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Abstract

Histone H3 K27M mutation is the defining molecular feature of the devastating pediatric brain
tumor, diffuse intrinsic pontine glioma (DIPG). The prevalence of histone H3 K27M mutations
indicates a critical role in DIPGs, but the contribution of the mutation to disease pathogenesis
remains unclear. We show that knockdown of this mutation in DIPG xenografts restores K27M-
dependent loss of H3K27me3 and delays tumor growth. Comparisons of matched DIPG
xenografts with and without K27M knockdown allowed identification of mutation-specific effects
on the transcriptome and epigenome. The resulting transcriptional changes recapitulate expression
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signatures from K27M primary DIPG tumors, and are strongly enriched for genes associated with
nervous system development. Integrated analysis of ChlP-seq and expression data showed that
genes upregulated by the mutation are overrepresented in apparently bivalent promoters. Many of
these targets are associated with more immature differentiation states. Expression profiles indicate
K27M knockdown decreases proliferation and increases differentiation within lineages represented
in DIPG. These data suggest that K27M-mediated loss of H3K27me3 directly regulates a subset of
genes by releasing poised promoters, and contributes to tumor phenotype and growth by limiting
differentiation. The delayed tumor growth associated with knockdown of H3 K27M provides
evidence that this highly recurrent mutation is a relevant therapeutic target.

Keywords

Histone H3K27M; DIPG; glioma; epigenetic; H3K27me3; bivalent; oncohistone; isogenic
knockdown; differentiation; stemness

INTRODUCTION

Diffuse intrinsic pontine gliomas (DIPGs) comprise approximately half of childhood high-
grade gliomas (HGGS). There is a dire need for new therapeutic approaches, as 90% of
DIPG patients succumb to the disease within two years of diagnosis [48]. DIPG incidence
peaks between 6-8 years of age, and these deadly tumors are rarely found outside of the
pediatric population. Although the histopathological features of DIPG match those of HGGs
arising in other brain regions and across different age groups, there are unique molecular
features pointing to a distinct pathogenesis. Nearly 80% of DIPGs contain histone H3 K27M
somatic mutations [50]. While this mutation represents a unifying feature of DIPGs, there
are a diverse array of other mutations found at much lower frequency in DIPGs, contributing
to significant intertumoral heterogeneity [6, 16, 22, 30, 45, 51]. Outside the brainstem, H3
K27M mutations are also found in pediatric HGGs arising in other midline structures,
predominantly the thalamus, but also cerebellum and spinal cord [41, 50]. In contrast,
approximately 15% of HGGs arising in the cerebral hemispheres have alternate histone H3
mutations, G34R or G34V, which are found predominantly in older adolescents through
young adulthood [22, 43]. This exquisitely specific association between the particular
histone H3 mutation and spatiotemporal features of tumor origin highlights a critical
connection between epigenetic dysregulation and brain development in which these
mutations must confer a context-specific selective advantage.

H3 K27M causes a dominant and dramatic reduction in H3K27me3, a posttranslational
modification (PTM) associated with transcriptional repression [5, 8, 27, 46]. While H3
K27M mutations are primarily restricted to pediatric brain tumors, alternative mutational
mechanisms to dysregulate H3K27me3 are found in diverse cancers. For example, loss of
function mutations in components of polycomb repressive complex 2 (PRC2), the complex
that methylates H3K27, are found in multiple tumor types including early T-cell precursor
acute lymphoblastic leukemia, myeloid malignancies, and head and neck squamous
carcinomas [12, 35, 36, 42, 53]. However, gain of function mutations causing enhanced
activity of EZH2, the histone methyltransferase component of PRC2, are found in non-
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Hodgkin lymphomas as well as other solid tumors [13]. Thus, perturbations resulting in
increased or decreased levels of H3K27me3 can contribute to cancer in different contexts.

Several inhibitors of epigenetic regulators have shown promise in inhibiting DIPG growth in
preclinical studies. Paradoxically, inhibition of H3K27me3 demethylases to attempt to
restore levels of H3K27me3, or inhibition of EZH2, which drives further loss of H3K27me3,
both inhibited DIPG growth [19, 32, 40]. HDAC inhibition, or transcriptional disruption
through inhibiting BET domain proteins or CDK?7 also inhibited DIPG growth [18, 34, 40].
While these findings offer possible new approaches for DIPG, the oncogenic mechanism of
action downstream of H3 K27M remains unclear.

Understanding how effects of H3 K27M on the epigenome impact the transcriptome and
oncogenic signaling is limited by the paucity of DIPG tumors with wild type H3 as a
relevant reference, and further confounded by the intertumor genetic heterogeneity of
DIPGs. Comparisons of signatures from midline and DIPG tumors or cell lines, which have
K27M mutations, with cortical HGGs or cell lines, where K27M mutations are very rarely
found, have provided important insights into the epigenetic and transcriptional signatures of
these groups, demonstrating clear differences in genome-wide DNA methylation patterns
that can reliably classify pediatric brain tumors [5, 7]. However, it is not possible to extricate
the consequences of the H3 K27M mutation from the developmental signature of the tumor
origin using primary tumors from different locations.

In this study, we knocked down expression of H3.3 K27M in three independent DIPG
xenograft models to determine the biological contribution of the mutation to tumor growth.
This approach also allowed us to identify K27M-dependent epigenetic and transcriptional
signatures in the relevant tumor context using paired isogenic comparisons of DIPGs with or
without histone H3.3 mutations. By removing the heterogeneity contributed by variations in
age, location of tumor origin, differentiation state of cell of origin, and presence of different
mutations that could confound identification of K27M signatures when comparing
independent primary human tumors, we identified connections between the K27M-
dependent epigenetic landscape and selective gene expression.

Materials and Methods

EXPERIMENTAL MODEL AND SUBJECT DETAILS

DIPG xenografts carrying H3F3A K27M mutations: SIDIPGX7 (H3F3AWT/K27M) and
SIDIPGX37 (H3F3AK27M ith loss of the wild type allele) were established by direct
implantation of tumor cells from autopsy samples into recipient CD1-nude mice, 6 weeks or
older. SIDIPGX7 also contains TP53 C176Y, PIK3CA E542K, and BCOR frameshift
mutations. For SIDIPGX37, loss of chromosome 1q in the primary tumor implanted to
generate the xenograft resulted in a hemizygous H3F3A K27M allele. It also contains an
indel in PIK3R1 N453, and a PPM1D 1513 frameshift. SIHGGX2 was established as an in
vitro tumorsphere line from a surgical sample of a pediatric cerebellar glioblastoma, and
subsequently implanted into CD1 nude mouse brain to generate a xenograft line that is
passaged by serial transplants. It contains a PDGFRA N659K, 7P53 C135W, but is wild-
type for histone H3. Xenografts and cell lines were established with informed consent and
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approval from the St Jude Institutional Review Board. SUDIPG-VI, a gift from Dr. Michelle
Monje (Stanford University), contains H3F3A K27M and 7P53 mutations and was derived
from an autopsy sample that was established and maintained as an in vitro cell line [18], and
implanted into mouse brain for the /n vivotumorigenesis studies here. Each xenograft line
was transduced with a lentivirus to express luciferase and yellow fluorescent protein (CL20-
luc2aYFP), and maintained by successive implants of tumor cells in the brain cortex of
CD-1 nude immunocompromised mice. Mice were maintained in an accredited facility of
the Association for Assessment of Laboratory Animal Care in accordance with the NIH
guidelines. The Institutional Animal Care and Use Committee of SJCRH approved all
procedures in this study.

METHODS DETAILS

Transduction, ex vivo selection and implantation of xenograft cells—Tumor
cells from SIDIPGX7 and SIDIPGX37 xenografts were dissected from the brain,
mechanically dissociated with gentle pipetting, and kept as tumorspheres in Ultra Low
Attachment flasks (Corning) under neural stem cell conditions (Neurobasal Medium, B-27,
N-2, GlutaMAX, and growth factors hEGF, hFGF-2, PDGF-AA, hPDGF-BB at 20ng/mL
each). Dissociated tumor cells were transduced for 3h with lentivirus and incubated for 48h
prior to puromycin selection for 12 days. Tumorspheres for the pooled selected cells for each
lentiviral transduction were mechanically disrupted to single cells before resuspension in
matrigel and reimplantation into brain. For each experiment, a pool of acutely isolated PDX
tumor cells was divided and transduced with control or knock-down viruses, and the same
number of transduced cells was implanted for all mice in the cohort.

