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Abstract 

Background. Radiotherapy (RT) is the primary treatment for diffuse midline glioma (DMG), a 

lethal pediatric malignancy defined by histone H3 lysine 27-to-methionine (H3K27M) mutation. 

Based on the loss of H3K27 trimethylation producing broad epigenomic alterations, we 

hypothesized that H3K27M causes a functional double-strand break (DSB) repair defect that 

could be leveraged therapeutically with PARP inhibitor and RT for selective radiosensitization and 

antitumor immune responses.   

Methods. H3K27M isogenic DMG cells and orthotopic brainstem DMG tumors in immune 

deficient and syngeneic, immune competent mice were used to evaluate the efficacy and 

mechanisms of PARP1/2 inhibition by olaparib or PARP1 inhibition by AZD9574 with concurrent 

RT.  

Results. H3K27M mutation caused an HRR defect characterized by impaired RT-induced K63-

linked polyubiquitination of histone H1 and inhibition of HRR protein recruitment. H3K27M DMG 

cells were selectively radiosensitized by olaparib in comparison to isogenic controls, and this 

effect translated to efficacy in H3K27M orthotopic brainstem tumors. Olaparib and RT induced an 

innate immune response and induction of NK cell (NKG2D) activating ligands leading to increased 

NK cell-mediated lysis of DMG tumor cells. In immunocompetent syngeneic orthotopic DMG 

tumors, either olaparib or AZD9574 in combination with RT enhanced intratumoral NK cell 

infiltration and activity in association with NK cell-mediated therapeutic responses and favorable 

activity of AZD9574. 

Conclusions. The HRR deficiency in H3K27M DMG can be therapeutically leveraged with PARP 

inhibitors to radiosensitize and induce an NK cell-mediated antitumor immune response 

selectively in H3K27M DMG, supporting the clinical investigation of best-in-class PARP inhibitors 

with RT in DMG patients. 

 

Key words: Diffuse midline glioma, H3K27M, PARP inhibitor, NK cell, antitumor immune 

response 
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Key points 

• H3K27M DMG are HRR defective and selectively radiosensitized by PARP inhibitor. 

• PARP inhibitor with RT enhances NKG2D ligand expression and NK cell-mediated lysis. 

• NK cells are required for the therapeutic efficacy of PARP inhibitor and RT. 

 

 

 

 

Importance of the Study 

Radiotherapy is the cornerstone of H3K27M-mutant diffuse midline glioma treatment, but almost 

all patients succumb to tumor recurrence with poor overall survival, underscoring the need for RT-

based precision combination therapy. Here, we reveal HRR deficiency as an H3K27M-mediated 

vulnerability and identify a novel mechanism linking impaired RT-induced histone H1 

polyubiquitination and the subsequent RNF168/BRCA1/RAD51 recruitment in H3K27M DMG. 

This model is supported by selective radiosensitization of H3K27M DMG by PARP inhibitor. 

Notably, the combination treatment results in NKG2D ligand expression that confers susceptibility 

to NK cell killing in H3K27M DMG. We also show that the novel brain penetrant, PARP1-selective 

inhibitor AZD9574 compares favorably to olaparib when combined with RT, prolonging survival in 

a syngeneic orthotopic model of H3K27M DMG. This study highlights the ability of PARP1 

inhibition to radiosensitize and induce an NK cell-mediated antitumor immunity in H3K27M DMG 

and supports future clinical investigation.  
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Introduction 

DMG H3K27-altered is a universally fatal, high grade pediatric brain tumor defined by histone H3 

lysine 27-to-methionine (H3K27M) mutation [1, 2]. Given the critical functions of the brainstem 

and the microscopic extension of tumor into surrounding normal tissue, surgery is not a treatment 

option and chemotherapeutic drugs have limited efficacy [3, 4]. Fractionated radiotherapy (RT) is 

the only standard treatment that improves symptoms and delays tumor progression, however, 

DMGs inevitably recur within the high dose radiation field [5-7]. Characterization of both the 

H3K27M-mediated cell vulnerabilities and their biological interaction with RT in DMG will inform 

more effective RT combination treatment options.  

H3K27M in DMG is a gain-of-function mutation that inhibits polycomb repressive complex 2 

(PRC2) methyltransferase activity, thus leading to drastic epigenetic alteration in both a cis- and 

trans- manner with global loss of the repressive tri-methylation (H3K27me3) mark and 

concomitant gain of activating acetylation (H3K27ac) of H3K27 [8-11]. Radiation further alters the 

epigenome through histone posttranslational modifications, such as ubiquitination and 

methylation, that are required for the recruitment of DNA repair proteins [12, 13]. Siddaway et al. 

reported that H3K27M alters DNA repair protein binding, but the unique molecular interaction 

between RT- and H3K27M-induced epigenetic alterations remains elusive [14]. Evidence 

supports an interaction between RT and H3K27M in that pharmacological inhibition of the H3 

demethylase, JMJD3/UTX, or bromodomain protein 4 (BRD4) sensitized to RT by restoring 

H3K27me3 and preventing the binding of BRD4 to H3K27ac, respectively [15-17]. Together with 

increased H3K27ac, H3K27M mutation also causes enhanced acetylation of lysine 16 on histone 

H4 (H4K16ac) and lysine 9 and 64 on histone H3 (H3K64ac, H3K9ac) [18, 19]. Collectively, these 

alterations suggest a more hyperacetylated and ‘‘open’’ chromatin state that may disrupt the 

binding affinity of linker histone H1 to chromatin [20-22]. It is currently unclear how H3K27M 

affects RT-induced DNA repair through histone H1 in DMG.  

In addition to inducing lethal DNA damage in tumor cells, RT also promotes an antitumor immune 

response [23-26]. Radiotherapy-induced DNA damage increases tumor antigenicity, mitigates 

immunosuppression, and generates both innate and adaptive antitumor immune responses. 

