-
pared with H3.3WT controls. This establishes the H3.3K27M-
induced repression of p16 as a critical mechanism contributing
to the acceleration of gliomagenesis by the mutation and
highlights regulation of the G;-S transition as a promising
therapeutic node in DIPG.

Materials and Methods

In vivo mouse model experiments

All animals were maintained in accordance with the Duke
Animal Care and Use Committee under the approved protocol
(A162-16-07). The following mice were used: Nestin Tv-a; p53%/1
(C57BL/6] background) as described previously (19). Nestin Tv-a;
CDKN2AMT mice (C57BL/6) background) were obtained by
crossing nestin tv-a mice with cdkn2¢™" mice, provided by Ron
Depinho (University of Texas MD Anderson Cancer Center,
Houston, TX). Mice were monitored for tumor growth by weight
loss and neurologic symptoms.

Cell lines and culture
Murine tumors were isolated and enzymatically digested as
described previously (19). GFP-positive single cells were sorted by
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FACS and cultured in NeuroCult media with proliferation sup-
plement (Stemcell Technologies) as neurospheres. Cells were
split using Accutase (Innovative Cell Technologies), and all
experiments were performed using primary (non-thawed) lines
at low passage (under passage 10). For bromodeoxyuridine
(BrdUrd) analysis, single cells were seeded into 96-well plates in
biological and experimental triplicate, cultured for 72 hours, and
then assessed for BrdUrd incorporation using the Cell Prolifera-
tion ELISA Kit (Roche) per the manufacturer's recommendations.
For drug treatments of both murine and human DIPG lines, single
cells were seeded into 96-well plates in biological and experi-
mental triplicate and treated with drugs or vehicle (0.1% DMSO)
the following day. Primary pediatric human glioma cell lines,
SF8628 and DIPG007 (HSJD-DIPG-007), contain H3.3K27M
mutations, SU-DIPG-IV contains H3.1K27M, and all lines were
obtained from Dr. Rintaro Hashizume at Northwestern University
(Chicago, IL), Dr. Michelle Monje at Stanford University (Stan-
ford, CA), and Dr. Angel Montero Carcaboso at Hospital SantJoan
de Déu (Barcelona, Spain), in accord with institutionally
approved protocol at each institution, and the cell culture models
have been described previously (20-22). SF8628 cells derived
from surgical biopsy were maintained as an exponentially grow-
ing monolayer in complete medium consisting of DMEM
(GIBCO 11965, Invitrogen) supplemented with 10% FBS with
penicillin-streptomycin and plasmocin. SU-DIPG 1V cell culture
derived from DIPG autopsy tissue was grown as tumor neuro-
spheres in tumor stem media (TSM) consisting of DMEM/F12
(Invitrogen), Neurobasal(-A) (Invitrogen), B27(-A) (Invitrogen),
human-bFGF (20 ng/mL; Shenandoah Biotechnology), human-
EGF (20 ng/mL; Shenandoah Biotechnology), human PDGF-AB
(20 ng/mL; Shenandoah Biotechnology), and heparin (10 ng/
mL). DIPG007 (HSJD-DIPG-007) cells were derived from the
autopsy and were maintained as an exponentially growing mono-
layer in TSM media supplemented with 5% FBS. Human cell
histone mutational status was determined using Sanger sequenc-
ing for the H3F3A and HIST1H3B genes. Human cell cultures were
validated by DNA fingerprinting using short tandem repeat anal-
ysis and checked for mycoplasma contamination. Human lines
were cultured for 2 to 3 passages (2 weeks) following thawing for
experiments. Other experimental details are as described in the
text. Inhibitors used were GSK343, GSK126, EPZ-6438, decita-
bine, azacitidine, and palbociclib (Selleck). No mycoplasma
testing regimen was performed on murine cell lines as they are
early passage tumor-derived cells.

Generation of murine brainstem gliomas

All animal studies were performed in accordance with the Duke
University Animal Care and Use Committee and Guide for the
Care and Use of Laboratory Animals (protocol # A214-13-08).
The RCAS/TVA system was used to generate murine brainstem
gliomas. DF1 virus-producing cells were purchased from ATCC,
cultured in DMEM (ATCC) supplemented with 10% FBS,
2 mmol/L i-glutamine, 100 U/mL penicillin and 100 pug/mL
streptomycin, and incubated at 39°C and 5% CO,. Cells were
transfected with RCAS plasmids (RCAS-PDGF-B, RCAS-Cre,
RCAS-H3.3WT, RCAS-H3.3K27M, RCAS-p53shRNA) using X-
TremeGENE 9 (Roche) per the manufacturer's instructions. One
microliter (10° cells) of DF1 cells (ATCC) expressing equal ratios
of RCAS virus-producing cells was injected intracranially into the
brainstem of postnatal day 3 to 4 nestin tv-a (Ntv-a) p53"% mice
to generate brainstem gliomas as described previously (19). Mice
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were euthanized with CO, upon appearance of symptoms of
brain tumor development (weight loss, lethargy, head tilt, or
hydrocephalus) in accordance with Duke University IACUC pro-
tocol. Brain tissue from these animals was extracted and either
fixed in 10% neutral-buffered formalin and paraffin embedded or
used to generate tumor cell lines.

In vitro infection of brainstem progenitors with RCAS viruses

Normal brainstem progenitors from nestin-tv-a mice were
isolated and infected with concentrated RCAS-H3.3K27M-HA,
RCAS-H3.3WT-HA, or RCASY (empty vector) viruses as previous-
ly described and grown under neurosphere conditions (23).

Tumor grading

Tumor samples fixed in 10% formalin for 24 hours were
embedded in paraffin by the Duke Pathology Core and cut into
5-um sections using a Leica RM2235 microtome. Hematoxylin
and eosin (H&E) staining was performed using standard proto-
cols. Tumor grading was performed by a blinded neuropatholo-
gist (R.E. McLendon).

THC analysis

Formalin-fixed brains were paraffin embedded by Duke
Pathology Core Services. Sections were cut 5-um thick using
a Leica RM2235 Microtome. IHC was performed using an
automated processor (Discovery XT, Ventana Medical Systems,
Inc.). Antibodies used are provided in the Supplementary
Material. Quantification was performed using Metamorph soft-
ware. We analyzed 10 different high-powered fields (40x) and
quantified total nuclear area of positive staining to total nuclear
area.

Immunofluorescence studies

Tumor-bearing mice were injected with EdU (10 mg/kg) 4
hours prior to sacrifice; brains were fixed in 10% formalin, paraffin
embedded, and cut into 5-pm sections. Slides were deparaffinized
in xylenes and rehydrated with decreasing ethanol solutions. EQU
staining was performed following the protocol for Click-iT EAU
Alexa Fluor 594 Imaging Kit (Invitrogen #C10339). Quantifica-
tion was performed using Metamorph software. We analyzed 10
different high-powered fields (40x) and quantified total EdU-
positive staining to total nuclear area (DAPI stained).

Western blots

Western blots on histone-extracted proteins were performed as
described previously (13). Antibodies used are provided in the
Supplementary Material. Quantification of band intensities was
performed using Image] software.

MRI tumor volume analysis

T2-weighted scans of the brain were acquired using a cryogenic
coil (CryoProbe, Bruker Biospin) and the following parameters:
repetition time TR = 1.5 seconds, echo time TE = 22 ms,
bandwidth 75 kHz, flip angle 90, matrix: 160 x 160, 100 slices,
field of view 1.6 X 1.6 x 1.0 cm. Tumor volumes were obtained
from manual segmentation.

RNA-seq analysis

Read-pairs were aligned to the mouse genome (mm9) by
expression analysis. The number of read-pairs per gene was
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determined based upon the NCBIM37 gene annotation from the
ENSEMBL database (24). Genes that did not have at least 10 read-
pairs in any single library were excluded from further analysis.
Normalization and differential expression analysis was carried
out using the DESeq bioconductor package (default parameters,
GSE98765; ref. 25).

qRT-PCR analysis

Total RNA was isolated using RNeasy kit (Qiagen) per the
manufacturer's protocol. cDNA was synthesized from total mRNA
using Superscript II and OligodT primers (Invitrogen). qRT-PCR
TagMan primers were used for murine p16, and murine p19 and
sequences are provided in the Supplementary Material. Relative
gene expression levels were generated using the AAC, method
(26).

Flow cytometry

Cell-cycle analysis by flow cytometry was performed by fixing
cells in 70% ethanol on ice for 15 minutes. Cells were washed,
stained with propidium iodide labeling solution (BD Bios-
ciences), and transferred to FACS tubes. Cell-cycle analysis was
performed by the Duke Cancer Center Flow Cytometry Core.

