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Abstract

Diffuse midline glioma (DMG) is a type of lethal brain tumor that develops mainly in

children. The majority of DMG harbor the K27M mutation in histone H3. Oligoden-

drocyte progenitor cells (OPCs) in the brainstem are candidate cells-of-origin for

DMG, yet there is no genetically engineered mouse model of DMG initiated in OPCs.

Here, we used the RCAS/Tv-a avian retroviral system to generate DMG in

Olig2-expressing progenitors and Nestin-expressing progenitors in the neonatal

mouse brainstem. PDGF-A or PDGF-B overexpression, along with p53 deletion,
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resulted in gliomas in both models. Exogenous overexpression of H3.3K27M

had a significant effect on tumor latency and tumor cell proliferation when com-

pared with H3.3WT in Nestin+ cells but not in Olig2+ cells. Further, the frac-

tion of H3.3K27M-positive cells was significantly lower in DMGs initiated in

Olig2+ cells relative to Nestin+ cells, both in PDGF-A and PDGF-B-driven

models, suggesting that the requirement for H3.3K27M is reduced when tumori-

genesis is initiated in Olig2+ cells. RNA-sequencing analysis revealed that the

differentially expressed genes in H3.3K27M tumors were non-overlapping

between Olig2;PDGF-B, Olig2;PDGF-A, and Nestin;PDGF-A models. GSEA anal-

ysis of PDGFA tumors confirmed that the transcriptomal effects of H3.3K27M

are cell-of-origin dependent with H3.3K27M promoting epithelial-to-mesenchymal

transition (EMT) and angiogenesis when Olig2 marks the cell-of-origin and inhibiting

EMT and angiogenesis when Nestin marks the cell-of-origin. We did observe some

overlap with H3.3K27M promoting negative enrichment of TNFA_Signaling_Vi

a_NFKB in both models. Our study suggests that the tumorigenic effects of

H3.3K27M are cell-of-origin dependent, with H3.3K27M being more oncogenic in

Nestin+ cells than Olig2+ cells.

K E YWORD S

diffuse intrinsic pontine glioma, diffuse midline glioma, H3K27M, oligodendrocyte
progenitor cells

1 | INTRODUCTION

Diffuse midline glioma (DMG) accounts for 15%–20% of pediatric

brain tumors and represents the leading cause of death in children

with brain tumors (Buczkowicz & Hawkins, 2015). The critical location

and diffuse nature of the tumor precludes surgical resection, and

radiotherapy offers only transient symptomatic relief. Despite numer-

ous clinical trials, no chemotherapy approach has prolonged the sur-

vival of children with DMG. The failure of these trials is partly due to

the adaptation of established treatments for adult glioma, which have

been evaluated in adult patients, for children (Hargrave et al., 2006).

Approximately 85% of DMG contain the somatic gain-of-function

K27M mutation in histones H3.1 and H3.3 but these mutations are

extremely rare in adult gliomas (Bender et al., 2013;Chan et al., 2013;

Schwartzentruber et al., 2012; Wu et al., 2012). Nearly 60% of the

K27M mutations in DMG involve a single allele in H3F3A encoding

H3.3 (Schwartzentruber et al., 2012). H3K27M mutations are thought

to drive DMG formation (Chan et al., 2013; Schwartzentruber

et al., 2012; Wu et al., 2012). The H3K27M mutation reduces global

histone H3K27 methylation (H3K27me3) by inhibiting polycomb

repressive complex 2 (PRC2) activity (Lewis et al., 2013). As

H3K27me3 primarily correlates with gene repression, H3K27M muta-

tions result in a net gain in cellular transcriptional activity (Chan

et al., 2013; Funato et al., 2014; Lewis et al., 2013). However, for cer-

tain genes such as the tumor suppressor p16 or Ink4a, associated

H3K27me3 is retained or even increased in some experimental

models resulting in increased gene repression (Bender et al., 2013;

Brien et al., 2021; Cordero et al., 2017; Mohammad et al., 2017). Thus,

the mutation's effects on H3K27 methylation and gene expression are

aimed at a combination of gene activation and suppression that

collectively promote tumor growth.

Others and we have previously shown that the oncogenic proper-

ties of the H3.3K27M mutation are dependent on the glioma cell-of-

origin. For example, in Nestin+ neural progenitor cells (NPCs),

H3.3K27M combined with platelet-derived growth factor B (PDGF-B)

expression and p53 loss induces DMG, alters gene-expression, and

reduces the survival of tumor-bearing mice (Cordero et al., 2017;

Lewis et al., 2013). But an effect on tumor latency is not seen with

Pax3+ cells, which include neurons and undifferentiated progenitors

(Misuraca et al., 2016). Further, H3.3K27M increases the proliferation

of neural stem cells derived from human embryonic stem cells, but

not so for early astrocytes (Funato et al., 2014). Recent studies have

implicated oligodendrocyte progenitor cells (OPCs) of the neonatal

brainstem as the likely cell-of-origin for DMG (Filbin et al., 2018;

Lindquist et al., 2016; Nagaraja et al., 2017; Tate et al., 2015), consis-

tent with prior studies showing a spatiotemporal correlation between

Olig2+ precursor proliferation in human and mouse brainstem and

brainstem glioma occurrence in children (Monje et al., 2011).

Single cell RNA-sequencing (RNA-seq) analysis has revealed that the

majority of the cells in H3K27M gliomas express OPC-like trans-

criptomes (Filbin et al., 2018). The most active promoter enhancers in

H3.3K27M tumor cells are associated with genes of the oligoden-

droglial lineage (Nagaraja et al., 2017), and OPCs are the most proli-

ferative precursor cell-type in the neonatal ventral pons, coinciding

1682 TOMITA ET AL.



spatiotemporally with the development of midline gliomas (Lindquist

et al., 2016). Despite these findings, the characteristics of H3.3K27M-

bearing diffuse gliomas initiated in OPCs are not known.

Here, we describe a novel genetically engineered mouse model

(GEMM) of diffuse intrinsic pontine glioma (DIPG, a subset of DMG

that occurs in the pons) initiated in neonatal Olig2+ progenitors. We

used the RCAS/Tv-a avian retroviral system to introduce gene alter-

ations that are commonly found in human DIPG (H3.3K27M,

PDGF-B, or PDGF-A to activate PDGFRA signaling, and p53 inactiva-

tion) (Khuong-Quang et al., 2012; Mackay et al., 2017; Wu

et al., 2012) in Olig2+ progenitors. The resulting diffuse midline high

grade gliomas exhibited histological and immunophenotypical charac-

teristics such as infiltration and leptomeningeal dissemination that

closely resemble the human disease. Surprisingly, H3.3K27M expres-

sion had only a minor effect on tumor latency and no significant effect

on proliferation relative to H3.3WT tumors, in contrast with H3K27M

tumors originating in Nestin+ cells. GSEA analysis revealed that

H3.3K27M has cell-of-origin dependent effects on key gene-sets with

known roles in tumorigenesis. For example, H3.3K27M mutant

tumors were significantly positively enriched for EMT and angiogene-

sis when Olig2 marks the cell-of-origin but H3.3K27M tumors were

negatively enriched for angiogenesis and EMT when nestin marked

the cell-of-origin. Thus, our study provides a novel DIPG mouse model

initiated in Olig2+ OPCs that can be used for mechanistic studies and

preclinical evaluation of novel therapies for DIPG. Our results high-

light cell-of-origin dependent effects of H3.3K27M with a more onco-

genic role for H3K27M in Nestin+ cells relative to Olig2+ cells.