Intracranial implantations were completed as described [11]. Live animal imaging of tumor
luciferase activity was carried out as in [33]. Radiance (photons/sec/cm?/steridian) was
determined within regions of interest covering the head of each mouse using Xenogen
IV1S-200 (Caliper). Mice were monitored daily for neurological and health symptoms and
euthanized at a humane endpoint.

Lentiviral shRNA—Initial attempts to knockdown K27M mutant H/3F3A without also
targeting the wild type allele were unsuccessful. Therefore, we designed shRNAs highly
specific for either H3F3A or H3F3B, the latter serving as a control for the knockdown of
wild type H3.3. Sequences for specific ShRNAs were cloned into the pGIPZ vector, which
utilizes the backbone of miR30 for improved knockdown efficiency. We also adapted the
pGIPZ vector to replace the miR30 backbone a miR-E backbone [14], and exchanged
turboGFP with turboRFP (Evrogen). Specific ShRNA sequences were either custom
designed or obtained from the pGIPZ library of constructs, and adapted for cloning into the
vector using the sShRNA Retriever online tool. ShRNA sequences are provided in [Supp.
Table 1 (Online Resource 1)]. H3F3A specific ShRNAs are referred to as sh2’M when used
in K27M mutant xenografts and shH3F3A when used in the H3 wild type xenograft. The
notation sh27M refers to both H3F3A hairpins shKZ7M#1 and shK27M#2,

Immunofluorescence and Immunohistochemistry—Formalin-fixed paraffin-
embedded tissue was sectioned and deparaffinized, and antigen retrieval was performed by
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microwave oven heating in sodium citrate buffer (10 mM, pH 6.0) for 10min. Primary
antibodies (1:1000 except where noted) were turboGFP (Evrogen); MAG (1:2000) and Ki67
(Abcam); H3K27me3 (Cell Signaling); and Vimentin (1:200, Dako). Secondary antibodies
(1:1000) were anti-rabbit Alexa 555, anti-mouse Alexa 488 and anti-rat Alexa 647
(ThermoFisher). Slides were stained with DAPI and mounted in Prolong Diamond (both
ThermoFisher).

Western blotting—Histones were acid extracted using Histone Purification Mini Kit
(Active Motif) from fresh frozen tumor tissue. Total protein stained with REVERT (LI-
COR). Primary antibodies (1:1000 except where noted) were H3K27me3, H3K4me3 and
H3K36me3 (Cell Signaling); H3K27ac (Active Motif); H3K27M (1:500) and H3.3
(Millipore Sigma); and H3 (Abcam). Secondary antibodies (1:10,000) were IRDye 800CW
anti-rabbit and 680LTy anti-mouse (LI-COR). See also STAR methods. Blots imaged with
Odyssey Fc and Image Studio software (LI-COR).

RNA and quantitative reverse transcription PCR—RNA was extracted using Trizol
(Invitrogen) following the manufacturer’s protocol except for adding two additional 70%
EtOH washes after precipitation. RNA quantity and purity were assessed by Nanodrop
(Thermo Fisher). cDNA was generated by reverse transcription using Superscript 111
(Invitrogen). Gene expression was evaluated on a CFX-96 (Bio Rad) using QuantiTect
(Qiagen) or iTaqg (Bio Rad) SYBR. Primer sequences were designed with PrimerBLAST
(NCBI) and are provided in [Suppl. Table 2 (Online Resource 1)]. Values shown on plots are
normalized by GAPDH.

Chromatin Immunoprecipitation (ChlP)—ChlIP and library construction for
SIDIPGX7 xenografts (antibodies: H3K27me3 (Millipore) and H3K4me3 (Active Motif))
was performed by Active Motif. All other ChIP was performed at St. Jude using the
following method. Xenograft tumors were snap frozen and ground to a powder before
fixation. Single cell suspensions were generated from cultured cells then fixed. For histone
ChIP, samples were fixed for 5min with 1% paraformaldehyde (PFA) in PBS at room
temperature (RT). Fixation was quenched with 250mM Glycine, samples were pelleted and
washed 2x with PBS. Pellets were resuspended in lysis buffer (50mM HEPES pH7.9,
140mM NaCl, 1ImM EDTA pH8.0, 10% Glycerol, 0.5% Nonidet P-40, 0.25% Triton X-100)
for 10min on ice for cell suspensions or for 20min with rotation at 4°C for tumors. Pellets of
bare nuclei were washed 2x in wash buffer (10mM Tris HCI pH 8.0, 200mM NaCl, 1mM
EDTA pH8.0, 0.5mM EGTA pH8.0), 2x shearing buffer (L0mM Tris HCI pH8.0, 1ImM
EDTA pH8.0, 0.1% SDS) then resuspended in shearing buffer. Chromatin was sheared on a
Covaris M220 ultrasonicator, then centrifuged remove cellular debris. For histone mark
ChlIPs, the reads arising from mouse cells entrapped within the xenograft were used to
normalize the post ChlIP samples to the human/mouse read ratio obtained for the pre-ChiIP
material (input library). For some experiments, chromatin from Drosophila S2 cells was also
spiked in to chromatin before dividing sample for input control and ChIP and used to
validate the use of mouse reads for normalization [21]. ChIP reactions were performed using
a modified Upstate Biotechnology protocol. Briefly, sheared chromatin was diluted 1:10
with dilution buffer (21mM Tris HCL pH8.0, 1ImM EDTA pH8.0, 167mM NaCl, 1.1%
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Triton X-100, 0.1% SDS), precleared with Protein A sepharose beads (GE Healthcare) and
bovine serum albumin (BSA) at 4°C for 1-2h. The precleared chromatin was then rotated
overnight at 4°C with the antibody of interest (see below), Protein A sepharose beads and
BSA. The bead-bound chromatin was washed once each with low salt buffer (20mM Tris
HCI pH8.0, 2mM EDTA pH8.0, 150mM NaCl, 1% Triton X-100, 0.1% SDS), high salt
buffer (20mM Tris HCI pH8.0, 2mM EDTA pH8.0, 500mM NacCl, 1% Triton X-100, 0.1%
SDS), LiCl buffer (10mM Tris HCI pH8.0, 1mM EDTA pH8.0, 250mM LiCl, 1% Nonidet
P-40, 1% Deoxycholate) and twice with TE (10mM Tris HCI pH8.0, ImM EDTA pH8.0).
The chromatin was eluted off the beads with 0.1M NaHCO3 in 1% SDS by rotating at RT
for 30min, the supernatant was incubated with 200nM NaCl overnight at 65°C, then
incubated 2h at 37°C with 10ug Proteinase K, then cleaned up using a QiaQuick PCR
Purification Kit (Qiagen) and eluted in 50ul 20mM Tris HCI pH8.5. Antibodies used were:
H3K27me3 (Cell Signaling 9733), and H3K4me3 (Cell Signaling 9751).

Library Preparation and Sequencing—For RNA-seq, RNA quality was checked by
2100 Bioanalyzer RNA 6000 Nano assay (Agilent) or LabChip RNA Pico Sensitivity assay
(Perkin Elmer) before library generation. Libraries were prepared from total RNA with the
TruSeq Stranded Total RNA Library Prep Kit (Illumina). ChIP-seq libraries were prepared
from 2-10ng of DNA using the NEBNext ChIP-Seq Library Prep Reagent Set for Illumina
with NEBNext Q5 Hot Start HiFi PCR Master Mix according to the manufacturer’s
instructions (New England Biolabs) with the following modifications: a second 1:1 Ampure
cleanup was added after adaptor ligation. The Ampure size selection step prior to PCR was
eliminated. Completed ChIP-seq libraries were analyzed for insert size distribution on a
2100 BioAnalyzer High Sensitivity kit (Agilent) or Caliper LabChip GX DNA High
Sensitivity Reagent Kit (Perkin Elmer). All libraries were quantified using the Quant-iT
PicoGreen dsDNA assay (Life Technologies), Kapa Library Quantification kit (Kapa
Biosystems) or low pass sequencing on a MiSeq Nano v2 run (Illumina). One hundred cycle
paired end sequencing (RNA-seq) or fifty cycle single end sequencing (ChIP-seq) was
performed on an Illumina HiSeq 2500 or HiSeq 4000.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq mapping and analysis—Total stranded RNA sequencing data was generated
and mapped against human genome assembly GRCh37 using the StrongArm pipeline
described previously [49] We used the XenoCP method to remove mouse reads misaligned
to the human genome using (in preparation; Michael C Rusch, Xiang Chen, Liang Ding,
Hongjian Jin, Gang Wu, Lei Wei, Michael A. Dyer, and Jinghui Zhang. Mouse read
cleansing in xenograft sequencing data improves the accuracy of mutation discovery and
gene quantification). The gene level read count values were obtained with HT-seq using
human GENCODE annotation Release 19. Low expression genes that did not meet the
threshold CPM>1 in at least 3 samples were excluded, and expression values normalized
using TMM method and default settings (edgeR package). Differential expression analysis
was performed with Voom and Limma methods (Limma package). Significantly up-and
down-regulated genes by K27M were defined by at least 1.5 fold change with FDR adjusted
p-value <0.05. A permutation procedure was used to evaluate enrichment of promoter
bivalency status among differentially expressed genes. The Kruskal-Wallis test statistic was
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used to characterize differences in the distribution of the genes empirical Bayes t-statistics
(Limma R package) according to their promoter bivalency status. The statistical significance
of the Kruskal-Wallis test statistic (p value) was determined by repeating the differential
expression analysis described above with permuted assignments of the treatment labels to
expression profiles. In each analysis, the smaller of all possible or 1000 randomly selected
permuted assignments were evaluated to compute the p value. SIDIPGX7, SIDIPGX37 and
SU-DIPGV!I all have the H3F3A K27M mutation, but show tumor-dependent differences in
gene expression signatures that can obscure the effects of H3K27M knockdown. To remove
this noise and clarify the K27M-dependent changes in gene expression, in combined
analyses to identify up-regulated or down-regulated genes, the knockdown effects were
adjusted for the difference between xenograft models by treating xenograft model as a
covariate.

