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Epigenetic mechanisms often fuel the quick evolution of cancer cells from normal cells. Mutations or aberrant expressions in the enzymes of DNA methylation, histone post-translational modifications, and chromatin remodellers have been extensively investigated in cancer pathogenesis; however, cancer-associated histone mutants have gained momentum in recent decades. Next-generation sequencing of cancer cells has identified somatic recurrent mutations in all the histones (H3, H4, H2A, H2B, and H1) with different frequencies for various tumour types. Importantly, the well-characterised H3K27M, H3G34R/V, and H3K36M mutations are termed as oncohistone mutants because of their wide roles, from defects in cellular differentiation, transcriptional dysregulation, and perturbed epigenomic profiles to genomic instabilities. Mechanistically, these histone mutants impart their effects on histone modifications and/or on irregular distributions of chromatin complexes. Recent studies have identified the crucial roles of the H3K27M and H3G34R/V mutants in the DNA damage response pathway, but their impacts on chemotherapy and tumour progression remain elusive. In this review, we summarise the recent developments in their functions toward genomic instabilities and tumour progression. Finally, we discuss how such a mechanistic understanding can be harnessed toward the potential treatment of tumours harbouring the H3K27M, H3G34R/V, and H3K36M mutations.
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1 INTRODUCTION
Cells of the same kind have the same genetic information and genes, but only a small subset of them are transcribed at any given time. Among the many regulatory pathways, it is possible that epigenetic mechanisms can cause heritable changes in gene expressions without altering the genetic sequence, thereby transforming transient signalling events into long-term changes in organism performance. The DNA encodes genetic information within nucleosomal arrays to form chromatin (Talbert and Henikoff, 2010; Allis and Jenuwein, 2016). In eukaryotic cells, the DNA is wrapped around a histone octamer containing two copies of each core histone, namely H2A, H2B, H3, and H4, to form nucleosomes. In the nucleosomes, unstructured N-terminal tails extend outward and are subjected to post-translational modifications (PTMs). Each amino acid and PTM on the small tails of the histones uniquely determine the nucleosome structure and impact the functions of the proteins that add the PTMs (writers), recognise the PTMs (readers), and remove the PTMs (erasers). Additionally, histone variants such as the H3.3 add further complexities to the eukaryotic epigenome by regulating the chromatin structure functions (Kallappagoudar et al., 2015; Maze et al., 2014; Cohen and Meshorer, 2024). Within the nucleus, the organisation of the chromatin into higher-order structures enables formation of chromatin domains that carry out the diverse cellular signalling functions, including gene expression regulation and providing a conducive chromatin environment. The dynamic PTMs of histones, such as acetylation, methylation, and phosphorylation, serve as key mediators of signalling events by controlling DNA accessibility for the assembly of writers, readers, erasers, and chromatin remodeller proteins. Furthermore, PTMs are tightly regulated by the complex interplay of transcription factors, chromatin-modifying complexes, and signalling pathways, which in turn integrate precise control of the gene expression upon developmental cues with environmental stimuli. To develop stable and reversible epigenomic phenotypes, epigenetic signals from the developmental and environmental cues must be centrally integrated at the nucleus (Flavahan et al., 2017). Perturbations of the chromatin structure have profound effects on cells through alteration of gene expressions or initiation of genomic instabilities (Jones and Baylin, 2007).
Chromatin is not only the packaging material of the DNA but also the orchestrator of signalling events whenever cells experience intrinsic or extrinsic DNA damage (Dabin et al., 2023; Yao and Dai, 2014; Jackson and Bartek, 2009). Therefore, in response to DNA lesions, multiple cellular pathways regulate the DNA damage response (DDR) network to sense, signal, and repair the DNA lesions in the context of chromatin (Dabin et al., 2023; Jackson and Bartek, 2009; Arnould et al., 2023; Pinto et al., 2021; Ferrand et al., 2020). Furthermore, chromatin-modifying complexes, chromatin remodellers, and histone PTMs bridge the DNA lesions with the DDR pathways by including DNA damage and mitotic checkpoint proteins. Their dysregulation can cause genome instabilities and mutations that drive cancer cell development, allowing cell clones and cell-to-cell variations both inside tumours and between the tumour and its metastasis (Shen and Laird, 2013). Inactivating mutations in the epigenomic components can disrupt gene expression and genomic stability through DNA methylation–demethylation reactions, PTMs, and alteration of the positioned nucleosomes (You and Jones, 2012).