Further, we and others have shown that inhibitors of the DNA damage response (DDR) enhance 

immunogenic DNA/RNA following RT and antitumor immunity via type I interferon (T1IFN) [27-

30]. In addition, the combination of DDR inhibition with RT further primes and activates antitumor 

immune cells such as cytotoxic T and natural killer (NK) cells in the tumor microenvironment (TME) 

[31-33]. The immune-naïve tumor microenvironment and limited lymphocytes in DMG present 
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challenges in developing effective immunotherapies [34-36]. Despite its immunologically inert 

nature, DMG is not completely exempt from intratumoral lymphocytes as in vitro and in vivo tumor 

cell killing assays demonstrated that NK cells elicit more robust cytotoxicity toward DMG tumor 

cells relative to CD8+ T cells [34, 37]. Meanwhile, intratumoral NK cells, but not CD8+ T cells, 

positively correlate with overall survival in H3K27M DMG patients [37] supporting investigation of 

therapeutic strategies to enhance the NK cell antitumor immune response in H3K27M DMG.  

NK cells have direct cytotoxicity against tumor cells through production of granzymes, perforin, 

and cytokines [38]. Both activating and inhibitory receptors expressed on the surface of NK cells 

contribute to the execution of NK cell functions [38, 39]. The NK cell surface activating receptors, 

especially NKG2D, recognize ligands expressed on the surface of cancer cells that when engaged 

by respective ligands (MICA, MICB, and ULBP1-6 in human; Rae, H60, and Mult1 in mouse) 

induce degranulation, cytokine production, and NK cell lysis activity [40]. DNA damage induced 

by RT or genotoxic agents is a potent stimulator of NKG2D ligand expression [41, 42]. Thus, 

further potentiation of RT-mediated NKG2D ligand presentation may shift the balance of DMG 

tumor cells toward activation of an NK cell-mediated antitumor immune response.  

In this study, we initially found that H3K27M mutation caused a deficiency in homologous 

recombination repair (HRR) that was associated with impairment of the interaction between linker 

histone H1 and hyperacetylated core histones and consequently inhibition of RT-induced H1 

Lys63 (K63)-linked polyubiquitination and subsequent recruitment of HRR proteins (RNF168, 

BRCA1, RAD51). These finding led us to hypothesize that the HRR deficiency in H3K27M DMG 

could be therapeutically leveraged by PARP inhibition for both radiosensitization and enhanced 

RT-induced immunogenicity. To test this hypothesis, we utilized the FDA approved PARP1/2 

inhibitor olaparib as well as the novel blood-brain barrier penetrant PARP1 selective inhibitor 

AZD9574 [43] in H3K27 isogenic DMG cell lines and immune competent, syngeneic, orthotopic 

mouse models of H3K27M mutant DMG.  Taken together, this work highlights the ability of PARP 

inhibition including a best-in-class PARP1 selective inhibitor to enhance both radiation sensitivity 

as well as radiation-induced NK cell-mediated antitumor immune responses in H3K27M mutant 

DMG. 

 

Materials and Methods 

Cell culture. Patient-derived H3K27M isogenic (H3K27M and H3K27M-KO) cell line pairs (BT245 

and DIPG XIII) were provided by Dr. Nada Jabado (McGill University) [44]. Patient-derived 
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H3K27M-isogenic (H3K27M and H3K27M-knockdown (KD)) cell line pairs (DIPG007) were from 

Dr. Sriram Venneti at University of Michigan. All human DIPG cell lines were cultured in the tumor 

stem media (TSM) basic medium supplied with B27 minus vitamin A (Thermo Fisher, #12587010), 

human recombinant EGF (PeproTech, #AF-100-15), human recombinant bFGF (#100-18B), 

human recombinant PDGF-AA (#100-13A), human recombinant PDGF-BB (#100-14B), and 

Heparin (Stem Cell Technologies, #07980). H3K27MPP murine DMG cells were provided by Dr. 

Sameer Agnihotri (University of Pittsburg) and grown in neurobasal media with complete 

NeuroCult Proliferation kit (Stem Cell Technologies, #05702), supplemented with EGF, bFGF and 

heparin [45]. Murine PPK/PPW cells were established from a tumor derived by in utero 

electroporation of plasmids expressing dominant negative TP53, mutant PDGFRA (D842V), and 

mutant H3K27M or H3WT, respectively [46]. U2OS (DR-GFP), 293T and Hela cells were grown 

in DMEM with 10% FBS, 1% penicillin-streptomycin. 

In vivo orthotopic DMG model and treatment. The animal studies were approved by University 

of Michigan Institutional Animal Care & Use Committee. An implantable guide-screw system was 

used to generate orthotopic brainstem DMG models as previously described [47]. PARP inhibitors 

olaparib and AZD9574 were provided by AstraZeneca. Olaparib was dissolved in DMSO and then 

diluted in 10% 2-hydroxypropyl-β-cyclodextrin (Cayman Chemicals), and AZD9574 was dissolved 

in 1M methanesulfonic acid (MSA) (Sigma) then diluted in sterile ddH2O followed by adjusting pH 

value to 3-3.2 using 1M NaOH. Olaparib (100 mg/kg) or AZD9574 (3 mg/kg) was administered by 

oral gavage 1 h before radiation and continued for 6 days.   

Statistics. All data are presented as mean ± SEM unless otherwise stated. When assessing 

statistical significance between two treatment groups, continuous variables were analyzed using 

the unpaired Student t-test and Mann-Whitney test for normally and non-normally distributed data, 

respectively. In cases of more than two groups, ANOVA with the Tukey post-comparison test or 

Kruskal-Wallis analysis was used. Mouse survival analysis was examined using the log-rank test. 

P-values <0.05 were considered statistically significant and are denoted in the figures as follows: 

*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001. All tests were 2-sided. All statistical analyses 

were performed using GraphPad Prism 8 (GraphPad Inc.). 