Gene expression signature analyses—Gene Set Enrichment Analysis (GSEA 3.0)
analysis [44] was performed with 10,000 geneset permutations and default settings. Genes
were ranked using signal-to-noise ratio, as provided by GSEA.

Single Sample GSEA (ssGSEA) was performed as in [2] through Gene Pattern server. RNA-
seq data from human DIPG tumors was from published data [51].

This dataset was refined to only contain: confirmed H3.3 K27M bearing DIPGs (K27M) or
DIPGs that were confirmed to be wild type for all genes encoding H3 histones (H3 WT); we
also excluded all tumors showing genomic or transcriptomic evidence of MYC
amplification, as our xenograft models did not include MYC amplified tumors (both K27M
and H3 WT). We also excluded tumors (both K27M and H3 WT) that classified as tumor
types distinct from diffuse midline glioma H3 K27M mutant in the DKFZ
MolecularPathology.org tool [7].

Genesets used for GSEA and ssGSEA were: PRC2 targets in ES cells [4], Mature Oligo
[54], Fetal Astro [55], OPC, Neural Tube Midline, [23], Housekeeping [52], single cell
DIPG signatures [15]. Unsupervised scaled Principle Component Analysis (PCA) was
performed on TMM normalized log2 CPM counts for all genes with FactoMineR package
[26]. Gene Ontology term enrichment was performed with Panther Classification System
[31]. Only transcripts annotated with HGNC Gene Symbol 1D were used in the analysis.

Colors represent the difference of ssGSEA scores of K27M vs. sh2’M samples, where the
mean for each K27M/shK27M pair was set to zero (white).

ChIP-Seq Analysis

Mapping reads and visualizing data: Human, mouse and drosophila genomes were used in
our study and we removed cross aligned reads by a competitive mapping method. Mouse
chromosomes were renamed as “m.chr”, Drosophila chromosomes were renamed as “d.chr”,
human chromosomes were not renamed and then the three fasta files (human, mouse and
drosophila) were concatenated as one reference genome. We used BWA (version 0.7.12;
default parameter) to align the reads simultaneously to the human, mouse and Drosophila
melanogaster hybrid reference genome (hg19+mm9+dm3). We only used reads uniquely
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mapped to human or mouse or Drosophila with MAPQ >=1 in our analysis. We marked
duplicated reads with Picard (version 1.65), with only nonduplicated reads kept by samtools
(version 0.1.18, parameter “*-q 1 -F 1024°"). Mapped human reads were extracted for
downstream analysis. To control the quality of the data and estimate the fragment size, the
nonduplicated version of SPP (version 1.11) was used to draw cross-correlation and
calculate relative strand correlation value with support of R (version 2.14). Upon manually
inspecting the cross-correlation plot generated by SPP, the smallest fragment size estimated
by SPP was used to extend each read and to generate bigwig file for visualization on
integrated genome viewer (IGV) (version 2.3.82 ). We scaled coverage according to spike-in
normalization factor [37] to generate bigwig track for each sample. To show average of
several replicates as a single track in the browser, the bigwig files were merged to a single
average bigwig file BedGraph file using UCSC tools bigWigtoBedGraph, bigwWigMerge and
bedGraphToBigWig. The effect of ShRNA treatment on the proportion of ChIP-Seq reads
mapped to specific types of genetic loci (genic, enhancer, repeats, others) was statistically
evaluated by fitting a linear model with animal model identifier and treatment as predictors
of the logit-transformed ChIP-seq read proportions. The model estimates were then back-
transformed to the original proportional abundance scale.

Spike-in normalization, differential analysis and peak annotation: ChiP-seq raw read
counts were reported for each region/each sample using bedtools 2.25.0. Some samples had
Drosophila chromatin spike-in added to the chromatin before separating samples for input
and ChlIP-seq. In some samples this was not available, so we used the amount of mouse
DNA from entrapped mouse cells in the xenograft tumor for normalization. We used the
samples with Drosophila spike-in to show that normalization with contaminating mouse
gave comparable results. Then, for consistency, we used the mouse reads for normalization
of all samples [21]. The spike-in normalization was performed by counting contaminating
mouse reads and human reads in each IP sample and corresponding chromatin Input sample
and using those counts to generate a spike-in normalization factor for each sample, which
was calculated as (IP_mouse.reads/IP_human.reads)/(INPUT_mouse.reads/
INPUT_human.reads). Raw read counts were voom normalized and statistically contrasted
using the pipeline limma in R (version 3.30.13). Normalization factor defined above was
used to modify human library size in edgeR (version 3.16.5) for counts per million (CPM)
calculation and differential analysis. An empirical Bayes fit was applied to contrast K27M
samples to sh¥2’M samples and to generate log, fold changes, p-values and false discovery
rates for each peak region. For signal visualizations of ChIP-seq peaks and promoters, CPM
values were log2 transformed. Binned counts for heat maps and histograms showing average
ChlP-seq intensity around TSS (£2000bp) or across gene bodies were generated using
annotatePeaks.pl, a program from HOMER suite (version 4.8.3, http://homer.salk.edu/
homer/), or ngsplot (version 2.61), which were modified to allow library sizes to be adjusted
according to their respective spike-in normalization factors.

Peak calling, promoter and enhancer characterization: MACS2 (version 2.1.1
20160309) was used to call narrow peaks (H3K4me3) with option “nomodel” and “extsize”
defined as fragment size estimated above, FDR corrected p-value cutoff 0.01. For broad
peaks (H3K27me3), SICER (version 1.1, with parameters of redundancy threshold 1,
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window size 200bp, effective genome fraction 0.86, gap size 600bp, FDR 0.00001 with
fragment size defined above) was used for domain calling. Enriched regions were identified
by comparing the IP library file to input library file. Peak regions were defined as the union
of peak intervals in both K27M and sh2’M samples. Promoters were defined as human
RefSeq TSS + 1000bp regions. For bivalent promoter analysis, MACS2 calls were used for
both H3K27me3 and H3K4me3.

Retained H3K27me3 peaks/promoters in K27M: Using the ChIP signal in the union of
SICER H3K27me3 peaks between K27M and sh’2"M samples, H3K27me3 peaks retained
in K27M were defined as those with K27M/sh2"M Jog2FC > 0 and K27M signal > 0.
Promoters with retained H3K27me3 peaks in K27M were defined as those with K27M/
shK27™M |ogFC > -0.15 in the ChIP signal in the 2kb surrounding the TSS and a MACS
called H3K27me3 peak overlapping the promoter region in any K27M sample.

Analysis of Apparent Bivalency: Individual shk2’M tumors (n=4 for SIDIPGX37 and n=3
each for SJIDIPGX7 and SUDIPG-VI) that had both H3K27me3 and H3K4me3 ChlIP-seq
data were scored for the presence of MACScalled peaks overlapping the 2kb surrounding
gene TSS, and promoters were binned into four categories: H3K27me3-H3K4me3-,
H3K27me3+ H3K4me3-, H3K27me3-H3K4me3+, and H3K27me3+ H3K4me3+ (apparent
bivalency). To be binned as H3K27me3+ H3K4me3+, both H3K27me3 and H3K4me3
peaks at a promoter had to co-occur in a single tumor.