In this review, we summarise the most recent data on how oncohistones contribute to tumour development mechanistically through their strong impacts on the chromatin states, gene expressions, and genomic stability. Recent studies have reported how various histone mutations impair the chromatin structure–function relationships, resulting in genomic instabilities, dysregulated DDR pathway activation, and defects in DNA repair (Giacomini et al., 2024; Rominiyi and Collis, 2022). However, more precise studies are required to establish the mechanisms and identify the mutation-specific functions of oncohistones in genome instability and the DDR pathways. Finally, we also discuss how combinatorial inhibitors in the chromatin modulator and DDR network could provide opportunities for treating cancers involving H3K27M, H3G34R/V, and H3K36M mutations. By compiling findings from various studies, this review aims to provide a comprehensive understanding that would enable new therapeutic approaches.
2 METHODOLOGY
Histone mutations in cancer were discovered in 2012 through genome sequencing events. We searched for cancer-associated histone mutations from 2012 to January 2024 on PubMed, Google search, and the cancer genome database using the following phrases: ‘histone mutation in cancer’, ‘histone H3 in cancer’, ‘H3K27M’, ‘H3G34R’, ‘H3G34V’, ‘H3G34W’, ‘H3K36M’, ‘oncohistone’, ‘histone mutation in glioma’, ‘histone mutation and brain tumour’, ‘histone mutation in bone tumour’, ‘oncohistone and glioblastoma’, ‘cancer-associated histone mutants in genomic instability or DNA damage’, ‘H3K27M or H3G34R/V’, and ‘genomic instability or DNA damage’. All resulting articles and reviews were critically analysed to summarise the data without using specific inclusion/exclusion criteria. However, the main focus of this review was to identify the emerging roles of cancer-associated histone mutations in genomic instabilities. To ensure simplicity and a mechanistic understanding, the specific focus of this review is on cancer-associated histone H3 mutations, while other histone mutants are excluded. For simplicity, we also include a mechanistic analysis of the H3.3G34R, H3.3G34V, and H3.3K27M mutants in tumorigenesis as a consequence of gene expression changes or the impacts of genomic instabilities. Readers are also referred to another review on histone localisation and nomenclatures regarding chromosomes (Amatori et al., 2021).
3 HOW DO HISTONE MUTATIONS CONTRIBUTE TO CANCER?
Following the discovery of the human genome sequence, numerous studies have found genomic aberrations in cancer cells through next-generation sequencing. Before 2012, aberrant gene expressions or mutations were identified in the writers, erasers, readers, and chromatin remodeller proteins of various epithelial, haematological, and other cancers (Shen and Laird, 2013), but mutations in the histones themselves are now emerging as a common feature of many cancers (Bonner et al., 2023; Sahu and Lu, 2022; Hanahan, 2022).
3.1 Histone H3 is mutated in various cancers
Among the solid tumours, those developing in the brain and central nervous system (CNS) (approximately 100 types) have caused the most cancer-related deaths in children (Capper et al., 2018; Downing et al., 2012; Louis et al., 2021). The major difference between adult and paediatric brain and solid tumours is the tissue development and organogenesis determining the molecular characteristics of tumours (Downing et al., 2012). Country-wise surveys indicate that tumours occurring in the CNS vary from 1.12 to 5.14 cases per 100,000 persons per country. Among these, paediatric high-grade gliomas (pHGGs) constitute approximately 10% of the tumours, and about 40% of the deaths occur due to pHGGs including glioblastomas and diffuse intrinsic pontine gliomas (DIPGs) (Louis et al., 2021; Johnson et al., 2014; Moudgil-Joshi et al., 2021; Louis et al., 2016). Standard care for adult HGGs include resection, radiotherapy, and temozolomide (TMZ) administration; however, this course of cancer management does not work properly with pHGGs as it is clear that the molecular basis of pHGG is different from that of adult HGG. Even though the histology of paediatric glioma is similar to that of adult glioma, the advent of next-generation sequencing, proteomics, and epigenetic profile analyses have led researchers to classify pHGGs into many subtypes (Louis et al., 2021). pHGGs are aggressive cancers with poor survival rates (Ocasio et al., 2023); pHGGs and their adult counterparts can be distinguished by molecular subtyping for histone mutational status in neuro-oncology (Louis et al., 2021; Moudgil-Joshi et al., 2021; Faury et al., 2007; Mackay et al., 2017). For example, diffuse midline glioma (DMG) with H3K27 mutation is a novel type of CNS tumour declared by the World Health Organization (Louis et al., 2016). Herein, we discuss the prevalence of histone mutations in various cancers.