ChIP followed by quantitative PCR

Tumor neurospheres were dissociated using Accutase (Innova-
tive Cell Technologies) and counted using the Scepter automated
cell counter (Millipore). Cells (5 x 10°) were fixed in 1% form-
aldehyde for 7 minutes at room temperature, quenched with the
addition of 125 mmol/L glycine for 5 minutes, and washed with
1x PBS before storing at —80°C. Cells were resuspended in 500 pL
lysis buffer (10 mmol/L HEPES, 0.5% NP-40, 1.5 mmol/L MgCl,,
10 mmol/L KCI) with protease inhibitors and incubated on ice for
10 minutes. After centrifugation at 5,000 rpm for 5 minutes, the
nuclear pellet was lysed in 500 puL nuclear lysis buffer (50 mmol/L
Tris, 1% SDS, 10 mmol/L EDTA) with protease inhibitors for 15
minutes. Extracts were sonicated, cleared by centrifugation, and
diluted to 1 x 10° cells per mL in dilution buffer (0.01% SDS,
1.1% Triton X-100, 1.2 mmol/L EDTA, 167 mmol/L NaCl,
16.7 mmol/L Tris). Antibody incubation (4 pg) was performed
overnight. ChIP antibodies used are located in the Supplementary
Material. Forty microliters of 50% Protein A/G beads (GE Health-
care) was added to lysates and rotated at 4°C for 3 hours. Protein-
bound beads were sequentially washed with wash I (20 mmol/L
Tris, 150 mmol/L NaCl, 2 mmol/L EDTA, 1% Triton X-100,
0.1%SDS), wash II (20 mmol/L Tris, 500 mmol/L NaCl,
2 mmol/L EDTA, 1% Triton X-100, 0.1% SDS), wash III
(10 mmol/L Tris, 250 mmol/L LiCl, 1 mmol/L EDTA, 1% NP-
40, 1% deoxycholate), then washed twice with TE. DNA was
eluted with 1% SDS, 0.1 mol/L NaHCOj3 and reverse cross-linked
by incubation at 65°C with RNase overnight. Eluants were then
treated with proteinase K, and DNA was purified using Qiagen
PCR Purification Kit. DNA amplification was performed by qPCR
as described above.

Pyrosequencing

Primers for CDKN2a pyrosequencing assays were designed
using PSQ assay design software version 1.0.6 (Qiagen). The
primer sequences and PCR conditions are provided in the Sup-
plementary Material. Seven microliters of PCR products were used
for pyrosequencing following the protocol from the manufacturer

(Qiagen).
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Statistical analysis

Statistical analysis was performed using GraphPad Prism (Ver-
sion 6.0). All survival curves were analyzed by log-rank (Mantel-
Cox) test. IHC and immunofluorescence (IF) analyses were per-
formed using the Mann-Whitney test. ICsy, and growth curve
determinations and significance calculations were found by non-
linear regression analysis. All other assays were performed using
either paired or unpaired standard ¢ test.

Results

H3.3K27M cooperates with PDGF signaling to increase tumor
grade and proliferation in vivo

Previous studies have shown that H3.3K27M expression cor-
relates with increased disease aggressiveness in patients and
increased proliferation and stem cell characteristics in wvitro
(3, 27). In addition, some evidence suggests a nestin-positive,
hedgehog-responsive progenitor within the brainstem is a candi-
date for the cell of origin for DIPG (28). Therefore, we utilized the
RCAS/tv-a system to express the H3.3K27M mutation in nestin-
expressing progenitor cells of the neonatal murine brainstem to
model DIPG in vivo and investigate the direct protumorigenic
mechanisms of H3.3K27M. We found that H3.3K27M expression
alone did not induce tumors by histologic analysis of the brains
(Supplementary Table S1).

PDGFB overexpression alone in our nestin tv-a murine model
normally induces low-grade brainstem gliomas with the mice
typically remaining asymptomatic (29). We examined the com-
bined expression of PDGFB with H3.3K27M, H3.3WT, or empty
vector to determine the impact of H3.3K27M on survival and
tumor grade. All PDGFB; empty vector control mice survived to
the 12-week endpoint as expected. Similarly, the majority of the
PDGFB; H3.3WT control mice survived to the 12-week endpoint.
Interestingly, 22% of the PDGFB; H3.3K27M-expressing mice
developed tumor symptoms before the 12-week endpoint that
met our criteria for sacrifice (Fig. 1A). Histologic analysis of both
PDGFB; empty vector and PDGFB; H3.3WT brains showed only
grade 2 tumors, while the PDGFB; H3.3K27M cohort demon-
strated 47% grade 2, 47% grade 3, and 6% grade 4 tumor
incidences (Fig. 1B). The grade 3-4 gliomas within the PDGFB;
H3.3K27M group displayed increased microvascular prolifera-
tion, mitotic figures, and overall increased cellular density as
detected by H&E staining (Fig. 1C). Consistent with these find-
ings, PDGFB; H3.3K27M tumors harbored significantly increased
EdU-positive cycling cells as compared with controls (Fig. 1C and
D). Tumor volumes analyzed using MRI scans also complemen-
ted these results, revealing a trend for larger tumors with
H3.3K27M expression (Supplementary Fig. S1A). Thus,
H3.3K27M increases proliferation, raises tumor grade, and
reduces latency of PDGFB-driven, p53 WT brainstem glioma in
mice.

H3.3K27M accelerates tumorigenesis in a high-grade murine
brainstem glioma model

We generated high-grade murine models of DIPG by adding
RCAS-Cre-mediated p53 knockout to our PDGFB-driven tumors
and expressing H3.3WT or H3.3K27M with either HA- or GFP-
tags. Tumors were invasive, localized to the brainstem region,
highly proliferative, and showed high expression of olig2, nestin,
and the H3.3WT or H3.3K27M constructs by IHC (Fig. 2A). Power
analysis for the HA-tagged model indicated that the accurate
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detection of a minimum 5-day survival difference would require
at least 40 mice per group. With this experimental design, we
found that H3.3K27M-HA mice exhibited significantly shorter
tumor latency with a median survival of 36 days compared with
41 days in the H3.3WT-HA group (Fig. 2B; Supplementary Table
S1). The GFP-tagged constructs showed similar results, with
H3.3K27M-mutant mice succumbing to tumor an average of 8
days earlier compared with H3.3WT-GFP mice (36 and 44 days,
respectively; Supplementary Fig. S1B). Analysis of H3.3WT-HA
and H3.3K27M-HA tumors showed no difference in tumor cell
proliferation by phosphorylated H3 (pH3) IHC or EdU immu-
nofluorescence (Supplementary Fig. S1C and S1D).

We next derived purified primary tumor lines using FACS to
isolate the GFP-tagged H3.3WT or H3.3K27M populations and
cultured the cells short term in serum-free conditions for in vitro
analysis. The GFP-purified neurospheres allow us to study the
effects of H3.3K27M in isolation of the tumor bulk while better
retaining in vivo tumor properties in an in vitro setting (30). We first
performed Western blots to determine the level of exogenous
histone overexpression and analyze H3K27me3 levels. We con-
firmed that H3.3K27M-expressing tumors harbored the charac-
teristic global decrease in H3K27me3 by Western blot analysis. In
addition, the exogenous GFP-tagged histones were expressed at
near equal levels between H3.3K27M and H3.3WT controls and
showed comparable expression with endogenous histone levels
(Fig. 2C; Supplementary Fig. S1E). BrdUrd incorporation assays
show that H3.3K27M cells proliferate at a significantly higher rate
as compared with the H3.3WT-GFP control tumor lines (Fig. 2D).
Furthermore, cell-cycle analysis comparing H3.3K27M and
H3.3WT controls revealed a significant shift in the H3.3K27M
lines toward the S and G,-M phases with a corresponding
reduction in the Go—G; phase cells (Fig. 2E). This further indicates
a higher percentage of proliferating cells in H3.3K27M-mutant
lines. Taken together, these data show that expression of
H3.3K27M increases tumor cell proliferation in PDGFB-driven
brainstem gliomas independent of p53 status.