H3.3 K27M knockdown delays tumor growth of DIPG-derived xenografts—To
assess the role of the K27M mutation in oncogenesis, we utilized a lentiviral ShRNA
knockdown approach in three independent DIPG-derived lines bearing a K27M mutation in
H3F3A; SIDIPGX7 and SIDIPGX37, both established from autopsy samples by direct
implantation into mouse brain and passaged by serial implantation, and SUDIPG-VI, an
autopsy sample established as an /n vitro cell line [18] that we used for intracranial
implantation in this study. Luciferase was introduced into all three lines by ex vivo lentiviral
transduction to facilitate /7 vivoimaging of tumor growth. To knockdown H3F3A, xenograft
cells were transduced with lentiviruses carrying shRNA, as well as a fluorescence marker
and a puromycin resistance gene [Suppl. Fig. 1a (Online Resource 2)]. We tested the effects
of two different ShRNAs directed against H3F3A (shK27M) compared to two kinds of
control: a non-silencing ShRNA with no target in the human genome (referred to hereafter as
K27M), or a shRNA targeting H3F3B (shH3F3B), the homolog of H3F3A that encodes the
identical histone H3.3, but does not contain the K27M mutation. After selection ex vivo with
puromycin, the transduced cells were reimplanted into the brain of immunocompromised
mice and monitored for tumor progression by /7 vivo imaging of luciferase activity [Fig. 1a,
and Suppl. Fig. 1b (Online Resource 2)].

We found that knockdown of H3.3 K27M with two different shRNAs, but not knockdown of
H3F3B encoding wild type H3.3, resulted in slower tumor growth, as demonstrated by live
tumor imaging (Fig. 1a). sh<2"M tumors also displayed a significantly lower proliferative
index as measured by Ki67 expression compared to K27M tumors [p=0.003, Fig. 1b and

Acta Neuropathol. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Silveira et al.

Page 10

Suppl. Figure 1c (Online Resource 2)]. Knockdown of H3F3B led to a slight extension of
survival in SUDIPG-VI, but this was not observed in the other two PDXs, and was less
significant than the change in survival induced by H3F3A shRNAs. H3F3B knockdown did
not significantly change survival compared to the non-silencing control in SIDIPGX7.
SIDIPGX37 contains an H3F3A K27M mutation, and loss of heterozygosity of chromosome
1q containing the second H3F3A allele. Strikingly, knockdown of H#3F3B in this line, which
would leave H3K27M as the predominantly expressed H3.3 in the cell, significantly
accelerated tumor growth in SIDIPGX37. Ultimately, H3F3A knockdown using two
different shRNAs significantly extended survival compared to the non-silencing control for
all three DIPG xenograft models, while H3F3B knockdown did not consistently increase
mouse survival (Fig. 1c and Suppl. Fig.1d (Online Resource 2)]. By contrast, in a cerebellar
pHGG xenograft line with no histone H3 mutation (SJHGGX2; H3F3AWTWT) efficient
knockdown of H3F3A had no significant impact on tumor growth (Fig. 1c). Hematoxylin
and eosin staining of K27M and sh2"M xenograft tissue sections showed that both replicate
the variable histopathologic features of primary DIPGs [Suppl. Fig. 1le-h (Online Resource

2.

Delayed tumor growth showed that K27M depletion imparted a selective disadvantage;
however, shk27M endpoint tumors showed robust knockdown as confirmed by quantitative
real time reverse transcriptase polymerase chain reaction (QRT-PCR) (Fig. 1d). Thus, RNA
interference generated K27M knockdown tumors for isogenic comparison with control
tumors to identify the selective effects of K27M mutation. Together, these results indicate
that the K27M mutation plays an ongoing role in the expansion of the tumor, rather than
only setting a susceptible state for transforming effects of other mutations.

H3.3 K27M deprivation increases global H3K27me3 and reduces H3K27ac—
The dominant negative effect of the K27M mutation on levels of H3K27me3 has been well
documented and was also evident in our DIPG xenograft model system. The global
reduction of H3K27me3 in the K27M tumors was alleviated in sh2’M tumors as
demonstrated by immunofluorescence (IF) (Fig. 2a).

The degree of H3K27me3 restoration correlated well with the extent of knockdown in
tumors by western blot (Fig. 2b; bar graph above western indicates H#3F3A RNA expression
level for each tumor). At the global level, in addition to increased H3K27me3, sh2’M
tumors also showed reduced H3K27ac, while H3K4me3 and H3K36me3 levels were not
impacted (Fig. 2b). Importantly, shH3F3B tumors did not show decrease in H3.3 K27M, or
changes in the global levels of any histone H3 PTMs compared to K27M tumors (Fig. 2b),
demonstrating that the alterations in H3K27 PTMs seen with H/3F3A knockdown were a
result of K27M reduction, not a change in the total amount of H3.3.

H3.3 K27M knockdown drives gene expression changes that recapitulate
signatures found in primary DIPG tumors—One of the major problems in
determining the effect of the K27M mutation on gene expression based on primary tumor
data is the confounding impact of the extensive heterogeneity between tumors arising in
different individuals. The isogenic comparison of K27M versus sh2’M tumors for an
individual xenograft model provides a means to address this issue. The extent of knockdown
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was somewhat variable between tumors. To maximize the clarity of the K27M-dependent
signature, we only used tumors with 65%-94% knockdown of H3F3A for RNA-seq and
ChiIP-seq studies. Unsupervised clustering showed that the two different ShRNAs for H3
K27M drove shared changes in gene expression in each of the three xenograft models
[Suppl. Fig. 2a (Online Resource 2)]. An unsupervised Principal Component Analysis
(PCA) of RNA-seq from tumors with or without K27M knockdown from all three DIPG
xenograft models, shows that the majority of variation is represented by differences between
the xenograft models (Fig. 3a, xenograft line identity dominates PC1 and PC2). The effect of
K27M knockdown, while smaller than the variability between xenograft models is shown
robustly in principal component 3 (Fig. 3a, PC3).

While H3F3A knockdown produced global restoration of the repression-associated
H3K27me3, the effect on gene expression for all three xenograft models was much more
focused and resulted in differential expression of genes in both directions [(Fig. 3b and
Suppl. Fig. 2b (Online Resource 2); at least 1.5 fold change (FC), adjusted p-value < 0.05].
As would be expected with a global decrease in the repression-associated PTM H3K27me3,
there was a higher proportion of genes induced by K27M [Fig. 3b and Suppl. Fig. 2b
(Online Resource 2), K27M-induced genes and their total number colored in green]
compared to K27M-repressed genes (Fig. 3b and Suppl. Fig. 2b, colored in black (Online
Resource 2)]. A comparison of the K27M downregulated gene lists between the three
xenograft lines found 17 genes in common. This common downregulated gene list did not
show significant enrichment for genes in Enrichr libraries: Epigenomics Roadmap HM
ChlIP-seq, ENCODE Histone Modifications 2015 and ENCODE TF ChlP-seq 2015. By
contrast, the 78 genes in common between the three K27M upregulated gene lists resulted in
44 gene sets with significant adjusted p value in the same three Enrichr libraries, of which 40
were H3K27me3 or PRC2 component gene sets. This analysis is consistent with K27M
upregulated genes being regulated directly by H3K27me3 loss, while K27M downregulated
genes are indirectly regulated [Suppl Table 3 (Online Resource 3]. The ratio of K27M-
induced to repressed genes varied by xenograft model but the ratio always favored K27M-
induced genes. By comparison, while H3F3B knockdown produces a clear decrease in the
H3F3B transcript, few other genes are differentially regulated [Suppl. Fig. 2¢ (Online
Resource 2)].

The genes significantly upregulated by the K27M mutation differed considerably in between
the three DIPG xenograft models [Suppl. Table 3 (Online Resource 3)]. Nonetheless, Gene
Set Enrichment Analysis (GSEA) revealed that these three K27M-induced gene lists are
cohesively and significantly enriched in the H3.3 K27M compared to H3 WT primary
DIPGs [Suppl. Fig. 2d (Online Resource 2)]. We next performed a combined analysis of all
three DIPG xenograft models to derive a K27M expression signature that was robust
between the models [Suppl. Table 3, Combined (Online Resource3)]. Genes in the combined
K27M-induced signature are collectively associated with the biological processes of
neurogenesis (p=1.32E-20) and nervous system development (p=4.84E-23) (Gene Ontology
(GO) [1]. Critically, GSEA showed that the top 300 genes from the combined K27M-
induced signature were significantly enriched in the H3.3 K27M primary DIPGs [Fig. 3c
and Suppl. Table 4 (Online Resource 4)]. As would be expected with loss of H3K27me3, a
list of PRC2 target genes [4] was significantly enriched in K27M compared to shk27M
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xenografts by GSEA [Suppl. Fig. 2e (Online Resource 2)]. Thus, gene expression changes
associated with H3F3A knockdown in xenografts recapitulate K27M signatures seen in
primary patient DIPGs and these signatures show overlap with PRC2 targets.

