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a b s t r a c t 

Diffuse intrinsic pontine glioma (DIPG) is a rare but highly lethal pediatric and adolescent tumor located in the 

pons of the brainstem. DIPGs harbor unique and specific pathological and molecular alterations, such as the 

hallmark lysine 27-to-methionine (H3K27M) mutation in histone H3, which lead to global changes in the epige- 

netic landscape and drive tumorigenesis. While fractionated radiotherapy, the current standard of care, improves 

symptoms and delays tumor progression, DIPGs inevitably recur, and despite extensive efforts chemotherapy- 

driven radiosensitization strategies have failed to improve survival. Advances in our understanding of the role of 

epigenetics in the cellular response to radiation-induced DNA damage, however, offer new opportunities to de- 

velop combinational therapeutic strategies selective for DIPGs expressing H3K27M. In this review, we provide an 

overview of preclinical studies that explore potential radiosensitization strategies targeting the unique epigenetic 

landscape of H3K27M mutant DIPG. We further discuss opportunities to selectively radiosensitize DIPG through 

strategic inhibition of the radiation-induced DNA damage response. Finally, we discuss the potential for using ra- 

diation to induce anti-tumor immune responses that may be potentiated in DIPG by radiosensitizing-therapeutic 

strategies. 
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Diffuse intrinsic pontine gliomas are devastating pediatric brain tu-

ors that affect hundreds of children in the US each year [1] . Children

iagnosed with DIPG have a median survival of 10-11 months from on-

et, and the 2- and 5-year survival rates are less than 10% and 1%,

espectively [ 2 , 3 ]. Sequencing efforts have revealed that in addition to

ommonly altered genetic events such as loss of p53 or amplification

f platelet-derived growth factor receptor alpha (PDGFRA), 80-90% of

IPGs harbor a monoallelic point mutation in the genes encoding hi-

tone H3.3 or H3.1 which converts lysine 27 to a methionine (termed

he H3K27M mutation) [ 4 , 5 ]. Both the 2016 and the 2021 World Health

rganization (WHO) classifications of CNS tumors list DIPG with the hi-

tone H3K27M mutation as a grade 4 glioma, regardless of histological

eatures, and coined the tumor entity “diffuse midline glioma, H3K27M-

utant, ” which for simplicity we refer to herein as DIPG [ 6 , 7 ]. 

Due in part to the anatomical location and infiltrative characteristics

f DIPGs that prohibit surgical resection, as well as the lack of efficacy of

hemotherapies used in the treatment of adult gliomas, fractionated ra-

iation therapy continues to be the standard of care [8] . Unfortunately,

IPGs inevitably recur within the high dose radiation field and uni-
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ormly prove fatal [9] . Simply escalating the radiation dose has not been

eneficial, likely because of increased toxicity to critical normal neural

tructures in the brainstem and thalamus [10] , and while re-irradiation

t first progression may have some initial effect on tumor growth, even-

ually these tumors recur as well [11] . It has therefore been of particular

nterest to develop radiosensitizing strategies in DIPG that maximize the

herapeutic ratio by targeting tumor-specific vulnerabilities to achieve

elective, synergistic tumor cell killing at lower radiation doses, thereby

paring nearby normal, healthy tissues from radiotherapy-related side

ffects [ 12 , 13 ]. 

Ionizing radiation kills cells through a variety of lesions including

irect induction of both DNA single-strand (SSBs) and double-strand

reaks (DSBs), formation of bulky DNA adducts, and/or increased lev-

ls of reactive oxygen species (ROS). In response to these radiation-

nduced lesions, multiple DNA repair pathways are triggered to prevent

ell death. The coordination of these processes with pathways that reg-

late cell cycle progression, DNA synthesis and DNA repair are collec-

ively known as the DNA damage response (DDR). The DDR promotes

umor cell survival following radiation by limiting DNA damage that

therwise promotes both direct cell killing and an anti-tumoral innate

mmune response. 
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Previous radiosensitization strategies based on either direct DNA

amaging agents [14] or drugs that increase formation of ROS after

reatment with radiation [15] failed to improve overall survival in pa-

ients with DIPG. In addition, nearly all DIPGs with the H3K27M mu-

ation lack DNA methylation of the O6-methyl-guanine-DNA methyl-

ransferase (MGMT) gene. This mark is a key predictor for benefit

rom the alkylating chemotherapeutic agent temozolomide (TMZ) in

dult glioma. It is therefore not surprising that compared to RT alone,

ombined treatment with TMZ and RT affords limited survival benefit

n patients with DIPG [16] . Targeting the DNA damage response in-

tead of directly damaging DNA, however, may be a better strategy.

n other malignancies, radiotherapy-DDR inhibitor combination strate-

ies designed to target tumor-specific alterations in the DNA damage re-

ponse have demonstrated promising efficacy in early phase clinical tri-

ls [ 17 , 18 ]. Similarly, leveraging the unique biology of H3K27M tumor

ells to selectively potentiate the efficacy of radiation-based therapies

as the potential to meaningfully improve outcomes for patients with

IPG. 