2 | MATERIALS AND METHODS

2.1 | Mice

Olig2-Tv-a-Cre (Otv-a-Cre) mice were obtained from Jackson Labs.

The genomic structure and characteristics of these mice have been

previously reported (Schüller et al., 2008). Otv-a-Cre mice were

intercrossed with conditional null p53 mice (Jackson Labs, C57BL/6J

background) to generate Otv-a-Cre;p53fl/fl and Otv-a-Cre;p53fl/+

mice, as previously described (Mehta et al., 2011). Nestin-Tv-a;p53fl/fl

(Ntv-a;p53fl/fl) mice were created by crossing Ntv-a and p53fl/fl mice

(Barton et al., 2013). Nestin-CFPnuc mice express cyan fluorescent

protein (CFP) fused to a nuclear localization signal under the control

of the Nestin enhancer (Encinas et al., 2006; Misuraca et al., 2016). All

animals were maintained in accordance with the Northwestern Uni-

versity Animal Care and Use Committee guidelines (animal protocol

IS00012699).

2.2 | Generation of in vivo murine midline gliomas

In vivo midline gliomas were generated using the RCAS/Tv-a system

as previously described (Misuraca et al., 2014; Misuraca et al., 2016).

DF1 cells were purchased from American Type Culture Collection

(Manassas) and were grown in Dulbecco's Modified Eagle Medium,

supplemented with 10% fetal bovine serum, 2 mm/L L-glutamine,

100 U/ml penicillin, and 100 mg/ml streptomycin, at 39�C and 5%

CO2. Cells were transfected with RCAS plasmids (RCAS-PDGF-A,

RCAS-PDGF-B, RCAS-H3.3WT-GFP, RCAS-H3.3K27M-GFP, RCAS-

Cre). Postnatal day 3 to 5 (P3-P5) mice were injected intracranially

with 1 μl of RCAS virus producing DF1 cells (105 cells). Injected mice

were monitored daily and euthanized with CO2 upon the appearance

of brain tumor symptoms (enlarged head, ataxia, weight loss up to

25%) or at 6 months postinjection in the absence of symptoms.

2.3 | Immunofluorescence

Nestin-CFPnuc mice were euthanized at P3, brains were extracted

and fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS)

for 24 h and cryopreserved in 30% sucrose in PBS for 24–48 h. After

embedding in OCT compound, blocks were sectioned using a Cryostat

(TN50, Tanner Scientific, Inc.) into 10 μm thick sagittal or oblique cor-

onal sections to visualize the whole pons (Lindquist et al., 2016). Sec-

tions were rehydrated in PBS with 0.1% Triton X-100 (PBS-T).

Antigen retrieval was performed using citrate buffer pH 6 for 20 min

at 95�C. Sections were then permeabilized using PBS-T with 0.3% Tri-

ton X-100 and blocked with PBS-T containing 5% normal donkey

serum. Anti-Olig2 (Millipore, #AB9610, 1:500), anti-Sox2 (Abcam,

ab79351, 1:200), and anti-GFP (Nacalai, 4404-84, 1:1000, to label

CFP) primary antibodies were used. AlexaFluor donkey anti-rabbit-

488 (Invitrogen, A21208, 1:400), donkey anti-mouse-594 (Invitrogen,

A31570, 1:400) and goat anti-rabbit-647 (Invitrogen, A21245, 1:400)

were used as secondary antibodies. Slides were mounted with

Vectashield with 40,6-diamidino-2-phenylindole (DAPI) (Vector Labo-

ratories) and imaged using a Lionheart™ automated microscope

(BioTek, Vermont). The percentages of Nestin-CFP+, Olig2+, and

double-positive cells were quantified with Fiji software (NIH).

2.4 | Tumor grading

Tumor tissue was harvested, fixed in 20% formalin for 24–48 h, and

embedded in paraffin by the Northwestern University Mouse Histol-

ogy and Phenotyping Laboratory. Embedded tissue was cut into 5 μm

sections using a Leica RM2235 microtome. Hematoxylin and eosin

(H&E) staining was performed using standard protocols. Tumors were

graded by a blinded neuropathologist using the following criteria

according to the WHO classification 2016 (Louis et al., 2016): Grade II

glioma by moderately increased cellular density without mitosis;

Grade III glioma by increased cellular density with mitosis; and Grade

IV glioma by the presence of microvascular proliferation and/or pseu-

dopalisading necrosis. WHO Grade III and IV tumors were defined as

high-grade. Tumor dissemination was defined as tumor aggregation,

existing separately from the main tumor mass (Wagner et al., 2006), in

the subependymal spaces of the lateral ventricle or the subcortical

space.
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2.5 | Immunohistochemistry

Mouse tumor tissue sections were prepared as described above. The

sections were stained using the Ventana automated system per manu-

facturer's instruction. Immunohistochemistry (IHC) analyses were car-

ried out as described previously (Hoeman et al., 2019). Anti-GFAP

(DAKO, anti-rabbit IgG, #Z0334, 1:2000), anti-GFP (Abcam, anti-

rabbit IgG, ab290, 1:1000), anti-H3K27M (Abcam, anti-rabbit IgG,

ab190631, 1:500), anti-H3K27me3 (Cell Signaling Technology, anti-

rabbit IgG, #9733, 1:200), anti-phospho-Histone H3 (Ser10) (pH3Ser10,

Cell Signaling Technology, #9701S, 1:200), anti-Iba1 (Wako, #019-19741,

1:500), anti-Ki67 (Abcam, anti-rabbit IgG, ab16667, 1:200), anti-Olig2

(Millipore, anti-rabbit IgG, #AB9610, 1:500), and anti-Nestin (BD

Pharmingen, anti-Rat IgG1, #556309, 1:200) were used. Samples were

imaged with Zeiss Axio imager, and quantified with Lionheart™ auto-

mated microscope and Gen5 software.

2.6 | RNA-sequencing and analysis

RNA-sequencing (RNA-seq) and analysis were performed in collabora-

tion with the NUSeq Core facility at Northwestern University. Total

RNA was isolated from tumor tissue with the RNeasy Mini Kit

(Qiagen), and 200 ng of purified RNA per sample was used for analy-

sis. The libraries were prepared with TruSeq Stranded mRNA-seq

Library Prep kit, and sequenced using the HiSeq 4000 sequencing sys-

tem (Illumina). FASTQ files were aligned to the mm10 genome using

RNA-STAR, and aligned reads were counted using HTSeq-count.

HTSeq-count files were imported into R (https://www.r-project.org/)

and differential expression analysis was performed with the DESeq2

package using default settings. H3.3 wild type (WT) was compared to

H3.3K27M mutant samples in the presence of PDGF-B or PDGF-A

overexpression and p53 deletion. Principal component analysis and hier-

archical clustering were done in R. Normalized reads were imported into

gene set enrichment analysis (GSEA) and standard GSEA was run with

the following parameters: permutations = 1000, permutation

type = gene set, enrichment statistic = weighted, gene ranking

metric = signal2noise, max size = 500, min size = 15, normalization

mode = meandiv. The data discussed in this publication have been

deposited in NCBIs Gene Expression Omnibus (GEO, http://www.ncbi.

nlm.nih.gov/geo/) and are accessible through GEO Series accession num-

ber GSE184934, GSE184935, and GSE184936. The number of reads

per sample ranged from 23,010,479 to 87,187,138 is listed in Table S1.