H3.3K27M induces localized repression of p16 expression

To elucidate potential mechanisms underlying H3.3K27M-
induced increased malignancy and cell-cycle progression, we
extracted tumor tissue from PDGFB; p53~/~; empty vector control
and PDGFB; p53~/~; H3.3K27M expressing high-grade tumors
and performed RNA sequencing (RNA-Seq) analysis. We found a
total of 224 significantly differentially expressed genes with 182
upregulated and 42 downregulated genes in the H3.3K27M group
compared with the controls (Fig. 3A; Supplementary Material).
Unsupervised hierarchical clustering and principal component
analysis showed H3.3K27M group tumors have a distinct gene
expression profile compared with the PDGFB; p53~/~; empty
vector controls (Fig. 3A and B). Gene set enrichment analysis
(GSEA) demonstrated a significant upregulation of PRC2-regu-
lated genes from embryonic and neural progenitor (Supplemen-
tary Fig. S2A). Gene ontology (GO) using DAVID software indi-
cated upregulated genes were enriched in neuronal function and
morphogenesis as reported in DIPG patient studies (Fig. 3C;
ref. 15). In addition, we used GSEA analysis to compare our
mouse tumors to DIPG patient data and found varying levels of
similarities (Supplementary Fig. S2B).

Intriguingly, known PRC2 target genes were also among
the downregulated genes in H3.3K27M tumors, suggesting
residual PRC2-induced repression despite inhibition of EZH2
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Figure 1.

H3.3K27M cooperates with PDGF signaling to increase tumor malignancy A, Nestin tv-a mice were injected with RCAS-PDGFB and either RCAS-Y, RCAS-
H3.3WT, or RCAS-H3.3K27M. Kaplan-Meier survival curve of all three groups showing a significant difference between the PDGFB; H3.3K27M and PDGFB;
RCASY groups (N = 15 for PDGF-B; empty vector, N = 50 for PDGF-B; H3.3K27M, P = 0.048). B, Graph of tumor grades for PDGFB; RCASY (n = 7), PDGFB;
H3.3WT (n =13), and PDGFB; H3.3K27M (n = 15). C, Representative H&E (40 x) stained murine tumors driven by PDGFB signaling in combination with (i) RCASY
empty vector, (ii) H3.3WT, or (iii) H3.3K27M (top) and IF images (40 x) of these groups with EdU (red) injection 4 hours prior to sacrifice to mark proliferating cells.
Total nuclei stained with DAPI (blue). D, IF image quantification of total EdU-positive nuclear (nuc) area over total nuclear area for PDGFB; RCASY (n = 6),
PDGFB; H3.3WT (n = 4), and PDGFB; H3.3K27M (n = 5) groups show a significantly higher percentage of EdU-positive nuclei in PDGFB; H3.3K27M

compared with both PDGFB; RCASY (P = 0.017) and PDGFB; H3.3WT (P = 0.016).

methyltransferase function by H3.3K27M. GO analysis of the
downregulated genes revealed enrichment for developmental and
cell-cycle-regulatory genes (Fig. 3C). The critical tumor suppres-
sor locus Cdkn2a is among the H3.3K27M-repressed loci (Fig.
3C). As the cdkn2a locus harbors both the p16/ink4a and p19/Arf
alternate transcripts, we utilized qPCR to analyze both transcripts
and found specific p16 downregulation in both in vitro-cultured
tumor cells as well as ex vivo-infected brainstem progenitor cells
(Fig. 3D; Supplementary Fig. S2C). Thus, these results suggest the
H3.3K27M mutation specifically represses p16 without altering
p19 expression levels, potentially contributing to the accelerated
cell-cycle progression and increased proliferation seen in our
mutant tumor cells.

Aberrant increase of H3K27me3 is localized to the p16
promoter

As the CDKN2A locus is a known PRC2 target, we next analyzed
H3K27me3 levels at the p16 promoter as a possible H3.3K27M-
induced silencing mechanism (31, 32). To test this, we designed
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ChIP-qPCR primers for the p16 promoter, as well as the p19
promoter, pl6 exon 1o, and pl6 exon 2 (Fig. 4A). We then
performed ChIP-qPCR for H3K27me3 on our in vitro GFP-puri-
fied tumor lines. We used the hoxal1, a site that is highly repressed
by PRC2 in adult cells, and the B-actin promoter as positive and
negative controls for our ChIP-qPCR analysis respectively and
found high H3K27me3 levels in both H3.3K27M and H3.3WT
cells at hoxal1, with very low levels at B-actin (Supplementary Fig.
S3A). Analysis at the pl6 promoter revealed that H3.3K27M
significantly increased H3K27me3 levels at the p16 promoter
with no significant difference at the p19 promoter (Fig. 4B).
H3K27me3 analysis at p16 exon 1o and exon 2 showed trends
for increased methylation (Supplementary Fig. S3B). Of note,
ChIP for the GFP tag fused to H3.3WT and H3.3K27M constructs
showed both exogenous histones integrated into the p16 pro-
moter region at equal levels, and are unaffected by EZH2 inhibi-
tion, suggesting that the difference observed for H3K27me3 is not
a result of reduced occupancy of the mutant oncohistone at this
locus (Fig. 4C).
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H3.3K27M cooperates with PDGFB and p53 knockout to decrease survival and increase tumor cell proliferation. A, IHC of high-grade H3.3K27M tumor model.
H&E (1x) shows lower brainstem tumor localization. Tumors show high expression of Olig2, GFP (histone tag), pH3, and nestin with low H3K27me3 at 40x. B,
Nestin tv-a; p53"™ mice were injected with RCAS-PDGFB, RCAS-Cre, and either RCAS-H3.3WT-HA (n = 40) or RCAS-H3.3K27M-HA (n = 55). Kaplan-Meier
curve of high grade PDGFB, p53 knockout tumors including either H3.3WT-HA or H3.3K27M-HA expression. K27M group shows significantly reduced survival
(P = 0.0065). C, Histone extraction Western blot analysis of in vitro-cultured tumor-derived neurospheres for H3K27me3, GFP (fused to H3.3 RCAS constructs),
and total H3 proteins. D, BrdUrd incorporation proliferation assay shows significantly increased proliferation in isolated H3.3K27M-GFP-expressing tumor-
derived neurosphere lines (n = 5 each, P = 0.003). E, Cell-cycle analysis was performed on propidium iodide-stained H3.3WT or H3.3K27M-mutant murine
glioma lines (n = 3 each). K27M-GFP-expressing lines showed a significantly reduced percentage of cells in the Go-G; stage (P = 0.006) with corresponding

increases in S- and G,-M phases (P = 0.02 and P = 0.01, respectively).

We next treated H3.3WT or H3.3K27M murine tumor lines
with two potent EZH2 inhibitors, GSK343 and EPZ6438, to test
whether the increased H3K27me3 levels at the pl16 promoter
regulate p16 expression (33, 34). Both drugs induced global
reductions in H3K27me3 levels after 7 days of 1 umol/L treatment
(Fig. 4D; Supplementary Fig. S3C). In addition, GSK343 treat-
ment led to a specific reduction in promoter H3K27me3 at the
p16 locus (Fig. 3E). Interestingly, we measured p16 promoter
H3K4me3 levels with and without EZH2 inhibition by ChIP and
detected the mark in both H3.3WT and H3.3K27M cells with no
significant difference in the vehicles. However, there was a sig-
nificant difference in the response of H3.3K27M cells to EZH2
inhibition, inducing increased H3K4me3 levels at the p16 pro-
moter (Supplementary Fig. S4D). Surprisingly, although the
EZH2 inhibitors reduced p16 H3K27me3 to near background
levels and increased promoter H3K4me3, there was no corre-
sponding rescue of p16 expression after the 7-day or with an
extended 21-day treatment (Fig. 4F; Supplementary Fig. S4E).
Accordingly, EZH2 inhibition with GSK343, EPZ6438, and an
additional EZH2 inhibitor GSK126, did not affect proliferation of
either H3.3K27M or H3.3K27M cells, with no observed ICs, up to
10 pmol/L (Fig. 4G; Supplementary Fig. S3F). Taken together,
these data suggest that there are additional regulators involved in
the H3.3K27M-induced inhibition of p16.

Inhibition of DNA methylation rescues p16 expression in
H3.3K27M cells

Earlier studies provide evidence suggesting PRC2 components
interact with DNA methylation machinery, recruiting them to
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sites of H3K27me3 silencing (35). To determine whether the
increased p16 promoter H3K27me3 in H3.3K27M cells coincides
with DNA methylation, we designed pyrosequencing primers for
the region within the p16 promoter overlapping the ChIP-qPCR
primers (Fig. 5A). Although 6 of 8 H3.3K27M and only 3 of 9
H3.3WT tumor-derived neurosphere lines exhibited higher than
20% promoter DNA methylation, there was no significant differ-
ence in the average percent methylation between the groups (Fig.
5B; Supplementary Table S2). In addition, there was no apparent
increase in localization of DNMT1, which is responsible for the
maintenance of DNA methylation during replication, to the p16
promoter in the H3.3K27M-expressing tumor cells (Supplemen-
tary Fig. S4A). Notably, the pharmacologicinhibition of EZH2 did
not affect DNA methylation levels at the p16 promoter of both
H3.3K27M and H3.3WT tumor cells (Supplementary Fig. S4B).