H3.3 K27M knockdown produces global changes in the level of H3K27me3
without redistribution to different genomic regions—We next performed chromatin
immunoprecipitation with high throughput sequencing (ChlP-seq) to investigate how the
global effect of K27M on H3K27me3 impacted the epigenetic profile of these xenograft
models /n vivo. Normalized H3K27me3 ChlIP-seq confirmed that knockdown of the K27M
mutation reversed global loss of H3K27me3. Analysis of the union of H3K27me3 peaks
called in either the K27M or shK2’M tumors revealed that the global loss of H3K27me3
associated with the K27M mutation affects nearly every locus, with the exception of a very
small fraction of locations maintaining similar levels or gaining H3K27me3 in the presence
of K27M [(Fig. 4a and Suppl. Fig. 3a (Online Resource 2)]. For all three xenograft lines,
more than 50% of H3K27me3 peaks that are retained in K27M (defined as having 90% or
more of the signal in shK2”M fall into genic and active enhancer regions. None of the K27M
retained H3K27me3 peak loci were in common between all three xenografts, but 29 peaks
were in common between two xenografts, and these loci were enriched for transcription
factors (GO DNA-binding transcription factor activity, RNA polymerase Il-specific, p =
6.51E-10) [Suppl. Table 5 (Online Resource 5)].

A visual inspection of the genomic sequence tracks shows widespread depletion of
H3K27me3 in K27M compared to sh2’M tumors [(Fig. 4b and Suppl. Fig. 3b (Online
Resource 2)]. Importantly, the H3K27me3 global landscape shows peaks that are present in
K27M tumors are in the same loci in both conditions and do not reflect an altered pattern of
deposition. The marked changes in the level of H3K27me3 associated with the K27M
mutation are found across all types of genomic locations. Pie charts showing the amount
(size of pie) and localization (wedges of pie) of H3K27me3 reads across the genome
demonstrate that while the amount of this PTM changes between K27M and shk2’M tumors,
it remains similarly distributed across different types of genomic features including genes,
enhancers, repeats and others [(Fig. 4c and Suppl. Fig. 3c; assessed across all three models,
no feature showed a change of greater than 3%, although some changes were statistically
significant (Online Resource 2)]. The similar distribution of H3K27me3 in K27M mutant
cells was further supported by analysis of isogenic embryonic neural stem cells isolated
from genetically engineered H373a K27M knock-in mice and wild-type controls [Suppl. Fig.
3d (Online Resource 2)] [24]. Further, although the level of H3K27me3 reads across gene
bodies varies in K27M compared with shK27M tumors, the pattern of deposition across the
gene body is the same [Fig. 4d and Suppl. Fig.3e (Online Resource 2)].

K27M-dependent global loss of H3K27me3 affects most promoters, but a
subset is spared—The global increase of H3K27me3 seen in response to H3F3A
knockdown is also reflected at promoters, but is not associated with a dramatic shift in
distribution around the transcriptional start site (TSS) [Fig. 5a,b and Suppl. Fig. 4a,b (Online
Resource 2)]. Interestingly, although most promoters have higher H3K27me3 signal in
shK27M than K27M tumors, the difference in signal is not equal across the range of
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H3K27me3 levels [Fig. 5a,c and Suppl. Fig. 4a,c (Online Resource 2)]. A plot of the
H3K27me3 signal in the 2kb surrounding the TSS [(Fig. 5d and Suppl. Fig. 4d, K27M in
green, shk2’M in black, same ranking as heat map (Online Resource 2)] demonstrates that
the biggest difference in H3K27me3 signal between K27M and shK27M occurs at relatively
high signal promoters in shK2’ tumors. The distribution of K27M upregulated genes along
the promoters ranked by H3K27me3 signal [Fig. 5e and Suppl. Fig. 4e, rug plots below dot
plot (Online Resource 2)] shows that they are enriched at the promoters with relatively high
signal in shK27M tumors and the biggest H3K27me3 differential between K27M and sh2’M
tumors. These promoters contrast with the majority of promoters where there is low signal in
the sh2"M tumors [(Fig. 5d and Suppl. Fig. 4d (Online Resource 2)]. Downregulated genes
show some enrichment for promoters with low H3K27me3, although this is less consistent
across xenograft lines [Fig. 5e and Suppl. Fig. 4e, rug plots below dot plot (Online Resource

2.

While most promoter regions have less H3K27me3 signal in K27M compared to shK2’M
tumors, there are a small collection of promoters that maintain similar levels of H3K27me3
in both conditions [Fig. 5a,c and Suppl. Fig. 4c; note band of very high signal promoters at
right of the K27M H3K27me3 heat map (Online Resource 2)]. The CDKNZA locus, a well-
known target of PRC1 recruitment and repression, encodes ARF and INK4A, both important
tumor suppressors and regulators of cell cycle progression. The CDKNZA locus is one of the
rare loci that retains H3K27me3 in K27M tumors, and at similar levels to that seen in
shK27M tumors [Suppl. Fig. 4f (Online Resource 2)]. K27M-dependent repression of the
INK4A transcript specifically has been reported to be a critical regulator of the oncogenic
effect of the mutation (Cordero et al., 2017; Mohammad et al., 2017).

While /INK4A expression was repressed by K27M in SIDIPGX7, the K27M effect was
inconsistent between xenograft models [Suppl. Fig. 4g (Online Resource 2)]. Importantly, in
both SIDIPGX7 and SIDIPGX37, the ARFtranscript of CDKN2A was also significantly
upregulated by K27M knockdown [Suppl. Fig. 4g (Online Resource 2)], indicating that
K27M does not impact the /NK4A transcript specifically in all K27M tumor models. In
contrast, there was extremely low expression and no significant increase in expression of
either CDKNZ2A transcript in response to K27M knockdown in SUDIPG-VI. This shows that
there is a modeldependent component to the status of the CDKN2A locus as a K27M target,
as previously suggested (Piunti et al., 2017). Only 6 of the promoter peaks with retained
H3K27me3 signal were shared by two xenograft models none were shared by all three, and
none of these are consistently associated with differential expression [Suppl. Table 5 (Online
Resource 5)].

In contrast to H3K27me3, neither promoters with low nor high H3K4me3 signal show a
consistent global shift with knockdown of H3F3A [Suppl. Fig. 4h (Online Resource 2)].
Together these results demonstrate that while promoters show the same effects on
H3K27me3 that are seen globally, K27M up-regulated gene promoters are enriched for the
most dramatic changes in H3K27me3, suggesting that the regulation of this subset of genes
is directly correlated to H3K27me3 levels in a unique and meaningful way.
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Combinatorial analysis of histone PTMs suggests that H3.3 K27M-induced
genes are enriched for apparently bivalent promoters—Looking at the
combination of H3K27me3 and H3K4me3, it becomes clear that the promoters of
differentially regulated genes in both the K27M increased and repressed directions show
epigenetic signatures consistent with their regulation. As expected from the global change in
H3K27me3 the bulk of promoters show reduced H3K27me3 in the presence of the K27M
mutation, regardless of whether their expression is increased, decreased, or unchanged [(Fig.
6a and Suppl. Fig. 5a (Online Resource 2)]. However, when the focus is narrowed to
differentially expressed genes, promoters of K27M-induced genes show an overall wider
range in the magnitude of H3K27me3 loss than K27M-repressed genes. For K27M
upregulated genes, H3K4me3 changes follow the canonical model of increased H3K4me3
with increased gene expression [Fig. 6a and Suppl. Fig. 5a, red overlay (Online Resource
2)]. However, downregulated genes were not uniformly associated with loss of H3K4me3,
but rather show little change in this PTM relative to promoters with no change in expression
[Fig. 6a and Suppl. Fig. 5a -see histogram on right showing how downregulated (blue) genes
are concentrated at same location as unchanged (gray) genes for H3K4me3 (Online
Resource 2)]. In all, the epigenetic signature of these genes is consistent with their
downregulation being an indirect effect of the K27M mutation.