2.7 | Quantitative real-time PCR (qRT-PCR)
analysis

Total RNA was isolated using RNeasy kit (Qiagen) and cDNA synthe-

sized using Superscript IV and OligodT primers (Invitrogen) per manu-

facturers' instructions. Real-time detection and quantification of

cDNA were performed with the QuantiStudio™ 6 Flex kit (Applied

Biosystems, #4485691). qRT-PCR was done using Power SYBR Green

qPCR Master mix (Applied Biosystems, #4367659). Gene expression

levels were normalized to that of endogenous beta-actin. All experi-

ments were done in triplicates, and relative gene expression levels cal-

culated using the ΔΔCt method. Primer sequences are listed in

Table S2.

2.8 | Statistical analysis

Statistical analysis was performed using GraphPad Prism (Version

9.1.0) for all data. Survival rate was estimated using Kaplan Meier

Curve analysis and a statistical significance was evaluated by log-rank

test. Continuous variables are expressed as mean ± standard deviation

(SD) or median (interquartile range: IQR). Categorical variables are

expressed as n (%). Continuous variables were compared using Mann–

Whitney U test, Student's t test, or one way ANOVA with Tukey's

post hoc test. Categorical variables were compared using Fisher's

exact tests.

3 | RESULTS

3.1 | The majority of Olig2+ in the neonatal
brainstem co-express Sox2

We have previously described H3.3K27M glioma initiated in Nestin+

cells in the murine ventral pons (Cordero et al., 2017). Several studies,

however, suggest that DIPG likely originates from Olig2+ cells with

OPC-like features (Anderson et al., 2017; Filbin et al., 2018). As cell

clusters with OPC-like features express both Nestin and Olig2

(Walker et al., 2010), we first evaluated the expression patterns of

Olig2 and Nestin, and the extent of overlap of these markers, in the

developing mouse brainstem. We immunolabeled sagittal and oblique

brain sections (Lindquist et al., 2016) isolated from P3 Nestin-CFPnuc

mice with Olig2, Sox2, and GFP antibodies (Figure 1a–l). Distinct clus-

ters of cells immunoreactive for Nestin were found in the ventral and

dorsal pons (Figure 1a,d,g,j). Interestingly, majority of the Olig2+ cells

co-expressed Sox2 (Figure 1b,e,h,k) and were Nestin negative

(Figure 1c,f,i,l). Quantification revealed that over 65% of Olig2+ cells

were positive for Sox2 but negative for Nestin (Figure 1m,n). As the

study by Lindquist et al. (2016) used the canonical OPC markers

SOX10 and PDGFRA to show that the majority of Sox2 + Olig2+

proliferating cells in the P4 pons are OPCs (Lindquist et al., 2016), our

results suggest that the RCAS viral infections into the neonatal

brainstem at P3–P4 are mainly targeting OPCs.

3.2 | H3.3K27M and PDGF-B overexpression in
neonatal Olig2+ cells induce midline high grade
gliomas

We have previously shown that H3.3K27M and PDGF-B over-

expression, along with p53 inactivation, in Nestin+ and Pax3+
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progenitors leads to high grade gliomas and increases tumor grade

and proliferation relative to H3.3WT when Nestin+ cells are the cells-

of-origin (Barton et al., 2013; Becher et al., 2010; Misuraca

et al., 2016). To investigate whether midline gliomas can be initiated

in OPCs, we targeted neonatal Olig2+ cells in Otv-a-Cre mice that

express Tv-a and Cre recombinase under the Olig2 promoter (Schüller

et al., 2008). Injecting P3-P5 Otv-a-Cre;p53fl/fl mice with RCAS-

H3.3K27M-GFP did not produce tumor-related symptoms even at

6 months postinfection (Figure S1). When we overexpressed PDGF-B,

however, 100% of infected mice developed neurological symptoms

and gliomas regardless of p53 and H3.3K27 status. Otv-a-Cre;p53fl/fl

mice injected with PDGF-B reached experimental endpoints between

24 and 71 days, Otv-a-Cre;p53fl/+ between 48 and 180 days, and

Otv-a-Cre mice between 59 and 180 days (Figure 2a–c). Otv-a-Cre;

p53fl/fl mice overexpressing PDGF-B and H3.3K27M had significantly

shorter survival than mice overexpressing PDGF-B and H3.3WT,

although the difference was small (Figure 2a, median survival,

H3.3K27M, 31 days, H3.3WT, 37 days, p = .0473, log-rank test).

F IGURE 1 Olig2, Sox2, and nestin expression in the neonatal mouse pons. (a–h) Representative images of P3 mouse ventral (a–c, g–i) and
dorsal (d–f, j–l) sagittal and oblique sections of the pons labeled with GFP (green, to visualize Nestin-CFP), Sox2 (red), and Olig2 (white)
antibodies. Images were acquired at �10 magnification. Scale bars represent 200 μm. Insets show magnified views of the areas marked by
asterisks. (m, n) quantification of Olig2+/Sox2-/Nestin�, Olig2+/Sox2+/Nestin�, Olig2+/Sox2�/Nestin+, and Olig2+/Sox2+/Nestin+ relative
to all Olig2+ cells in sagittal (m) and oblique (n) section. Mean ± SEM, n = 3–4
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However, when we performed cox hazard regression analysis, the

male sex but not H3.3K27 status was an independent poor prognostic

factor (Table S3). No significant difference in survival was seen

between H3.3K27M and H3.3WT infected Otv-a-Cre; p53fl/+ mice

(Figure 2b, median survival, H3.3K27M, 102 days, H3.3WT,

101.5 days, p = .7796, log-rank test,) or Otv-a-Cre mice (Figure 2C,

not reached median survival, p = .3677, log-rank test).

We observed tumors in the midbrain, pons, thalamus, hypo-

thalamus, and the cerebellum in Otv-a-Cre mice injected with

RCAS-PDGF-B and RCAS-H3.3K27M or RCAS-H3.3WT. (Table S4).

H&E-stained brain sections revealed increased necrosis, micro-

vascular proliferation, mitosis, and higher overall cell density both in

H3.3K27M and H3.3WT tumors (Figure 2d). Most tumors showed

WHO grade III or IV histology except for H3.3WT and p53WT

tumors, where 58.3% (7/12) were WHO grade II (Figure 2e). We

also found that 94.7% (n = 18/19) of tumors in Otv-a-Cre;p53fl/fl;

PDGF-B;H3.3K27M mice aggregated separately from the main tumor

mass in the subependymal space of the lateral ventricle or the

subcortical space, which was substantially higher than that in H3.3WT

tumors (83.3%, n = 13/18, p = .0897, Fisher's exact test). There was

no difference in tumor dissemination between H3.3K27M and

H3.3WT tumors in Otv-a-Cre;p53fl/+;PDGF-B (H3.3K27M, 63.6%,

H3.3WT, 46.2%, p = .4442, Fisher's exact test) or Otv-a-Cre;p53+/+;

PDGF-B mice (H3.3K27M, 42.9%, H3.3WT, 43.8%, p = 1.000,

Fisher's exact test) (Figure 2f). Both H3.3K27M and H3.3WT tumors

generated in Otv-a-Cre;p53fl/fl mice expressed the glioma markers

Olig2 and Nestin in a majority of the cells as expected (Figure S2A,B),

and GFAP to a lesser extent (Figure S2C). We also immunolabeled

tumor tissue for the proliferative markers Ki67 and pH3Ser10

but there was no significant difference between H3.3K27M and

H3.3WT tumors in all three p53 backgrounds (Figure 2g). IHC analysis

revealed a significant decrease in H3K27me3 levels in H3.3K27M

tumors compared with H3.3WT tumors in the Otv-a-Cre;p53fl/fl mice

(% positive cells, H3.3K27M, 5.5 ± 2.6%, H3.3WT, 16.4 ± 6.4%,

p = .0196, Student's t test), but not in Otv-a-Cre;p53fl/+ (H3.3K27M,

7.8 ± 6.8%, H3.3WT, 12.1 ± 5.7%, p = .3767, Student's t test) or Otv-

a-Cre;p53+/+ (H3.3K27M, 14.0 ± 1.9%, H3.3WT, 13.7 ± 4.1%,

p = .9009, Student's t test) mice (Figure 2h). Thus, H3.3K27M over-

expression in neonatal Olig2+ cells, when combined with PDGF-B

overexpression and p53 loss, had minimal effects on tumor latency

and cell proliferation, but decreased H3K27me3 levels and increased

tumor grade relative to H3.3WT.

