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Abstract

High-grade gliomas with arginine or valine substitutions of the histone H3.3 glycine 34 

residue (H3.3G34R/V) carry a dismal prognosis, and current treatments, including radiotherapy 

and chemotherapy, are not curative. Because H3.3G34R/V mutations reprogram epigenetic 

modifications, we undertook a comprehensive epigenetic approach using ChIP-sequencing 

and chromHMM computational analysis to define therapeutic dependencies in H3.3G34R/V 

gliomas. Our analyses revealed a convergence of epigenetic alterations, including: (i) activating 

epigenetic modifications on histone H3 lysine (K) residues such as H3K36-trimethylation 

(H3K36me3), H3K27-acetlylation (H3K27ac) and H3K4-trimethylation (H3K4me3), (ii) DNA 

promoter hypomethylation, and (iii) redistribution of repressive histone H3K-trimethylation 

(H3K27me3) to intergenic regions at the Leukemia Inhibitory Factor (LIF) locus to drive 

increased LIF abundance and secretion by H3.3G34R/V cells. LIF activated Signal Transducer 

and Activator of Transcription 3 (STAT3) signaling in an autocrine/paracrine manner to promote 

survival of H3.3G34R/V glioma cells. Moreover, immunohistochemistry and single-cell RNA 

sequencing from H3.3G34R/V patient tumors revealed high STAT3 protein and RNA expression, 

respectively, in tumor cells with both inter- and intra-tumor heterogeneity. We targeted STAT3 

using a blood-brain barrier penetrable small molecule inhibitor, WP1066, currently in clinical 

trials for adult gliomas. WP1066 treatment resulted in H3.3G34R/V tumor cell toxicity in vitro 

and tumor suppression in preclinical animal models established with KNS42 cells, SJ-HGGx42 

cells, or in utero electroporation techniques. Our studies identify the LIF/STAT3 pathway as a 
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key epigenetically-driven and druggable vulnerability in H3.3G34R/V gliomas. This finding could 

inform development of targeted, combination therapies for these lethal brain tumors.

One Sentence Summary:

Histone H3.3G34R/V mutant gliomas demonstrate LIF/STAT pathway activation that can be 

disrupted for therapeutic benefit.

Introduction

Brain tumors in children and adolescents are associated with devastating outcomes and have 

surpassed other tumors as the leading cause of cancer-related death (1). Substantial strides 

have been made in treating some childhood cancers, such as leukemias, whereas incremental 

progress has been made for pediatric and adolescent high-grade gliomas (HGGs). The 

survival rate for HGGs remains dismal with a 5-year patient survival of ~15% (2). No 

efficacious therapies exist, despite attempts to translate aggressive therapeutic approaches 

utilized for adult high-grade gliomas to younger patients. Failures of standard therapies 

have sparked intense focus on understanding the epigenetic and molecular characteristics of 

HGGs to enable effective treatment discovery.

Research on various pediatric cancers has demonstrated genetic alterations in chromatin 

remodeling or histone modifying enzymes. Somatic missense mutations in histone proteins 

have been identified in pediatric brain tumors, soft tissue sarcomas, and bone tumors (3–6). 

Approximately 30–60% of high-grade gliomas bear mutations in H3F3A, the gene encoding 

histone H3.3 (6). These recurrent mutations involve the replacement of the lysine residue 

at amino acid 27 by methionine (H3.3K27M) or the glycine residue at amino acid 34 by 

arginine or valine (H3.3G34R/V). H3.3G34R/V mutations have been observed exclusively 

in H3F3A while H3K27M mutations occur frequently in H3F3A and to a lesser extent in 

HIST1H3B/C encoding H3.1. H3K27M tumors are found in midline brain structures and the 

brainstem of young children, whereas H3.3G34R/V tumors are found in cortical structures 

of older adolescents and young adults (6). These temporal and anatomical distinctions 

suggest that distinct molecular programs enable tumorigenesis in specific cellular contexts.

Although our knowledge on the mechanism of action of H3K27M has grown considerably, 

the molecular mechanisms governing H3.3G34R/V tumorigenesis in gliomas are less 

claer (7–9). The glycine 34 residue of histone H3.3 is not subject to post-translational 

modifications, but H3.3G34R/V mutations can impede both the catalytic activity of the 

H3K36 trimethyltransferase, SET Domain Containing 2 (SETD2), and inhibit H3K36 

lysine demethylases KDM4A, KDM4B, and KDM4C to reprogram genomic H3K36me3 

distribution (10–15). Similarly, H3.3G34W mutations observed in giant cell tumors can alter 

genomic H3K36me3 distribution to impact cellular differentiation (3, 16). While H3.3G34 

mutations can reprogram genomic H3K36me3, it remains unknown if these epigenetic 

alterations create therapeutic vulnerabilities. We hypothesized epigenetic alterations in 

H3K36me3 and other chromatin modifications could identify potential therapeutic targets 

in H3.3G34R/V HGGs. Here, we show that H3.3G34 mutations epigenetically activate LIF/
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STAT3 signaling, presenting an epigenetically driven therapeutic opportunity for treatment 

of H3G3R/V HGGs.

Results

H3.3G34R/V cells exhibit transcriptomic and epigenetic alterations converging on the 
LIF/JAK/STAT3 axis

We utilized an integrated epigenomic and transcriptomic approach to understand pathways 

specifically upregulated by the H3.3G34R mutation. We established isogenic cell lines 

by expressing hemagglutinin (HA)-tagged H3.3G34R or H3.3WT in immortalized mouse 

neuronal stem cells (mNSCs). We used previously characterized H3.3K27M expressed in 

the same mNSCs background (17, 18). We confirmed expression of mutant transgenes in 

our mNSCs model by Western blotting for HA (fig. S1A). As demonstrated by others, 

immunoblotting did not exhibit global changes in H3K36me3, H3K4me3, H3K27ac or 

H3K27me3 between H3.3G34R and H3.3WT or H3.3K27M mNSCs (Fig. 1A) (4). As 

controls, H3.3K27M mNSCs showed a global decrease in H3K27me3 accompanied by 

an increase in H3K27ac (Fig. 1A). Although H3.3K27M increased proliferation (18), no 

major differences in proliferation were noted between H3.3G34R and H3.3WT mNSCs 

(fig. S1B). We performed RNA sequencing in these cells and determined genes specifically 

altered in H3.3G34R versus control H3.3WT and H3.3K27M mNSCs, that showed both 

upregulated (2715) and downregulated (3039) genes (Fig. 1, B and C). Some of the top 

pathways revealed by gene set enrichment analysis (GSEA) of the 2715 upregulated genes 

in H3.3G34R mNSCs were related to the JAK/STAT pathway, chemokine, and cytokine 

signaling (Fig. 1D).

We performed comprehensive analyses of epigenetic modifications in H3.3G34R relative 

to H3.3WT mNSCs. H3.3G34R/V mutations are known to reduce local H3K36me3 at 

various genes. However, some genes show a gain of H3K36me3 (10–12, 19, 20). Therefore, 

we performed H3K36me3 chromatin immunoprecipitation followed by deep sequencing 

(ChIP-seq) in our isogenic cells (Fig. 1E). Because H3K36me3 in gene bodies is associated 

with active transcription, we focused on the subset of genes with H3K36me3 enrichment 

in H3.3G34R versus H3.3WT mNSCs and compared these data with gene expression in 

H3.3G34R/H3.3WT mNSCs (Fig. 1F). These analyses revealed Lif as the top upregulated 

gene associated with increased H3K36me3 enrichment in H3.3G34R compared to H3.3WT 

mNSCs (Fig. 1, F and G). Stat3 did not demonstrate similar H3K36me3 enrichment (fig. 

S1C). Our finding that the Lif locus showed increased H3K36me3 in H3.3G34R mNSCs 

was validated in additional isogenic H3.3G34R/H3.3WT and H3.3G34W/H3.3WT mouse 

models developed by Voon et al. (2018) and Jain et al. (2020), respectively (fig. S1, D and 

E) (10, 19).

H3K36me3 deposition within gene bodies plays an important role in gene activation and 

has been reported to cause subsequent changes in transcription-activating H3K27ac and 

H3K4me3 marks (21–23). ChIP-seq analysis for H3K27ac and H3K4me3 demonstrated 

overall increased enrichment of these activating marks at promoters in H3.3G34R mNSCs 

compared to H3.3WT mNSCs (Fig. 1H). GSEA analysis for genes exhibiting promoter 

H3K27ac elevation revealed pathways associated with cellular responses to Lif (Fig. 1I). 
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Moreover, H3.3G34R mNSCs demonstrated increased H3K27ac and H3K4me3 enrichment 

at the Lif promoter relative to H3.3WT and H3.3K27M mNSCs (Fig. 1J). Similar analysis 

of H3K27ac-enriched loci in H3.3WT mNSCs did not reveal pathways associated with Lif 

signaling (fig. S1F). Interestingly, comparison of H3K27ac ChIP-seq signals from Wang et 
al. (2021) in KNS42 cells with various H3K27M pediatric glioma cells and normal human 

astrocytes revealed marked enrichment of this mark at LIF in KNS42 cells (fig. S1G) (24). 