3.1.1 Puzzling piece of histone mutations: tissue-specific or multiple tissue prevalence?
pHGGs consist of 80% of DMGs, which include both DIPGs and other diffuse gliomas harbouring missense mutations of lysine-27 to methionine (H3.3K27M); however, the cerebral hemispheres of older adolescents and young adults harbour approximately 30% of diffuse gliomas with glycine-34 to arginine or valine (H3.3G34R/V) mutations encoded mainly by the H3F3A gene (Ocasio et al., 2023; Khuong-Quang et al., 2012; Wu et al., 2012; Schwartzentruber et al., 2012; Taylor et al., 2014; Fontebasso et al., 2014). Notably, the H3.3G34R and H3.3K27M mutations are mutually exclusive, and their localisation and expressions of region-specific neurodevelopmental signatures are quite different in the brain (Mackay et al., 2017; Khuong-Quang et al., 2012; Bressan et al., 2021; Sturm et al., 2012). H3.3G34 tryptophan (W) and H3.3G34 leucine (L) are found in the giant cell tumours of the bone (GCTB) (Behjati et al., 2013) but not in CNS tumours; furthermore, 11% of paediatric primitive neuroectodermal tumours of the CNS (CNS-PNETs) have the H3.3G34R mutation (Gessi et al., 2013). Paediatric patients with glioblastomas and CNS-PNETs should be diagnosed carefully. Interestingly, in adults, H3.3K27M was found only in the H3F3A gene but not in other histone H3 genes (Schulte et al., 2020). The histone H3 variant H3.3 protein also encoded by H3F3B has a lysine-36 to methionine (H3.3K36M) mutation in 90% of chondroblastomas (Behjati et al., 2013; Fang et al., 2016) and glycine-34 to tryptophan/leucine (H3.3G34W/L) in GCTBs. These oncohistones broadly contribute to tumour development by impacting gene expressions and the regulatory attributes of cellular differentiation (Sahu and Lu, 2022; Mohammad and Helin, 2017). Further cataloguing of cancers has enabled the identification of an expanding landscape of ‘oncohistone’ mutations in various human cancers (11% of tumours having somatic histone mutations) (Bonner et al., 2023; Nacev et al., 2019). Overall, the estimation of all cancers including those in children, young adults, and adults show that the highest prevalence rates were found in 67% of chondrosarcomas, more than 60% of pHGGs, and 30% of lymphomas (Bonner et al., 2023) (Figure 1). Identification of H3K27M in medulloblastoma has serious implications for the diagnostic value of cancer subtyping (Dottermusch et al., 2022). In posterior fossa A (PFA) ependymomas, one subtype of ependymomas (EPN) is rarely mutated for H3.3K27M but these tumours have increased expressions of the enhancer of zeste homologue inhibitory protein (EZHIP), which causes reduced H3K27 methylation like in H3K27M, suggesting the importance of H3K27 residues as hotspot mutations in brain tumorigenesis (Jenseit et al., 2022; Hubner et al., 2019; Ryall et al., 2017). Outside the CNS, H3.1K27M or H3.1K27I mutations are frequently found in acute myeloid leukaemia (AML) but not in H3.3 proteins (Lehnertz et al., 2017). It is clearly noted that DMGs harbouring H3.1K27M and H3.3K27M contribute differently to tumorigenesis based on the epigenomic profile and transcriptional status (Zhang et al., 2024; Liu et al., 2022; Jessa et al., 2022; Castel et al., 2015). These studies suggest that histone H3 mutations are both tissue-specific and tissue-independent, meaning that the same mutants may be found in other tissues as well (Figure 1). This fact will be further discussed in the next section through the mechanistic aspects of histone mutations.
[image: Figure 1]FIGURE 1 | Frequency and distribution of somatic histone mutations across different cancer types: the left panel indicates specific histone H3 mutants discussed in this review, while the right panel mentions the total frequency of core histones in patients, as discussed by Bonner et al. (2023). Diffuse intrinsic pontine gliomas (DIPGs) (created with BioRender.com, accessed on 9 June 2024).