 

Results 

H3K27M mutant cells are homologous recombination repair defective 
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The aberrant gene expression caused by H3K27M mutation may lead to dysfunctional DNA repair 

[48, 49]. The functional effect of H3K27M mutation on DNA repair, however, remains unclear. To 

identify targetable DNA repair vulnerabilities caused by H3K27M mutation, we used H3K27M 

isogenic DMG cell lines in which the spontaneous H3K27M mutation was edited by CRISPR/Cas9 

to generate the knockout (KO) control (Figure 1A) [44]. Under both baseline conditions and in 

response to radiation, we observed more persistent γH2AX in H3K27M mutant cells relative to 

KO, supporting an H3K27M-mediated DNA repair deficiency (Figure 1B, 1C, and 

Supplementary Figure S1A). The delayed kinetics of this persistent DNA damage (16-24h) led 

us to hypothesize a defect in HRR which is a relatively slow DSB repair pathway. To investigate 

HRR activity, we examined RAD51, a recombinase required for HRR, and found that RAD51 

focus formation was significantly reduced in H3K27M mutant (vs. KO) cells in response to RT, 

supporting an HRR defect (Figure 1D). Consistent with these results, we observed that U2OS 

cells harboring the H3K27M mutation exhibited a significant decrease in HRR efficiency relative 

to wild type (WT) histone H3 measured with a GFP-based reporter (DR-GFP) (Figure 1E and 

Supplementary Figure S1B). Furthermore, HRR reporter activity [50] was significantly reduced 

in H3K27M mutant BT245 cells compared to isogenic KO control cells (Supplementary Figure 

S1C). H3K27M mutant DMG cells were also more sensitive to the PARP inhibitors, further 

supporting a functional HRR defect caused by H3K27M mutation (Supplementary Figure S1D). 

Consistent with PARP inhibitor sensitivity [51], H3K27M mutant cells exhibited higher poly(ADP-

ribose) (PAR) levels compared to KO cells that was not attributable to differences in PARP1 or 

PARG protein levels, the main enzymes for PAR synthesis and degradation, respectively (Figure 

1F). Taken together, these results demonstrate that H3K27M mutation induces a BRCAness 

phenotype characterized by persistence of radiation-induced DNA damage, reduced RAD51 

focus formation and HRR reporter activity, and increased sensitivity to PARP inhibitor. These 

findings support PARP as a therapeutically targetable genetic dependency in H3K27M DMG.  

H3K27M mutation abrogates RT-induced K63-linked polyubiquitination on histone H1 and 

HRR protein recruitment 

To identify the underlying mechanism(s) of the HRR deficiency in H3K27M cells, we first assessed 

expression of genes involved in HRR genes by bulk RNA sequencing of H3K27M and isogenic 

KO BT245 and DIPGXIII cells [44] as H3K27M causes profound epigenetic dysregulation and 

gene expression alterations. Surprisingly, no significant difference in the expression levels of HRR 

genes was observed in the two isogenic paired cell lines (Supplementary Figure S2A). This is 

also supported by the analysis of PNOC (Pediatric Neuro-Oncology Consortium) database 
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showing comparable expression of HRR genes between H3K27M DMG and WT pediatric high-

grade glioma (pHGG) patients as well as no correlation of H3K27M mutation status with HRR 

(Supplementary Figure S2B and S2C) [52, 53], indicating H3K27M-mediated HRR deficiency 

is not caused by altered HRR gene expression. 

Histone modification mediates the DNA damage responses (DDR) by facilitating the recruitment 

of DNA repair proteins to DNA damage sites. Gain-of-function mutation of H3K27M causes global 

loss of H3K27me2/3 marks with a trans enrichment of acetylation at multiple sites on core histones, 

including H3K27Ac and H4K16Ac [8, 9, 19] (Figure 1A). Histone acetylation may impede the 

linker histone H1 from binding to chromatin [21, 22], whereas DNA damage-dependent histone 

H1 non-proteolytic ubiquitination (via K63 linkage) generates binding sites for HRR proteins, such 

as BRCA1 and RAD51 [54]. As expected, we found decreased association of histone H1.2 with 

histone H3 in H3K27M DMG cells relative to isogenic KO cells (Figure 2A). In vitro protein binding 

assays using purified GST-H1.2 also showed reduced affinity with histone H3 in H3K27M mutant 

cells (Figure 2B). Further, H3K27M abrogated RT-induced accumulation of K63-linked 

ubiquitination of histone H1.2 in 293T cells (Figure 2C). In agreement, RT-induced K63 

ubiquitylation was reduced in H3K27M DMG cells compared to KO control (Figure 2D). Upon 

DNA damage, E3 ubiquitin ligase RNF8, which is recruited by γH2AX/MDC1 axis, primes the 

formation of K63-linked polyubiquitination chains on H1, which subsequently relocates RNF168 

via binding to its ubiquitin-interacting motifs (UIM) and leads to further propagation of K63-linked 

ubiquitination at DNA damage sites [55, 56]. To define the effect of H3K27M on the 

γH2AX/MDC1/RNF8/RNF168 axis, we assessed radiation-induced foci of MDC1, RNF8, and 

RNF168. While staining for MDC1 and RNF8 foci were comparable in H3K27M and KO cells, the 

relative amount of RNF168 was reduced in H3K27M cells (Figure 2E). To confirm this observation, 

we used a GFP fused reporter that can bind ubiquitinated H2AK13/15, which is modified by 

RNF168 (Reader1.0-eGFP) [57] and found a significant reduction in the recruitment of Reader1.0 

to DNA damage sites in cells with H3K27M mutation (Figure 2F). Finally, RAP80 (receptor-

associated protein 80) is a ubiquitin-binding protein that can specifically recognize K63-linked 

polyubiquitin chains, thus targeting the BRCA1 complex to DNA damage sites [58]. H3K27M DMG 

cells showed an impairment of RAP80/BRCA1/RAD51 loading to the chromatin (Figure 2G). 