We next treated our in vitro murine tumor cells and cultured
H3.3K27M-mutant DIPG patient lines with the potent DNA
methyltransferase inhibitor decitabine to examine whether a
reduction in promoter DNA methylation could rescue p16 expres-
sion. Treatment of tumor lines with 1 umol/L decitabine for 72
hours significantly reduced p16 promoter DNA methylation
specifically in H3.3K27M cells in both mouse and human DIPG
lines (Fig. 5C; Supplementary Fig. S4C). Strikingly, this treatment
significantly rescued p16 mRNA expression to near WT levels in
the H3.3K27M mouse cells and resulted in increased p16 protein
expression in human DIPG lines (Fig. 5D; Supplementary Fig.
$4D; Supplementary Table S3). In addition, decitabine treatment
exhibited a potent antiproliferative effect independent of the
H3.3K27M mutation in both mouse and human lines. Treatment
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compared with H3.3WT controls (n = 3 each, P < 0.0001)

with a different DNA methyltransferase, azacitidine, showed the
same effect in mouse tumor cells (Supplementary Fig. S4E).
Collectively, these data suggest that DNA methylation plays a
role in regulating p16 expression in H3.3K27M cells.

Loss of p16/ink4a is central to H3.3K27M-mediated increased
tumor cell proliferation and malignancy

The p16 tumor suppressor is an important regulator of cell-
cycle entry by inhibiting cyclin-dependent kinases 4 and 6
(CDK4/6) from phosphorylating RB protein leading to inhibition

www.aacrjournals.org

of S-phase entry (36). To determine whether the p16/RB pathway
contributes to the K27M-mediated increased cell proliferation,
we utilized palbociclib, a potent and specific CDK4/6 inhibitor
FDA-approved for the treatment of breast cancer to specifically
target the pathway (37, 38). We have previously shown that
palbociclib significantly increases survival in a murine brainstem
glioma model induced with PDGF-B in cdkn2a knockout mice
(19). Therefore, tumor cells expressing the mutant histone may
exhibit increased sensitivity to this drug due to the reduced p16
levels. Indeed, the ICs, for the H3.3K27M-expressing cells was
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H3.3K27M-induced gain of H3K27me3 at the p16 promoter. A, Schematic of Cdkn2a locus showing locations of ChIP primers for p16 and p19 promoters (region 1and
2), as well as p16 exon 1o and exon 2 (regions 3 and 4). Green bars indicate CpG island locations B. ChIP-gPCR of H3K27me3 at the p16 and p19 promoters in
cultured, high-grade murine tumor cells (n = 3) C. ChIP-gPCR for GFP-tagged histone constructs localized to the p16 promoter after a 7-day 1 umol/L GSK343 or
DMSO vehicle treatment (n = 3) D, Western blot analysis for H3K27me3 and total H3 of murine tumor-derived neurospheres after a 7-day treatment with
either vehicle or 1 umol/L GSK343. E, ChIP-qPCR of H3K27me3 at the p16 promoter of cultured tumor cells after a 7-day, 1 umol/L GSK343 or DMSO vehicle
treatment (*, P< 0.05; **, P< 0.002). F, gPCR for p16 expression levels in response to GSK343 or vehicle of in vitro murine tumor cell lines (n = 3/group). G, Cell count
assay on murine tumor cell lines (n = 3 each) treated with 1 umol/L GSK343 for 7 days. Growth curves were significantly different between H3.3K27M +
vehicle (veh) and both H3.3WT + GSK343 and H3.3WT + vehicle (P = 0.005 and P = 0.0009, respectively). There was also a significant difference between
H3.3K27M + GSK343 and both H3.3WT + GSK343 and H3.3WT + vehicle (P = 0.006 and P = 0.001, respectively).
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The role of DNA methylation in H3.3K27M-induced p16 repression. A, Schematic of CpG islands (green bars) within the murine cdkn2a locus and pyrosequencing
primer locations (blue bars). B, Pyrosequencing results for DNA methylation at the p16 promoter of in vitro H3.3WT or H3.3K27M murine tumor cells (n = 3, P=0.15).
C, Percent DNA methylation levels at the p16 promoter of H3.3WT and H3.3K27M murine tumor lines after 1 umol/L decitabine treatment for 72 hours (n = 3,
P = 0.017 for H3.3K27M vehicle vs. decitabine). D, p16 transcript expression in murine cell lines after 72-hour 1 umol/L decitabine treatment on murine cell

lines (n = 3, P = 0.016 for H3.3K27M vehicle vs. decitabine).

significantly lower as compared with the H3.3WT controls (0.18
and 1.5 pumol/L, respectively; Fig. 6A). Cell-cycle analysis of
H3.3WT and H3.3K27M tumor cells treated with 2.5 umol/L
palbociclib for 48 hours showed no effect of the drug on H3.3WT
cells, while the percentage of H3.3K27M cells undergoing S-phase
entry was significantly reduced with the treatment (Fig. 6B).
Finally, we incorporated a Cdkn2a floxed allele into our RCAS
murine tumor model to determine whether reduced p16 expres-
sion is a key component of H3.3K27M-mediated accelerated
tumor development. We induced tumors in nestin tv-a;
cdkn2a™" mice by injection of RCAS viruses containing PDGFB,
p53shRNA, and either the H3.3WT-GFP or H3.3K27M-GFP con-
structs along with RCAS-Cre or empty vector with the caveat that
p19/Arfis also deleted in these mice. Power analysis indicated 20
mice per group were required to determine the impact of
H3.3K27M in this model. We observed significantly reduced
survival in the H3.3K27M-GFP group, as seen in our other
H3.3K27M-expressing models, with a median survival of 37 days
compared with 46 days in the H3.3WT-GFP group (Fig. 6C).
Interestingly, the cdkn2a knockout cohorts exhibited the most
aggressive tumor development with both H3.3WT- and
H3.3K27M-expressing groups (median survival 30 and 32 days,
respectively) displaying significantly shorter survival than the
cdkn2a WT groups. Importantly, the H3.3K27M-induced survival
difference in this DIPG model was completely abolished with
knockout of cdkn2a (Fig. 6C). Of note, the reduced variability of
the cdkn2a knockout models allows for sufficient power with n =6
per group. Together with the increased sensitivity to CDK4/6
inhibition, this critically demonstrates that H3.3K27M-induced
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repression of p16 expression is a major factor in the accelerated
tumor development and increased proliferating cells seen in our
mutant models.

Discussion

Understanding how the hallmark H3.3K27M mutation con-
tributes to DIPG development and progression is key in devel-
oping efficacious therapies. Our studies use genetic mouse model-
ing to demonstrate that H3.3K27M directly accelerates glioma-
genesis by cooperating with PDGF signaling independent of
p53. Furthermore, our work provides strong evidence that repres-
sion of p16 is an important component of H3.3K27M-driven
gliomagenesis.

H3.3K27M cooperates with PDGF signaling and p53 loss to
accelerate tumorigenesis

Previous patient studies have implicated that the presence of
H3.3K27M mutation correlates with increased malignancy,
decreased survival, PDGFRA amplifications, and TP53 alterations
(3-5). These data suggest that there is a relationship between the
tumor-driving mechanisms of these alterations, and our work
here along with other studies has provided evidence in favor of
this (22, 27). Interestingly, our IHC analysis of the high-grade
model revealed no significant difference in the percentage of
proliferating cells between H3.3K27M and H3.3WT tumors. This
may be a consequence of the time point in which tissue was
collected, as mice were sacrificed upon reaching euthanasia
criteria, at a late stage of the disease. Once cultured however, we
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Cdkn2a is central to the H3.3K27M-induced increased tumor cell proliferation and decreased tumor latency. A, ICso determination of the CDK4/6 inhibitor palbociclib
on H3.3WT-GFP or H3.3K27M-GFP murine tumor derived lines using BrdUrd incorporation. Cell lines were incubated with palbociclib for 48 hours before the
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and H3.3K27M lines were calculated to be 1.5 and 0.18 umol/L, respectively (n = 3 per group, P = 0.002). B, Cell-cycle analysis summary of H3.3K27M-GFP
and H3.3WT-GFP FACS purified tumor-derived neurospheres treated with 2.5 umol/L palbociclib for 48 hours (*, P< 0.05; **, P< 0.009). In addition, H3.3WT + PD
versus H3.3K27M + vehicle in S- and G,-M phases, and H3.3WT + vehicle versus H3.3K27M + PD are statistically significant (P < 0.009, P < 0.05, and P < 0.05,
respectively). C, Nestin tv-a; cdkn2a™" mice were injected with RCAS- PDGFB, RCAS- p53shRNA, and either RCAS-H3.3WT (n = 17) or H3.3K27M (n = 22),
with or without RCAS-Cre (n = 6 for both). Kaplan-Meier survival shows significant survival differences between H3.3K27M versus H3.3WT P = 0.016,
H3.3K27M versus H3.3K27M + Cdkn2a~/~P = 0.0007, H3.3K27M versus H3.3WT + Cdkn2a ™~ P = 0.0001, H3.3WT versus H3.3K27M + Cdkn2a~~ P < 0.0001, and

H3.3WT versus H3.3WT + Cdkn2a ™~ P < 0.0001.

show H3.3K27M expression leads to significantly increased
proliferation.