Using the presence or absence of a H3K27me3 and/or H3K4me3 peak in the 2 kb promoter
region surrounding gene TSS in shK27M tumors, we binned promoters into four categories,
including H3K27me3+ H3K4me3+ which could represent bivalency, a poised state where
both PTMs co-occur [47]. Genes marked with both H3K27me3 and H3K4me3 in shk2’M
tumors (lime green) primarily had low to no expression as would be expected for a poised
state [Fig. 6b and Suppl. Fig. 5b (Online Resource 2)]. The expression level and range was
similar to genes marked with H3K27me3 only (purple) or with neither H3K4me3 nor
H3K27me3 (gray) and differed from the H3K4me3 only marked genes (orange) that showed
higher expression consistent with the activation-associated mark [Fig. 6b and Supp. Fig. 5b
(Online Resource 2)]. This indicates that these apparently bivalent promoters likely
represent a mixed population of poised and active promoters. When considering the
promoters of all genes as a baseline in shK2’M tumors where H3K27me3 is restored, 11%
had both an H3K27me3 and an H3K4me3 peak in SIDIPGX37 shX2"M tumors (7% for both
SJIDIPGX7 and SUDIPG-VI); however, for just K27M-induced gene promoters, the
percentage significantly increased to 46% [48% for SIDIPGX7 and 32% for SUDIPG-VI,
Fig. 6¢ and Suppl. Fig. 5¢, p = 0.01 (Online Resource 2)]. By contrast, K27M-repressed
genes showed no enrichment of H3K27me3+ H3K4me3+ (SIDIPGX37 10%, SIDIPGX7
11%, and SUDIPG-VI 8%). Retinoid-Related Orphan Receptor Beta (RORB) and Vimentin
(VIM) are examples of K27M upregulated genes that have promoter PTMs consistent with a
transition from an active state in K27M tumors to a bivalent state with K27M knockdown in
shK27M tymors (Fig. 6d). The enrichment of promoters marked with both H3K27me3 and
H3K4me3, consistent with a bivalent state among K27M-induced genes, represents a
potential mechanism dictating which genes are targets of K27M upregulation.

Expression signatures driven by H3.3 K27M are primarily defined by NPC
stemness—DIPG tumors show significant heterogeneity in their expression signatures
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[24, 38]. Filbin et al. recently used single cell RNA sequencing to identify the cellular
hierarchy of DIPGs, which showed cells with cycling/stem-like, astrocyte-like, OPC-like
and oligodendrocyte-like signatures [15]. Single sample GSEA (ssGSEA) reveals the
enrichment of different expression signatures within bulk tumors, with primary human
DIPGs and all three DIPG xenograft models showing strong enrichment with signatures
from the DIPG cellular hierarchy identified by Filbin et al., and with signatures from
developing, immature and differentiated normal brain cell types [23, 54, 55]. Within this
framework of glioma expression signatures, the specific gene sets with greatest enrichment
showed intertumoral variation among primary tumors and among the xenograft models
[Suppl. Fig. 6a, b (Online Resource 2)]. ssGSEA further revealed effects of K27M on the
differentiation hierarchy within the xenograft models. For all xenograft lines, gene sets
representing different stages of neural progenitor cells, including human embryonic midline
neural progenitors and astrocytic-lineage committed fetal cells were consistently more
enriched in K27M compared with sh<2”M tumors [Fig. 7a, upper panel, Suppl. Fig. 7a
(Online Resource 2)], indicating a decrease in normal stem/progenitor signatures with
knockdown. Clear shifts in enrichment of signature gene sets from the DIPG cellular
hierarchy were also apparent (Fig. 7a, middle panel). The astrocyte-like signature, which is
most highly enriched in SIDIPGX37, showed the most dramatic loss in enrichment with
K27M knockdown in this model. K27M knockdown decreased the enrichment of the
cycling/stem-like and astrocyte-like DIPG signatures in SIDIPGX7 and SUDIPG-VI. As
enrichment of those signatures decreased, in all three models, K27M knockdown induced
increased enrichment of the oligodendrocyte-like gene signature found in DIPGs (Fig. 7a,
middle panel). Increased oligodendrocyte differentiation in SJIDIPGX7 was more
pronounced, resulting in a clear increased enrichment in the expression signatures of normal
mature oligodendrocytes [Fig. 7a, upper panel, Suppl. Fig. 7a (Online Resource 2)].
Importantly, neither a set of genes highly expressed throughout differentiation from
progenitor to more differentiated midline neural cell types (“housekeeping”,[23]), nor a
random collection of genes were substantially different between K27M and sh¥2’M tumors
(Fig. 7a, lower panel).

Vimentin (V/M), which is normally expressed during embryonic development in
mesenchymal cells, but was also associated with the astrocyte-like DIPG gene signature,
was significantly decreased in shK2’M compared to K27M tumors in SIDIPGX7 [Suppl. Fig.
7b (Online Resource 2)]. We confirmed by IF that vimentin protein was also lower in
shK27M than K27M tumors [Fig. 7a, Suppl. Fig. 7c (Online Resource 2)]. Consistent with
the increased oligodendrocyte signature in shk2’M SJDIPGX7 tumors, we found that the
expression of the oligodendrocyte marker, Myelin Associated Glycoprotein (MAG) was
significantly upregulated in shK2’M relative to K27M tumors [Suppl. Fig. 7d (Online
Resource 2)] and MAG protein expression was also increased [Fig. 7c, Suppl. Fig. 7e
(Online Resource 2)]. Interestingly, despite the increase in expression, the MAG promoter
gains a small H3K27me3 peak at its promoter in response to K27M knockdown, suggesting
it is regulated indirectly rather than by the change in epigenetic status [Suppl. Fig. 7f (Online
Resource 2)]. Together, these data support a role for the K27M mutation in maintaining
more immature and proliferative states in tumors and preventing differentiation.
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DISCUSSION

The current study aimed to determine the biological, epigenetic and transcriptional
contributions of H3.3 K27M mutation to DIPG pathogenesis by focusing on /in vivo tumor
growth of biologically relevant models. We used shRNA to knockdown H3F3A. An
advantage of this approach is that we were able to use pooled populations and avoid artifacts
of clonal heterogeneity that can complicate techniques such as selection of individual clonal
lines targeted by CRISPR/CAS9. We used two different ShRNAs to knockdown H3F3A and
two different controls for specificity of the effects. However, sShRNAs may introduce off-
target effects which could complicate the analysis. Future studies to correct the H3 K27M
mutation without altering expression of H3F3A would provide an important comparison.
Knockdown of H3F3A, which encodes H3.3 K27M, significantly prolonged survival of mice
with intracranial implantation of DIPG xenografts for three independent lines, showing that
this mutation plays an important role in the ongoing growth of DIPG. Depleting the mutant
protein reversed the dominant effects of H3.3 K27M mutation, restoring the balance of
PTMs at K27. Integrated analysis of ChlP-seq and RNA-seq data also yielded insights into
mechanisms connecting epigenetic disruption to the transcriptional consequences of K27M
mutation.

Analysis of the three DIPG xenograft lines highlights the manner in which tumor
heterogeneity can obscure K27M-dependent effects. Although the global change in
H3K27me3 levels were consistent features across xenograft lines, K27M-driven effects on
gene expression were far less pronounced than the expression signatures that distinguished
the three xenograft lines from one another. This is likely a combined effect of differences in
the precise developmental stage of the cell of origin, other somatic mutations, and individual
genetic background. Paired isogenic comparisons using knockdown allowed identification of
the K27M-dependent expression in each xenograft line, which was highly enriched in genes
associated with neurogenesis and nervous system development.

DIPGs are found almost exclusively in children, indicating an intimate connection between
development and disease etiology. Recent single cell RNA sequencing shows a cellular
hierarchy recapitulating glial development in gliomas, with a rare population of stem/cycling
cells, as well as populations with varying degrees of differentiation along the astrocyte and
oligodendrocyte lineage in IDH mutant gliomas and IDH wild type adult glioblastomas.
Single cell sequencing analysis of DIPGs revealed a less pronounced hierarchy, with cells
resembling oligodendrocyte progenitor cells (OPCs) comprising the majority of the tumor,
and cells with astrocyte- or oligodendrocyte-like signatures showing overall less
differentiation, with some tumors showing little lineage differentiation [15]. Interestingly,
proliferation of oligodendrocyte progenitors expressing Sox2 and Olig2 drive a massive
early postnatal expansion of the developing pons, a developmental stage that is relevant to
the pediatric incidence of DIPG [28]. Consistent with OPC-like cells as a major cellular
constituent and potential cell of origin for DIPG, enhancer mapping in DIPG revealed active
superenhancers for oligodendrocyte lineage genes [34]. Intriguingly, in our experiments,
depletion of H3.3 K27M was associated with a reduction in enrichment of signatures of
normal midline stem and progenitor cells and DIPG cycling/stem-like cells and an increased
enrichment of the more differentiated oligodendrocyte-like signature. These results support

Acta Neuropathol. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Silveira et al.