3.2 H3K27M, H3G34R/V, and H3K36M mutations alter the chromatin states in several cell types
To understand the impacts of histone mutations on the epigenome of cancer cells, several model systems have been utilised for in vitro studies to in vivo characterisations using tissue cultures, patient-derived samples, mouse models, and Drosophila to eukaryotic yeast systems, for which the readers are referred to other works (Zhang et al., 2023; Chaouch and Lasko, 2021). Herein, we summarise the data obtained in the context of tissue cultures, mouse models, and xenograft models to establish whether histone mutants contribute to tumorigenesis alone or in combination with other factors. We also correlate these findings with those from other eukaryotic model systems to understand the biology of the histone mutant phenotypes independent of the heterogeneity of cancer cells wherever required.
3.2.1 H3K27M alters PTMs at the H3K27 residue
The context of the epigenome in the developmental pathways is essentially a dynamic manifestation of the signalling molecules, growth factors, cellular memory, and differentiation cues to establish a faithful cellular context in organogenesis. Histones are just one component of a complex chromatin environment. In the evolutionary context, multiple alleles of histones are present in the cells to provide redundancy for cell survival. Ideally, deletions or a few mutations in the histones should not have dramatic impacts on cell survival or tumorigenesis. Interestingly, histone alterations in cancers occur in just one allele, and they are somatic heterozygous mutations. Therefore, the foremost thing is to determine whether the histone mutant acts dominantly in the presence of a wild-type (WT) copy of the histone. It is crucial to determine the contributions of histone mutations in tumour development by understanding the altered landscape of the epigenome in cancer cells.
The histone H3K27 undergoes methylation and acetylation depending on the context of the developmental signals through a complex interplay of chromatin modifiers, such as methyltransferases, demethylases, acetyltransferases, and deacetylases. H3K27 methylation is regulated by the polycomb repressive complex 2 (PRC2) and recruits PRC1 for monoubiquitination of histone H2A at lysine-119 (H2AK119ub) (Blackledge and Klose, 2021). Their interplay regulates the development of mammalian cells through the regulation of chromatin structure–function relationships (Blackledge and Klose, 2021). Only one H3K27M mutant histone H3 is present along with a WT copy of histone H3; moreover, H3.3K27M inhibits the catalytic subunit of PRC2, namely lysine methyltransferase EZH2 (enhancer of zeste 2, KMT6), and causes global reduction of repressive histone H3K27 trimethylation accompanied by enrichment of H3K27 trimethylation and EZH2 itself at a certain genomic locus (Lewis et al., 2013; Venneti et al., 2013; Chan et al., 2013; Harutyunyan et al., 2019) (Figure 2). The H3K27M mutant binds tightly with EZH2 and blocks its methyltransferase activities as well as genome-wide deposition of H3K27me2 and H3K27me3 (Lewis et al., 2013; Harutyunyan et al., 2019; Justin et al., 2016). However, the EZH2 expression remains unaltered (Venneti et al., 2013). Another model proposes that H3K27M disrupts the auto-methylation of the PRC2 subunits (EZH2 and SUZ12) (Lee et al., 2019). H3.3K27M patient cells show reduced dimethylation and trimethylation of H3K27 globally; however, EZH2 with these PTMs are localised on the cancer-associated genes, suggesting additional mechanisms of action of the H3K27M mutant histone (Chan et al., 2013; Bender et al., 2013). Interestingly, analysis of live-cell single-molecular dynamics of PRC2 suggests that H3.3K27M delays the chromatin residence time and target search time of EZH2 (Tatavosian et al., 2018).
[image: Figure 2]FIGURE 2 | Roles and transcriptional impacts of oncohistones in cancer: post-translational modifications (PTMs) at K27 and K36 by key oncohistone mutations H3K27M, H3G34R, and H3K36M. This illustration describes how these oncohistones alter the bindings of reader, writer, and eraser proteins to promote transcriptional regulation and genomic instability. ZMYND11, zinc finger MYND-type containing 11; NSD2, nuclear receptor-binding SET domain protein 2; DNMT3A, DNA (cytosine-5)-methyltransferase 3 alpha; SETD2, SET domain containing 2; EZH2, enhancer of zeste homologue 2; PRC2, polycomb repressive complex 2; EZIP, EZH2 interaction protein (created with BioRender.com, accessed on 9 June 2024).