Although the H3K27M mutation accounts for only 5-10% of total

ellular histone H3 proteins in DIPG cells, it causes genome-wide histone

3 hypomethylation through inhibition of polycomb repressive com-

lex 2 (PRC2) activity [19–21] . As a result, DIPG cells have distinct ge-

etic and epigenetic characteristics, such as elevated H3K27 acetylation

H3K27ac) [20] , that may have profound effects on both DDR signaling

nd overall DNA damage repair. In this review we will discuss both the

mpact of the H3K27M mutation on the radiation-induced DNA damage

esponse, and progress in the field to pharmacologically target H3K27M

IPG-specific biology to enhance radiation therapy. Unless otherwise

oted, this review will focus on DIPGs with the H3.3 K27M mutation. 

pigenetic regulation of DNA double strand break repair and the 

NA damage response 

Histones are among the most abundant and highly conserved pro-

eins in cells, providing the foundation for the basic unit of chromatin,

he nucleosome. Each nucleosome consists of approximately 150 base

airs of DNA wrapped around an octameric core of paired histone pro-

eins H2A, H2B, H3 and H4. Post-translational modifications of these

istones, including methylation, acetylation, phosphorylation and ubiq-

itination, act in both a combinatorial and a sequential fashion to modu-

ate both DNA accessibility and recruitment of the molecular machinery

equired for transcription, replication, and repair [22] . Thus, in addi-

ion to their structural role packaging DNA, histone modifications play

 dynamic role in the regulation of both gene expression and genome

ntegrity [23] . The importance of histone epigenetics for normal cell

evelopment and differentiation is well-established, and histone mu-

ations that lead to dysfunction of these processes, such as H3K27M,

an drive tumorigenesis [ 24 , 25 ]. Understanding the net effect of histone

ost-translational modifications on the radiation-induced DNA damage

esponse is an area of intense research. 

While ionizing radiation induces a variety of DNA lesions, unresolved

SBs are the primary lesions responsible for radiation-mediated cell

eath [ 26 , 27 ]. The coordinated abilities of both DDR and direct DNA

epair proteins to sense, signal and repair DSBs are key determinants of

adiation sensitivity, while tumor-specific expression of DDR proteins

nd increased capacity for DNA repair are key factors in acquired ra-

ioresistance [ 28 , 29 ]. Nonhomologous end-joining (NHEJ) and homol-

gous recombination repair (HR) are two mechanistically distinct DSB

epair pathways central to the radiation-induced DNA damage response

30] . NHEJ, the primary DSB repair mechanism in G1 phase cells, is

 rapid, error-prone, ‘quick fix’ mechanism active throughout the cell

ycle that catalyzes sequence-independent DNA end-joining [31] . A dis-

inguishing feature of NHEJ is binding of 53BP1 and Ku70/80 to DNA

nds which prevents the extensive end resection required for other DNA

epair pathways to proceed. Homologous recombination repair, on the

ther hand, is a relatively slow, high-fidelity process confined to late
2 
-phase or G2/M that repairs complex DSBs by using an undamaged sis-

er chromatid as a template for repair [32] . Key features of HR are 5 ′ to

 ′ end resection initiated by the MRE11/RAD50/NBS1 (MRN) complex

nd CtBP interacting protein (CtIP), replication protein A (RPA) bind-

ng to the resultant single-stranded 3 ′ DNA ends, and BRCA2-mediated

isplacement of RPA by RAD51, which mediates strand exchange for

ecombination. 

Emerging evidence suggests that H3K27M-induced changes to the

pigenetic landscape could affect both DNA repair capacity and NHEJ

ersus HR pathway choice. At a global level, the overall net effect

f H3K27 hypomethylation and increased H3K27ac is a relaxation of

hromatin structure and de-repressed transcription of genes involved in

temness and neurogenesis, conferring a cancer stem cell-like phenotype

ssociated with constitutive activation of the DDR and radioresistance

 21 , 19 , 33 , 34 ]. At the genomic level, however, exon sequencing analysis

evealed that nearly half of the primary H3K27M DIPG tumor samples

urveyed had heterozygous mutations in a diverse set of DDR genes in-

luding ATM, ATR, BRCA2, PALB2, RAD50 and RAD51C [35] . Addition-

lly, Zarghooni et al. reported a high frequency of loss of heterozygos-

ty and/or deletions of the HR pathway gene BRCA2 in a small cohort

f DIPG samples [36] . Whether HR-deficiency is a common phenotype

n DIPG is unclear, but these genetic analyses suggest radiosensitizing-

herapeutics with synthetic lethality in HR defective tumors may provide

dditional therapeutic benefit in combination with radiation in these

IPGs. 