Differential changes in H3K36me3, H3K27ac, and H3K4me3 were not observed between 

mNSCs at other JAK/STAT loci including Stat3 (fig. S1C). Similarly, no enrichment of 

H3K36me3 was observed at Stat3 in other isogenic H3.3G34R/W mouse cells (fig. S1, D 

and E).

We assessed H3K36me3, H3K27ac, mutant H3.3G34R, mutant H3.3G34V and total H3 

at LIF in H3.3G34V (KNS42) and H3.3G34R (CHOP-GBM-001 and HSJD-GBM-002) 

patient-derived cell lines. These results supported findings from H3.3G34R mNSCs and 

showed enrichment of both H3K36me3 and H3K27ac at the LIF locus (Fig. 1K). We noted 

heterogeneity in the amount of H3.3G34R/V histone present at LIF in these patient-derived 

cell lines. KNS42 and CHOP-GBM-001 cells exhibited higher H3.3G34R/V incorporation 

compared to HSJD-GBM-002 at the LIF locus. Interestingly, the amount of H3.3G34R/V 

histone, but not total H3, incorporation paralleled the degree of H3K36me3 deposition in the 

LIF gene body (Fig. 1K). Because H3.3G34R/V and H3.3K27M mutations occur in H3F3A, 

we used H3F3A mRNA expression as a surrogate for mutant H3.3G34R/V or H3.3K27M 

expression and assessed its relation to LIF expression in patient-derived tumor samples 

deposited in PedCBioportal by Mackay et al. (2017) (25). Each type of pediatric glioma 

was segregated by histone status and patient samples were sorted by H3F3A expression. 

H3F3A-high and H3F3A-low categories were defined as tumor with H3F3A expression 

above or below the median expression value, respectively, within a cohort. LIF expression 

was compared between H3F3A-high and H3F3A-low subclasses, and Pearson correlation 

analysis was performed to determine relationships with H3F3A expression. We noted a 

positive correlation between H3F3A and LIF expression in H3.3G34R/V (n=19), but not 

H3.3K27M (n=71) tumors (fig. S1H). The opposite pattern was observed in H3WT (n=101) 

tumors (fig. S1H). Additionally, we interrogated H3K36me3 ChIP-seq and RNA-seq data 

from a study on H3.3G34W mutations in giant cell tumors of the bone by Khazaei et 
al. (2020) (3). Similar to H3.3G34R mNSCs, Im-GCT-4072 patient-derived cells with 

H3.3G34W mutations showed enrichment of H3K36me3 at LIF (fig. S1I). Knockout or 

correction of mutant H3.3G34W to H3.3WT lowered H3K36me3 enrichment at the LIF 
locus. Importantly, this was associated with decreased LIF mRNA compared to controls (fig. 

S1I) (3).

We also sought to characterize modes of gene regulation by defining chromatin states 

and their distribution throughout the genome in our isogenic mNSCs. We utilized 

ChromHMM software (26, 27) to locate where combinations of epigenetic modifications 

including H3K36me3, H3K4me3, H3K27me3, H3K27ac, H3K4me1 and H3K36me2 were 

differentially enriched in H3.3G34R relative to H3.3WT and H3.3K27M mNSCs (Fig. 1L). 

States 6 and 7 were only present in the gene body of Lif in H3.3G34R compared to 

H3.3WT and H3.3K27M mNSCs (Fig. 1L). Additionally, state 1, representing activated 

transcription, was enriched at Lif in H3.3G34R cells relative to H3.3WT and H3.3K27M 
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mNSCs. State 10, associated with gene repression, was only present at Lif in H3.3WT cells 

(Fig. 1L). Epigenetic state analysis also revealed enrichment of states 6 and 7 (representing 

H3K36me3 deposition) in H3.3G34R mNSCs, but not in H3.3WT, at genes related to Jak/

Stat signaling and cell cycle regulation (Fig. 1M and fig. S1F). Together, these data from 

epigenetic and transcriptomic analyses in isogenic mNSCs, confirmed in human patient-

derived cell lines and tumor samples, suggest that H3.3G34R/V mutations epigenetically 

upregulate LIF.

H3.3G34R/V alters DNA methylation and H3K27me3 at the LIF locus.

We evaluated differences in DNA methylation using enhanced reduced representation 

bisulfite sequencing (ERRBS) in our isogenic mNSCs. Differentially methylated regions 

(DMRs) were assessed between H3.3G34R versus H3.3WT and H3.3K27M versus H3.3WT 

cells. We noted a greater proportion of DMRs in H3.3G34R versus H3.3WT mNSCs 

compared to H3.3K27M versus H3.3WT mNSCs (Fig. 2A). Separate comparisons of 

H3.3G34R with H3.3WT mNSCs and H3.3K27M with H3.3WT mNSCs demonstrated 

a greater degree of hypo- and hyper-methylation of CpG-containing promoter regions in 

H3.3G34R mNSCs (Fig. 2B). We identified many promoters that were hypo- or hyper-

methylated in H3.3G34R/H3.3WT but not in H3.3K27M/H3.3WT mNSCs (fig. S2A). 

Because hypomethylated promoters are associated with increased gene expression, we 

compared differential promoter methylation with our RNA-seq data (Fig. 2, C and D). 

Genes with hypomethylated promoters were associated with an overall increase in gene 

expression in H3.3G34R/H3.3WT mNSCs (Fig. 2C). Although this pattern was similar 

in H3.3K27M/H3.3WT cells, the degree of difference in gene expression was greater in 

H3.3G34R/H3.3WT compared to H3.3K27M/H3.3WT mNSCs (fig. S2B). Comparison of 

hypomethylated promoters with gene expression in H3.3G34R/H3.3WT mNSCs revealed 

Lif as one of the top genes associated with both promoter hypomethylation and increased 

gene expression (Fig. 2D).

We also assessed the relationship between DNA methylation and genomic distribution 

of histone marks in H3.3G34R versus H3.3WT mNSCs. Genes with hypomethylated 

promoters, including Lif, exhibited enrichment of activation marks, including H3K36me3 

at gene bodies and H3K27ac and H3K4me3 at promoters (Fig. 2, E to G). In contrast, 

H3K27me3 was lowered at active promoters and increased in the flanking intergenic 

regions (Fig. 2H). The top genes that showed promoter hypomethylation, enrichment of 

H3K36me3, H3K27ac and H3K4me3, and increased flanking H3K27me3 included Lif and 

key development and oncogenic factors such as Emx2, Igfbp2, Mycn, Foxa1, and Hoxa1 
(Fig. 2I and fig. S2C). Loci with promoter DNA hypermethylation, such as Lpl, Dedd2, and 

Mical1 exhibited opposite trends where lower H3K36me3 deposition in the gene body was 

associated with lowered H3K27ac and H3K4me3 at promoters relative to H3.3WT mNSCs 

(fig. S2D), suggesting these histone marks cooperate with DNA methylation to control 

transcription. Comparison of H3.3K27M and H3.3WT mNSCs did not show similar DNA 

methylation-associated patterns in H3K36me3, H3K27ac, or H3K4me3 (fig. S2, E to G). 

Both hypo- and hyper-methylated promoters in H3.3K27M/H3.3WT mNSCs showed lower 

H3K27ac and higher H3K4me3 and H3K36me3. We extended these findings to human 

tumors where four out of five CpGi in the LIF promoter were hypomethylated in H3.3G34R 
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(n=73) compared to H3.3WT (n=1306) glioma samples (Fig. 2, J and K). Overall, 

these data suggest that H3.3G34R drives increased Lif gene expression via epigenetic 

reprogramming at Lif including promoter hypomethylation; enrichment of histone activation 

marks H3K36me3, H3K27ac and H3K4me3; and reduction of repressive H3K27me3.

H3.3G34R/V mutations drive STAT3 signaling via elevated LIF secretion.

Having established H3.3G34R/V mutations were associated with activating epigenetic 

modifications at the Lif locus, we investigated whether Lif-driven downstream signaling 

pathways were upregulated. We noted Lif, Jak2, Stat3 and downstream transcriptional 

target Pim1 were upregulated in H3.3G34R compared to H3.3K27M and H3.3WT mNSCs 

(Fig. 3A). Stat5b was lower in H3.3WT and downregulated in H3.3K27M mNSCs (Fig. 