3.3 | H3.3K27M does not impact tumor latency or
proliferation of PDGF-A-driven DIPG initiated in
neonatal Olig2+ cells

PDGF-B overexpression has been widely used in mouse models

of DIPG (Barton et al., 2013; Becher et al., 2010; Misuraca

et al., 2016). However, recently published molecular meta-analysis

shows that PDGF-B is rarely upregulated and/or amplified in human

DIPG (Paugh et al., 2011; Puget et al., 2012), although PDGFRA

alterations are frequently observed (Mackay et al., 2017). Therefore,

we generated a GEMM of DIPG by overexpressing PDGF-A to

selectively activate the PDGFRA signaling pathway (Westermark

et al., 1995). Otv-a-Cre;p53fl/fl;PDGF-A;H3.3K27M mice had signi-

ficantly longer survival time compared with Otv-a-Cre;p53fl/fl;

PDGF-B;H3.3K27M mice (Figure S3, median survival, PDGF-A,

56 days, PDGF-B, 31 days, p < .0001, log-rank test). Surprisingly,

Otv-a-Cre;p53fl/fl;PDGF-A;H3.3K27M mice had a similar median

survival as their H3.3WT counterparts (Figure 3a, median survival,

H3.3K27M, 56 days, H3.3WT, 54 days, p = .7074, log-rank test).

There was no correlation between survival and sex based on cox

hazard regression analysis (Table S3). All the infected mice devel-

oped intracranial tumors, similar to the PDGF-B-based model, and

the majority of the PDGF-A-driven tumors were observed in the

brainstem (Table S5). All the H3.3K27M and H3.3WT tumors were

classified as high-grade (Figure 3b,c). Similar to our observations in

the PDGF-B-driven models, Olig2 and Nestin were expressed in a

majority of the tumor cells, whereas GFAP showed only weak

staining (Figure S2d–f ). The fraction of Ki-67 positive cells in

H3.3K27M tumors was slightly higher than in H3.3WT tumors, but

the difference was not statistically significant (H3.3K27M, 21.6

± 16.1%, H3.3WT, 14.9 ± 12.5%, p = .2360, Student's t test)

(Figure 3d). In addition, the fraction of pH3Ser10+ cells was similar

between H3.3K27M and H3.3WT tumors (H3.3K27M, 3.0 ± 1.4%,

H3.3WT, 3.1 ± 1.0%, p = .9343, Student's t test) (Figure 3e).

H3.3K27M tumors, however, had significantly lower

H3K27me3-positivity than H3.3WT tumors (% H3K27me3+ cells,

H3.3K27M, 4.8 ± 2.5%, H3.3WT, 9.2 ± 3.7%, p = .0019, Student's

t test) (Figure 3f). Thus, H3.3K27M does not affect tumor cell prolif-

eration or tumor latency when tumors are induced with PDGF-A

overexpression and p53 loss in Olig2+ cells, despite a significant

loss of H3K27me3. These findings are similar to our PDGF-B

driven model described above (Figure 2).

F IGURE 2 H3.3K27M cooperates with PDGF-B to increase tumor malignancy and latency in Olig2+ cells. (a) Otv-a-Cre;p53fl/fl, (b) Otv-a-
Cre;p53fl/+, and (c) Otv-a-Cre;p53+/+ mice were injected with RCAS-PDGF-B and RCAS-H3.3K27M or RCAS-H3.3WT (PK, PDGF-

B + H3.3K27M; PH, PDGF-B + H3.3 WT). Kaplan–Meier survival curves show a significant difference in median survival between Otv-a-Cre;
p53fl/fl;PDGF-B;H3.3K27M and Otv-a-Cre;p53fl/fl;PDGFB;H3.3WT mice. N = 21 to 38, log-rank test. (d) Representative images of tumor tissue
from the indicated mouse models, stained with H&E, or immunolabeled with antibodies against Ki67, pH3Ser10, and H3K27me3. Scale bar
represents 50 μm. (e) Tumor grading according to the diagnosis of diffuse astrocytoma based on WHO 2016 classification. N = 12, Fisher's exact
test. (f) Tumor dissemination rates in the indicated mouse models. N = 13 to 19, Fisher's exact test. (g, h). Quantification of percentages of Ki67+
(g) and H3K27me3+ (h) cells in H3.3K27M versus H3.3WT tumors in the three p53 backgrounds. Mean ± SEM, n = 4 to 5, Student's t test, ns,
not significant
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3.4 | H3.3K27M impacts tumor latency and
proliferation of PDGF-A-driven DIPG initiated in
neonatal nestin+ cells

Our results above show that H3.3K27M has little/no effects on tumor

latency and proliferation both in PDGF-B- and PDGF-A-driven DIPG

initiated in neonatal Olig2+ cells. But we have previously shown that

H3.3K27M significantly decreases tumor latency and survival when

tumors are initiated in Nestin+ progenitors (Cordero et al., 2017).

These observations suggest that Nestin+ cells, rather than Olig2+

cells, are perhaps a more appropriate candidate cell-of-origin for

H3K27M DIPG. As our previous study was done with PDGF-B

overexpression (Cordero et al., 2017), we generated a GEMM of DIPG

based on PDGF-A overexpression to evaluate if H3.3K27M impacts

mice survival and tumor histology in Nestin-Tv-a;p53fl/fl mice. Nestin-

Tv-a;p53fl/fl;PDGF-A;H3.3K27M mice had significantly shorter sur-

vival than their H3.3WT counterparts (Figure 4a, median survival,

H3.3K27M, 72.5 days, H3.3WT, 138 days, p = .0010, log-rank test).

There was a significant correlation between H3.3K27M mutation and

survival time based on cox hazard regression analysis (Table S3). The

majority of the PDGF-A-driven tumors were observed in the

brainstem, whereas one-third of Nestin-Tv-a;p53fl/fl;PDGF-A;H3.3WT

mice did not form tumor at postnatal day 180 (Table S6). All the

H3.3K27M and H3.3WT tumors were classified as high-grade

F IGURE 3 H3.3K27M does not
affect survival or tumor histology when
co-expressed with PDGF-A in Olig2+
cells. (a) Kaplan–Meier survival curves of
Otv-a-Cre;p53fl/fl mice injected with
RCAS-PDGF-A and RCAS-H3.3K27M or
RCAS-H3.3 WT. N = 29 to 32, log-rank
test. (b) Representative images of tumor
tissue from the indicated mouse models,

stained with H&E, or immunolabeled with
antibodies against Ki67, pH3Ser10, and
H3K27me3. (c) Tumor grading of the
indicated tumors. H3.3K27M and
H3.3WT tumors were both high-grade
when induced with PDGF-A. N = 15,
Fisher's exact test. (d–f) quantification of
the percentages of Ki67+ (d), pH3Ser10
(e), and H3K27me3+ (f ) cells in the
indicated tumors. The percentage of
H3K27me3+ cells was significantly
reduced in H3.3K27M tumors relative to
H3.3WT. Mean ± SEM, n = 11 to
16, Student's t test, ns, not significant
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(Figure 4b,c). The fraction of Ki-67 positive cells in H3.3K27M tumors

was significantly higher than in H3.3WT tumors (H3.3K27M, 21.1

± 9.6%, H3.3WT, 7.5 ± 3.8%, p = .0016, Student's t test) (Figure 4d).