In addition to changes at the genomic and transcriptional levels,

3K27M-associated changes in chromatin structure may directly alter

NA repair efficiency and pathway choice. NHEJ and HR rely on distinct

hromatin remodeling processes that, through post-translational modi-

cation of histones, dynamically regulate chromatin accessibility, DNA

epair factor recruitment, and pathway choice [37] . For example, de-

ondensation of heterochromatin at DSBs (mediated in part by the api-

al DDR kinase ataxia telangiectasia mutated (ATM) via effector protein

RAB-associated protein (KAP-1)) [38] facilitates DSB repair by promot-

ng accessibility of NHEJ repair proteins. Multiple groups have reported

hat H3K36me2 is elevated in H3K27M DIPG cells [ 34 , 39 ] and may be

xpected to facilitate HR efficiency. The p75 splice variant of lens ep-

thelium derived growth factor (LEDGF) constitutively binds chromatin

t H3K36me2/3 through its PWWP (Pro-Trp-Trp-Pro) domain [40] . In

esponse to radiation-induced DNA damage, LEDGF recruits CtBP, a pro-

ein required for resection of DSBs, to the damage site, facilitating HR

epair [40] . Furthermore, expression of the E3 ubiquitin ligase BMI1, a

ore subunit of the polycomb repressive complex 1 (PRC1), is upregu-

ated in DIPG [41] . Correspondingly, levels of monoubiquitinated his-

one H2A lysine 119 (H2A119ub), a product of BMI1, were higher in

ells expressing H3K27M compared to those expressing wild-type his-

one H3 [ 41 , 34 ]. Like LEDGF, BMI1 and H2AK119ub have been reported

o facilitate CtIP recruitment and DNA end resection at DSBs [42] . Epige-

etic changes associated with the H3K27M mutation and their reported

oles in DNA repair are summarized in Table 1 . 

Despite evidence that PRC2 subunits accumulate at DNA lesions and

romote DSB repair and cell survival in response to ionizing radiation,

hether H3K27me2/3 marks themselves are directly involved in DSB re-

air remains unclear [ 43 , 44 ]. Zhang et al. reported that H3K27me2/3

arks are required for 53BP1 focus formation and NHEJ repair of

adiation-induced DSBs in human dermal fibroblasts [45] . They further

emonstrated that the DDR protein FANCD2 directly binds both hypo-

3K27me2/3 and H3.1K27M, recruiting the histone acetyltransferase

ip60, which then acetylates histone H4 at lysine 16, sterically blocking

ccess of 53BP1 to its H4K20me2 binding site. While further investiga-

ion is required to determine whether H3K27me2/3 plays a direct role in

SB repair, current evidence does suggest that the susceptibility of DIPG

ells to radiation-induced cell death is in part attributable to the global

ffects of the H3K27M mutation on chromatin architecture, which has

own-stream effects on induction of DNA damage and subsequent DNA

epair [46] . 
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Table 1 

Histone marks in the setting of H3K27M and their roles in DSB repair. 

Histone marks Up( + )/Down(-) upon 

H3K27M mutation 

Up( + )/Down(-) 

Upon DSB 

Function in DSB repair Ref 

H3K27me2/3 — Conflicting, increase or no change Possibly suppresses gene expression at DNA lesions [44] 

H3K27Ac +++ + Facilitates permissive 

chromatin environment at DSBs, and supports HR 

[ 20 , 21 ] 

H3K36me2/3 + + Binds to LEDGF/p75, and promotes CtIP-mediated end 

resection and HR 

[ 34 , 39 ] 

H4K20me2/3 - + Binds to the Tudor domain of 53BP1 and facilitates NHEJ [45] 

H4K16Ac + Conflicting (increase, no change) Blocks 53BP1 binding to H4K20me, possibly promotes 

DNA resection and BRCA1 recruitment 

[98] 

H3K4me3 + Conflicting (increase, no change, 

decrease) 

Promotes chromatin de-condensation and HR [99] 

H3K9me2/3 + Conflicting (no change, increase, 

decrease) 

Facilitates 53BP1 binding as well as promotes ATM 

activation and HR [ 100 , 101 ] 

H3K64Ac + n/a Facilitates nucleosome eviction and transcription [102] 

H2AK119ub + + Promotes DNA end resection and HR [ 41 , 42 ] 

H2BK120ub n/a - H2BK120 undergoes a transition from Ub to acetylation 

upon DSB formation. 

Deubiquitination of H2BK120 is essential for proper DNA 

repair. 

Enrichment of H2BK120Ac at HR-prone DSBs 

[ 37 , 103 ] 

H2BK120Ac n/a + 

T

r

 

n  

I  

a  

s  

t  

s  

m  

e  

l  

f  

c  

a  

a  

H  

p  

d  

G

 

p  

l  

[  

(  

m  

B  

s  

a  

v  

n  

i  

g  

s

 

fi  

h  

M  

t  

v  

t  
argeting H3K27M-associated epigenetic changes to 

adiosensitize H3K27M DIPGs 

Work defining H3K27M-initiated epigenetic changes has nominated

ovel, DIPG-selective targets for radiosensitizing these cells ( Table 2 ).

n one preclinical study, Katagi et al. assessed the ability of GSK-J4,

n inhibitor of the histone H3 demethylase JMJD3/UTX, to radiosen-

itize in H3K27M DIPG models [47] . Previous studies had established

hat GSK-J4 restored cellular H3K27me2/3 levels and changed the tran-

criptional profiles of H3K27M DIPG cells [48] . Using gene set enrich-

ent analysis of RNA-Seq data generated from DIPG cell lines, Katagi

t al. found that GSK-J4 reduced expression of DNA repair genes se-

ectively in H3K27M mutant-expressing DIPG [47] . Furthermore, they

ound GSK-J4 decreased DNA accessibility and inhibited homologous re-

ombination repair of radiation-induced DSBs. This persistent DNA dam-

ge correlated with tumor cell radiosensitization both in vitro and in vivo,

nd was specific to H3K27M DIPG cells, highlighting the role of global

3K27 methylation status in determining radiosensitivity. While these

reclinical results are promising, GSK-J4 itself is not suitable for clinical

evelopment due to its rapid conversion in vivo to the active metabolite

SK-J1, which has poor cell membrane permeability [ 48 , 47 ]. 
Table 2 

Molecular targets for DIPG radiosensitization in preclinical studies. 