3A). We validated these findings in an independent, in-utero electroporation (IUE)-based 

mouse tumor model (28). In this system, plasmids encoding PBase, luciferase, dominant-

negative TP53, constitutively-active mutant PDGFRA-D842V, and WT or G34R H3F3A 
were injected into the lateral ventricle of E13.5 CD-1 mice to induce H3WT or H3.3G34R 

gliomas. Cultures were established from cells derived from each tumor model. These cell 

lines termed PPG (mutant TP53, mutant PDGFRA, and mutant G34R H3.3) and PPW 

(mutant TP53, mutant PDGFRA, and WT H3.3) were subjected to RNA-sequencing. Similar 

to the results from mNSCs model, analysis of upregulated genes in PPG relative to PPW 

cells revealed GO and KEGG pathways related to cytokine responses/interactions and Jak/

Stat signaling (fig. S3, A to C). We assessed LIF mRNA expression in patient-derived, low 

passage cell lines, finding higher expression in H3.3G34V (KNS42) versus H3.3WT (TS543 

and SJ-HGGx39-c) (fig. S3, D and E) and H3.3G34R (SJ-HGGx6-c and SJ-HGGx42-c) 

versus H3.3WT (SJ-HGGx39-c) cells (fig. S3F).

Because LIF activates STAT3 via phosphorylation, we performed immunoblotting to 

compare total and phosphorylated Stat3 (pStat3). We found an increase in pStat3 in 

H3.3G34R compared to both H3.3WT and H3.3K27M mNSCs (Fig. 3B). In patient cell 

lines, pSTAT3 and STAT3 were higher in H3.3G34V (KNS42) and H3.3G34R (OPGB-

GBM-001 and SJ-HGGx42-c) compared to H3.3WT (SF188, UMPed37, and SJGBM2) 

and H3.3K27M (HSJD-DIPG-007) cells (Fig. 3C and fig. S3G). H3.3G34R/V mutant cells 

also showed higher JAK2 abundance compared to H3.3WT and H3.3K27M cells (Fig. 

3C). We found no upregulation of the AKT pathway, an activator of STAT3, in KNS42 

compared to SF188 cells (fig. S3H). We confirmed results from the isogenic mNSCs 

model in Figure 3B and human cell lines in Figure 3C by establishing additional paired 

models of H3.3G34R and H3.3WT using SJGBM2, HEK293T, and immortalized human 

neural stem cells. We observed elevated pSTAT3 in these cells expressing the H3.3G34R 

transgene independent of the cell type utilized to establish the model (fig. S3, I and J). 

KNS42 cells also showed increased secretion of LIF into cell culture media compared to 

H3.3WT (SF188 and UMPed37) cells (Fig. 3D). In parallel, we assessed LIF abundance 

by immunoblotting in additional H3.3G34R (OPGB-GBM-001 and SJ-HGGx42-c) and 

H3.3WT (SF188, UMPed37, and SJGBM2) cells (fig. S3K). We noted variation in LIF 

abundance in H3.3G34R cell lines with lower and higher expression in OPGB-GBM-001 

and SJ-HGGx42-c, respectively. This suggests that LIF expression and STAT3 pathway 
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activation may be heterogeneous across H3.3G34R/V cell lines and patient tissues, mirroring 

findings from ChIP-seq data presented in Figure 1K.

Elevated LIF abundance has been associated with STAT3 activation and worse prognostic 

outcomes in malignancy (29). We hypothesized that LIF could regulate STAT3 

phosphorylation in H3.3G34 mutant cells. We targeted LIF in KNS42 cells with 

three independent shRNAs, that decreased intracellular (by Western blot, Fig. 3E) and 

extracellular, supernatant LIF expression (by ELISA, Fig. 3F). Western blotting in these 

cells revealed decreases in pSTAT3 and total STAT3 on LIF knockdown (Fig. 3G). 

H3.3G34V KNS42 cells with LIF knockdown exhibited a larger fraction of dead cells 

compared to parental cells (Fig. 3H). Cell death was abrogated upon addition of recombinant 

LIF to the culture media (Fig. 3H). Next, we determined if the effects observed with 

LIF knockdown could be recapitulated by perturbing mutant H3F3A expression. We 

first targeted H3F3A in H3.3G34V KNS42 cells with two independent shRNAs. Both 

shRNA-expressing cells showed lower concentrations of H3.3G34V mutant protein (Fig. 

3I). shRNA-mediated knockdown of H3.3G34V decreased both intracellular (by Western 

blot, Fig. 3J) and secreted (by ELISA, Fig. 3K) LIF in KNS42 cells. We found that 

shRNA-mediated knockdown of H3F3A in H3.3G34R SJ-HGGx42-c cells had a similar 

effect of decreasing intracellular LIF concentrations (fig. S3L). KNS42 cells with lowered 

concentrations of mutant H3.3G34V protein showed reduced pSTAT3 and total STAT3 

(Fig. 3L), and increased cell death (Fig. 3M) compared to controls. These data from 

mouse and human tumor cell models suggest that mutant H3.3G34R/V upregulates LIF 

protein expression, which in turn drives STAT3 activity that is important for the survival of 

H3.3G34R/V cells.

To corroborate the in vitro findings, we quantified phospho-STAT3 and total STAT3 

concentrations in H3.3G34R/V (n=6) and H3.3WT (n=12) high-grade glioma patient tissues 

described in Table S1 (Fig. 4, A to E). Results demonstrated significantly higher phospho-

STAT3 (Fig. 4, B and C; P<0.0001) and total STAT3 (Fig. 4, D and E; P<0.0001) in 

H3.3G34R/V versus H3.3WT samples. We noted both inter- and intra-tumor heterogeneity 

in these patient tumors, mirroring data from patient-derived cell lines (Fig. 1K and 3C, and 

fig. S3J). Next, we queried single cell RNA-seq data from H3.3G34R/V patients presented 

in Chen et al. (2020) and found malignant cells to express LIFR (LIF receptor), JAK2, and 

STAT3 (Fig. 4, F to H). This study found that H3.3G34R/V glioma cells were enriched 

for both interneuron and astrocytic gene signatures. Our analysis revealed JAK/STAT genes 

were expressed in cells irrespective of the lineage signature (Fig. 4G). We also noted 

variations in gene expression within malignant cells derived from the same patient and 

across patients (fig. S4A).

STAT3 inhibition demonstrates greater toxicity in H3.3G34R/V compared to H3.3WT glioma 
cells in vitro.

We investigated whether suppression of STAT3 activity had consequences for cell growth. 

We utilized a CRISPR-Cas9-mediated approach to knockout STAT3 in H3.3G34R/V 

cells. STAT3 knockout in KNS42 and SJ-HGGx42-c cells resulted in lowered STAT3 

concentrations (Fig. 5A and fig. S5A), altered cell growth (Fig. 5B), and lowered 

Sweha et al. Page 8

Sci Transl Med. Author manuscript; available in PMC 2022 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



percentage of living cells compared to parental controls (Fig. 5C and fig. S5B). We 

performed RNA-seq to determine pathways altered on STAT3 knockout (Fig. 5D). GSEA 

of differentially regulated genes showed deregulated pathways related to immune signatures, 

cell differentiation and motility, apoptosis, cell death, and neuronal differentiation (Fig. 

5D). These results suggest that STAT3 could regulate multiple oncogenic pathways and 

potentially serve as a therapeutic target for H3.3G34R/V-mutant gliomas.

Given the results from STAT3 knockout experiments, we tested the effect of targeting 

STAT3 pharmacologically using the well-established selective, small-molecule inhibitor of 

STAT3 phosphorylation and translocation, Stattic, on mNSCs and human patient-derived 

cell lines. Treatment of H3.3G34R mNSCs with Stattic resulted in differential cell death 

compared to that observed in H3.3WT mNSCs (Fig. 5E). We also observed heightened 

sensitivity to Stattic treatment in H3.3G34V (KNS42) and H3.3G34R (SJ-HGGx6-c and 

SJHGGx42-c) compared to H3.3WT (SF188, TS543 and SJ-HGGx39-c) and H3.3K27M 

(HSJD-DIPG-007) (Fig. 5, F and G) cells. STAT3 phosphorylation in KNS42 and SF188 

cells decreased in a dose-dependent manner upon treatment with Stattic (Fig. 5H and 

fig. S5C). We also noted OPGB-GBM-001 cells, an additional H3.3G34R patient-derived 

model, were sensitive to Stattic (fig. S5D).