Similar results were obtained with pH3Ser10 immunolabeling

(H3.3K27M, 6.0 ± 1.4%, H3.3WT, 3.3 ± 0.9%, p = .0002, Student's

t test) (Figure 4e). H3.3K27M tumors also had significantly lower

H3K27me3-positivity than H3.3WT tumors (% H3K27me3+ cells,

H3.3K27M, 7.1 ± 3.2%, H3.3WT, 12.8 ± 3.8%, p = .0025, Student's

t test) (Figure 4F). Thus, H3.3K27M dramatically affects tumor cell

proliferation and tumor latency when tumors are initiated in Nestin+

progenitors with p53 loss and PDGF-A overexpression as described

above, or with p53 loss and PDGF-B overexpression (Cordero

et al., 2017).

3.5 | Nestin-initiated tumors express higher levels
of H3.3K27M than Olig2-initiated tumors

H3.3K27M, when combined with PDGF-A or PDGF-B, did not affect

tumor aggressiveness when compared with H3.3WT in Otv-a-Cre;

p53fl/fl mice, despite decreased H3K27me3 levels (Figures 2 and 3). In

contrast, H3.3K27M significantly decreases tumor latency and sur-

vival when tumors are initiated in Nestin+ cells both in the PDGF-A-

driven (Figures 4) and PDGF-B-driven models (Cordero et al., 2017). It

is possible that there are only a few subsets of H3K27M+ cells in

OPC-initiated tumors and, therefore, they do not drastically impact

tumor latency and/or animal survival, or that H3K27M-positivity is

not essential for tumorigenesis in the Otv-a-Cre mouse model. In

F IGURE 4 H3.3K27M affects
survival and tumor histology when co-
expressed with PDGF-A in Nestin + cells.
(a) Kaplan–Meier survival curves of
Nestin-Tv-a;p53fl/fl mice injected with
RCAS-PDGF-A, RCAS-Cre, and RCAS-
H3.3K27M or RCAS-H3.3 WT. N = 24,
log-rank test. (b) Representative images
of tumor tissue from the indicated mouse

models, stained with H&E, or
immunolabeled with antibodies against
Ki67, pH3Ser10, and H3K27me3.
(c) Tumor grading of the indicated
tumors. H3.3K27M and H3.3WT tumors
were both high-grade when induced with
PDGF-A. N = 8 to 11, Fisher's exact test.
(d–f) Quantification of the percentages of
Ki67+ (d), pH3Ser10+ (e), and
H3K27me3+ (f) cells in the indicated
tumors. The percentages of Ki-67+,
pH3Ser10+ were significantly increased
and the percentage of H3K27me3+ cells
were significantly reduced in H3.3K27M
tumors relative to H3.3WT. Mean ± SEM,
n = 8 to 11, Student's t test
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human H3.3K27M DIPG, the oncohistone is expressed in most tumor

cells except for endothelial cells, vascular smooth muscle cells and

lymphocytes (Bechet et al., 2014). Therefore, we evaluated

H3.3K27M expression in tumors initiated in Otv-a-Cre;p53fl/fl mice

and compared it with those from Ntv-a;p53fl/fl mice. Nestin-initiated

tumors showed a higher fraction of H3K27M+ cells than

Olig2-initiated tumors with PDGF-A overexpression (Ntv-a;p53fl/fl;

PDGF-A, 91.0 ± 5.8%, Otv-a-Cre;p53fl/fl;PDGF-A, 45.6 ± 22.0%,

p < .0001, ANOVA with Tukey's post hoc test) (Figure 5a,b). On the

other hand, PDGF-B-derived tumors showed a smaller difference in

H3K27M+ cells between the Ntv-a and Otv-a models, and this differ-

ence was not statistically significant (Ntv-a;p53fl/fl;PDGF-B, 38.3

± 2.8%, Otv-a-Cre;p53fl/fl;PDGF-B, 16.9 ± 9.3%, p = .0885, ANOVA

with Tukey's post hoc test). Also, we found increased H3K27M

expression in PDGF-A tumors relative to PDGF-B tumors in both

the Ntv-a; p53fl/fl (PDGF-A, 91.0 ± 5.8%, PDGF-B, 38.3 ± 2.8%,

p = .0007, ANOVA with Tukey's post hoc test) and the Otv-a-Cre;

p53fl/fl (PDGF-A, 45.6 ± 22.0%, PDGF-B, 16.9 ± 9.3%, p < .0001,

ANOVA with Tukey's post hoc test) mice. Ross et al., 2020 have

shown that PDGF-B-derived tumors have more tumor-associated

monocytes than PDGF-A-derived tumors (Ross et al., 2020).

Therefore, we stained H3.3K27M-tumor tissues initiated in Otv-a-

Cre;p53fl/fl mice with the microglial marker Iba1 to determine whether

the difference in H3K27M positivity between PDGF-A and PDGF-B

tumors is due to a difference in the microglial population (Hoeman

et al., 2019; Ross et al., 2020), but found no significant difference

between these two groups (PDGF-B, 10.5 ± 4.3%, PDGF-A, 7.9

± 2.7%, p = .0835, Student's t test) (Figure S4A,B). Because exoge-

nous H3K27M is tagged to GFP in our mouse models, we also stained

tumor tissues with an antibody against GFP. The fraction of GFP+

cells was higher than that of H3K27M+ cells in all the tumor models

except for Ntv-a;p53fl/fl mice with PDGF-A induction (Otv-a-Cre;

p53fl/fl;PDGF-B; H3K27M, 16.9 ± 9.3%, GFP, 41.2 ± 13.7%; Otv-a-

Cre;p53fl/fl;PDGF-A, H3K27M, 45.6 ± 22.0%, GFP 69.1 ± 19.8%; Ntv-

a;p53fl/fl;PDGF-B, H3K27M, 38.3 ± 2.8%, GFP, 75.3 ± 8.6%; Ntv-a;

p53fl/fl;PDGF-A, H3K27M, 91.0 ± 5.8%, GFP, 85.3 ± 5.0%)

(Figure 5A), likely due to differential sensitivities of the two anti-

bodies. Nonetheless, PDGF-B tumors in Otv-a-Cre;p53fl/fl mice had

lower GFP expression than their counterparts in Ntv-a;p53fl/fl mice

(Otv-a, 41.2 ± 13.7%, Ntv-a, 75.3 ± 8.6%, p = .0042, Student's t test)

(Figure 5c). Otv-a-Cre;p53fl/fl PDGF-A tumors also had lower GFP

staining than those in Ntv-a;p53fl/fl mice, although the difference was

F IGURE 5 Nestin and PDGF-A
derived tumors express higher H3K27M
levels than Olig2 and PDGF-B derived
tumors. (a) Representative IHC images of
tumor tissue from the indicated mouse
models, stained with H3K27M and GFP
antibodies. Otv-a-Cre;p53fl/fl mice were
injected with RCAS-H3.3K27M-GFP and
RCAS-PDGF-B or RCAS–PDGF-A. Ntv-a;
p53fl/fl mice were injected with RCAS-
H3.3K27M-GFP, Cre and RCAS-PDGF-B
or RCAS–PDGF-A. (b, c). Quantification
of the above IHC data showing
percentages of H3K27M+ (b) and GFP+
(c) cells. PDGF-B-derived tumors in Ntv-
a;p53fl/fl mice had higher levels of
H3K27M+ and GFP+ cells than those in
Otv-a-Cre;p53fl/fl mice. Similar
differences can be seen between PDGF-
A-derived tumors in Ntv-a;p53fl/fl mice
relative to Otv-a-Cre;p53fl/fl mice. Mean
± SEM, n = 4 to 12, ANOVA with Tukey's
post hoc test, ns, not significant
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not statistically significant (Otv-a, 69.1 ± 19.8%, Ntv-a, 85.3 ± 5.0%,

p = .2140, Student's t test). Thus, H3K27M is expressed at higher

levels in PDGF-A relative to PDGF-B tumors, and when tumors are

initiated in Nestin+ cells relative to Olig2+ cells.