Our previous work revealed that H3.3K27M expression com-
bined with p53 loss induced ectopic proliferating clusters, but was
not sufficient to induce tumors (13). Our work here suggests the
H3.3K27M mutation requires PDGF signaling as a mitogen to
exert its protumorigenic effects. It remains to be seen whether the
histone mutations (either H3.1 or H3.3) induce similar effects in
the context of other genetic alterations, such as PPM1D mutations,
ACVRI1 mutations, or PI3K pathway alterations, all of which are
found in DIPG (39, 40).

Epigenetic mechanisms play a role in H3.3K27M-induced p16
repression

RNA-Seq analysis of our murine tumors revealed a substantial
number of differentially expressed genes, including most notably
a subset of repressed genes in H3.3K27M tumors. Comparing
expression results from our model with human DIPG published
data shows mixed results by GSEA. This could be attributed to
different species, and the complex factors affecting patient sam-
ples such as treatment effects, postmortem collection, and human
genetics. Nevertheless, our GO term pathways for the upregulated
and downregulated genes showed enrichment in neuronal and
developmental pathways, respectively, which have been reported
in human studies. Importantly, the work by Chan and colleagues
indirectly suggested that H3.3K27M expression induced specific
p16 repression by gain of H3K27me3 using normal neural stem
cells as controls. Our work adds to this by revealing that the p16
suppression is a direct result of H3.3K27M expression in vivo, as
well as in vitro in both tumor-derived neurospheres and single
construct expressing neuronal progenitors.

Although CDKN2A alteration is common to many cancers,
including adult high-grade gliomas and pediatric high-grade
gliomas in the cerebral cortex, it is rare in DIPG (9, 17, 41).
However, our work reveals that expression of H3.3K27M may
recruit epigenetic regulators to repress pl6. We find that
H3.3K27M induces a focal increase in p16 promoter H3K27me3,
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a canonically repressive epigenetic mark. A recent study has also
noted the importance of H3.3K27M-induced p16 repression in
DIPG using a different mouse model and human DIPG lines, but
there are also notable differences (22). Mohammad and collea-
gues observed that inhibition of EZH2 is sufficient to restore p16
expression and inhibit cell growth. However, we show that EZH2
inhibitors do not rescue p16 expression nor inhibit proliferation
at a dose that is effective at reducing the H3K27me3 gain at the
p16 promoter, in our H3.3K27M murine cells. Our results are in
agreement with a recent report in which EZH2 inhibitors were
shown to be ineffective against human DIPG lines in vitro, sug-
gesting additional repressive systems are involved (42). The
discrepant observations could be due to cell-type-specific differ-
ences or could be related to p53 status of the various models as
suggested by Mohammad and colleagues or other unknown
factors and highlights the complexity of studying H3.3K27M
mutations.

Continued p1l6 repression after eliminating the promoter
H3K27me3 gain suggests additional regulation acting dependent
or independently of the repressive histone mark. H3K27me3 is
known to recruit DNA methyltransferases (DNMT) to drive de
novo DNA methylation in certain cancers, and the Cdkn2a locus
can be regulated by both H3K27me3 and DNA methylation of
promoter CpG islands (31, 43, 44). The relationship between
these epigenetic regulators is complex but interdependent (43,
45-48). This remains true in the context of H3.3K27M, as tumors
from pediatric glioma patients harboring these mutations exhibit
global reduction of H3K27me3 and a DNA hypomethylation
profile (15). Therefore, it is possible that, in the context of
H3.3K27M expression, regions of aberrant gains in H3K27me3
may also harbor increased DNA methylation providing an addi-
tional repression.

Supportive of this hypothesis here, we find that regions of DNA
methylation overlap with regions of increased H3K27me3 within
the p16 promoter. In addition, inhibition of DNA methylation
rescued p16 expression specifically in H3.3K27M cells, although
the mechanism remains unclear and warrants further study.
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Regulation of DNA methylation is complex but important to
tumorigenesis, as recent evidence shows that hypoxia can induce
loss of TET enzyme activity, which catalyzes DNA demethylation
and therefore drives DNA hypermethylation in tumors (49).
However, several works have shown that PRC2 binding to
H3.3K27M stalls the complex, which may increase recruitment
of DNMTs to regions with H3K27M occupancy (14, 50, 51).
Although we did not observe increased localization of DNMT1 to
the p16 promoter, which is responsible for the maintenance of
DNA methylation during replication, DNMT3A or DNMT3B,
which are the only other mammalian DNMTs and perform de
novo methylation of unmethylated, and can methylate hemi-
methylated DNA, may be responsible (52). Thus, further inves-
tigation is required to determine whether the H3.3K27M-induced
increase in H3K27me3 acts as a recruiting platform for DNA
methylation or whether other unknown factors are involved is
needed.

H3.3K27M-induced repression of p16 drives accelerated
gliomagenesis

Preferential repression of p16 is known to enhance mitogenic
responsiveness and promote tumor progression (44). We find the
H3.3K27M-induced p16 repression imparts increased sensitivity
to the CDK4/6 inhibitor palbociclib compared with H3.3WT cells.
Our data indicate that palbociclib, currently in clinical trials for
the 10% to 30% of patients with genetic aberrations of the RB
pathway, may be effective for a much larger percentage of DIPG
patients than originally presumed.

Essential to this work, genetic knockout of p16 eliminated the
H3.3K27M-induced survival difference between mutant and con-
trol mice, suggesting that repression of this gene is key in
H3.3K27M-enhanced gliomagenesis. Together, these findings
support a mechanism whereby PDGF signaling and localized
H3.3K27M-induced repression of p16 cooperate to accelerate
tumor cell growth and increase malignancy in DIPG models. This
work highlights rescue of p16 activity through inhibitors of DNA
methylation, CDK4/6, or a combination strategy as a promising
avenue for DIPG therapy that may impart additional efficacy to
radiation alone.
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Abstract

Background. Diffuse midline gliomas (DMG), including brainstem diffuse intrinsic pontine glioma (DIPG), are incur-
able pediatric high-grade gliomas (pHGG). Mutations in the H3 histone tail (H3.1/3.3-K27M) are a feature of DIPG,
rendering them therapeutically sensitive to small-molecule inhibition of chromatin modifiers. Pharmacological
inhibition of lysine-specific demethylase 1 (LSD1) is clinically relevant but has not been carefully investigated in
pHGG or DIPG.

Methods. Patient-derived DIPG cell lines, orthotopic mouse models, and pHGG datasets were used to evaluate
effects of LSD1 inhibitors on cytotoxicity and immune gene expression. Immune cell cytotoxicity was assessed in
DIPG cells pretreated with LSD1 inhibitors, and informatics platforms were used to determine immune infiltration
of pHGG.

Results. Selective cytotoxicity and an immunogenic gene signature were established in DIPG cell lines using
clinically relevant LSD1 inhibitors. Pediatric HGG patient sequencing data demonstrated survival benefit of this
LSD1-dependent gene signature. Pretreatment of DIPG with these inhibitors increased lysis by natural killer (NK)
cells. Catalytic LSD1 inhibitors induced tumor regression and augmented NK cell infusion in vivo to reduce tumor
burden. CIBERSORT analysis of patient data confirmed NK infiltration is beneficial to patient survival, while CD8
T cells are negatively prognostic. Catalytic LSD1 inhibitors are nonperturbing to NK cells, while scaffolding LSD1
inhibitors are toxic to NK cells and do not induce the gene signature in DIPG cells.

Conclusions. LSD1 inhibition using catalytic inhibitors is selectively cytotoxic and promotes an immune gene sig-
nature that increases NK cell killing in vitro and in vivo, representing a therapeutic opportunity for pHGG.

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com
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1. LSD1 inhibition using several clinically relevant compounds is selectively cytotoxic

in DIPG and shows in vivo efficacy as a single agent.