We then assessed therapeutic potential of WP1066, a potent, orally bioavailable STAT3 

inhibitor with markedly low toxicity in vivo (30, 31). Similar to what we observed with 

Stattic, WP1066 showed greater toxicity in H3.3G34R compared to H3.3WT mNSCs 

(Fig. 5I). WP1066 demonstrated greater therapeutic effects in H3.3G34V (KNS42) and 

H3.3G34R (SJ-HGGx6-c and SJ-HGGx42-c) cells compared to H3.3WT (SF188, TS543, 

SJ-HGGx39-c) and H3.3K27M (HSJD-DIPG-007) human cell lines (Fig. 5, J and K). 

Next, we confirmed the sensitivity of OPGB-GBM-001 cells to WP1066 (fig. S5E) and 

SJ-HGGx42-c to another STAT3 inhibitor, SH-4-54 (fig. S5F). We tested and noted that 

IUE-derived PPG tumor cells grown as explant cultures were sensitive to WP1066 (fig. 

S5, G and H). Finally, we confirmed differential sensitivity of KNS42 and SF188 cells to 

WP1066 using bioluminescence-based assay (fig. S5I). Immunoblotting analyses of STAT3 

phosphorylation showed dose-dependent decrease in pSTAT3 concentrations in H3.3G34V 

KNS42, but not in H3.3WT (TS543 and SF188) cells treated with WP1066 (Fig. 5L and fig. 

S5J).

Inhibition of STAT3 activity is therapeutic in H3.3G34R/V glioma models in vivo.

We then explored the possibility that STAT3 inhibitors have therapeutic potential in 

preclinical animal models of H3.3G34R/V high-grade gliomas. First, we established a 

xenograft model by injecting KNS42 cells into the flanks of athymic nude mice. An average 

tumor volume of 45 mm3 was observed approximately 8 weeks post-injection at which 

time Stattic was administered as a proof-of-principle for STAT3 inhibition. Stattic-treated 

mice had suppressed tumor volumes and showed decreased expression of proliferation 

marker Ki-67 compared to vehicle-treated animals (fig. S6, A to C). Next, we evaluated 

the effect of LIF knockdown on tumor growth by injecting KNS42 cells transfected with 

two independent shRNAs targeting LIF into the flank of athymic nude mice. Approximately 

9 weeks after injections, smaller tumor volumes were observed for xenografts with LIF 
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knockdown with both shRNAs as compared to xenografts without LIF knockdown (fig. 

S6D).

To corroborate the initial in vivo results, we tested the effect of STAT3 knockout on 

tumor growth in an orthotopic model. KNS42 cells with or without STAT3 knockout 

(KO) were implanted in the cortex of NSG mice. Tumor progression was monitored via 

measurement of bioluminescence signal by in vivo imaging systems (IVIS) and Kaplan-

Meier analyses were performed. Mice with tumors harboring STAT3 KO tumors had 

significantly increased overall survival (Fig. 6A; P=0.0142). KNS42 cells formed aggressive 

tumors with evidence of tumor invasion into the surrounding skull in control animals. 

In contrast, a smaller fraction of mice with STAT3 KO tumors exhibited skull invasion 

(Fig. 6B). These mice demonstrated lower tumor burden compared to controls, assessed as 

fold change in bioluminescent signal relative to baseline (Fig. 6C). Next, we investigated 

pharmacological targeting of STAT3 using several orthotopic models. Although various 

STAT3 inhibitors have been synthesized, the ability to deliver these drugs to the brain 

remains largely unknown due to lack of in-depth pharmacokinetic and bioavailability 

studies. To address this difficulty, we utilized the BOILED-Egg (Brain Or Intestinal 

EstimateD permeation) model that considers both lipophilicity and polarity chemical 

parameters to predict absorption, distribution, metabolism, and excretion (ADME) properties 

for compounds (32). We analyzed the predicted blood-brain barrier (BBB) penetrability 

of 45 small molecule STAT3 inhibitors (32) (Fig. 6D). We filtered for STAT3 inhibitors 

currently in clinical trials. From these analyses, WP1066 was the only compound with 

predicted favorable ADME parameters including high BBB-penetrability that also showed 

efficacy in preclinical glioblastoma models (31, 33) and is currently in clinical trials for 

malignant gliomas and CNS metastatic melanomas (NCT01904123, NCT04334863) (Fig. 

6D). In contrast, Stattic exhibited unfavorable absorption and poor BBB-penetration (Fig. 

6D). Based on these results, we tested efficacy of WP1066 in four independent H3.3G34R/V 

glioma animal models.

In the first model, we utilized an in-utero electroporation-based H3.3G34R PPG tumor 

model (H3.3G34R IUE) established in CD-1 mice to study WP1066 efficacy. Successful 

tumor engraftment was confirmed by capturing bioluminescent signal via IVIS. WP1066 

was administered once per day (Monday through Friday) at 40 mg/kg for 6 weeks [based 

on published doses (33)] as outlined in Figure 6E. WP1066-treated mice had significantly 

increased overall survival compared with vehicle-treated controls (Fig. 6F; P<0.0058). 

Furthermore, mice receiving WP1066 had significantly lower tumor burden compared 

to vehicle-treated animals, assessed as fold change in bioluminescent signal relative to 

baseline (Fig. 6, G and H; P<0.0173). Next, we established a human H3.3G34V tumor 

model by orthotopically implanting mice with KNS42 cells in the cortex and confirmed 

engraftment via IVIS. Using the same treatment paradigm (Fig. 6E), mice receiving 

WP1066 exhibited significantly prolonged survival (P<0.0019) and decreased tumor burden 

(P<0.0222) compared to vehicle-treated control animals (Fig. 6, I to K). Neuropathological 

features were assessed in tumors with or without treatment. All mice with KNS42 tumors 

receiving vehicle exhibited tumor invasion into the surrounding skull while less than 50% 

of WP1066-treated mice demonstrated this phenotype (Fig. 6L). Moreover, Ki-67 expression 

was reduced in mice receiving WP1066 (Fig. 6M) compared to vehicle-treated animals. In 
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contrast, WP1066 treatment of a H3.3WT glioma orthotopic model developed with TS543 

cells did not result in decreased tumor burden (Figure S6, E and F). We further confirmed 

our results in NSG mice orthotopically implanted with H3.3G34R PPG and SJ-HGGx42-c 

cells. As observed during in vitro studies, WP1066 treatment resulted in lower tumor burden 

(as determined by IVIS bioluminescence) in both models (fig. S6, G to L) and extended 

overall survival in mice with orthotopic PPG tumors (fig. S6H).

Last, we investigated the possibility that H3.3G34R/V tumors may benefit from 

treatment comprised of current standard radiation therapy (RT) paired with STAT3 

inhibitors. Constitutive STAT3 activation has been implicated in tumor radioresistance, 

and consequently, recent studies have attempted to target STAT proteins to promote 

radiosensitivity (34, 35). We used orthotopic models of H3.3G34R PPG, SJ-HGGx42-c, 

and KNS42 cells established in NSG mice. Potential synergy between radiation therapy 

and WP1066 was assessed using a modified treatment paradigm (fig. S6G). Both RT and 

combination therapy extended overall survival in H3.3G34R PPG animals. Combination 

therapy significantly extended overall survival compared to radiation therapy alone (fig. 

S6H; P=0.0004). However, combination therapy provided no additional benefit compared to 

single agent WP1066 treatment (fig. S6H). RT alone, or combination treatment, markedly 

lowered tumor burden (as determined by IVIS bioluminescence) in H3.3G34R PPG, but 

not in SJ-HGGx42 or KNS42 engrafted animals (fig. S6, I to O). A significant decrease 

in tumor signal was only noted in WP1066-treated SJ-HGGx42 tumor-bearing mice, but 

not after other treatment modes (fig. S6L; P=0.0105). Studies of irradiation of brain and 

other solid tumors has revealed that irradiation itself can enhance STAT3 signaling (24, 

34, 36). We therefore hypothesized that this mechanism could account for the resistance 

of SJ-HGGx42 tumors to RT. SJ-HGGx42-c cells subjected to a single dose of radiation 

with or without STAT3 inhibitor in vitro demonstrated that irradiation enhanced phospho-

STAT3 and total STAT3 concentrations (fig. S6M). This enhancement of STAT3 signaling 

potentially explains why no additive effect of the combination regimen was observed in 

vivo. Similarly, treatment of KNS42 orthotopic tumors did not result in a consistently 

decreased tumor signal and, like controls, the skull invasion phenotype was observed in 

RT-treated mice (fig. S6, N and O). Together our results in vitro and in vivo serve as proof-

of-principle that reducing STAT3 activity with the BBB-penetrable WP1066 is therapeutic in 

preclinical H3.3G34R/V glioma models.