3.6 | H3.3K27M has a significant effect on the
transcriptome in PDGFA-driven gliomas initiated in
Olig2+ and Nestin+ cells

To determine whether H3.3K27M impacts the tumor transcriptome,

we performed RNA-seq analysis of PDGF-B-induced brainstem tumors

in Otv-a-Cre;p53fl/fl mice expressing either H3.3WT or H3.3K27M

(H3.3WT, two females and three males; H3.3K27M, three females

and two males). Unsupervised hierarchical clustering and principal

component analysis showed that the majority of H3.3K27M tumors

overlapped with H3.3WT tumors (Figure S5A,B), and there was not an

apparent correlation between sex and the expression pattern (data not

shown). Using a false discovery rate of ≤0.05, we identified 25 signifi-

cantly differentially expressed genes in H3.3K27M tumors, 23 of which

were upregulated (Figure S5C, Table S7). We performed qRT-PCR anal-

ysis of all of these genes, but only Gm2694 and Egr4 were significantly

downregulated (Figure S5D). Interestingly, GSEA analysis showed sig-

nificant positive enrichment in oligodendrocyte markers and myelin

sheath (Figure S5E.F, Table S8). Thus, H3.3K27M had a modest effect

on the transcriptome of PDGF-B-induced DIPG relative to H3.3WT

when initiated in Olig2+ cells, although the heterogeneity in tumor

locations might be a contributing factor (Table S4).

Next, we performed RNA-seq analysis of PDGF-A-induced

tumors from Otv-a-Cre;p53fl/fl mice expressing H3.3WT or H3.3K27M

F IGURE 6 Transcriptomic analysis of
Olig2-initiated tumors with PDGF-A
overexpression. (a) Otv-a-Cre;p53fl/fl

mice were injected with RCAS-PDGF-A
and RCAS-H3.3K27M or RCAS-H3.3WT.
Volcano plot comparing gene expression
in H3.3K27M and H3.3WT tumors. There
were a total of 907 significantly
differentially expressed genes including

320 upregulated and 587 downregulated
genes in the H3.3K27M group compared
with the controls. N = 5. (b) Principal
component analysis comparing Otv-a-
Cre;p53fl/fl;PDGF-A;H3.3K27M and Otv-
a-Cre;p53fl/fl;PDGF-A;H3.3WT tumors
showing partial overlap. (c) Unsupervised
hierarchical clustering of differentially
regulated genes (padj <.05) between
H3.3K27M and H3.3WT tumors (n = 5
each). (d) Gene ontology pathway analysis
of upregulated and downregulated genes.
(e–g) GSEA plots for interferon alpha
response (e), interferon gamma response
(f), and H3K27me3 promoters
(g) (Mikkelsen et al., 2007) in H3.3K27M
tumors relative to H3.3WT. NES,
normalized enrichment score
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(H3.3WT, two females and three males; H3.3K27M, two females

and three males). In contrast to the PDGF-B-based model, we found

a total of 907 significantly differentially expressed genes including

320 upregulated and 587 downregulated genes in the H3.3K27M

group compared with the controls, although fold changes in expression

were small (Figure 6a, Table S9). Unsupervised hierarchical clustering

F IGURE 7 Transcriptomic analysis of nestin-initiated tumors with PDGF-A overexpression. (a) Ntv-a;p53fl/fl mice were injected with RCAS-
PDGF-A, RCAS-Cre, and RCAS-H3.3K27M or RCAS-H3.3WT. Volcano plot comparing gene expression of H3.3K27M and H3.3WT tumors.
There were a total of 213 significantly differentially expressed genes including 123 upregulated and 90 downregulated genes in the H3.3K27M
group compared with the controls. N = 7 to 9. (b) Principal component analysis comparing Ntv-a;p53fl/fl;PDGF-A;H3.3K27M and Ntv-a;p53fl/fl;
PDGF-A;H3.3WT tumors showing partial overlap. (c) Unsupervised hierarchical clustering of differentially regulated genes (padj <.05) between
H3.3K27M and H3.3WT tumors (n = 7 to 9). (d–f) GSEA plots for inflammatory response (d), mitotic spindle (e), and H3K27me3 promoters (f)
(Mikkelsen et al., 2007) in H3.3K27M tumors relative to H3.3WT. NES, normalized enrichment score
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and principal component analysis showed that H3.3K27M tumors over-

lapped partially with H3.3WT tumors (Figure 6b,c). Gene ontology

using DAVID software indicated that the upregulated genes were

enriched in several processes including “cell adhesion” and “cell prolif-
eration” (Figure S6). Using normalized expression data, we conducted

GSEA analysis to further examine the effects of H3.3K27M on the

transcriptome focusing on features of DMG cells including cell prolifer-

ation, epithelial-to-mesenchymal transition (EMT), and angiogenesis

(Table S10). We identified a significant correlation between H3.3K27M

and upregulation of genes characterized by H3K27 trimethylation and

high-CpG-density promoters (Mikkelsen et al., 2007) (Figure 6d). As for

the DMG features, H3.3K27M correlated with a significant down-

regulation of G2M checkpoint gene sets (Figure 6e), upregulation of

EMT (Figure 6f), and upregulation of angiogenesis (Figure 6g). These

results show that H3.3K27M promotes transcriptional changes consistent

with known features of DMG in this model initiated in Olig2+ cells.

We compared the above RNA-seq data with transcriptomic analy-

sis of tumors obtained by overexpressing PDGF-A, along with

H3.3WT or H3.3K27M, in Ntv-a;p53fl/fl mice (H3.3WT, six females

and three males; H3.3K27M, three females and three males). We

found 213 significantly differentially expressed genes including

123 upregulated and 90 downregulated genes in the H3.3K27M

group compared with the controls (Figure 7a, Table S11). Similar to

PDGF-A tumors initiated in Otva-Cre;p53fl/fl mice, unsupervised hier-

archical clustering and principal component analysis showed that

H3.3K27M tumors overlapped partially with H3.3WT tumors

(Figure 7b,c). Using GSEA analysis (Table S12), we identified a signifi-

cant correlation between H3.3K27M and downregulation of genes

characterized by H3K27 trimethylation and high-CpG-density pro-

moters (Mikkelsen et al., 2007) (Figure 7d) and upregulation of genes

related to oligodendrocyte differentiation and myelination (Figure 7e),

which were opposite changes compared with PDGF-A-induced

tumors from Otv-a-Cre;p53fl/fl mice (Figure 6d). As for the DMG fea-

tures, interestingly, H3.3K27M was correlated to a significant

upregulation of G2M checkpoint gene sets (Figure 7f), downregulation

of EMT (Figure 7g), and downregulation of angiogenesis (Figure 7h).