Target Inhibitor/Drug In vitro model In vivo m

BCL2 Venetoclax SU-DIPG04, BT245, SU-DIPGXVII BT245-Luc

SU-DIPGX

xenograft 

mTORC1/2 TAK228 JHH-DIPG1, SF7761, 

SU-DIPG-XIII 

PKC-L (mu

expressing

MRK/ 𝛾-Secretase MRK003 JHH-DIPG1, SF7761, 

SU-DIPG-XIII 

n/a 

PLK1 BI 6727 DIPG IV, DIPG VI n/a 

ALX and HDAC BGB324 and 

panobinostat 

VUMC-DIPG, SU-DIPG, 

HSJD-DIPG, JHH-DIPG1, SF7761, 

SF8628 

HSJD-DIPG

model, UC

JMJD3 demethylase GSK-J4 SF8628, SF9427, DIPG-007 SF8628 xe

BRD4 JQ1 n/a n/a 

HDAC and PI3K CUDC-907 SF188, SF8628, SF9427, BT245, 

BT869 

n/a 

BMI-1 PTC-209 CCHMC-DIPG-1, CCHMC-DIPG-2, 

SU-DIPG-IV 

n/a 

3 
In addition to loss of H3K27me2/3, multiple reports document the

rofound gain of H3K27ac, a transcription enhancer element that co-

ocalizes with H3K27M at actively transcribed genes in DIPG cells

 20 , 49 , 34 ]. This epigenetic mark is read by the bromodomain protein 4

BRD4), which specifically binds to H3K27ac and facilitates RNA poly-

erase II-mediated transcription and gene expression [50] . Inhibition of

RD4 with the small molecule JQ1 has been reported to decrease expres-

ion of DSB repair genes and slow repair of radiation-induced DNA dam-

ge signaling [51] . Furthermore, JQ1 radiosensitized both DIPG cells in

itro and orthotopic tumors in vivo [51] . Like GSK-J4, the pharmacody-

amic profile of JQ1 limits its clinical applicability [52] . These preclin-

cal data, however, provide a rationale for the development of second

eneration BRD4 inhibitors such as TEN-010 or OTX015, in combination

trategies with radiation for DIPG. 

Chemical screening and in vivo preclinical testing have also identi-

ed combination therapies with the pan-histone deacetylase (HDAC) in-

ibitor panobinostat as promising strategies for treating DIPG [53–55] .

eel et. al. recently reported that panobinostat in combination with

he receptor tyrosine kinase AXL inhibitor bemcentinib (BGB324) re-

ersed the mesenchymal phenotype associated with radiotherapy resis-

ance in DIPG cells, and decreased expression of genes associated with
odel Remarks Ref 

2 and 

III-Luc2 mouse pons 

models 

Augmentation of mitochondrial ROS and 

apoptosis upon combination of Venetoclax 

and radiation 

[104] 

rine DIPG cells 

 luciferase) 

Suppression of cell proliferation, induction of 

apoptosis, and radiosensitization effects 

[105] 

Inhibition of growth and induction of 

apoptosis 

[106] 

Inhibition of growth and induction of G2/M 

arrest and apoptosis 

[107] 

-07-Fluc xenograft 

-8D2 allograft model 

Inhibition of viability and migration, 

suppression of mesenchymal, stem cell, and 

DNA damage repair gene expression 

[55] 

nograft Suppression of DNA repair gene expression 

and HR repair 

[47] 

Suppression of DNA repair gene expression [51] 

Inhibition of radiation-induced DNA repair by 

suppressing NF 𝜅B/ FOXM1 recruitment to 

promoters of DNA damage response genes 

[56] 

Pretreatment with PTC-209 sensitizes DIPG 

neurospheres to radiomimetic drug Bleocin 

[108] 
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Fig. 1. Targeting the radiation-induced DNA damage response pathway signaling to radiosensitize in DIPG. DIPG tumors with the H3K27M mutation have specific 

and unique epigenetic characteristics and chromatin structure. In response to radiation, DNA damage response (DDR) pathways are activated to trigger DNA repair, cell 

cycle arrest, and/or cellular senescence or apoptosis. Targeted inhibition of the DNA damage response has the potential to augment the efficacy of radiation treatment 

for patients with DIPG. The impact of the epigenetic changes associated with H3K27M on the DNA damage response, however, as well as the radiosensitization effect 

of DDR inhibitors in pre-clinical models of DIPG, require further investigation. 
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epair of radiation-induced DNA damage [55] . Furthermore, they found

hat while DIPG neurospheres eventually recovered from panobinostat-

ediated radiosensitization (similar to the resistance that develops in

esponse to panobinostat monotherapy), combined treatment with be-

centinib resulted in complete inhibition of neurosphere regrowth up to

hree months after treatment [55] . Preclinical studies with the first-in-

lass dual pan-HDAC and pan-PI3K inhibitor CUDC-907 further support

he concept of targeting chromatin remodeling and DNA repair gene

romoter accessibility to radiosensitize in DIPG [56] . 