Discussion

The discovery of histone mutations in glioma has expanded knowledge on how these 

mutations alter chromatin to impact tumor pathogenesis. Here, we defined therapeutic 

dependencies arising from epigenetic alterations in H3.3G34R/V glioma. Using cell-

based epigenetic and transcriptomic approaches, we discovered that H3.3G34R/V cells 

demonstrate enhanced LIF/STAT3 signaling compared to H3.3WT cells. This finding was 

corroborated by single-cell RNA-seq and immunohistochemical analysis of H3.3G34R/V 

patient cells and tumor tissues. We noted inter- and intra-tumor heterogeneity in LIF 

receptor, LIF, and pSTAT3/STAT3 abundances in these cells and tissues, suggesting a subset 

of H3.3G34R/V glioma patients may benefit from STAT3-targeting therapies.
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Mechanistically, H3.3G34 mutant-expressing cells showed enrichment of multiple activating 

marks, including H3K36me3, at LIF to drive LIF expression, and knockdown of mutant 

H3F3A lowered LIF protein expression and secretion. Recent studies have shown 

that H3.3G34R/V/W mutant cells demonstrate both genome-wide gains and losses of 

H3K36me3 (10–12, 19, 20). Regions with loss of H3K36me3 include genes related to 

differentiation (3). Our data from mouse and human tumor cell models suggest that regions 

gaining H3K36me3 involve genes related to the LIF/JAK/STAT pathway.

Pediatric high-grade gliomas harboring H3.3G34R/V or H3.1/H3.3K27M mutations often 

occur with other mutations in cancer-associated genes such as TP53, PDGFRA, EGFR, 

and ATRX/DAXX (25, 37). These genes can independently or collectively alter cellular 

signaling and metabolism, leading to difficulty in isolating specific effects of mutant 

histones. Single cell-sequencing studies on H3.3G34R/V tumors have revealed stem-like 

interneuron progenitors as potential cells of origin (37). Furthermore, recent studies have 

utilized forebrain neuronal stem cells or progenitor cells to model H3.3G34R/V tumors (38, 

39). Thus, our in vitro isogenic models developed with mouse-derived cortical neuronal stem 

cells (mNSCs) avoid potential confounds from co-occurring mutations.

In this study, we noted H3.3G34R mNSCs exhibit a distinct DNA methylation profile and 

harbor more differentially methylated regions than H3K27M cells when compared with 

H3WT cells. These findings recapitulate observations by Sturm et al. (2012) and Sangatsuda 

et al. (2020) who reported robust changes occur in DNA methylation in H3.3G34R/V 

versus H3 wild-type tumors, but to a lesser extent in H3.3K27M tumors (6, 16). 

Promoter hypomethylation in H3.3G34R-expressing mNSCs was associated with increased 

gene expression and enrichment of transcription-activating epigenetic marks including 

H3K36me3, H3K27ac and H3K4me3 in H3.3G34R mNSCs. We observed H3K36me3 gain 

at DNA hypomethylated loci but did not observe decreases in H3K36me3 to a similar 

extent at hypermethylated loci. Moreover, H3K27me3 was redistributed with lowered 

H3K27me3 at promoter regions and increased H3K27me3 in flanking intergenic regions, 

mirroring findings reported in H3.3G34W bone tumor cells (3). Cross referencing epigenetic 

alterations with DNA methylation revealed Lif as a top upregulated gene. In addition, 

we observed H3K36me3 gain and promoter hypomethylation at Mycn, mirroring findings 

of Bjerke et al. (2013) who reported H3K36me3 gain at MYCN in H3.3G34V KNS42 

cells (11). Taken together, results from both studies suggest that perturbation of promoter 

methylation by H3.3G34R/V promotes oncogenic gene activation. Altogether, our findings 

of H3.3G34R/V deposition at LIF in patient-derived cells, promoter hypomethylation in our 

isogenic model and patient samples, and epigenetic upregulation of LIF in both G34W and 

G34R/V tumors strongly suggest a key role for LIF in pathogenesis of H3.3G34R/V mutant 

gliomas.

H3.3G34R/V tumor-specific mechanisms causing DNA methylation changes remain 

unknown. Interestingly, DNA methyltransferase DNMT3A has been shown to recognize 

and interact with H3K36me3 via a critical PWWP domain (40). Our results suggest 

the hypothesis that H3.3G34R/V histones may inhibit DNMT3 activity or block their 

recognition of H3K36me3, resulting in hypomethylation of promoters with high mutant 

histone incorporation. To dissect this, future studies could perform additional ChIP-
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seq and histone association assays to understand the genomic localization of DNA 

methyltransferases and demethylases and their patterning relative to the H3.3G34R/V 

histone distribution. It is also quite possible that H3.3G34R/V histones do not directly 

interact with DNMT3 proteins and DNA hypomethylation is a secondary effect. Importantly, 

H3K4me3 enrichment can antagonize DNA methylation by blocking the interaction 

of DNMT3 proteins with unmodified H3K4 residues (41). We have noted loci with 

concomitant H3K36me3 and H3K4me3 gain in H3.3G34R cells, suggesting the possibility 

that H3.3G34-mutant histones bind lysine 4 demethylases of the KDM5 family, causing 

H3K4me3 accumulation via a similar mechanism observed for lysine 36 demethylases (10), 

and subsequent DNMT3 antagonism. Overall, our findings highlight the need to better 

understand how mutant histones interfere with DNA methylation molecular machinery.

Functional studies demonstrated that LIF activated STAT3 signaling in an autocrine/

paracrine manner and was important for cell survival of H3.3G34R/V mutant cells, 

suggesting a key epigenetically-driven therapeutic vulnerability. STAT proteins serve 

as master transcriptional regulators and their dysregulation or overexpression has been 

noted widely in malignancy (42), prompting substantial efforts to find suitable inhibitors. 

Obstacles in developing STAT3 inhibitors for gliomas include rapid clearance and low 

blood-brain barrier penetrability. Here, we took advantage of low toxicity and high brain 

penetrability of a promising small molecule STAT3 inhibitor WP1066 (30, 33). WP1066 

treatment resulted in marked tumor toxicity in H3.3G34R/V models both in vitro and 

in vivo. Although radiation was able to decrease tumor burden and increase survival in 

one H3.3G34R orthotopic tumor model, combining radiation with WP1066 in vivo did 

not enhance the survival benefit of WP1066 treatment alone. Our results suggest a key 

epigenetically-driven vulnerability in H3.3G34R/V mutant gliomas that can be leveraged 

for therapeutic purposes using established STAT3 inhibitors. Moreover, the ability of 

H3.3G34R/V/W mutations to modulate epigenetic modifications at LIF and its expression 

provide support to other studies which have suggested H3.3G34R and H3.3G34W work via 

similar mechanisms and thus could both benefit from STAT3 inhibition.

Intriguingly, a recent study profiling the mutational landscape of H3.3G34R/V tumors 

noted a large frequency of co-occurring PDGFRA mutations (37). The authors found 

that aberrant PDGFRA activation also correlated with MEK/ERK pathway activation in 

H3.3G34R/V patient tumors. Interestingly, studies have demonstrated that platelet derived 

growth factor (PDGFR) can activate JAK/STAT signaling (43). Other work has uncovered 

the role of ERK1/2 in phosphorylating the STAT3 serine 727 residue (44). S727 activation 

has varying roles depending on cell type and has been associated with enhanced STAT3 

DNA binding and radioresistance mechanisms (45). These findings suggest that MEK/ERK 

activation in H3.3G34-mutant tumors might confer resistance to STAT3 therapies. Because 

the S727 residue cannot be pharmacologically targeted like Y705, H3.3G34R/V tumors may 

benefit from combined MEK/ERK and STAT3 signaling inhibition. Furthermore, studies 

have revealed that WP1066 can effectively decrease ERK1/2 phosphorylation (46). These 

unique properties make WP1066 an ideal candidate for clinical testing where therapy may 

simultaneously target STAT3 and ERK1/2 signaling.

Sweha et al. Page 13

Sci Transl Med. Author manuscript; available in PMC 2022 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Limitations of this study include the small number of isogenic model cells and patient-

derived cell lines and tissues. Only recently have new patient-derived cell cultures been 

established to study H3.3G34R/V-specific molecular mechanisms and profile epigenetic 

changes with ChIP-sequencing. Few studies have established in vivo models which reflects 

the limited models available in this field. Overall, our study furthers knowledge about 

H3.3G34R/V biology by uncovering a H3.3G34-driven epigenetic mechanism for LIF/

STAT3 activation. However, we noted heterogeneity in STAT3 activation across tumor 

samples and cells, suggesting that STAT3 therapy may not be as effective in some 

patients. Further, some samples demonstrated elevated STAT3 activity in a LIF-independent 

manner, suggesting other mechanisms might activate STAT3 in a subset of tumors and 

necessitating additional study. We successfully established several mouse xenograft models 

of H3.3G34R/V glioma which revealed STAT3-targeting as an effective therapeutic axis. 