2. An LSD1-controlled gene signature predicts survival in pHGG patients and is seen

in neural tissue from LSD1 inhibitor-treated mice.

. LSD1 inhibition enhances NK cell cytotoxicity against DIPG in vivo and in vitro
with correlative genetic biomarkers.

Importance of the Study

Herein we demonstrate selective cytotoxicity of sev-
eral clinically relevant LSD1 inhibitors against patient-
derived DIPG cells and efficacy in 3 separate orthotopic
mouse models. We define an immune gene signature
thatis upregulated in DIPG cells by catalytic inhibitors of
LSD1. This immune gene signature is predictive of prog-
nosis in pHGG patient datasets, consistent with the con-
cept of LSD1 inhibition potentially improving outcomes.

Pediatric high-grade gliomas (pHGGs) are pathologically
diverse yet uniformly highly malignant central nervous
system (CNS) cancers, with 5-year survival rates of <10%
postdiagnosis. Surgery is often not possible due to tumor
diffusion and the sensitive midline brain structure, which
control crucial motor functions such as breathing and
heartbeat. Radiotherapy is the standard of care, but sur-
vival benefits are slim, with high risks of side effects and
decreased quality of life during and after treatment.’
Immunotherapeutic approaches have had limited success
due to the low mutational burden and immunosuppres-
sive microenvironment of pediatric brain tumors, such
that adaptive immune interventions including checkpoint
blockade are ineffective.? Recent efforts to molecularly pro-
file pHGGs have discovered conserved genomic mutations
unique to the pediatric age range and anatomic locations.?
In particular, mutations in histone encoding genes (H3F3A,
HIST1H3B) resulting in amino acid substitution of the epi-
genetically critical lysine residue (H3-K27M) are thought
to drive early development of these tumors in multipotent
CNS cells.* As such, the World Health Organization now
recognizes these K27M tumors as separate entities in the
glioma classification.®

The K27M histone mutations present a therapeutic op-
portunity for the use of epigenetic regulating drugs, in
particular those that target chromatin-modifying proteins.
Multiple publications have explored this idea, using in-
hibitors of histone deacetylases (HDACs),® demethylases
(JMJD3  [Jumonji domain]/UTX [ubiquitously tran-
scribed tetratricopeptide repeat, X chromosome]),’
methyltransferases (enhancer of zeste homolog 2),2 and
chromatin readers (bromodomain and extra terminal)®
to demonstrate tumor regression in preclinical models.
Clinically translatable compounds exist to target all of these
and indeed an ongoing clinical trial is testing the HDAC

NK cell killing of DIPG is enhanced by LSD1 inhibition
in vitro and in vivo, providing functional confirmation of
this gene signature, and represents the first report of
LSD1 inhibition promoting NK cell cytotoxicity of cancer
cells. Given the poor prognosis of pHGGs and lack of ef-
fective treatments, our results suggest that use of LSD1
inhibition as a single agent or in combination with NK
cell therapy may be a safe and efficacious strategy.

inhibitor panobinostat as a monotherapy (NCT02717455)."°
However, other chromatin modifiers have yet to be ex-
plored as therapeutic targets, and there is limited investi-
gation into how the gene expression changes generated by
these drugs can be used to augment preexisting therapies.

The histone demethylase LSD1 removes mono- and di-
methyl marks from H3K4 and H3K9 and shares structural
homology with monoamine oxidases (MAOs). LSD1 is tar-
geted by several drugs™ and has thus far been therapeu-
tically investigated in cancers, including acute myeloid
leukemia,'? sarcoma,’® and neuroblastoma. LSD1 in-
hibition has been shown to have an enticing therapeutic
window that is selective for cancer cells, in part through
its disruption of oncogenic and onco-maintenance tran-
scriptional programs.’®'® Furthermore, the H3K4me1 his-
tone mark regulated by LSD1 was seen to be enriched in
intergenic regions of pHGG cells,® suggesting that LSD1
may control access to enhancers of genes important in
pHGG pathology. LSD1 inhibitors can functionally target
either the catalytic domain that mediates demethylation'’
or the scaffolding tower domain that interfaces with other
proteins in epigenetic complexes,'® and it is currently un-
known what phenotype these disparate inhibitors would
produce in pHGG. Given the highly disrupted yet thera-
peutically sensitive epigenome of pHGGs, we sought to
explore in this study whether LSD1 inhibition could both
be cytotoxic to pHGG and generate transcriptional changes
that would inform combination therapies.

Our group previously published a report on use of a
combination therapy of LSD1 and HDAC inhibition to syn-
ergistically induce cell death in adult glioblastoma cell lines
and patient-derived glial stem cells.” In a follow-up study,
we used RNA sequencing (RNA-Seq) to explore how the
HDAC/LSD1 inhibitor combination therapy produced gene
changes in the p53 family members p63 and p73.2° In our
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current study, we identify an LSD1-induced immunogenic
gene signature conserved in pHGG patients?’ that predicts
longer survival. We further show that LSD1 inhibition is
selectively cytotoxic to DIPG cells, and inhibitor-based in-
duction of this gene signature augments innate immune
reactivity against DIPG by boosting natural killer (NK) cell
immunotherapy response in vitro and in vivo.

Materials and Methods

Detailed experimental procedures are provided in the
Supplementary Material.

Cells and Human Samples

Human pHGG cells (DIPG IV, IV-luc, VI, and XIll) were cul-
tured in TSM Base medium. DIPG IV and IV-luc possess
a H3.1-K27M mutation, DIPG VI and DIPG XllI are H3.3-
K27M mutated. LN18, U87 and immortalized normal
human astrocyte (NHA) cells were cultured in fetal bo-
vine serum-supplemented DMEM/F12 medium. Pediatric
K27M cells-hemagglutinin (PKC-HA) and PKC-luciferase
(luc) cells were cultured in NeuroCult medium. Human
T cells were cultured in ImmunoCult-XF T-cell Expansion
Medium. Human NK cells were cultured as previously
described.??

Clinical Datasets and Bioinformatics

Gene expression in pHGGs was analyzed from the
dataset published by Mackay et al?' using the cBioPortal
interface. CIBERSORT analysis, an in silico method to de-
termine immune cell infiltrate in bulk sequenced tissue,
was performed as previously described®® using the
standard LM22 leukocyte signature matrix in the same
patient dataset.?!

Mouse Models of Hemispheric pHGG and
Brainstem DIPG

Nonobese diabetic severe combined immunodeficient
gamma (NSG) mice were orthotopically implanted with
either 500000 DIPG IV-luc or 300000 PKC-luc cells as a
model of hemispheric pHGG. C57BL/6 mice were injected
in the brainstem with 500000 PKC-HA cells as a model of
brainstem DIPG.

Cellular Thermal Shift Assay

Cells were treated for 1 h with LSD1 inhibitors, harvested
and subjected to a 3 min melt curve in a thermocycler, then
lysed for analysis via western blot.

NK and T-Cell Cytotoxicity Co-Culture

Target cells were labeled with calcein acetoxymethyl (AM),
incubated at effector-to-target ratios of 10:1 and below,

then co-incubated with effector cells (NK orT cells) for 4 h.
Lysed cells release calcein AM into the supernatant, which
was read on a plate reader.

Seahorse Metabolic Assays

NK andT cells were subjected to the XF Mito StressTest on
a Seahorse XFe96 using the default protocol, and 300000
live cells per well adhered with CellTak.

Chemicals and Antibodies

Small-molecule LSD1 inhibitors were suspended and
stored at -20°C in dimethyl sulfoxide (DMSO) or phos-
phate buffered saline (PBS) as appropriate. Antibodies
were stored at 4°C or —20°C as appropriate.

Drug Screening

DIPG and NHA cells were plated in 96-well plates and
dosed at indicated amounts with LSD1 inhibitors. Plates
were incubated for 5 days and alamarBlue readout was
measured fluorometrically on a plate reader.

Cell Viability and Apoptosis Assays

Cells were treated with LSD1 inhibitors for 72 or 96 h and
harvested for analysis via trypan blue exclusion assay.
Cells were also fixed with ice-cold 100% ethanol for later
analysis with propidium iodide via flow cytometry.

RNA Isolation and Real-Time Quantitative PCR

RNA was extracted from cells after 24 h LSD1 inhibitor
treatment and converted to cDNA, which was used directly
in quantitative (q)PCR experiments to measure gene ex-
pression relative to DMSO control. Primer sequences are
provided in the Supplementary Material.

Flow Cytometry

After LSD1 inhibitor treatment, cells were harvested and
stained with a viability dye and antibodies for analysis via
flow cytometry.