Taken together, these data suggest that the HRR defect in H3K27M mutant cells is attributable 

to global hyper-acetylation of core histones consequently leading to H1 disassociation and 

subsequent loss of the K63 ubiquitination required for proper localization of HRR proteins to DSB 

sites (Figure 2H). 
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PARP inhibition selectively radiosensitizes H3K27M DMG cells, spheres, and tumors  

PARP is vital for the repair of RT-induced single-strand DNA breaks (SSBs), the most abundant 

type of RT damage. PARP inhibition leads to the conversion of SSBs to cytotoxic DSBs in 

replicating cells which is synthetic lethal in HRR deficient cancer [59, 60]. Consistent with this 

concept, olaparib selectively sensitized human (BT245 and DIPGXIII) and mouse (PPK, 

p53R273H;PDGFRA;H3.3K27M) [46] H3K27M mutant DMGs to both low (2 Gy) and high (6 Gy) 

dose RT, but not isogenic KO or WT cells (Figure 3A and Supplementary Figure S3A). 

Radiosensitization by olaparib in BT245 and PPK cells was further supported in the 3D 

neurosphere formation assay (Supplementary Figure S3B). Olaparib and RT (6 Gy) caused 

more persistent DNA damage in H3K27M mutant DMG cells compared to matched KO cells, as 

evidenced by increased γH2AX and comet tail moment (Figure 3B, 3C and Supplementary 

Figure S3C, S3D). Consistent with the presence of unrepaired DSBs, BT245 and DIPGXIII cells 

arrested in G2/M following olaparib and radiation treatment (Figure 3D and Supplementary 

Figure S3E). Furthermore, olaparib and RT caused an increase in sub-G1 cells suggesting an 

apoptotic response that was confirmed by increased Annexin V/PI staining assay (Figure 3E) 

with no significant effect on senescence (Supplementary Figure S3F).  

To test the therapeutic efficacy of combined treatment with olaparib and RT in vivo, we 

orthotopically implanted BT245 or DIPGXIII cells with luciferase in the brainstem of Rag1-/- mice 

using the screw-guided method as illustrated (Supplementary Figure S3G) [47, 61]. Engrafted 

tumors within the pons were verified by histology and H3K27M immunohistochemistry (Figure 

3F). We first assessed the ability of olaparib to inhibit PARP in orthotopic brain tumors. Treatment 

with olaparib reduced PAR levels following RT demonstrating that olaparib penetrates orthotopic 

DMG tumors and inhibits PARP (Figure 3G and 3H). To assess the therapeutic efficacy of 

olaparib and RT in H3K27M DMG, we monitored tumor burden by bioluminescence as well as 

overall survival in mice with BT245 or DIPGXIII tumors. Bioluminescent signals declined in 

response to RT or the combination of olaparib and RT in both the BT245 and DIPGXIII models 

(Figure 3I and 3J, Supplementary Figure S3H and S3I). Further, mice treated with the 

combination of olaparib and RT had longer overall survival compared to RT alone in both BT245 

and DIPGXIII models with 10 and 7 day improvements in overall survival, respectively, and a 10% 

complete response rate (BT245 model) (Figure 3K and Supplementary Figure S3J). Treatment 

with olaparib and brain RT was well tolerated in terms of lack of significant weight loss and 

absence of neurotoxicity in normal brain tissues (Supplementary Figure S3K and 

Supplementary Figure S3L). Taken together, these studies demonstrate preferential 

radiosensitization of H3K27M DMG by PARP inhibition with a promising therapeutic index in vivo.   
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PARP inhibition potentiates RT-induced type I interferon signaling in H3K27M DMG cells 

Radiation stimulates the immunogenicity and visibility of tumor cells to cytotoxic immune cells, 

that can be further enhanced by combination with DDR inhibitors [28, 29]. To understand the 

effects of PARP inhibitor and RT on the immunogenicity of H3K27M mutant DMG in an unbiased 

manner, we performed bulk RNA-seq analysis and GSEA (Gene Set Enrichment Analysis). We 

found that many of the top enriched pathways were immune related including the innate immune 

response as the top enriched pathway in response to olaparib and RT (vs RT alone) (Figure 4A, 

Table 1). Owing to the key function of type I interferon (T1IFN) production and signaling in RT-

induced antitumor immunity, we incorporated an IFNβ1 promoter driven GFP reporter in H3K27M 

mutant DMG cells and their isogenic KO or KD controls (Figure 4B). While IFNβ1-GFP reporter 

expression was modestly increased by olaparib or RT treatment alone, combined treatment 

yielded a synergistic induction of IFNβ1-GFP that was maximal in the H3K27M mutant DMG cells 

versus control cells (Figure 4B). Consistent with increased reporter expression, olaparib in 

combination with RT also enhanced endogenous IFNβ1 mRNA expression selectively in H3K27M 

DMG cells, noting a >100-fold induction of IFNβ1 in H3K27M mutant DIPG007 cells in response 

to combined treatment (Figure 4C and Supplementary Figure S4A).  Consistent with the 

increase in T1IFN, olaparib and RT activated T1IFN signaling marked by increased levels of 

phosphorylated TBK1 (S172) and STAT1 (Y701), upstream and downstream intermediates of 

T1IFN signaling, respectively, that were maximal in H3K27M mutant DMG cells (Figure 4D and 

Supplementary Figure S4B). In addition, expression of the interferon stimulated genes CXCL9 

and CXCL10 was significantly increased by olaparib and RT in H3K27M mutant DMG cells 

(Figure 4E and Supplementary Figure S4C). Finally, we extended our studies to a murine 

H3K27M DMG model (H3K27MPP; generated from neuron progenitor cells infected with H3K27M, 

p53R273H, and PDGFR expression cassettes) and found similar to the human DMG models that 

olaparib and RT significantly increased expression IFNβ1, CXCL9, and CXCL10 mRNA that was 

accompanied by modest induction of pTBK1 and pSTAT1 (Figure 4F and Supplementary 

Figure S4D) [45]. Taken together, these data show that PARP inhibition potentiates RT-induced 

immunogenicity through increased T1IFN expression, interferon stimulated gene response, and 

T1IFN signaling preferentially in H3K27M DMG cells.   