Importantly, WP1066 is BBB-penetrable and is currently in clinical trials for malignant 

gliomas and CNS metastatic melanomas (NCT01904123, NCT04334863). Collectively, this 

work highlights a potential therapeutic lead for the treatment of H3.3G34R/V gliomas.

Materials and Methods

Study Design

This study focused on assessing specific epigenetic, transcriptomic, and proteomic 

changes in H3.3G34R/V tumors and explored whether signaling mechanisms activated by 

H3.3G34R/V mutations provide therapeutic vulnerabilities in these tumors. We first used 

H3.3G34R/V mouse and human tumor model cells to delineate epigenetic patterns and 

profile signaling pathways. We observed increases in H3K36me3 at the LIF locus in these 

models which led us to hypothesize that H3K36me3 drives other epigenetic changes at 

LIF that promotes its expression and drives STAT3 signaling in these tumors. Genetic 

and pharmacological approaches were utilized to probe STAT3 as a potential therapeutic 

target in isogenic model cells and patient-derived tumor cells. Finally, we demonstrated that 

STAT3 is a viable, translational therapeutic target in H3.3G34R/V tumors using multiple 

mouse tumor models.

In vitro pharmacology, qPCR, immunoblotting, and ELISAs were performed using three 

independent experiments with technical replicates (n=3–4 or greater) of each condition. 

DNA methylation and RNA-seq analysis was performed in triplicate for each cell line or 

assay condition. ChIP-seq analysis was conducted using n=1 biological replicate for each 

epigenetic modification using isogenic H3.3G34R, H3.3WT or H3.3K27M mutant cells or 

human pHGG glioma cells. Both mouse histone mutant cells and patient-derived high-grade 

glioma cell lines were utilized for in vitro experiments. No data was excluded from any in 

vitro analysis.

All animal experiments were performed after approval from the University of Michigan 

Institutional Animal Care and Use Committee (Protocols #8865 and #9398) and were 

conducted as per NIH guidelines for animal welfare. Both male and female mice were 

equally used. Flank and orthotopic murine models of H3.3G34R/V tumors were established 

via either injection of target cells or in-utero electroporation techniques (18, 28). Sample 

sizes for in vivo animal experiments were based on previously published in vivo pHGG 
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models by Grasso et al. (2015) which showed a minimum group size of three animals 

to detect a 50% difference in tumor growth between two groups with an alpha=0.05 

and power=0.8 (47). For subcutaneous models, treatment and measurements began at 8 

weeks post-injection when control tumors measured approximately 45 mm3. For TS543, 

SJ-HGGx42-c, PPG and H3.3G34R IUE orthotopic models, treatment was commenced 10–

12 days after tumor cell implantation and tumors were imaged weekly. For the orthotopic 

model of KNS42 STAT3 KO tumors, bioluminescence measurements were obtained weekly 

beginning 10 days post-implantation. For the orthotopic model of KNS42 tumors receiving 

WP1066, treatment was commenced 7 weeks after tumor cell implantation and tumors 

were imaged weekly. For all studies, engraftment of tumors in the cortex was confirmed 

by bioluminescence imaging (IVIS). Animals with failed tumor engrafting (absence of 

bioluminescence signal or bioluminescence did not reach a predefined threshold) were not 

included for further study. At treatment commencement, total flux exceeded the following 

predetermined threshold (>106 photons/sec for KNS42, H3.3G34R-IUE, H3.3G34R-PPG, 

and TS543 models; >105 photons/sec for the SJ-HGGx42 model).

After confirmation of appropriate tumor formation, mice were randomized into control and 

experimental groups before Stattic or WP1066 treatment, radiotherapy, or combinatorial 

treatment. Tumor progression was evaluated weekly by measuring tumor dimensions or 

assessing bioluminescence signal longitudinally by IVIS in a non-blinded manner. Mice 

were sacrificed at a humane endpoint (i.e. onset of neurologic symptoms, lethargy, or lack 

of ambulation). Immunostaining for in vivo studies and patient samples was performed by 

capturing and performing quantification analyses by individuals blinded to the experimental 

design or sample type. All identifiers from cases were removed before analysis. A priori 

power analysis was not conducted to determine sample size for methylation or expression 

data derived from patient samples. Sample size for these analyses was determined based on 

tumor specimen availability. All studies were conducted in compliance with REMARK and 

STARD guidelines.

Statistical Analyses

Statistical analyses were performed in consultation with bioinformaticians. The sample 

size (n) along with the statistical test performed and corresponding P-values are indicated 

in each figure and figure legend. Data in all figures is represented as the mean ± 

standard deviation (S.D.) unless otherwise indicated. Graphs were plotted and statistical 

analyses were performed using Prism software (Version 8.0.0, Windows 64-bit, GraphPad, 

La Jolla, CA). Unpaired, two-sided, two-tailed, Student’s t test or two-sided analysis of 

variance (ANOVA) followed by multiple comparison analysis were used to analyze data as 

indicated. Correlational analyses were performed using 95% confidence intervals. Results 

from correlational analyses are represented by r, Pearson’s correlation coefficient. Survival 

analyses for animal experiments was performed using Kaplan-Meier analyses utilizing the 

Log-Rank test. Data were considered significant if P < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. H3.3G34R/V cells exhibit transcriptomic and epigenetic alterations converging on the 
LIF/JAK/STAT3 axis.
(A) Western blots of parental mNSCs stably transduced with HA-tagged H3.3G34R, 

H3.3WT, and H3.3K27M expression plasmids for H3K36me3, H3K4me3, H3K27ac, 

H3K27me3, and total H3. (B) Heatmap of differentially expressed genes determined 

by RNA-seq in H3.3G34R, H3.3WT, and H3.3K27M mNSCs. (C) RNA-seq 

analysis comparing H3.3G34R/H3.3WT and H3.3K27M/H3.3WT mNSCs demonstrating 

upregulated/downregulated genes unique to H3.3G34R and shared with H3.3K27M mNSCs. 

(D) Gene set enrichment analysis (GSEA) for genes upregulated in H3.3G34R mNSCs 

Sweha et al. Page 21

Sci Transl Med. Author manuscript; available in PMC 2022 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compared to H3.3WT mNSCs. (E) Average H3K36me3 occupancy (Y-axis) at gene bodies 

in H3.3G34R and H3.3WT mNSCs. (F) H3K36me3 enrichment in H3.3G34R/H3.3WT 

mNSCs (log2 fold-change, Y-axis plotted against H3.3G34R/H3.3WT gene expression (log2 

fold-change, X-axis) for genes with differential H3K36me3. (G) Integrated Genomics 

Viewer (IGV) snapshot of H3K36me3 enrichment at the Lif gene body in H3.3G34R 

(purple), H3.3WT (blue), and H3.3K27M (green) mNSCs. Red arrow demonstrates 

enrichment in H3.3G34R mNSCs. (H) Average H3K27ac and H3K4me3 occupancy 

(Y-axis) at gene promoters (defined as +/− 5kb from TSS, X-axis) in H3.3G34R and 

H3.3WT mNSCs. (I) Pathway analysis for genes with differential deposition of H3K27ac 

in H3.3G34R mNSCs versus H3.3WT mNSCs. P values are indicated from PANTHER-

GO analysis of promoter H3K27ac-enriched genes. (J) IGV snapshot of H3K27ac and 

H3K4me3 enrichment at the Lif promoter in H3.3G34R (purple), H3.3WT (blue), and 

H3.3K27M (green) mNSCs. Red arrow demonstrates enrichment in H3.3G34R mNSCs. (K) 

IGV snapshot of H3.3G34R or H3.3G34V (blue), H3K36me3 (brown), H3K27ac (orange), 

and total H3 (gray) enrichment at LIF in H3.3G34V (KNS42) and H3.3G34R (CHOP-

GBM-001 and HSJD-GBM-002) cells. (L) ChromHMM heatmaps illustrating combinatorial 

patterns of histone epigenetic modifications, H3K36me3, H3K4me1, H3K27ac, H3K4me3, 

H3K36me2, and H3K27me3, used to assign 10 distinct chromatin states (top left). 
Chromatin states are related to each genomic region (CpG islands, exons, transcription 

start sites) such that each region is associated with its most representative state (top right). 
Defined chromHMM states assigned to regions of the Lif locus (bottom) in H3.3G34R, 