Similar to the tumors in Otv-a-Cre;p53fl/fl mice, we did detect a signif-

icant correlation between H3.3K27M and negative regulation of the

TNFA_Signaling_Via_NFKB gene set, and interestingly, only the

H3.3K27M tumors initiated in Nestin+ cells but not Olig2+ cells were

negatively enriched for the apoptosis gene set. These results suggest

that the molecular effects of H3K27M in tumors initiated in Nestin+

and Olig2+ progenitors are distinct.

4 | DISCUSSION

Several studies have suggested that neonatal OPCs are a likely cell-of-

origin for DIPG (Filbin et al., 2018; Monje et al., 2011). Single cell

RNA-seq of human DIPG samples has shown that H3K27M DIPG

tumors primarily contain OPC-like cells (Filbin et al., 2018). The basic

helix–loop–helix transcription factor Olig2 is widely expressed in pro-

liferating cells in the pons (Tate et al., 2015) and is highly expressed in

70%–80% of DIPG samples (Puget et al., 2012). Anderson et al. have

shown that only DIPG cell lines retaining Olig2 could form robust

Olig2-positive brainstem glioma (Anderson et al., 2017). We and

others have previously published DIPG models arising from Nestin+

progenitors (Cordero et al., 2017; Larson et al., 2019), which also

include OPCs and other progenitor cell populations (Walker

et al., 2010). But there are no GEMMs characterizing midline gliomas

initiated in OPCs. Here, we established GEMMs of DIPG initiated in

Olig2+ cells.

We generated a murine DIPG model by overexpressing H3.3K27M

and PDGF-B or PDGF-A, and by incorporating p53 loss into Olig2+

cells. Surprisingly, our data show that H3.3K27M has almost no effect

on mice survival or cell proliferation relative to H3.3WT. In addition, we

observed a significantly higher fraction of H3K27M+ cells in murine

DIPG initiated in Nestin+ cells than those in Olig2+ cells, both in

PDGF-A and PDGF-B models (Figure 5). Given that the H3.3K27M

mutation is thought to initiate DIPG pathogenesis, our results are con-

sistent with the observations by Haag et al. that NSCs are a more likely

candidate for DIPG cell-of-origin for H3.3K27M mutant DIPG. Haag

et al. investigated the biological effects of H3.3K27M in different

human progenitor cell types of the neural lineage, and showed that

NSCs but not OPCs give rise to tumors when induced with H3.3K27M

and p53 inactivation in an orthotopic xenograft model (Haag

et al., 2021). This is also in agreement with our previous work showing

an oncogenic effect of H3.3K27M when combined with PDGF-B and

p53 loss in Nestin+ progenitors (Cordero et al., 2017). Mackay et al.

previously described the genomic profiles of 157 cases of pediatric

high-grade glioma and showed that H3.3K27M coexisted with PDGFRA

amplifications in many of the ventral pons tumors (Mackay et al., 2017).

Also, Haag et al showed that many OPC-like genes were upregulated in

human NSCs with H3.3K27M induction (Haag et al., 2021). If the pri-

mary role of H3.3K27M is to differentiate NSCs into OPC-like cells and

thereby initiate DIPG, both H3.3WT and H3.3K27M might have similar

capacities for gliomagenesis in our DIPG models initiated in Olig2+

cells. In the context of previously reported single cell sequencing data

of human DMG, while OPCs have been suggested as cells-of-origin, it

is difficult to discern if the transcripts expressed in the human tumor

cells expressing H3.3K27M reflect the cell-of-origin versus effects of

genetic drivers such as H3.3K27M. Our study suggests that Nestin-

expressing cells (NSCs) may also be candidate cells-of-origin in addition

to OPCs, and that regardless of the cell-of-origin, most of the tumor

cells end up adopting a transcriptome that is most similar to OPCs. Our

data also suggests that in certain contexts, H3.3K27M can promote

expression of transcripts consistent with an oligodendroglial cell fate. In

the p53 WT model, H3.3K27M tumors were noted to be higher grade,

but this did not translate into a significant survival benefit. Even in the

human disease, tumor grade does not always correlate with survival

(Buczkowicz et al., 2014). Also, H3.3K27M significantly altered the

transcriptome and upregulated genes characterized by H3K27me3, rel-

ative to H3.3WT (Figure 6). This suggests that H3.3K27M impacts

gene-expression in DIPG initiated in Olig2+ cells, but its effects on

tumorigenesis are difficult to discern with relatively crude measure-

ments such as histological and survival analyses.
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The number of significant differentially expressed genes

between H3.3K27M mutant tumors and H3.3WT control tumors

was relatively small in our analysis relative to analysis in the human

disease. Our data showed that H3.3K27M significantly changed the

expression of 907 genes in Otv-a-Cre;p53fl/fl mice model, which was

still much smaller than the number of significantly differentially

expressed genes altered by H3.3K27M in human DIPG specimens.

The plausible explanation is that human DIPG likely develop more

slowly with sequential acquisition of genetic alterations while in the

mouse modeling we are introducing three genetic alterations at the

same time into the same cell-of-origin. The cell-of-origin and genetic

alterations in the human disease besides H3.3K27M are likely het-

erogeneous across tumors while in the mouse modeling the co-

genetic drivers are identical- PDGFA or PDGFB and p53 loss as well

as the cell-of-origin. Looking at published data of human tumors

where investigators compared H3.3K27M mutant human high-grade

glioma to H3.3WT high-grade gliomas, we note some differences

and some similarities between our observations in our genetic

models and the reported effects of H3.3K27M in patient data. For

example, a recent comparison of human H3.3K27M pediatric high-

grade glioma to non-K27M pediatric high-grade gliomas identified

the following top 5 Hallmark GSEA pathways to be significantly

enriched in K27M tumors: myogenesis, UV response down, Kras sig-

naling down, EMT, and estrogen response late (Sanders et al., 2020).

Interestingly, three of these were significantly enriched in our analysis

comparing H3.3K27M to H3.3WT tumors initiated in Olig2-expressing

progenitors: (1) myogenesis (2) Kras signaling down, and (3) EMT while

only one of these, UV response down was significantly enriched in our

analysis comparing H3.3K27M to H3.3WT tumors initiated in Nestin

expressing progenitors. This highlights that the effects of H3.3K27M

depends on the cell-of-origin and provides support for Olig2 as a candi-

date marker for the cell-of-origin.

Surprisingly, RNA-seq comparison between Otv-a-Cre;PDGF-A;

p53fl/fl and Ntv-a; PDGF-A;p53fl/fl tumors (Figures 6, 7, S7A,B,

Table S13) demonstrated an absence of overlap between signifi-

cantly differentially expressed genes in H3.3K27M versus H3.3WT

tumors in the two models. The most likely explanation for this result

is that the transcriptomal effects of H3.3K27M are context depen-

dent and the chromatin state of nestin-expressing cells and

olig2-expressing cells is quite different. Interestingly, gene sets pro-

moting oligodendrocyte differentiation and/myelination were posi-

tively enriched in Ntv-a;PDGFA;p53fl/fl tumors but were negatively

enriched in Otv-a-Cre;PDGF-A;p53fl/fl tumors, suggesting that

H3.3K27M could promote oligodendroglial cell fate when tumori-

genesis is initiated in cells not already committed to become OPCs.

Interestingly in the context of tumors initiated with PDGFA, the

gene sets related to G2M checkpoint and mitotic spindle were signif-

icantly positively enriched by H3.3K27M in Ntv-a tumors while

EMT, and angiogenesis were negatively enriched. By contrast, the

G2M checkpoint and mitotic spindle gene sets were negatively

enriched by H3.3K27M in the Otv-a tumors while EMT, and angio-

genesis were positively enriched. There were also similarities

between the two models. For example, inflammatory response and

TNFA_Signaling_Via_NFKB gene sets were negatively enriched by

H3.3K27M in both models. Interestingly, apoptosis gene set was

negatively enriched in H3.3K27M tumors initiated in Nestin+ cells

but not Olig2+ cells. We conclude that there are significant differ-

ences in the effects of H3.3K27M on tumor transcriptome between

the Ntv-a;p53fl/fl and Otv-a-Cre;p53fl/fl models, despite some over-

lap between the two markers (Figure 1), suggesting that DIPG

tumors in the Otv-a-Cre;p53fl/fl mice do not originate solely from

Nestin+/Olig2+ double-positive cells.