In summary, while there is currently little evidence that the H3K27M

utation directly affects transcription of DDR-related genes or capac-

ty for DNA repair, multiple lines of preclinical evidence support the

ypothesis that reversing the epigenetic changes associated with the

3K27M mutation inhibits repair of radiation-induced DNA damage and

e-sensitizes DIPG tumor cells to radiation-induced cytotoxicity, both in

itro and in vivo . Whether this sensitization results from global, constitu-

ive changes in the epigenetic landscape, changes in specific epigenetic

arks directly linked to DNA repair, or both, remains to be determined.

irect inhibition of the DNA damage response to radiosensitize in 

27M DIPG 

A core feature of the DNA damage response is the interconnected

ignaling network regulated by three apical phosphotidylinositol (PI) 3-

inase-like kinases – DNA-dependent protein kinase, catalytic subunit

DNA-PKcs), ataxia telangiectasia mutated (ATM), and ataxia telangiec-

asia and rad3 related (ATR) [57] ( Fig. 1 ). Upon activation, these kinases

hosphorylate a number of partially overlapping substrates, including

hemselves, to coordinate DNA repair with other cellular processes such

s cell cycle arrest, DNA transcription and replication. In response to
4 
adiation-induced DSBs, recruitment and activation of the DNA-PK com-

lex, consisting of Ku70/80 and DNA-PKcs, initiates NHEJ while ATM,

ecruited to sites of DSBs by the MRN complex, regulates HR. In contrast,

TR primarily mediates the response to radiation-induced replication

tress through RPA and the ATR interacting protein (ATRIP). Though

here is some redundancy in function, the essential roles of ATM and

NA-PK in mediating the radiation-induced DNA damage response are

videnced by the efficacy of ATM and DNA-PK inhibitors to radiosensi-

ize in a variety of malignancies [ 58 , 59 ]. ATR inhibitors, on the other

and, have been used to confer a synthetically lethal phenotype simi-

ar to HR deficiency to target for radiosensitization. In addition, inhi-

ition of these central DDR kinases promotes innate immune signaling

nd anti-tumor immune responses [60–63] . Using a novel dual recombi-

ase Cre-FlpO strategy to delete ATM in primary mouse models of DIPG,

eland et al. demonstrated that tumor-cell specific ATM depletion se-

ectively sensitized p53-deficient, but not p53 wild-type, DIPG cells to

adiation [64] . p53 is a direct target of ATM, and the p53-mediated G1

heckpoint is critical to executing an effective, high-fidelity DNA dam-

ge response. As a consequence, tumor cells that have lost p53 function

re often dependent on ATM- and/or ATR-mediated DDR pathway sig-

aling, and the intra-S phase and G2/M cell cycle checkpoints, for sur-

ival post-radiation. TP53 is the second most frequently mutated gene

n H3.3K27M DIPG [65] , and inactivation of TP53 has been identified as

he main driver of H3.3K27M DIPG radioresistance [66] . Furthermore,

pproximately 80% of H3.3K27M/ TP53 WT DIPG patient samples express

 gain-of-function mutation in PPM1D ( Protein Phosphatase Mg2 + /Mn2 +
ependent 1D ) which confers a p53-deficient phenotype [67] . These find-

ngs highlight the importance of characterizing the distinct mutations

hat co-occur with either H3.3 K27M or H3.1 K27M in developing DDR

nhibitor-based therapeutic strategies for DIPG [68] , and furthermore
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uggest that p53 mutation status may serve as a biomarker for the sub-

et of H3.3K27M DIPG patients that best respond to radiation plus ATM

nhibitor combination therapy. Preclinical studies have established that

ZD1390, a CNS-penetrant clinical grade ATM inhibitor, radiosensitizes

n both a syngeneic mouse model of glioblastoma (GBM; GL261) and

atient-derived subcutaneous xenograft models of GBM [58] . Based in

art on this work, AZD1390 plus fractionated radiotherapy is currently

nder investigation in a phase I clinical trial for patients with recurrent

rade 4 glioma (NCT05182905). Preclinical studies addressing the effi-

acy of AZD1390 in DIPG are a current priority and will be critical for

he next generation of clinical trials. 

Downstream of the apical DDR kinases ATM and ATR are cell cy-

le checkpoint kinases which transiently arrest cell cycle progression

nd DNA replication in response to radiation-induced DSBs. In addi-

ion to the ATM depletion described above, Werbrouck et al. identi-

ed loss of several of these DDR proteins, including CHK1 and WEE1,

s synthetically lethal with radiation in multiple H3.3K27M/ TP53 MUT 

lioma stem cell (GSC) models [66] . CHK1 and WEE1 each activate

he intra-S-phase and G2/M checkpoints through distinct mechanisms

hat result in the inhibitory phosphorylation of CDK1 and CDK2 at

15 [69] . The negative regulation of CDK1/2 by CHK1 and/or WEE1

lso facilitates HR-mediated DSB repair [69] . As a result, cells treated

ith CHK1 or WEE1 inhibitors fail to arrest in S-phase or G2/M in re-

ponse to radiation-induced DNA damage, have diminished capacity to

epair DSBs and may progress through mitosis with incompletely repli-

ated and/or damaged DNA [70] . In preclinical studies, treatment with

he CHK1/2 inhibitor prexasertib (LY2606368) abrogated radiation-

nduced G2 arrest, delayed repair of radiation-induced DNA damage and

ignificantly sensitized p53-deficient GSC cells to radiation-induced cy-

otoxicity [66] . Similarly, WEE1 inhibition with adavosertib (AZD1775)