H3.3WT, and H3.3K27M mNSCs. Note that State 6 (orange) is present only in H3.3G34R 

cells, State 10 (light purple) is present exclusively in H3.3WT mNSCs, and State 1 (blue) 

is more widely represented in H3.3G34R mNSCs versus both H3.3WT and H3.3K27M 

mNSCs. Red arrows indicate enrichment of H3K36me3-containing chromHMM states in 

H3.3G34R mNSCs. Purple arrows indicate regions with repressive H3K27me3-containing 

chromHMM state 10 in H3.3WT mNSCs. (M) Pathway analysis for genes demonstrating 

chromHMM state 6 enrichment in H3.3G34R mNSCs when compared to the same genomic 

regions in H3.3WT mNSCs. P values are indicated from gene set enrichment analysis 

(GSEA) of genes with specific State 6 enrichment in H3.3G34R mNSCs.
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Figure 2. H3.3G34R/V alters DNA methylation and H3K27me3 at the LIF locus.
(A) Comparison of differentially methylated genomic regions (DMRs) in H3.3G34R versus 

H3.3WT mNSCs. (B) Violin plots depicting the difference in percent methylation for the 

500 most hypomethylated or hypermethylated CpG sites within promoters in H3.3G34R 

(purple) versus H3.3WT and H3.3K27M (green) versus H3.3WT mNSCs. (C) Violin plot 

depicting associated log2 fold-change in mRNA expression of the 500 most hypomethylated 

and hypermethylated promoter CpG sites in H3.3G34R mNSCs. (D) X-Y plot for log2 

fold-change in mRNA expression (Y-axis) and mean methylation difference (X-axis) in 

H3.3G34R versus H3.3WT mNSCs. (E-H) Average H3K36me3 occupancy at gene bodies 
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(E); H3K27ac (F) and H3K4me3 (G) enrichment at promoter regions; and H3K27me3 

(H) occupancy at promoter and flanking region in H3.3G34R mNSCs for gene loci with 

promoter hypomethylation (top) or hypermethylation (bottom) in H3.3G34R (purple) versus 

H3.3WT (blue) mNSCs. Red arrows indicate enrichment of the histone modification. Black 

bars denote intergenic and genic regions. (I) Integrated Genomics Viewer snapshot of 

H3K27me3, H3K36me3, H3K27ac, and H3K4me3 ChIPseq signals plotted with DNA 

methylation (relative to H3.3WT mNSCs; black, hypomethylated; red, hypermethylated) 

at Lif, Emx2, and Igfbp2 in H3.3G34R (purple) and H3.3WT (blue) mNSCs. Red 

boxes indicate gain of H3K27me3 in intergenic regions. Red arrows indicate gain of 

activating epigenetic marks at gene promoters and gene bodies. Blue boxes indicate DNA 

hypomethylation at the gene promoter. (J) Schematic of human LIF structure indicating 

CpG site genomic locations. Sites indicated in black and red indicate greater than 50 

percent of H3.3G3R patients with hypomethylated or hypermethylation, respectively, of the 

CpG site relative to H3.3WT glioma patients. (K) Bar graphs showing the proportion of 

H3.3G34R glioma patients (n=73) with hypomethylation (black) or hypermethylation (red) 

of CpG sites within LIF relative to H3.3WT (n=1306) glioma patients. Data in (B) and (C) 

analyzed by parametric, 2-sided, unpaired, Student’s t test.
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Figure 3. H3.3G34R/V mutations drive STAT3 signaling via elevated LIF secretion.
(A) Bar plot of differentially expressed genes (Z-score, Y-axis) Lif, Jak2, Stat3, Pim1, 

and Stat5b assessed by RNA sequencing in H3.3G34R (purple), H3.3WT (blue), and 

H3.3K27M (green) mNSCs; n=3 biological replicates. (B) Representative Western blots 

of cell lysates from mNSCs stably transduced with H3.3G34R, H3.3WT, and H3.3K27M 

transgenes for pStat3(Y705), Stat3, and β-Actin. (C) Representative Western blots on 

cell lysates from pHGG cell lines OPGB-GBM-001 (H3.3G34R), KNS42 (H3.3G34V), 

SF188 (H3.3WT), UMPed37 (H3.3WT), and HSJD-DIPG-007 (H3.3K27M) for JAK2, 

pSTAT3(Y705), STAT3, and β-ACTIN. (D) ELISA for human LIF protein (pg protein/cell, 

Y-axis) in cell supernatants in H3.3G34V KNS42 cells compared to H3.3WT SF188 and 

UMPed37 cells after 4 days in culture; n=4 technical replicates. (E) Representative Western 

blots for LIF and β-ACTIN in KNS42 stably transduced with non-targeted (NT) or three 

independent LIF shRNAs; l.e. = low exposure, h.e. = high exposure. (F) ELISA of human 

LIF protein (pg protein/cell, Y-axis) in cell supernatants in KNS42 cells from (E) with or 
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without LIF knockdown; n=3–4 technical replicates. (G) Representative Western blots of 

KNS42 cells stably transduced with three independent LIF shRNAs for pSTAT3(Y705), 

STAT3, and β-ACTIN; l.e. = low exposure, h.e. = high exposure. (H) Percent dead cells 

(Y-axis) in KNS42 parental cells (purple bar), LIF-knockdown cells from (G) (gray bars), or 

knockdown cells in the presence of recombinant human LIF (rLIF, 50 ng/mL, orange bars); 

n=6 technical replicates. (I) Representative Western blots for mutant specific-H3.3G34V 

and total H3 in KNS42 stably transduced with two independent H3F3A shRNAs. (J) 

Representative Western blots for LIF and β-ACTIN in cells from (I); l.e. = low exposure, 

h.e. = high exposure. (K) ELISA for human LIF protein (pg protein/cell, Y axis) in 

KNS42 cells from (I) with or without H3F3A knockdown; n=3–4 technical replicates. 

(L) Representative Western blots of KNS42 cells stably transduced with two independent 

H3F3A shRNAs for pSTAT3(Y705), STAT3, and β-ACTIN; l.e. = low exposure, h.e. = 

high exposure. (M) Percent dead cells (Y-axis) in KNS42 cells with or without H3F3A 
knockdown from (L); n=3 technical replicates. Data in (A), (D), (F), (H), (K), and (M) are 

plotted as mean +/− S.D. Data in (A) are analyzed by two-way ANOVA with Dunnett’s 

multiple comparisons test. Data in (D), (F), (H), (K), and (M) are analyzed by one-way 

ANOVA with Dunnett’s multiple comparisons test.
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Figure 4. H3.3G34R/V patient-derived tumor cells and tissues exhibit robust STAT3 expression 
and pathway activation.
(A) Representative IHC images of two H3.3G34R (purple, left) and two H3WT (blue, 

right) human high-grade glioma tumors stained with Hematoxylin and eosin (H&E), 

mutant-specific H3.3G34R, or ATRX. Scale bar, 60 μm. (B) Representative IHC images 

from human H3.3G34R (top) or H3WT (bottom) gliomas for pSTAT3(Y705). IHC images 

demonstrating the highest and lowest pSTAT3(Y705) staining within each cohort were 

selected. Scale bar, 60 μm. (C) Blinded quantification (pixel units, Y-axis) of pSTAT3(Y705) 

staining in H3WT (blue) and H3.3G34R (purple) human glioma samples. H3.3G34R, n=6 

samples; H3WT, n=12 samples. Five randomly selected regions were imaged per sample. 

Each dot represents the quantification of a single image from each tumor within each 

cohort. (D) Representative IHC images from human H3.3G34R (top) or H3WT (bottom) 

gliomas for total STAT3. IHC images demonstrating the highest and lowest STAT3 staining 

within each cohort were selected. Scale bar, 60 μm. (E) Blinded quantification (pixel 

units, Y-axis) of STAT3 staining in H3WT (blue) and H3.3G34R (purple) human glioma 

samples. H3.3G34R, n=6 samples; H3WT, n=12 samples. Five randomly selected regions 

were imaged per sample. Each dot represents the quantification of a single image from each 

tumor within each cohort. (F) Uniform manifold approximation and projection (UMAP) 

embedding of scRNA-seq data from malignant H3.3G34R/V cells originating from sixteen 

patient samples (14 patients, two primary-recurrence pairs) analyzed in Chen et al. (2020). 

Cells are colored by most similar normal brain cell type.