Page 17

the hypothesis that the H3 K27M mutation serves to maintain an epigenetic state of stem/
progenitor cells. Loss of H3 K27M shifts the epigenetic state towards more differentiated
cells. The cycling stem-like cells resemble OPCs, and may transition through the OPC-like
state and progress to oligodendrocyte-like differentiation. The cellular hierarchy of DIPGs
was shown by single cell sequencing to also include astrocyte-like cells in varying
proportions, so there is intertumoral variation in plasticity of differentiation patterns within
DIPGs, as illustrated by the strong astrocyte-like signature which is decreased as the
oligodendrocyte-like signature increases in SIDIPGX37 [15]. The K27M-dependent extent
of differentiation varied between xenograft lines, consistent with the variable proportion and
extent of differentiated cells observed among primary DIPGs [15]. Based on the known
cellular hierarchy in DIPG, each of these signatures would represent a different population
of cells, which would explain why the expression changes observed upon K27M knockdown
are relatively modest in magnitude.

The K27M-dependent genome-wide decrease in H3K27me3 may be expected to have
similar consequences to loss of function in PRC2, which catalyzes this PTM and plays
important roles in cell fate decisions and maintenance of cellular identity [9]. Deletion of
PRC2 components £zhZ, Suz12, or Eed, impairs differentiation of embryonic stem cells and
causes embryonic lethality in mice [25]. In developing brain, loss of PRC2 function
disrupted normal transitions in cell fate and differentiation, with specific consequences
varying between developmental stages. £zA42 deletion in cortical progenitors at E9.5 reduced
the neurogenic phase and induced a premature shift to gliogenesis [39]. However, £Ez72
deletion in neural progenitor cells at E13.5 disrupted a later cell fate transition, prolonging
neurogenesis and delaying onset of gliogenesis [20]. Bivalent genes may show an enhanced
susceptibility to deregulation in response to changes in H3K27me3. Deletion of £Ezh2or Eed
in pancreatic P cells causes ectopic activation of bivalent genes, disrupting cell identity [29].
Conversely, gain of function mutations in EZH2, which increase levels of H3K27me3, drive
the silencing of bivalent gene promoters, thus preventing differentiation in diffuse large B-
cell lymphomas [3]. In this study, integrated analysis of ChlP-seq and RNA-seq from K27M
and shK27M tumors showed that a substantial component of differential expression was
attributable to the K27M-dependent reduction in H3K27me3 causing release of an apparent
bivalent state at promoters and resulting in upregulated expression. Thus, a significant
proportion of the K27M-dependent effects on transcription are attributable to a selective
direct effect of the global H3K27me3 reduction. In a genetically engineered mouse model
for spontaneous DIPG formation, expression of H3.3 K27M from the endogenous H373a
promoter also induced upregulation of bivalent genes associated with neurodevelopment
[24]. 1t is important to note that the high frequency of H3K27M mutations in DIPGs and
other diffuse midline gliomas, and the absence of loss of function mutations in PRC2 [30]
provides compelling evidence that different mutational mechanisms to reduce H3K27me3
are not functionally interchangeable in driving contextdependent tumorigenesis. Rather, it
seems likely that the magnitude of change in H3K27me3 is critical. Further, H3K27M may
have multiple additional functional consequences beyond its effects on H3K27me3 levels.

Identification of H3 K27M mutations in DIPG illuminated highly recurrent mutation of a
novel oncogene in the context of extensive inter-and intra-tumoral heterogeneity, raising a
new hope that there may a unifying therapeutic vulnerability for this incurable disease. H3.3
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K27M alone enhances self-renewal of mouse neural stem cells [24], and when combined
with mutated PDGFRa and loss of TP53, can also enhance self-renewal of human neural
progenitor cells [17], suggesting that H3.3 K27M may contribute to DIPG formation by
expanding the pool of cells susceptible to transformation. However, this could be a transient
effect that no longer contributes to tumor growth after additional mutations are acquired.
Importantly, our study shows that the effects of H3.3 K27M extend beyond a possible
enhanced predisposition for transformation and contribute to /7 vivo tumor growth in the
context of fully developed human DIPG tumors. Interfering RNA therapies have been
developed for other neurological diseases such as spinal muscular atrophy [10], and RNAI-
mediated depletion of H3 K27M could be considered as a potential therapeutic approach for
DIPG. shKX2"M tymors grew with delayed kinetics and maintained knockdown of H3.3
K27M. This provided essential material for isogenic comparisons. The knockdown did not
completely deplete the mutant message, and the pooled populations of knockdown cells had
varying levels of knockdown efficiency. Therefore, it is possible that K27M mutation is
required for DIPG growth or survival, and genetic deletion of this mutation could completely
ablate tumorigenic activity. However, therapeutic intervention typically cannot achieve
inhibition similar to complete deletion of a target. Thus, our results imply that effective
therapy would require targeting the effects of H3.3 K27M, potentially through inhibition of
self-renewal, in combination with approaches that target the other more canonical cancer
mutations found in DIPG.
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Figure 1. Knockdown of H3.3 K27M selectively delays tumor growth and extends survival of
mice harboring H3.3 K27M mutant DIPG xenografts.

a. K27M mutant DIPG xenografts (SJIDIPGX7, SUDIPG VI, and SIDIPGX37) expressing
shRNASs targeting H3F3A (shK27M#1 and shK27M#2y control H3F3B (shH3F3B), or non-
silencing shRNA (K27M) were implanted in brain of immunocompromised mice. Tumor
growth was monitored by /n vivo luciferase activity imaging. Equal numbers of cells for
each construct were implanted on day 0, and representative images of SIDIPGX7 mice 42
days after implantation are shown. b. Tumors showed lower proliferation rate as measured
by Ki67 staining upon H3F3A knockdown. Immunofluorescent detection of tGFP (magenta,
marking shRNA transduced cells), Ki67 (green), and DAPI stain (blue) of nuclei is shown
for sections of SIDIPGX7 xenografts. Scale bar is 100um. c. Kaplan-Meier survival curves
show significant delay in tumor growth upon knockdown with two H3F3A-specific ShRNAs
(shK27M#1 red and shK27M#2 purple) compared to non-silencing control (K27M, dotted
light green line) in K27M mutant xenografts, SIDIPGX7, SUDIPG VI, and SJIDIPGX37.
H3F3B knockdown (shH3F3B  solid dark green line) did not consistently delay K27M mutant
tumor growth. Knockdown of H3F3A (shH3F3A#L red and shH3F3A%2 purple lines) did not
significantly delay growth of an H3 wild type HGG xenograft (SJHGGX2) compared to
non-silencing control (H3F3A WT, dotted black line). Non-silencing control shRNA is
shown with a solid line on all plots. shH3F3A#1 and shK27M#1 gre the same construct, as are
shH3F3A#2 and shK27M#2 Mice were euthanized when showing clear neurological
symptoms. Log-rank test p-values for comparisons to non-silencing controls are shown. /7=6
for all groups except SIHGGX2 shH3F3A#1 where /=5. All shRNAs shown had a miR-E
backbone. d. Potent H#3F3A knockdown in endpoint tumors shown in panel C was measured
by gRT-PCR. Expression of H3F3A relative to GAPDH is shown. * p<0.05, ** p<0.01, ***
p<0.001, ns = not significant. See also [Suppl. Fig. 1 (Online Resource 2)].
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Figure 2. H3.3 K27M depletion restores global H3K27me3 and reduces H3K27ac.
a. Representative immunofluorescence image showing restoration of H3K27me3 in DIPG

xenografts after knockdown of K27M. Non-silencing control (K27M) and H3F3A
knockdown (shK27M) tumor cells stained for tGFP (magenta), H3K27me3 (green), and