PARP inhibitor and RT induce NKG2D activating ligand expression and NK cell-mediated 

lysis  

T1IFN is necessary for the proper expansion, maturation, and activation of both T and NK cells 

[62, 63]. Although cytotoxic T cells play a central role in antitumor immune responses, NK cells 

have the potential for greater cytotoxic activity in DMG and correlate with overall survival in DMG 
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patients [34, 37]. A key feature of NK cells is their ability to recognize stressed “self” cells through 

the activation of NK cell surface receptors like NKG2D that when engaged by respective ligands 

(e.g., MICA, MICB, and ULBP1-6 in human; Rae, H60, and Mult1 in mouse) induce NK cell 

degranulation, cytokine production, and NK cell-mediated lysis [40]. To evaluate the role of NK 

cells in the therapeutic efficacy of olaparib and RT, we first assessed the NKG2D activation 

ligands MICA/B and ULBP-3 which are expressed in DMG tumors [34]. Treatment with olaparib 

and RT caused a 5-10-fold increase of MICA/B and ULBP-3 cell surface expression in H3K27M 

DMG cells (Figure 5A) that was also accompanied by increased mRNA expression of MICA, 

MICB, and ULBP-3 mRNAs (Figure 5B and Supplementary Figure 5A). Furthermore, 

expression of the analogous murine NKG2D ligands, Rae1 and H60, was increased by olaparib 

and RT in the murine PPK H3K27M mutant DMG model (Figure 5C). This effect was specific to 

PARP inhibition, as NKG2D ligand expression was not enhanced by inhibition of other DDR 

proteins such as ATM and ATR in combination with RT radiation (Supplementary Figure S5B). 

Instead, and consistent with a prior study [41, 64], the induction of NKG2D ligands by olaparib 

and RT was dependent on ATM and ATR activity, as simultaneous inhibition of both ATM and 

ATR prevented the induction of MICA/B in BT245 and DIPG007 cells (Figure 5D). In contrast, 

NKG2D ligand expression in response to combined treatment was not dependent on T1IFN 

signaling as neither STING inhibitor (H151) nor T1IFN receptor blocking antibody reduced 

NKG2D ligand induction (Supplementary Figure S5C). Because NK cell activity is also regulated 

by inhibitory receptors, we assessed the effects of olaparib and RT on the expression of two 

inhibitory ligands HLA-E and HLA-A/B/C which bind NKG2A/p94 and KIRs, respectively, to 

repress NK cell activity. We found no induction of these inhibitory ligands by olaparib and RT 

(Supplementary Figure S5D). These results indicate a shift in the repertoire of NK regulatory 

proteins on the surface of H3K27M mutant DMG cells in favor of stimulation of cytotoxic NK cells. 

To assess whether olaparib and RT enhance NK cell-mediated lysis of H3K27M mutant DMG 

cells, BT245 and DIPG007 cells treated with olaparib and RT were fluorescently labeled with 

calcein-AM dye and then co-cultured with human NK-92 effector cells, an FDA-approved NK 

immunotherapy cell line derived from NK cell lymphoma, at two different effector to target (E:T) 

ratios (5:1 and 10:1). Combination treatment of DMG cells with olaparib and RT led to increased 

lysis of both DMG cells lines (Figure 5E). Further, using primary NK cells (Supplementary Figure 

S5E), we found similar enhancement of NK cell-mediated killing of DMG cell lines treated with 

PARP inhibitor and RT (Figure 5F). As anticipated, NK-cell mediated lysis of DMG cells was 

reversed by the addition of an NKG2D blocking antibody further supporting the necessity of 

NKG2D activation for NK cell-mediated lysis (Figure 5G). To address the selectivity of NK cell-
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mediated lysis of DMG tumor cells, we conducted parallel studies in normal human astrocytes 

(NHA). PARP inhibitor did not enhance MICA/B expression or NK cell-mediated lysis of DMG 

cells following RT (Supplementary Figure S5F and S5G). Collectively, these results 

demonstrate that treatment with PARP inhibitor and RT stimulates NK activating ligand 

expression in H3K27M DMG cells leading to selective lysis of DMG tumor cells by activated NK 

cells.   

NK cells are required for the therapeutic efficacy of PARP inhibitor and RT in H3K27M DMG 

To investigate the contribution of the immune system and specifically NK cells to therapeutic 

responses in H3K27M DMG, we established an immunocompetent syngeneic orthotopic DMG 

model consisting of H3K27MPP cells implanted into the brainstem of C57BL/6 mice (Figure 6A). 

To directly assess the contribution of NK cells to the therapeutic efficacy of olaparib and radiation, 

mice were simultaneously treated with anti-NK1.1 to deplete NK cells or with control anti-IgG as 

illustrated (Figure 6A). We found in mice with NK cells intact, that combined treatment with 

olaparib and RT produced a median survival of 41 days. Importantly, in mice depleted of NK cells, 

the median survival following olaparib and RT treatment was significantly reduced (22 days) 

indicating the requirement for NK cells in the therapeutic efficacy of PARP inhibitor and RT 

(Figure 6B). 