H3.3 in cooperation with acetyltransferase (p300) is required for H3K27 acetylation (H3K27Ac), which is a mark of an active promoter and enhancer (Choi et al., 2024). H3K27Ac co-localises with H3.3K27M and bromodomain proteins at the actively transcribed genes, which excludes PRC2 from the H3K27M-occupied regions (Piunti et al., 2017). H3.3K27M mutants mainly inhibit the spread the of H3K27me3 marks, provided that PRC2 deposition and propagation remain the same (Harutyunyan et al., 2019; Chen et al., 2020a) (Figure 2). This results in dysregulation of the super-enhancers of specific gene clusters, such as the NOTCH pathway genes (Chen et al., 2020a).
3.2.2 H3K27M and H3G34R mutants both impact DNA methylation
The biological context and dynamic interactions between H3K27me3 and DNA methylation regulate the chromatin structure for transcription and other DNA-templated processes such as DNA repair. H3.3K27M and H3.3G34R both reduce the global DNA methylation levels in K27M in pHGGs (Sturm et al., 2012; Bender et al., 2013; Kfoury-Beaumont et al., 2022) (Figure 2). G34 and K27 appear as separate entities in a DNA-methylation-based classification of CNS tumours (Capper et al., 2018; Louis et al., 2021). Since DNA methylation at specific genes regulates stem cell proliferation and stem cell properties, it is not surprising that aberrant expressions of gene patterns are involved in stem cell regulation, differentiation, and tumorigenesis owing to the dominant negative activity of H3K27M expression (Kfoury-Beaumont et al., 2022). To identify the epigenomic factors and other proteins in an unbiased manner, Siddaway et al. (2022) identified the transcription factors, H3K9 methyltransferases, and DNA repair proteins along with many published chromatin modifiers, such as the PRC2 component. Thus, H3K27M alters the chromatin states and transcriptional outputs by changing the epigenomic factor recruitment to profoundly impact tumorigenesis.
3.2.3 H3G34R/V and H3K36M mutations alter the PTMs at H3K36 methylation
H3K36 methylation is crucial for controlling gene transcriptions, and its perturbation will contribute to cancer development. Adult secondary glioblastoma multiforme (GBM) harbours isocitrate dehydrogenase 1/2 (IDH1/2) mutations (about 98%), which are rarely found in childhood GBM, and also regulate methylation at the H3K27 and H3K36 residues (Sturm et al., 2012). This section highlights how H3K36 methylation is perturbed in paediatric CNS tumours as well as soft-tissue bone tumours.
H3G34 lies close to the H3K36 residue that can undergo methylation as well as acetylation and is implicated in several DNA-templated processes such as transcription, dosage compensation, DNA replication, and DNA damage repair (Kallappagoudar et al., 2015; Carpenter, 2012). Histone methylations occur at the arginine or lysine residues, with H3K36 being methylated in three forms. The yeast enzyme SET2, which is a homologue of the human SETD2, generates H3K36 me1/me2/me3 methylation, but separate enzymes such as MMSET or NSD1 or NSD2 (Wolf–Hirschhorn syndrome candidate 1, WHSC1) are responsible for monomethylation and dimethylation in humans while SETD2 undergoes trimethylation (Kallappagoudar et al., 2015; Carpenter, 2012; Sharda and Humphrey, 2022) (Figure 2). H3.3G34R/V blocks the activity of SETD2, which is itself mutated in 15% of pHGGs (Kallappagoudar et al., 2015; Lewis et al., 2013; Huang et al., 2020; Yadav et al., 2017; Fontebasso et al., 2013). Accordingly, each G34 mutant has a differential impact on H3.3K36me2/3 in cis (Lewis et al., 2013; Yadav et al., 2017; Khazaei et al., 2023; Lowe et al., 2021; Shi et al., 2018) (Figure 2). Fang et al. (2018) identified a H3 ‘G33-G34’ motif that serves as a docking site for the SETD2 enzyme. Furthermore, in GCTBs, H3.3G34L/W mutants inhibit SETD2 enzymatic activity like the H3.3G34R/V mutants (Shi et al., 2018). The level of H3K36ac also depends on the amino acid substitution at the H3G34 residue (Yadav et al., 2017; Lowe et al., 2021). Therefore, characteristics of amino acid substitution at H3G34 regulate the PTMs at the H3K36 residue.