Interestingly, hypoxia pathway was significantly negatively

enriched by H3.3K27M when tumorigenesis was initiated in Nestin

expressing progenitors but was neither significantly positively nor

negatively enriched when tumorigenesis was initiated in Olig2

expressing progenitors. Angiogenesis, which is normally activated by

hypoxia was significantly enriched in H3.3K27M tumors in Otv-a-

Cre;p53fl/fl mice. TNFA-signaling, in contrast, was negatively

enriched with H3.3K27M in both Otv-a-Cre;p53fl/fl mice and Ntv-a;

p53fl/fl mice. This may be surprising as TNFA-signaling via NFKB has

been associated with EMT in adult glioblastomas (Bhat et al., 2013),

but as EMT is significantly positively enriched when tumorigenesis is

initiated in Olig2 positive cells but TNFA-signaling via NFKB is nega-

tively enriched, it suggests that the mechanism for EMT is indepen-

dent of TNF-A signaling via NFKB in the DMG model initiated in

Olig2 expressing cells.

Tumors with PDGF-B overexpression and p53 loss dramatically

shorten mouse survival compared with those with PDGF-B over-

expression alone, regardless of H3.3 status in the Otv-a-Cre;p53fl/fl

mice (Figure 2), consistent with our previous observations in the

Ntv-a;p53fl/fl mice (Cordero et al., 2017). In addition, in mice over-

expressing PDGF-B, our IHC data show a significantly lower level of

H3K27me3 in H3.3K27M tumors relative to H3.3WT tumors with

p53 deletion, but not with p53 intact (Figure 2). The above data sug-

gest that H3.3K27M and p53 loss may cooperate to change the

gene-expression profile of tumors originating in Olig2+ cells. How-

ever, we could not generate tumors with H3.3K27M overexpression

and p53 loss in the absence of PDGF-B overexpression, consistent

with our previous study in neonatal brainstem Nestin+ cells, where

these two genetic alterations alone produced proliferating ectopic

cell clusters but not gliomas (Cordero et al., 2017; Lewis et al., 2013).

Future studies examining DIPG generation without PDGF signaling

will help delineate the roles of p53 loss and H3.3K27M in

gliomagenesis.

The median survival of Otv-a-Cre;PDGF-B;p53fl/fl mice was

31 days, which is significantly shorter than 51 days in Otv-a-Cre;

PDGF-A;p53fl/fl. Also, IHC results showed that the fraction of

H3K27M+ cells was significantly lower in Otv-a-Cre;PDGF-B;p53fl/

fl mice than Otv-a-Cre;PDGF-A;p53fl/fl (Figure 5). Moreover, bulk

RNAseq showed that H3.3K27M significantly changed the expres-

sion of only 25 genes in Otv-a-Cre;PDGF-B;p53fl/fl tumors, which is

much lower than 907 genes in Otv-a-Cre;PDGF-A;p53fl/fl tumors

(Figures 6 and S5). It is possible that PDGF-B or other factors

induced by PDGF-B overwhelm the effects of H3.3K27M in Otv-a-

Cre;PDGF-B;p53fl/fl tumors. Previous reports have shown that
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PDGF-B can bind to and activate both PDGFRA and PDGFRB,

whereas PDGF-A binds to PDGFRA specifically (Nordby

et al., 2017; Singh et al., 2002; Westermark et al., 1995),

suggesting that PDGF-B likely activates more robust downstream

signaling relative to PDGF-A. Ross et al. recently reported potent

inflammatory effects of PDGF-B in addition to poor survival in a

cerebral cortex glioma model (Ross et al., 2020). The authors

induced high-grade gliomas in Nestin+ cells by PDGF-A or

PDGF-B overexpression with Cdkn2a or Tp53 deletions and

showed that PDGF-B increased tumor-associated macrophage

recruitment via production of chemokines. However, our IHC data

showed only a small, non-significant difference in the percentage

of Iba1-positive cells, a well-known macrophage, and microglial

marker, between PDGF-B- and PDGF-A-derived tumor tissues

(Figure S4). Therefore, it is possible that the capacity of PDGF-B

to recruit macrophages is spatiotemporal and dependent on the

cell-of-origin.

The strength of our new Otv-a-Cre model is that PDGF over-

expression and p53 loss resulted in diffuse gliomas in almost all the

infected mice, supporting the idea that tumor cells with OPC-like

features could have an important role in forming DIPG. In addition,

our Otv-a-Cre model of DIPG displays similar latency and pene-

trance when compared with our previously reported Ntv-a model

(Cordero et al., 2017). However, there are also several limitations to

our study. First, we did not evaluate the interactions of Olig2+

tumor cells with other cell populations such as Nestin+ cells. Sec-

ond, we have not investigated whether more differentiated cells that

express Olig2, for example, mature oligodendrocytes, could serve as

a cell-of-origin for DIPG, though we consider that possibility

unlikely. As with any RCAS/Tv-a model, viral injections infect multi-

ple cells, and it is likely that several different types of Olig2+ cells in

the mouse brainstem are infected simultaneously with each injec-

tion. Third, there was significant variability in the tumor locations.

This may be a technical issue as it is possible that a subset of the

virus producing cells end up in the fourth ventricle with our hind-

brain injections and can migrate throughout the ventricular system.

This can reduce the number of significant differentially expressed

genes. Finally, there are the potential limitations of our models in

this research with respect to the requirement for PDGF signaling for

tumorigenesis, and to the precursor populations that present in the

brainstem at the time of injection expressing Olig2, Nestin, or both.

PDGF-A/B signals are strong enough to generate tumors, which

might make it difficult to evaluate the effect of H3.3K27M on the

survival time in Otv-a-Cre;p53fl/fl mice. Despite these limitations,

our novel DIPG mouse will have tremendous utility in preclinical

drug studies given reproducible DIPG formation with PDGF over-

expression and p53 loss.

In conclusion, we have described a novel GEMM of DIPG initiated

in neonatal Olig2+ progenitors. As the majority of Olig2+ cells in the

neonatal brainstem expressed sox2 and were negative for nestin and

as Lindquist et al. demonstrated that the majority of Olig2 + Sox2+

pontine cells also express OPC markers such as PDGFRA and Sox10

(Lindquist et al., 2016), these cells are therefore most consistent with

OPCs. There was no significant effect of H3.3K27M on tumor latency

or proliferation despite reduced H3K27me3 levels in the mutant

tumors relative to H3.3WT, which contrasts with our observations

with tumors initiated in Nestin+ progenitors. H3.3K27M significantly

altered similar cellular pathways in tumors initiated in Olig2+ and

Nestin+ cells, most notably in inhibition of inflammation and inter-

feron signaling suggesting that one of the key roles of H3.3K27M

may be immunosuppression. However, there was little/no overlap in

significantly differentially expressed genes between these two

models. Our results strongly suggest that the oncogenic and trans-

criptomic effects of H3.3K27M are dependent on the tumor cell-of-

origin. Future studies investigating epigenetic changes induced by

H3.3K27M in different cells-of-origin will improve our understanding

of DIPG pathogenesis.
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