uppressed the radiation-induced G2/M checkpoint, attenuated repair of

adiation-induced DSBs, and radiosensitized in H3K27M DIPG preclin-

cal models [71] . Interestingly, two independent studies reported that

EE1 mRNA levels were significantly higher in DIPG than in either nor-

al brain or brainstem tissues, or low-grade gliomas, further nominat-

ng WEE1 as a therapeutic target in DIPG [ 71 , 72 ]. In addition, the lack

f toxicity of adavosertib in preclinical GSC models [66] suggests this

ompound may have a broader therapeutic window than prexasertib as

 radiosensitizing agent in DIPG. 

In general, both prexasertib and adavosertib are well-tolerated in pe-

iatric patients with CNS tumors [ 73 , 74 ]. In a recently published phase

 consortium study, however, adavosertib in combination with cranial

adiation therapy (CRT), though well-tolerated, failed to improve over-

ll survival in children with newly-diagnosed DIPG [74] . As the au-

hors noted, this result was not surprising given the conservative dos-

ng schedule used in the study. While the recommended phase 2 dose

RP2D) of adavosertib given concurrently with focal CRT at the current

tandard dose (54 Gy in 180 cGy fractions) was defined by the highest

ose administered, 200 mg/m 

2 /day, a relatively lower starting dose of

davosertib (50 mg/m 

2 /day) was given for most of the treatment regi-

en. Furthermore, adavosertib was administered after daily CRT rather

han before, and it is unclear whether this dosing schedule provided op-

imal inhibition of the WEE1-mediated DNA damage response. Since lo-

al radiation therapy does not induce a systemic DNA damage response,

reviously validated biomarkers that assessed the effects of WEE1 inhi-

ition on DDR signaling in surrogate tissues were uninformative. These

esults highlight the need to develop pharmacodynamic biomarkers rel-

vant to DIPG that verify DDR target inhibition in tumor cells. 

Preclinical evidence also supports development of drugs targeting

DR proteins outside the canonical ATM or ATR-mediated signaling

athways, such as PARP1, as radiosensitizing strategies in DIPG. PARP1

s a nuclear enzyme that promotes repair of both radiation-induced SSBs

nd DSBs [75] . It acts primarily through the poly(ADP-ribosyl)ation

PARylation) of several proteins, including histones and PARP1 itself.

his PARylation signals the subsequent recruitment of DDR proteins

o the damage site, and facilitates release of the PARP1 protein from
5 
NA, a step necessary for subsequent repair [76] . The therapeutic ac-

ivities of individual PARP inhibitors have been attributed in part to

heir capacity for a distinct mechanism termed PARP trapping , which

s hypothesized to result from both inhibition of PARP catalytic activ-

ty, and thus the autoPARylation required for dissociation of PARP from

NA, as well as drug-induced allosteric changes in the PARP1 protein

77] . Increased PARP1 expression and activity have been demonstrated

n pediatric high-grade gliomas (pHGG), including DIPG, and correlated

ith poor overall survival [78] . 

PARP inhibition as a therapeutic target in DIPG was first proposed

y Zarghooni et al. whose SNP-based microarray analysis found both

ow-level gains in PARP1 copy number (3/11, 27%) and PARP1 expres-

ion via immunohistochemistry staining (6/11, 55%), as well as loss

f heterozygosity and/or deletion of the HR pathway gene BRCA2 , in

heir cohort of DIPG patient samples [36] . Given that PARP inhibitors

re synthetically lethal with germline mutations in BRCA1 or BRCA2

nd HR-deficiency [79] , PARP inhibitors were hypothesized to be ef-

cacious in DIPGs with HR gene mutation or deletion. In subsequent

tudies the same group confirmed the expression of PARP1 in DIPG

issue microarray samples (76%), found elevated levels of PARP1 and

ARylation in multiple DIPG cell lines and, importantly, reported that

he PARP inhibitor niraparib both inhibited repair of radiation-induced

NA damage and sensitized DIPG cells to radiation-induced cytotox-

city [80] . Interestingly, the presence of PARP1 protein was required

or niraparib-mediated radiosensitization, and the PARP inhibitor veli-

arib, which does not effectively trap PARP1 on damaged DNA, was

neffective in their model systems. The critical role of PARP trapping

or therapeutic efficacy may partially explain the failure of veliparib to

enefit overall survival in a phase I/II clinical trial of veliparib and radi-

tion followed by veliparib and temozolomide in patients with newly di-

gnosed DIPG [81] . In this study, patients received dose-escalated veli-

arib (50-85 mg/m 

2 , b.i.d) with the morning dose administered 60–120

inutes prior to radiation therapy. The ability of veliparib to inhibit

ARP was assessed by PAR levels in peripheral blood mononuclear cells

ut produced heterogeneous results across patients and no correlation

ith overall survival. Monitoring of cerebrospinal fluid pharmacokinet-

cs might present a better strategy for optimizing dosing in patients with

IPG. Despite a lack of survival benefit concurrent veliparib and radia-

ion was tolerable (RP2D 65mg/m 

2 ) although with more toxicity than

hat observed with the WEE1 inhibitor adavosertib (described above)

ncluding grade 3 and higher lymphopenia and neutropenia. 