Cell Transfections

NHA and DIPG IV cells were transfected with LSD1 small
interfering (si)RNA using Lipofectamine and harvested
after 48 h for analysis via western blot and qPCR.

Western Blotting

Cells were lysed in radioimmunoprecipitation assay buffer
and loaded onto polyacrylamide gels and subjected to elec-
trophoresis. Proteins were transferred to polyvinylidene
difluoride membranes for detection via horseradish



peroxidase-conjugated antibodies which were detected
with a ChemiDocTouch.

Statistical Analysis

All statistical analysis was performed in GraphPad Prism 8.

Results

We previously performed RNA-Seq? on LN18 adult glio-
blastoma cells when LSD1 was knocked down with short
hairpin (sh)RNA in order to explore the mechanism of
their sensitivity to dual LSD1 and HDAC inhibition. In the
LSD1 shRNA group alone, we applied a 1.5-fold change
filter and analyzed the remaining genes with pathway
analysis by DAVID (Database for Annotation, Visualization
and Integrated Discovery) (Figure 1A). The third most sig-
nificantly changed pathway was “immune response,” with
24 genes upregulated and downregulated by LSD1 knock-
down compared with a scramble control. We sought to vali-
date these gene changes in LN18 cells, and replicated LSD1
knockdown in the cells and confirmed knockdown with
western blot. Expression of the 13 most upregulated genes
was measured with real time (RT)-gPCR and we observed
a significant increase (ANOVA, P < 0.0001) in the gene ex-
pression signature with LSD1 knockdown (Figure 1B).
This confirmed our RNA-Seq data that LSD1 controls
expression of these genes in a glioblastoma cell line.
Furthermore, this gene signature matches treatment of
LN18 with the established LSD1 inhibitor tranylcypromine
(TCP) (Figure 1B), and TCP treatment of LN18 compared
with DIPG cells was nonsignificant (Figure 1C), indicating
concordance of these upregulated immune genes between
pediatric and adult glioma in vitro models. To determine
the significance of this signature to patient treatment, we
next proceeded to probe a dataset of 247 pHGG patients
(Figure 1D). Expression of LSD1 was significantly lower in
patients with high expression of our identified gene sig-
nature panel, suggesting that LSD1 may influence expres-
sion of these genes in pHGG patients (Figure 1E). We found
our gene signature of immune response genes could pre-
dict significantly improved 5-year survival in all tumors
(Figure 1F). The overall benefit was driven by K27M mid-
line (thalamus, cerebellum, spinal cord, ventricles; n = 23)
and wild-type (WT) hemispheric (cerebral hemispheres;
n = 57) tumors; notably, this survival benefit did not ex-
tend to K27M brainstem (pons, midbrain, medulla; n = 49)
tumors, and we lacked statistical power in WT brainstem
(n =9) and WT midline (n = 14) tumor samples to make
strong conclusions (Figure 1F).

In order to explore the potential of therapeutically trig-
gering this gene signature, we profiled the potency of 3 ir-
reversible catalytic LSD1 inhibitors (tranylcypromine [TCP],
GSK LSD1, and RN-1) and 2 reversible scaffolding LSD1 in-
hibitors (SP-2509 and SP-2577). As we have previously pub-
lished, LSD1 inhibition alone in adult glioblastoma cells
does not potently reduce viability.’®20 In pHGG cells, the
same inhibitors display much greater potency that correl-
ates with their specificity and sensitivity for inhibition of
LSD1 over the related proteins LSD2, MAO-A, and MAO-B.

Bailey et al. LSD1 regulates innate immunity in DIPG

We observed highly similar half-maximal inhibitory con-
centration (IC,) values between the unique DIPG cell
types for each LSD1 inhibitor tested (Figure 2A-C). While
alamarBlue screening is a sensitive assay for cell prolifer-
ation, it cannot determine if drugs are cytostatic or cyto-
toxic due to its reliance on metabolic activity. Therefore,
we used trypan blue (membrane integrity) and propidium
iodide stain (DNA fragmentation) assays to quantify cell
death at the IC, observed with alamarBlue (TCP: ~1.56 mM,
GSK LSD1: ~400 pM, RN-1: ~60 uM, SP-2509/2577: ~13 uM).
Cell death was selectively induced in DIPG cells over
NHA beginning at 3 days posttreatment (Figure 2D). For
neurosphere-forming DIPG XIllI cells, we adapted another
high-throughput technique to quantify cell death by use
of the DNA-binding dye GelGreen and observed the same
effects. In order to ascertain in vivo efficacy, luciferase la-
beled murine pHGG PKC-luc cells were implanted intracra-
nially into NSG mice which were treated intraperitoneally
4 times weekly with vehicle, LSD1 catalytic (TCP and GSK
LSD1), or LSD1 scaffolding (SP-2577) inhibitors. Non-
invasive imaging showed reduction of tumor burden in
mice treated with GSK LSD1 (Figure 2E, F) but not TCP or
SP-2577. GSK LSD1 provides an initial survival benefit over
vehicle control but this is not maintained (Figure 2G), likely
due to adaptive resistance of the tumor to continued tar-
geted therapy.

We further profiled the on-target binding of our LSD1
inhibitor suite through assessment of the H3K4me2 mark
and by use of the cellular thermal shift assay (CETSA).
Western blotting in DIPG IV and VI lines treated with LSD1
inhibitors showed increased expression of the H3K4me2
mark consistently by GSK LSD1 in both lines (Figure 3A).
Using CETSA, we could determine if LSD1 is bound by
various LSD1 inhibitors in DIPG and NHA cells by heating
live cells under treatment with candidate compounds and
interrogating the thermostability of the target protein via
western blot (Figure 3B). It was observed that all catalytic
LSD1 inhibitors could bind LSD1 in all cell types, while re-
sults were less consistent with the scaffolding LSD1 inhib-
itor compounds (Figure 3C). We hypothesized that the dose
of SP-2509 and SP-2577 may be too low to thermostabilize
LSD1, so we conducted dose response CETSAs with TCP
as a positive control. We found a ~50% increase in binding
in DIPG VI by raising doses of SP-2509, but no increase in
binding above DMSO control with higher doses of SP-2577
in either DIPG cell type (Figure 3D). Given that we dosed up
to 100 pM for the dose response CETSA, which is almost 10
times the IC,, of the scaffolding inhibitors in DIPG cells, ei-
ther the CETSA assay cannot capture the protein complex-
disruption properties of the scaffolding compounds or
there exists off-target effects, of which there is published
data for rationale of the latter.?4%5

With sensitivity and on-target activity of LSD1 inhi-
bition in DIPG established, we next treated cells with
subcytotoxic doses of LSD1 inhibitors for 24 h and iso-
lated RNA to measure expression of our immune gene
signature. DIPG cells display a significant upregulation of
the signature under treatment with irreversible catalytic
LSD1 inhibitors but no significant changes when treated
with reversible scaffolding LSD1 inhibitors SP-2509 and its
clinical successor SP-2577 (Seclidemstat). This gene sig-
nature was also selective for DIPG, as the same treatment
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Fig.1 LSD1immunogenic signature is predictive of survival benefit in pediatric high-grade glioma patients. (A) RNA-Seq pathway analysis per-
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signature in LN18 cells with LSD1 shRNA or 1 mM TCP treatment for 24 h analyzed by one-way ANOVA with FDR correction. (C) RT-gPCR of immune
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did not induce upregulation of NHA cells (Figure 4A, B).We  but not NHA, at comparable levels of LSD1 knockdown
confirmed this selectivity by using LSD1 siRNA in DIPG IV (Supplementary Material). Several genes in the signature
and NHA cells, where we observed upregulation in DIPG  correspond to immune signaling receptors, so we next
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Error bars represent mean + SEM.

profiled protein expression of 3 innate immune receptors
known to play roles in NK cell signaling (SLAMF7, MICB,
and ULBP-4). Using flow cytometry, we found that DIPG
cells display differing baseline levels of these receptors,
perhaps due to their mutational differences in histone al-
leles (H3.1 versus H3.3). Overall, however, we could de-
tect increased expression on live cells after LSD1 inhibitor
treatment for 48 h (Figure 4C).