Beyond establishing the importance of NK cells to therapeutic efficacy, we next sought to optimize 

our therapeutic strategy by incorporating the novel blood-brain barrier penetrant PARP1 selective 

inhibitor, AZD9574 [43]. Mice with orthotopic H3K27MPP tumors were treated with RT alone or in 

combination with olaparib or AZD9574 as illustrated (Figure 6C). In the absence of treatment, the 

median survival in this model was 37 days. Radiotherapy alone extended the median survival to 

42 days (Figure 6D). The addition of olaparib to RT further extended median survival to 57 days 

which was statistically significant in comparison to RT alone. To further optimize therapeutic 

efficacy, we also tested AZD9574 in combination with RT and found maximum therapeutic 

efficacy with a median survival reaching 75 days, that was tolerable as evidenced by a lack of 

weight loss and no appreciable normal brain toxicity (Figure 6D and Supplementary Figure S6A 

and S6B). We then investigated the effects of olaparib or AZD9574 with RT on intratumoral 

cytotoxic immune cells, including both CD8+ T cells as well as NK cells the latter of which were 

detectable at baseline in orthotopic DMG tumors (Supplementary Figure S6C). Combined 

treatment with PARP inhibitor and RT did not consistently increase CD8+ T cell frequency or 

activation status (Supplementary Figure S6D and S6E). In contrast, PARP inhibitor significantly 

increased intratumoral NK cell frequency (CD3-NK1.1+CD45+) and activity (TNFα+, CD107+, or 
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IFNγ+) (Figure 6E and Supplementary Figure S6F). Moreover, AZD9574 had a stronger effect 

than olaparib in activating intratumoral NK cells following RT which may be a reflection of 

improved brain penetrance and/or PARP1 selectivity (Figure 6E).  Collectively, these data 

support a model (Figure 6F) in which PARP inhibitor and RT promote NK cell cytotoxic functions 

in the TME of H3K27M DMG leading to therapeutic responses with the PARP1 selective inhibitor 

AZD9574 comparing favorably to PARP1/2 inhibition by olaparib.  

Discussion 

H3K27M mutant histone is an oncogene in DMG but not a direct therapeutic target. This mutation 

disrupts the normal function of core histones and consequently is implicated in altered DNA repair 

[48, 49]. Here we show that H3K27M causes HRR deficiency by the “hyperacetylated” core 

histone-induced linker histone H1 dissociation leading to impairment of K63 polyubiquitination of 

H1 and RNF168/BRCA1/RAD51 protein recruitment, consistent with the key role of chromatin 

structure and histone modification in HRR. Our study directly connects a functional interaction 

between core histones and linker histone H1 in H3K27M mutant DMG. In addition to 

RAP80/BRCA1 recruitment, 53BP1 relocation is dependent on RNF168-catalyzed ubiquitination 

of histones H2A/H2AX on K13/15. The failure of RNF168 foci formation and H2A/H2AX (K13/K15) 

ubiquitination (Read1.0-GFP) in H3K27M mutant cells is also consistent with the previous study 

showing that H3K27M mutation caused an impairment of 53BP1 recruitment, supporting a 

profound effect of H3K27M on DNA repair [65].  

Although H3K27M mutant DMG is defective in DSB repair, H3K27M DMG patient tumors are not 

especially sensitive to RT with outcomes characterized by an initial response followed by 

recurrence with poorer survival compared to patients with H3K27 wildtype high grade glioma [52, 

66]. This study supports that H3K27M-mediated HRR deficiency is an actionable vulnerability that 

increases radiosensitization by PARP inhibitor. H3K27M mutation also increases the sensitivity 

of DMG cells to PARP inhibitor monotherapy (Figure S1D), an effect that we did not recapitulate 

in vivo likely due to the relatively ‘brief’ radiosensitization treatment schedule in comparison to the 

prolonged administration schedules required for PARP inhibitor monotherapy efficacy in HRR 

defective cancer [67]. Beyond the interaction of PARP and RT in HRR defective DMG, PARP1 

expression is increased in DMG patients compared to normal tissues [68, 69]. The higher 

poly(ADP-ribosyl) levels in H3K27M versus KO cells further highlights that PARP is a promising 

target in H3K27M DMG. Clinically, however, the PARP1/2 inhibitor veliparib in combination with 

RT did not show a survival benefit in DMG patients [70].  A significant portion of patients on this 

trial did not have a decrease in PARP activity measured by PAR in PBMCs in response to veliparib 
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nor did PAR reduction correlate with patient survival. It is unclear why this trial failed to produce 

clinical benefit, but poor brain penetrance or less potent PARP trapping (discussed below) may 

have contributed.   

Here we show that the blood-brain barrier penetrant and potent PARP1 selective inhibitor 

AZD9574 [43] compares favorably to the first-generation PARP1/2 inhibitor olaparib to activate 

NK cells and prolong survival in a syngeneic orthotopic model. There are several potential 

contributing factors to the difference in efficacy of PARP1 versus PARP1/2 inhibition. PARP1 is 

the major mediator of cellular PARylation accounting for the majority of cellular PARylation in 

response to DNA damage [71]. In addition, PARP1 retention at DNA damage sites known as 

PARP trapping occurs in response to PARP inhibitors like olaparib and AZD9574 and is a key 

mechanism of radiosensitization (as well as monotherapy efficacy) of PARP inhibitors [43, 72]. In 

contrast, PARP2 may not be required for anticancer activity [73]. PARP2 has been shown to play 

a key role in the survival of hematopoietic cells and in the maintenance of cytotoxic T cell and NK 

cell activity [74, 75]. Future studies will define the relative contributions of these mechanisms to 

the therapeutic efficacy of PARP inhibition with radiotherapy with a focus on the 

immunomodulatory effects in the TME of H3K27M mutant DMG through global analyses (eg, 

single cell RNA-seq and spatial molecular imaging analysis).  