While the radioresistance and recurrence of DIPG tumors are uni-

ersal, multiple studies suggest re-irradiation therapy provides some

linical benefit, with minimal risk of serious toxicity, in patients with

ecurrent DIPG [82] . To our best of knowledge, the potential impact

f DDR inhibitors on the efficacy of re-irradiation therapy in either

he pre-clinical or clinical setting is largely unknown. Identification of

DR-related radioresistance mechanisms and their associated biomark-

rs could provide compelling rationales for the combination of DDR

herapeutics with re-irradiation therapy. 

argeting the DDR to enhance the radiation-induced antitumor 

mmune response in H3K27M mutant DIPG 

Analysis of the DIPG tumor immune microenvironment has led to

he identification of a substantial proportion of macrophage/microglia

ut few infiltrating lymphocytes [83] , indicating a paucity of immune

urveillance in the process of DIPG formation and progression. Both in

itro cell culture and in vivo RNAseq analysis revealed minimal immuno-

enicity of untreated DIPG cells; the basal expression levels of inflam-

atory cytokines essential for lymphocyte recruitment, such as IL2, IL4,

CL2-5, were similar in DIPG and nontumor control samples [84] . Fur-

hermore, the immunomodulatory ligands PD-1 and PD-L1 were not de-

ectable [ 84 , 83 ]. It is therefore not surprising that initial clinical tri-

ls with immune checkpoint blockade failed to provide any survival

enefit, with one cohort study even suggesting a worse outcome in
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Fig. 2. Generation of immunogenicity in H3K27M DIPG 

cells upon radiation and DDR inhibitor treatment . DDR 

inhibitors may increase radiation-induced cytoplasmic self- 

nucleic acids and micronucleus production in DIPG cells, 

which in turn activate innate immune signaling pathways 

(cGAS/STING/TBK1/IRF3 and/or RIG-I/MAVS/TBK1/IRF3) 

and Type I interferon (T1IFN) production. Interferon/STAT1 

signaling induces the expression of a wide array of IFN- 

stimulated genes (ISGs) which mediate both neoantigen pre- 

sentation and immune cell infiltration. 
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IPG patients upon anti-PD-1 treatment [ 85 , 86 ]. In other “immune-

old ” malignancies, however, radiotherapy-induced DNA damage has

een shown to increase tumor antigenicity, mitigate immunosuppres-

ion, and generate both an adaptive and an innate antitumor immune

esponse [ 87 , 60 , 88 , 63 ]. Radiation can increase MHC-I expression and

ntigen presentation on tumor cells, which primes an antitumor cyto-

oxic CD8 + T cell response. Given that H3K27M mutant DIPG cells ex-

ress MHC-I and potentially harbor H3K27M-specific neoantigens, it is

lausible that radiation treatment augments presentation of the neoanti-

ens and antigen-specific antitumor CD8 + cytotoxicity. 

Radiation stimulates type I interferon (T1IFN) pro-inflammatory re-

ponses in both tumor and innate immune cells via formation of mi-

ronuclei and release of damaged DNA and chromosome fragments into

he cytoplasm [89] . The activation of cytosolic DNA and/or RNA sensors

nd effectors, such as the cyclic GMP-AMP synthase/stimulator of in-

erferon gene (cGAS/STING) and the retinoic acid-inducible gene-I and

itochondrial antiviral-signaling protein (RIG-I/MAVS) pathways, are

ey components in this radiation-induced innate immune response [88] .

oth STING and MAVS can recruit TANK binding kinase-1 (TBK1) and

uclear factor-kappa B (NF- 𝜅B) to phosphorylate the interferon regula-

ory factor 3 (IRF3) and initiate the transcription of T1IFNs [90] . T1IFNs

n turn elicit a broad interferon stimulated gene response that promotes

ntigen presentation, cytokine production and cytotoxic T cells, but is

ounter-balanced by induction of the immune checkpoint (PD-1 and PD-

1) ( Fig. 2 ). Whether these immunogenic DNA damage response path-

ays are intact or functional in DIPG cells remains to be determined. In

ther malignancies, the persistent DNA damage that results from inhibi-

ion of DDR proteins such as ATM, DNA-PKcs, ATR, CHK1/2, or PARP in

rradiated cells has been shown to further increase cytosolic DNA/RNA,

hromosomal fragments, and downstream immunostimulatory signaling

91] . Future studies are warranted to evaluate the combinatorial effects

f DDR inhibition and radiation on the anti-tumor immune responses

n preclinical syngeneic mouse models of DIPG. In addition, as an inter-

eron stimulated gene, the immune checkpoint ligand PD-L1 may also be

pregulated in DIPG in response to radiation and DDR inhibitors, sug-

esting a potential for therapeutic efficacy of combinatorial strategies

sing immune checkpoint and DDR inhibitors and radiation. 
6 
The lack of infiltrating immune cells in the DIPG tumor microenvi-