(G) Bar plots illustrating the proportion of each cell type aggregated from all tumors 

(progenitor, yellow; oligodendrocyte, green; neuronal, blue; immune, brown; astrocyte, red) 
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expressing the given JAK/STAT pathway genes LIFR (top), JAK2 (center), and STAT3 
(bottom). (H) UMAP embedding of scRNA-seq data of malignant H3.3G34R/V cells as in 

(F), with cells colored by expression of LIFR, JAK2, or STAT3. Data in (C) and (E) are 

plotted as mean +/− S.D. and analyzed by parametric, 2-sided, unpaired, Student’s t test.
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Figure 5. STAT3 inhibition demonstrates greater toxicity in H3.3G34R/V compared to H3.3WT 
glioma cells in vitro.
(A-B) Representative Western blots (A) and bright field images (B) of H3.3G34V KNS42 

cells with or without CRISPR-mediated STAT3 knockout. (C) Cell counts (percentage 

of living cells, Y-axis; cell line condition, X-axis) in H3.3G34V KNS42 cells with or 

without STAT3 knockout from (B) after 6 days in culture; n=6 technical replicates. 

(D) Heatmap and GSEA of differentially expressed genes determined by RNA-seq in 

H3.3G34V KNS42 cells with or without STAT3 knockout; n=3 technical replicates. 

(E-F) Cell counts (percentage of living cells, Y-axis; drug concentrations, X-axis) of 

H3.3G34R (purple) and H3.3WT (blue) mNSCs (E); and H3.3G34V KNS42 (purple), 

H3.3WT SF188 (blue), H3.3WT TS543 (lavender) and H3.3K27M HSJD-DIPG-007 (green) 

patient-derived pHGG cells (F) treated with STAT3 inhibitor, Stattic, for 96 hours at 

indicated concentrations. n=4 technical replicates. (G) Cell counts (percentage of living 

cells, Y-axis; drug concentrations, X-axis) of H3.3G34R SJ-HGGx42-c (purple), H3.3G34R 

SJ-HGGx6-c (pink), and H3.3WT SJ-HGGx39-c patient-derived pHGG cells treated with 

Stattic for 96 hours at indicated concentrations. n=3 technical replicates. (H) Representative 

Western blots for pSTAT3(Y705), STAT3, and β-ACTIN in H3.3G34V KNS42 cells 
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treated with Stattic for 24 hours at indicated concentrations. (I) Cell counts (percentage 

of bioluminescence signal, Y-axis; drug concentrations, X-axis) of H3.3G34R (purple) and 

H3.3WT (blue) mNSCs treated with STAT3 inhibitor, WP1066, for 96 hours at indicated 

concentrations. n=4 technical replicates. (J) Cell counts (percentage of living cells, Y-

axis; drug concentrations, X-axis) of H3.3G34V KNS42 (purple), H3.3WT SF188 (blue), 

H3.3WT TS543 (lavender) and H3.3K27M HSJD-DIPG-007 (green) patient-derived pHGG 

cells treated with STAT3 inhibitor, WP1066, for 96 hours at indicated concentrations. n=4 

technical replicates. (K) Cell counts (percentage of living cells, Y-axis; drug concentrations, 

X-axis) of H3.3G34R SJ-HGGx42-c (purple), H3.3G34R SJ-HGGx6-c (pink), H3.3WT 

SJ-HGGx39-c (blue), and H3.3K27M SJ-DIPGx37-c (green) human patient-derived pHGG 

cells treated with WP1066 for 96 hours at indicated concentrations; n=3–4 technical 

replicates. (L) Representative Western blot for pSTAT3(Y705), STAT3, and β-ACTIN in 

KNS42 cells treated with WP1066 for 48 hours at indicated concentrations. Responses of 

each cell line in (C), (E), (F), (G), (I), (J), and (K) are plotted as percent of living cells 

relative to corresponding untreated control. Data in (C), (E), (F), (G), (I), (J), and (K) are 

plotted as mean +/− S.D. and analyzed by parametric, 2-sided, unpaired, Student’s t test.
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Figure 6. Inhibition of STAT3 activity is therapeutic in H3.3G34R/V glioma models in vivo.
(A) Kaplan-Meier analysis of mice harboring H3.3G34V KNS42 tumors with and without 

STAT3 genetic knockout (STAT3 KO) as a function of time post-implantation. Control, blue, 

n=10; STAT3 KO animals, red, n=10. (B) Representative images of tumor invasion into the 

skull (red arrows) in mice bearing KNS42 tumors with or without STAT3 KO (left). Bar 

graph illustrates percent of mice within control and STAT3 KO cohorts with observable 

tumor invasion into the skull (right). Control, blue, n=5; STAT3 KO, red, n=10.

(C) Bioluminescent signal quantification (Y-axis) of animals from (A) at week 5 post-

implantation. Fold change in total flux was calculated by normalizing bioluminescent 
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signal at the given time point by the corresponding baseline signal for each mouse. 

Each symbol represents one mouse. Control, blue, n=7; STAT3 KO animals, red, n=10. 

(D) X-Y plot illustrating relative molecular weight (MW < 480 g/mol, dark blue; MW 

> 480 g/mol, red), lipophilicity (WLOGP value, Y-axis), and topological polar surface 

area (TPSA, X-axis) characteristics of available STAT3 inhibitors (left). The SwissADME 

model developed by the Swiss Institute of Bioinformatics was utilized to generate the 

pharmacokinetic and ADME properties illustrated on the plot (32). Shaded yellow area 

represents chemical properties associated with predicted BBB penetrability; WP1066 

(light blue triangle) and Stattic (purple triangle) are indicated. A BOILED-Egg X-Y plot 

demonstrating the lipophilicity (WLOGP, Y-axis) and topological polar surface area (TPSA, 

X-axis) of STAT3 inhibitors Stattic (purple triangle) and WP1066 (blue triangle) (right). 
Yellow area defines the range of WLOGP and TPSA properties for inhibitors with predicted 

BBB penetrability and white area defines the range of WLOGP and TPSA properties 

associated with predicted gastrointestinal absorption. (E) WP1066 treatment paradigm 

for animals (1) orthotopically implanted with H3.3G34V KNS42 cells or (2) animals 

bearing H3.3G34R tumors established via in-utero electroporation (IUE). H3.3G34R IUE 
tumors were established in CD-1 mice with expression plasmids for dominant-negative 

Tp53, mutant Pdgfra-D842V, and mutant H3.3G34R H3f3a. Red arrows indicate WP1066 

administration via oral gavage over a six-week period. (F) Kaplan-Meier analysis of 

H3.3G34R IUE tumor-bearing mice treated with WP1066 as a function of time post-

electroporation. Control, blue, n=8; WP1066-treated animals, red, n=10. (G) Representative 

bioluminescent images from H3.3G34R IUE control and WP1066-treated mice before (t=0) 

and after four (4w) weeks WP1066 treatment. (H) Bioluminescent signal quantification 

of H3.3G34R IUE tumor-bearing mice receiving WP1066 or vehicle in (F). Fold change 

in total flux (Y-axis) is calculated by normalizing bioluminescent signal at treatment time 

point by corresponding baseline signal before treatment for each mouse. Each symbol 

represents one mouse. Control, blue, n=5; WP1066-treated animals, red, n=6. (I) Kaplan-

Meier analysis of mice harboring H3.3G34V KNS42 tumors treated with WP1066 as a 

function of time post-implantation. Control, blue, n=8; WP1066-treated animals, red, n=7. 

(J) Representative bioluminescence images from animals implanted with H3.3G34V KNS42 

cells in the cortex following four (4w) and six (6w) weeks of WP1066 treatment. (K) 

Bioluminescent signal quantification (Y-axis) of animals with H3.3G34V KNS42 tumors 

receiving WP1066 or vehicle in (I). Fold change in total flux is calculated by normalizing 

bioluminescent signal at treatment time point by the corresponding baseline signal before 

treatment for each mouse. Each symbol represents one mouse. Control, blue, n=8; WP1066-

treated animals, red, n=7. (L) Representative IHC images of KNS42 cranial tumors stained 

for GFAP illustrating tumor invasion into the skull in mice (assessed in a blinded manner) 

with orthotopic H3.3G34V KNS42 tumors with or without WP1066 treatment (left). Bar 

graph illustrates percent of mice within control and treatment cohorts with observable tumor 

invasion into the skull (right). Note all control mice exhibit invasion. Control, blue, n=8; 

WP1066-treated animals, red, n=7.

(M) Representative IHC images and blinded quantification of Ki-67 (pixel units, Y-axis) 

in mice with orthotopic KNS42 tumors with or without WP1066 treatment (left). Bar plot 

represents quantification (pixel units, Y-axis) of three randomly selected regions per mouse, 

per treatment condition (right). Control, blue, n=6; WP1066-treated animals, red, n=5. Data 
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in (C), (H), (K), and (M) are plotted as mean +/− S.D., and data in (B), (C), (H), (K), 

(L), and (M) are analyzed by non-parametric, 2-sided, unpaired, Student’s t test. Log-rank 

test was utilized in (A), (F), and (I) for Kaplan-Meier analysis (P-values are indicated for 

comparison with control animals).
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