We and others have shown that inhibition of the DDR can further enhance RT-induced tumor 

immunogenicity via immunogenic DNA damage that activates intrinsic nucleic acid sensors [25, 

28, 30]. Here, we found a preferential induction of T1IFN expression and signaling in response to 

PARP inhibition and RT in the parental H3K27M mutant DMG cells relative to their isogenic KO 

controls, which may be attributable to the open chromatin structure and immunogenic DNA 

damage in H3K27M mutant cells. T1IFNs execute antitumor functions mainly through stimulating 

immune cells, especially CD8+ T cells and NK cells. Although DMG tumor cells express major 

histocompatibility complex class I (MHC-I), NK cells have the potential for greater cytotoxic activity 

in DMGs compared to cytotoxic T cells [34]. RT and other genotoxic agents are potent stimulators 

of NK cell activating receptor NKG2D ligand expression on tumor cells [41, 42]. Moreover, this 

induction is dependent on the ATM/ATR/CHK1/2 pathway, which makes PARP inhibitors unique 

in potentiating RT-induced NKG2D ligand expression and NK cell lysis. We found that antibody-

mediated NKG2D blockade abrogated NK cell killing of DMG cells following PARP inhibitor and 

RT, indicating the critical role of NKG2D ligand induction in NK cell lysis efficacy. While NKG2D 

ligand expression following PARP inhibitor and RT did not require T1IFN signaling, it is still likely 

that these signaling axes cooperate to mediate the antitumor immune response.  
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The tumor microenvironment of syngeneic orthotopic H3K27M DMG tumors does not fully 

recapitulate that of human DMG, which is characterized by an immune naïve tumor 

microenvironment with a paucity of lymphocytes. Using a genetically engineered H3K27M DMG 

model could better provide a more clinically relevant model for understanding the effects of 

PARP1 and PARP1/2 inhibitors with radiotherapy on the TME [76]. On the other hand, NK directed 

immunotherapy or NK cellular therapy (eg, CAR-NK) offer alternative strategies for overcoming 

the immune naïve TME of DMG that should be further enhanced by selective priming of H3K27M 

mutant DMG tumor cells with PARP inhibitor and RT. 

In conclusion, our study elucidates a novel connection between H3K27M mutation and HRR 

deficiency leading to selective radiosensitization of H3K27M mutant DMG by PARP inhibition 

(Figure 6F). Radiosensitization is associated with an enhanced innate immune response and 

increased expression of NK activating ligands in DMG cells. Consistent with increased 

immunogenicity, PARP inhibitor and RT promote selective NK cell lysis of DMG tumors cells (but 

not normal astrocytes), therapeutic responses in immune competent DMG tumor models, and 

increased NK cell infiltration and activation that is required for therapeutic efficacy. Finally, these 

studies support the potential for PARP1 selective inhibitors to provide improved efficacy over 

PARP1/2 inhibitors in inducing an NK cell-mediated antitumor immune response and support 

future clinical development of PARP inhibitor with RT in H3K27M mutant DMG, with the possibility 

for combination with NK cellular therapy or immunotherapy. 
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Figure Legends 

Figure 1. H3K27M causes a homologous recombination repair defect. (A) Western blot 

analysis of DIPGXIII and BT245 parental and their isogenic KO control cells with the indicated 

antibodies. Histone H3 represent loading controls. (B) H3K27M isogenic DIPGXIII cells were 

assessed for γH2AX positivity by flow cytometry at the indicated times post-RT (6 Gy). (C) Data 

plotted are the mean percentage of γH2AX positive cells ± SE (n = 3 independent experiments) 

in DIPGXIII (left) and BT245 (right) parental H3K27M and KO isogenic cells. (D) H3K27M isogenic 

BT245 cells were assessed for RAD51 foci by immunofluorescence at 24 h post-RT (6 Gy). 

Quantitative analysis data was plotted for RAD51 foci positive cells (n=8-10 fields). (E) DR-GFP 

U2OS cells with either H3K27M or WT histone H3 expression were infected with I-Sce I 

adenovirus. GFP expression (upon HR repair) was assessed by flow cytometry. Experiments was 

performed three times (±SEM). WEE1 inhibitor AZD1775 (100 nM) was used as positive control. 

(F) Western blot analysis of DIPGXIII and BT245 parental and their isogenic KO control cells with 

PAR, PARP1, and PARG antibodies. β-actin represent loading controls. 

Figure 2. H3K27M mutation abrogates RT-induced K63-linked polyubiquitination of histone 

H1 and recruitment of HRR proteins. (A) Co-immunoprecipitation analysis of histone H3 and 

linker histone H1 interactions in BT245 and DIPGXIII parental and KO cells. (B) In vitro GST-pull 

down analysis of the binding of purified histone H1.2 with histone H3 extracted from H3K27M and 

isogenic KO BT245 and DIPGXIII cells. (C) H3K27M and WT 293T cells transfected with His-

ubiquitin were harvested 30 min post-RT (10 Gy) for denatured Ni-NTA bead purification to isolate 

ubiquitinated proteins, followed by immunoblotting with H1.2 and K63 polyubiquitination 

antibodies. (D) Western blot analysis of DIPGXIII parental and their isogenic KO control cells with 

or without RT (10 Gy, 30 min) treatment with K63-Ub, H1.2 and H3K27M antibodies. (E) H3K27M 

and H3K27M KO BT245 cells (without or with FLAG-RNF168 transfection) were stained for 

γH2AX, MDC1, RNF8 or RNF168 (FLAG) at 1 hr post-RT (10 Gy) (upper). Data plotted are the 

number of FLAG-RNF168 foci per cell (n=30 cells). (F) H3K27M and WT Hela cells were infected 

with lentivirus expressing Reader1.0-GFP reporter were irradiated (2 Gy, 30 min) and monitored 

for reporter foci formation. (G) Western blotting analysis of RAP80, BRCA1, and RAD51 in the 

chromatin fractionation and total cell lysates in H3K27M and KO BT245 cells post-RT (10 Gy, 1h). 