The above receptors function either as ligands of natural
killer group 2 member D (NKG2D) or as self-ligating recep-
tors, and stimulation through these receptors increases NK
cell activity and lysis of target cells. Given our observed
upregulation of these receptors under LSD1 inhibition, we
hypothesized that NK cells would lyse target DIPG cells

more readily upon LSD1 inhibition. Fluorescently labeled
DIPG IV and VI cells were incubated with effector human
NK cells at various effector to target (E:T) ratios. Across 3
unique healthy blood donors from whom we expanded NK
cells, we could observe increases in lysis in 2 DIPG lines
when treated with catalytic LSD1 inhibitors TCP and GSK
LSD1, but inconsistently under scaffolding LSD1 inhibi-
tion by SP-2509 (Figure 5A). We hypothesize discrepancies
between DIPG IV and VI to be due to higher basal levels
of ULBP-4 in DIPG VI and greater upregulation of ULBP-4
in DIPG VI after pre-treatment with SP-2509 (Figure 4C).
Notably, the lysis efficacy of expanded healthy human
donorT cells was much lower than NK cells, and could not
be augmented by LSD1 inhibitor pretreatment (Figure 5B).
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We aimed to correlate genetic biomarkers of NK lysis by
probing our gene signature from matched co-culture sam-
ples, and observed strong positive trends for 4 genes in
DIPG IV (Figure 5C) and 2 genes in DIPG VI (Figure 5D).
Unexpectedly, a negative correlation could be found for
4-1BB (Figure 5E), traditionally a T-cell stimulatory factor,
which could indicate alternative function during NK cell en-
gagement. Mice implanted with PKC-HA cells in the brain-
stem of syngeneic C57BL/6 mice and treated with catalytic

LSD1 inhibitors (Figure 5F) showed increased expression
of the gene signature in neural tissue harvested when mice
were moribund (Figure 5G). Given that adaptive resistance
to GSK LSD1 was seen in our mouse model (Figure 2G),
we combined GSK LSD1 with NK cell infusion to model
enhancement of innate immunity after LSD1 inhibition in
vivo. Mice treated with intraperitoneal GSK LSD1 and intra-
cranial human ex vivo expanded NK cells had the greatest
reduction (43%) in tumor burden from baseline compared
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with vehicle control, GSK LSD1 alone, or NK cells alone
(Figures 5H, 1). GSK LSD1 alone did not exert single agent
anti-tumor efficacy in this human xenograft model, which
is in contrast to our results in mouse orthotopic models,
likely due to species mismatch. However, this highlights
the anti-tumor effect of the combination of GSK LSD1 and
NK cells as particularly striking.

To further validate our finding that catalytic LSD1 in-
hibition can enhance NK cell lysis of DIPG in vitro and
in vivo, we revisited our patient data for analysis using
CIBERSORT. We found that significant NK cell infiltration is
positively prognostic for H3-WT hemispheric tumors, but
CD8 T-cell infiltrate is negatively prognostic. Brainstem tu-
mors benefited less from NK infiltrate, but significant NK
presence was still a superior prognostic indicator versus
CD8T cells in the brainstem (Figure 6A). We next investi-
gated how already-present or ex vivo infused immune cells
would respond to LSD1 inhibition, and treated expanded
NK and T cells with a panel of chromatin-modifier inhibi-
tors including our LSD1 suite. As has been known,?6T-cells
are sensitive to HDAC inhibition, but are fairly resistant to
LSD1 inhibition except at higher doses of the scaffolding
inhibitors. Conversely, NK cells are resistant to HDAC in-
hibition but highly sensitive to scaffolding LSD1 inhibi-
tors, with no live cells detected even at 500 nM doses of
SP-2509/2577 (Figure 6B). Catalytic LSD1 inhibitors are
comparatively nonperturbing, with the IC50s against NK
cells being 2-10X higher than doses needed to induce our
gene signature. Given our data showing the scaffolding
LSD1 inhibitors are cytostatic but not cytotoxic to NHA
cells, we profiled the metabolism of both NK and T-cells
after LSD1 inhibitor treatment, as active metabolism of nu-
trients has been shown to be crucial to anti-tumor effects
of both cell types. Strikingly, the scaffolding LSD1 inhibi-
tors completely suppress the metabolism of NK cells, rend-
ering them metabolically quiescent but still alive at 48 h
posttreatment (Figure 6C). Collectively, these data sug-
gest that catalytic LSD1 inhibitors may be used at thera-
peutic doses to induce increased NK cell reactivity without
harming the NK cells directly.

Discussion

Here we have described a novel dual role for the histone
demethylase LSD1 in controlling cell death and innate
immune responses against pHGG and DIPG cells in vitro
and in vivo. Expression of immune response genes ac-
curately categorized pHGG patients’ survival probability,
and therapy with catalytic LSD1 inhibitors triggered gene
expression changes that enhanced NK cell-mediated
lysis. Epigenetic drugs targeting chromatin modifiers or
readers have shown promising antitumor effects in pre-
clinical DIPG models, but these agents have not yet been
combined with clinically relevant immunotherapy regi-
mens. NK cell administration is effective against malig-
nant gliomas,?’ can be grown without autologous sources
of leukocytes,?® and has already begun clinical trials using
our exact NK-expansion methodology,?® including in pe-
diatric solid tumors and brain tumors (NCT0227171,
NCT03420963). Furthermore, combination therapy with

LSD1 inhibitors is desirable due to the demonstrated se-
lectivity of LSD1 inhibitor-induced DIPG cell death versus
normal astrocytes.These results suggest the clinical poten-
tial of a regimen combining irreversible catalytic LSD1 in-
hibitors and NK cell infusion in pHGG.

LSD1 recently was shown to control the double-
stranded RNA stress response and subsequently synergize
with anti-programmed cell death 1 therapy in murine
models.?%3! Notably, this phenomenon was described only
in epithelial-derived tissue such as breast, skin, and lung
cancer cell lines. We could not recapitulate these genetic
changes in our LSD1 shRNA RNA-Seq and believe this
aspect of LSD1 influence on tumor immunity may be re-
stricted to only certain cell types. Furthermore, these inves-
tigations did not thoroughly explore use of LSD1 inhibitors
with differential mechanisms of action to induce enhanced
adaptive immunity. DIPG and its microenvironment has re-
cently been described as “immune cold” to the adaptive
immune system but potentially vulnerable to modulation
of innate immunity.3234 Another consideration is the phar-
macokinetic (PK) properties of currently available LSD1 in-
hibitors, which have recently been shown to be ineffective
against intracranial medulloblastoma despite very potent
in vitro activity.®® Our data indicate GSK LSD1 can cross the
blood-brain barrier in hemispheric pHGG mouse models,
suggesting intracranial tumor location plays a major role in
the efficacy of GSK LSD1 against brain tumors. Two sepa-
rate groups in Japan recently described new catalytic LSD1
inhibitors with favorable PK properties for potential use in
neuro-oncology.®®%” The transcription factor GFI1B is not
disrupted by their compounds, reducing peripheral toxicity
and sparing immune cells that would be critical for our
combination therapy. Furthermore, they target the LSD1
catalytic site and may be able to induce the NK-boosting
gene changes seen in our experiments.

NK cells have been shown to specifically target glioblas-
toma stem cells®® and can circumvent antigen loss seen
with chimeric antigen receptor T cell-based modalities.3®
A clinical trial of NK cell locoregional infusion for pediatric
patients with posterior fossa malignant tumors is already
in progress® and preliminary results indicate an excellent
safety profile and feasibility of NK cell harvest and expan-
sion. Our analyses of pHGG datasets indicating that a sur-
vival advantage is associated with hemispheric and midline
tumors, but not brainstem tumors, that display the LSD1
gene signature and the CIBERSORT results of NK infiltrate
suggests there are differences in vascularity between these
tumor sites, which has been confirmed recently by another
group.*' Other promising clinically actionable drug candi-
dates in DIPG could also be combined with NK cell therapy,
such as the dopamine receptor D2-antagonist ONC201,
which has been shown to recruit NK cells into tumors?*? and
is currently in clinical trials in K27M+ tumors.*3 Oncolytic
viruses targeting DIPG have also begun clinical trials,** and
NK cells have been shown to be involved in the immune
response to lysed tumor cells in the brain.*®* We did not yet
test synergy of NK cells with standard-of-care radiotherapy
or chemotherapy in our models, which is warranted based
on preclinical*®47 and clinical trial*® data of adult gliomas.

The novel findings in our paper set the stage for fur
ther investigations into innate immune interactions in DIPG
and how they can be therapeutically exploited with LSD1
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inhibitors that can induce both cell death and NK cell reac-
tivity in vitro and in vivo. Our extensive use of LSD1 inhibitors
with unique binding properties suggests future investigation
of combining brain-penetrant catalytic LSD1 inhibitors and
NK cell infusions for synergistic killing of DIPG tumor tissue.

W.Z., J.C. Generated and provided cells and designed experi-
ments: Y.Y., M.M.R., 0.J.B.,, M.M., S.Y,, D.A.L, V.G.
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