onment has prompted the development of chimeric antigen receptor T

ell (CAR T cell) strategies specific for H3K27M-expressing cells which

everage genetically modified T cells to activate the immune system to

pecifically recognize and kill DIPG tumor cells. Compared to H3 wild-

ype pHGG, patient-derived DIPG cells with the H3K27M mutation have

igher expression of genes encoding ganglioside synthesis enzymes, as

ell as elevated levels of the disialoganglioside GD2 [92] . Furthermore,

reatment with CAR T cells engineered to present anti-GD2 antibodies

xhibited promising outcomes in preclinical mouse models [92] , and a

ecent first-in-human phase I clinical trial (NCT04196413) showed ra-

iographic and clinical benefit from initial intravenous and subsequent

ntracranial infusion of GD2-CAR T cells in three of four DIPG patients

xpressing mutant H3K27M [93] . The same group subsequently released

he outcome of a 3 + 3 phase I dose escalation trial testing GD2-CAR T

ell therapy in 11 patients with H3K27M DIPG or spinal diffuse mid-

ine glioma (DMG) (NCT04196413) after standard radiotherapy [94] .

ine patients showed radiographic and/or clinical benefit, with two ex-

eriencing a near-complete reduction in tumor volume (1 DIPG and 1

pinal DMG). The side effects of CAR T cell therapy, such as cytokine re-

ease syndrome and tumor inflammation-associated neurotoxicity, how-

ver, are major challenges for future DIPG management. As clinical trials

nd preclinical data related to the DIPG tumor immune microenviron-

ent and CAR T cell treatment progress, further delineation of dynamic

hanges in pro-inflammatory cytokines and neo-antigens generated and

levated by radiation will be critical for optimal treatment strategies

hich may also incorporate DDR therapeutics in the future. Further-

ore, preclinical studies are needed to establish the effects of radiation

n both ganglioside synthesis enzyme expression and GD2 regulation,

s well as therapeutic efficacy and neuroinflammatory related side ef-

ects of GD2 CAR T cell therapy, before additional therapeutics can be

ntroduced. 

As aforementioned, DIPG cells do not express significant levels of

he immune checkpoint ligand PD-L1 (also known as B7-H1) [84] . This

esult suggests the lack of immune cells in the DIPG tumor microen-

ironment does not result from activation of the PD-1/PD-L1 immune

heckpoint axis. However, expression of another B7 superfamily mem-
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er and immune checkpoint molecule, B7 homolog 3 protein (B7-H3,

lso known as CD276), was 2.4-fold higher in a cohort of DIPG tumor

amples than in normal control tissue [84] , suggesting B7-H3 may be

nother attractive target for DIPG-selective CAR T cell therapy. In a

ariety of other tumor types, B7-H3-based immunotherapy strategies

ave displayed effective antitumor activity, with mild side effects, in

oth preclinical models and clinical trials [95] . The safety and practi-

ality of administering CAR T cells transduced to express B7-H3 to pedi-

tric patients with CNS tumors is currently under clinical investigation

BrainChild-03, NCT04185038). Outcomes for the first 3 patients with

ecurrent DIPG showed that serial administration of B7-H3 CAR T cells

ia infusion was both feasible and well tolerated with one patient experi-

ncing clinical improvement and lack of progression through 12 months

n study [96] . Although the regulation of B7-H3 expression by radiation

s not clear, a recent preclinical study in triple negative breast cancer in-

icated that the efficacy of B7-H3 CAR-T cell mediated immunotherapy

as enhanced by radiation [97] . Therefore, it will be important in fu-

ure studies to explore the effects of radiation (and DDR signaling) on

7-H3 expression and the potential for therapeutic strategies combin-

ng of B7-H3 CAR T cells, radiotherapy, and DDR inhibitors as a novel

mmunotherapy strategy for DIPG. 

uture perspectives 

Discovery of the hallmark H3K27M alteration as the major driver

f DIPG has inspired the development of novel therapeutic strategies

ncluding radiosensitizing-therapeutics to leverage the unique under-

ying biology of H3K27M with the goal of improving survival for this

eadliest of pediatric malignancies. Among these, therapeutics target-

ng the epigenome or the altered DDR in these H3K27M mutant tumors

re areas of intense investigation. Several issues, however, must be ad-

ressed in order to improve the likelihood of success of these strategies

uch as understanding the DDR and DSB repair processes in the context

f H3K27M, the contributions of other common DDR-related molecular

hanges (such as p53, PPM1D), and characterization of both tumor het-

rogeneity and the tumor immune microenvironment in H3K27M mu-

ant DIPGs. Advances related to these issues are critical for combining

adiation and experimental therapeutics in a precision manner. Further-

ore, characterization of the effects of radiation on the tumor immune

icroenvironment will be crucial to develop therapies to further en-

ance radiation-induced anti-tumor immune responses. While CAR T

linical trials in DIPG have usually been carried out after radiotherapy

n patients with recurrent tumors, future studies focused on identify-

ng interactions between radiation and CAR T therapy are needed to

etermine optimal treatment schedules and whether radiosensitizing-

herapeutics could further potentiate anti-tumor immune responses to

27M mutant DIPGs. In sum, harnessing this information in the devel-

pment of combination treatment modalities is necessary for improving

utcomes for patients with this most aggressive pediatric cancer. 
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