(H) Schematic model showing that attenuated interaction of core histones and linker histone H1 

in H3K27M cells leads to impairment of RT-induced K63 polyubiquitination and HRR protein 

recruitment. 
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Figure 3. Selective radiosensitization of H3K27M DMG cells and orthotopic tumors by 

PARP inhibitor. (A) CellTiter Glo analysis of H3K27M and KO BT245 and DIPGXIII cell viability 

5 days after olaparib (3 µM) and RT (2 Gy or 6 Gy) treatment. (B) Alkaline comet assay to assess 

DNA damage levels in H3K27M and isogenic KO BT245 cells in response to radiation (6 Gy) 

and/or olaparib (3 µM) treatment. (C) Data plotted are the mean percentage of γH2AX positive 

cells ± SEM (n = 3 independent experiments) in BT245 parental H3K27M and KO isogenic cells 

after 24 h of olaparib (3 µM) and RT (6 Gy) treatment. (D) Cell cycle distribution assessed by flow 

cytometry (propidium iodide) in BT245 cells with after treatment with radiation and olaparib as 

indicated. (E) Percentage of apoptotic cells assessed by Annexin V/7-AAD flow cytometry in 

BT245 and DIPGXIII cells after treatment with radiation and olaparib. (F) H&E-stained sections 

from the pons of Rag1-/- mice implanted with BT245-Luciferase cells. Scale bars, 100 µm. (G) 

Schematic showing schedules of olaparib and radiation treatment. Olaparib (100 mg/kg) was 

orally administered approximately 1 hour before RT (2 Gy) on days 0–2 and 4–6. (H) Dot blotting 

analysis showing PAR levels in BT245 tumors that harvested either 1 h or 4 h after the last dose 

of RT. GAPDH represents loading control. (I) Representative in vivo bioluminescence images of 

BT245-Luciferase tumors taken before, during, and after treatment with olaparib and/or RT. (J) In 

vivo growth of BT245-Luciferase tumors of each animal (thin lines) and average (thick lines) 

bioluminescence intensities at each timepoint in response to olaparib and RT treatment. (K) 

Survival analysis of Rag1-/- mice harboring BT245-Luciferase tumors treated as indicated (Ctrl 

n=7, Olap n=6, RT n=12, Olap+RT n=11). Data were analyzed using the log-rank test. MS, 

median survival. 

Figure 4. PARP inhibitor and RT preferentially induce type I interferon signaling in H3K27M 

DMG cells. (A) Gene ontology analysis run with clusterProfiler of differentiated genes in BT245 

parental cells in response to RT and olaparib versus RT alone (72 h after treatment). (B) H3K27M 

and isogenic KO BT245 and KD DIPG007 cells with stable IFNβ1 promoter-GFP reporter were 

treated as indicated and assessed for MFI of GFP expression. (C) qPCR for IFNβ1 mRNA in 

H3K27M and KO BT245 and DIPG007 cells treated as indicated. (D) Western blot analysis of 

pTBK1, TBK1, pSTAT1, and STAT1 levels in H3K27M and KO BT245 cells at 24 hr after treated 

with olaparib and/or RT. (E) qPCR analysis of mRNA levels of interferon-stimulated genes CXCL9 

and CXCL10 in BT245 and DIPG007 cells with or without H3K27M mutation at 72 h after olaparib 

and/or RT treatment. (F) qPCR analysis of Ifnb, Cxcl9 and Cxcl10 mRNA levels in mouse 

H3K27MPP DMG cells at 72 h following treatment with olaparib and/or RT. 
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Figure 5. PARP inhibitor and RT increase expression of NKG2D activating ligands and 

induce NK cell lysis. (A) Flow cytometry analysis of cell surface MICA/B and ULBP-3 protein 

levels in BT245 and DIPG007 cells at 72 h following indicated treatment. (B) qPCR for MICA 

mRNA levels in BT245 and DIPG007 cells at 72 h after olaparib and/or RT treatment. (C) Flow 

cytometry analysis of cell surface Rae1 and H60 levels in H3K27M mouse DMG cells at 72 h after 

olaparib and/or RT treatment. (D) Cell surface MICA/B levels of H3K27M parental BT245 and 

DIPG007 cells in response to RT and/or DDR inhibitor treatment as indicated. (E, F) Lysis of 

target BT245 and DIPG007 cells co-cultured with NK92 (E) or primary activated NK cells (F) after 

72 h pre-treatment of DMG cells with olaparib (3 µM) and/or RT (8 Gy). (G) Effect of NKG2D 

blocking antibodies on NK cell killing of BT245 and DIPG007 cells with olaparib (3 µM) and/or RT 

(8 Gy) treatment. 

Figure 6. PARP inhibitors and RT induce a therapeutic response in immune competent 

mice that is dependent upon NK cells. (A) Schematic showing schedule of olaparib, RT, and 

anti-NK1.1 antibody treatment. Olaparib (100 mg/kg) was orally administered approximately 1 

hour before each fractionated dose of RT (2 Gy, 6 fractions) on days 0–2 and 4–6. Mouse anti-

NK1.1 antibody (200 μg/mL) was intraperitoneally injected every 3 days for a total of 4 doses 

(upper). H&E-stained sections from C57BL/6 mice with H3K27M DMG tumors. Scale bars, 100 

µm (lower). (B) Survival analysis of C57BL/6/H3K27MPP DMG mice treated as indicated in 6A 

(RT+olap+IgG n=11, RT+olap+anti-NK1.1 n=9). Data were analyzed using the log-rank test. (C) 

Schematic showing schedules of olaparib or AZD9574 and radiation treatment. Olaparib (100 

mg/kg) and AZD9574 (3 mg/kg) was orally administered approximately 1 hour before RT (2 Gy) 

on days 0–2 and 4–6. (D) Survival analysis of C57BL/6/H3K27MPP DMG mice treated as 

indicated (Ctrl n=9, RT n=11, RT+olap n=10, RT+AZD9574 n=11). Data were analyzed using the 

log-rank test. (E) Flow cytometry analysis of intratumoral NK cells (in the CD45+ cell populations), 

and TNF-α+, CD107+, and IFNγ+ NK cells from mouse H3K27MPP DMG tumors treated as 

indicated. Data are the mean ± SEM (n = 5 mice/group). (F) Proposed model of H3K27M mutation-

mediated HRR deficiency that leads to selective radiosensitization by PARP inhibition and the 

unique characters of RT and PARP inhibitors in NK cell activation in DMG.   
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Figure 6
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