DAPI (blue). H3K27me3 positive, GFP negative cells in K27M tumors represent mouse
cells entrapped within xenograft. Scale bar is 100um. Area in dotted rectangle is enlarged in
inset. b. Western blot of acid extracted histones from SIDIPGX7 xenografts with

knockdown of H3F3A (shK27M#1 and shK27M#2) showing reduction of the H3.3 K27M
protein detected with a mutantspecific antibody, (H3.3 K27M), and restoration of
H3K27me3 compared to xenografts transduced with non-silencing control (K27M, leftmost
four lanes) or shH3F3B control (rightmost 3 lanes). Level of H3.3 K27M protein loss and
reciprocal H3K27me3 gain correlates with the decrease of H3F34 mRNA measured by qRT-
PCR (shown as bar graph above western blot). H3K27ac is reduced in shK2’M compared to
K27M tumors, but H3K4me3 and H3K36me3 are not globally affected. Total H3 protein and
total histone protein staining were used as loading controls.
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Figure 3. H3.3 K27M knockdown drives gene expression changes that recapitulate signatures

found in primary DIPG tumors

a. Unsupervised PCA for all three K27M xenograft models; SIDIPGX37 (squares),
SIDIPGX?Y (triangles) and SUDIPG VI (circles). PCA generated using all expressed genes
from all samples. K27M (green) and sh’2"M (black). b. RNA-seq log, CPM signal from
K27M mutant xenografts transduced with non-silencing (K27M) or H3F3A shRNA
(shK27M)_Genes differentially regulated [FC|>1.5 and adjusted p-value <0.05 are marked;
green are K27M-induced and black K27M-repressed. H3F3A is highlighted to show effect
of knockdown. SIDIPGX7 K27M =13, shK2™M =8; SIDIPGX37 K27M =5, shK2™ =4
SUDIPG-VI K27M 7=5, shK2’M =3 ¢, GSEA using the top 300 (ranked by limma p-value)
K27M-induced genes derived from a combined analysis of K27M vs. sh2’M for all three
xenograft models applied to primary human DIPGs. K27M-induced genes (downregulated
upon knockdown) are enriched in the primary K27M DIPG tumors in comparison to H3 WT
DIPGs. Heat map shows the relative expression of the top 50 genes in the K27M (left side)
and H3 WT (right side) DIPGs. See also Suppl. Fig. 2 (Online Resource 2) and Suppl.

Tables 1 and 2 (Online Resource 1)].
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Figure 4. H3.3 K27M knockdown produces global changes in the level of H3K27me3 without
redistribution to different genomic regions

a. Spike-in normalized ChlP-seq peak calls for H3K27me3 (K27M =4, shK27M n=4)
display robust gain of H3K27me3 upon knockdown of K27M in SIDIPGX37. Colored
overlay indicates density. b. Representative IGV tracks demonstrating restoration of
H3K27me3 with knockdown of K27M. Region shown, chr3:57,097,000-57,600,000 was
randomly selected. Note that H3K27me3 restoration occurs in both peak and “baseline”
regions. Also, H3K27me3 peaks in K27M occur in regions that also have peaks in shK27M
tumors, not novel loci. Scale of both tracks shown at right. c. H3K27me3 ChIP-seq read
assignments to genomic categories in non-silencing (K27M) and H3F3A knockdown
(sh®2") samples in SIDIPGX37. Pie charts are scaled by total read counts normalized to
spike-in. Wilcoxson rank-sum test of scaled read counts between K27M and shK27M:
H3K27me3 p=0.028. d. Distribution of H3K27me3 across the average of all gene bodies in
K27M (green) and shK27M (black) in SIDIPGX37; 2kb upstream of the transcriptional start
site (TSS) and downstream of the transcriptional end site (TES) is shown. Gene bodies are
scaled by percentage to account for different lengths. See also Suppl. Fig. 3 (Online
Resource 2).

Acta Neuropathol. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Silveira et al. Page 28

a  H3K27me3 b
8 1 Density H3K27me3
High yad 159 — K27M
6 i . : ”.. e o _% — shkZ™
iLow 7 boee g “!;’1'0-——————~/\
= By Pty 2 2
oFon . o
5 ¢ o | il
9% e, %2 P
RSN 1 0.0 .
2 Labes, v 2kb kb TSS  1kb 2kb
0
0 2 4 6 8
shk27m
|_092 00.5 6.1
C signal
H3K27me3

Promoters ranked by average signal

K27M

ShK27M

| [T
et ] g

Figure 5. K27M-dependent global loss of H3K27me3 affects most promoters, but a subset is
spared.

a. Scatter plot of H3K27me3 ChlP-seq signal at promoters (log,(CPM+1) in 2kb
surrounding TSS) of K27M and shK2’M SJDIPGX37 tumors. Colored overlay indicates
density. K27M =4, shK2"™M =4, b, Distribution of H3K27me3 ChIP-seq log, read counts
across promoters (4kb centered on TSS) in K27M (green) and sh2’M (black) xenografts. c.
Heat maps showing distribution of H3K27me3 ChlP-seq log, read counts binned across
promoters (4kb centered on TSS) in K27M and shK2’M tumors. Promoters ranked by
average signal across all samples. d. Dot plot displaying H3K27me3 signal in 2kb promoter
region with same ranking as heat maps for K27M (green) or shK27M (black) tumors. E.
Distribution of the top 300 K27M up- and down- regulated gene promoters (ranked by
limma p-value) along the H3K27me3 heat maps/dot plot (c,d). See also Suppl. Fig. 4
(Online Resource 2).

Acta Neurogpathol. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Silveira et al.

Page 29
a
B up with K27M
‘ [l Down with K27M
__ 6
N
(=2
ke)
“g’= 3
5
5 0 %
£
[y
-
X
32
I
-6
- -3 0 3 6
H3K27me3 Fold Change (log2)
L Promoter status in sh¥*™
b Expression in sh<2™ ° g
N O H3K27me3+ H3K4me3+
100 s B H3K27me3+ H3K4me3-
§ 37 B H3K27me3- H3K4me3+
g s w 8 1 g | O H3K27me3- H3K4me3-
» _ 8 % <
o8 ¢ 8 5 S
32 O 27 o~
s % 5 5 g
< 82 T 2 = ©
zZ=° 0 o [0
o -g 81 .E S
= S -
E 0.0 é 2 I
g %
w
-2.5 § -
H3K27me3 - - + +
H3K4m - + - + e < o -
3 e3 All Up Down
in K27M in K27M
d
— 0-2.4 0-2.7
H3K27me3| - - - == - === -scms s s s s s s s s s s s s s s e s Lo s s o Do E s S S s oSSR SR S e s mm s
! R . . adbadnil, e
K27M 0-14 0-17
O e e e e e i I e e e e
K27M
shemy .
0-9.5 0-73
g TR |} S W [T .
shK27M
RORB VIM

Figure 6. Combinatorial analysis of histone PTMs suggests that H3.3 K27M-induced genes are
enriched for apparently bivalent promoters.

a. Fold change (FC) in ChIP-seq signal in SIDIPGX37 transduced with non-silencing
(K27M) vs. H3F3A shRNA (shK27My in 2kb surrounding TSS for H3K27me3 vs.

H3K4me3. Colored dots represent promoters with differential gene expression FC>1.5 (red)
or <—1.5 (blue) and an adjusted p-value<0.05. Marginal histograms display density, but are
not quantitative between groups. b,c. Promoters binned by the presence or absence of MACS
called H3K27me3 and H3K4me3 peaks inside the 2kb surrounding the TSS in shK27M
SIDIPGX37 tumors. b. Violin plot showing log, RPKM expression in the sh<2”M tumors for
all genes binned by promoter type. Lime green represents promoters marked with
H3K27me3 and H3K4me3 consistent with bivalency. c. Left bar graph shows H3K27me3
and H3K4me3 promoter status for all genes in sh2’M tumors, while the bar graphs on the
right show promoter status in shK2’M tumors for genes that are differentially regulated (JFC|
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>1.5, adjusted p-value<0.05). d. IGV tracks showing representative loci scored as
H3K27me3+H3K4me3+ (left tracks, RORB, right tracks, V/M) in sh2"M tumors. Scale for
pairs of tracks shown at right. See also Suppl. Fig. 5 (Online Resource 2)].
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Figure 7. Expression signatures driven by H3.3 K27M are primarily defined by NPC stemness.
a. Heat map showing the shift in ssGSEA enrichment scores for xenograft models with and

without knockdown of K27M. Colors represent the difference of ssGSEA scores of K27M
vs. sh2"M samples, where the mean for each K27M/shK2"M pair was set to zero (white).
Increased signature enrichment is colored in red, while loss of enrichment is colored in blue.
b. IF showing decreased vimentin (VIM) expression (magenta) in shK2’M SIDIPGX7
tumors. Scale bar is 200um. c. IF showing increased MAG expression (magenta) in sh2’M
SIDIPGX7 tumors. Scale bar is 100um. In b,c, H3K27me3 is shown in green and DAPI
staining of nuclei is shown in blue. See also Suppl. Fig. 6 (Online Resource 2)].
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