H3K36me3 is a highly enriched mark on the gene bodies of actively transcribed genes, which are involved in transcriptional elongation and DNA repair in the transcriptionally active regions (Bannister et al., 2005). Reduced H3K36 methylation causes an aberrant gain of H3K27me2/3 and loss of H3K27ac on a gene with SETD2 activity (Jain et al., 2020). G34R cause hypo DNA methylation like H3K27M through reduced recruitment of the decreased DNA methyltransferase DNMT3A by impaired binding with H3K36me2 (Khazaei et al., 2023). H3.3G34R and H3.3K27M mutations modulate the recruitment of H3.3 at the transcriptional active sites (Newhart et al., 2013). On the other hand, the transcriptional repressor ZMYND11 interacts with H3K36 methylation to regulate gene expression while the H3.3G34R mutant abrogates the binding of ZMYND11 (Bressan et al., 2021) (Figure 2). Furthermore, the H3.3G34V mutation prevents ZMYND11 binding to the H3.3K36me3 peptide (Wen et al., 2014). H3.3G34R reduces H3K9me3 and H3K36me3 by inhibiting the enzymatic activities of the KDM4 family of K9/K36 demethylase-like adult counterparts, where the IDH1/2 mutants inhibit KDM4 (Voon et al., 2018). H3K9 methylation and heterochromatin are intact in the H3G34R mutant fission yeast cells (Yadav et al., 2017). These studies implicate the effects of G34 substitution on H3K27 methylation, DNA methylation, H3K36 methylation, and enhancers of the cancer-associated or developmental controlling genes.
H3.3K36M mutant proteins cause global reductions of H3K36 methylation in human chondroblastoma by inhibiting two H3K36 methyltransferases, i.e., NSD2 and SETD2 (Fang et al., 2016). Similar to the H3.3K27M mutants, the H3K36M mutant nucleosomes inhibit H3K36 methyltransferase enzymatic activities, resulting in the loss of H3K36 trimethylation (Lu et al., 2016; Yang et al., 2016) (Figure 2). Furthermore, H3K36M inhibits NSD1, NSD2, and H3K36me2 status phenocopy of the genetic deletions of these methyltransferases (Rajagopalan et al., 2021). However, the GCTB G34 mutations (H3.3G34L/W) reduce H3K36 methylation in cis (Shi et al., 2018; Yang et al., 2016). H3.3G34W mutation increases the splicing alterations in GCTBs by interacting with several splicing factors (significant interactor-trans-acting splicing factor hnRNPA1L2) (Lee et al., 2024).
3.2.4 Does the H3K27M mutant alone cause tumorigenesis?
In DIPGs, the H3.3K27M mutation occurs concurrently with p53 mutations and platelet-derived growth factor receptor α polypeptide (PDGFRA) amplification (Khuong-Quang et al., 2012; Sturm et al., 2012; Jones and Baker, 2014; Funato et al., 2014). Expression of H3.3K27M in the neural progenitor cells (NPCs) derived from human embryonic stem cells increases its cellular proliferation (Funato et al., 2014). Furthermore, H3.3K27M with overexpression of the constitutively active PDGFRA mutant and knockdown of p53 has increased cell proliferation, transformation, and tumorigenicity for NPCs (Funato et al., 2014). Single-cell sequencing of the H3.3K27M gliomas suggests that their cell origins resemble oligodendrocyte precursor cells and lack differentiated malignant cells (Filbin et al., 2018). Thus, the development of preclinical glioma models of H3K27M requires an additional mutation in p53 as well as others like PDGF and ACVR1, as reviewed here (Sahu and Lu, 2022). Knockdown of H3.3K27M in DIPG xenografts restores H3K27me3 and inhibits tumour growth. It was found that the loss of H3K27me3 reduces the differentiation of NPCs by regulating the poised promoter status of the cancer-associated genes (Silveira et al., 2019). In C. elegans, modelling of H3.3K27M resulted in alteration of H3K27me3 that produces ectopic DNA replication and cell cycle progression (Delaney et al., 2019). Local inhibition of the pre-existing H3K27me3 by H3.3K27M upregulated the Jun amino-terminal kinase (JNK) in germ cells, which may be used as targets for the tumour-derived H3.3K27M cells (Delaney et al., 2019). The yeast system lacks PRC2 and DNA methylation, so C. elegans and Drosophila may be used as model systems to study H3K27M mutations (Zhang et al., 2023; Chaouch and Lasko, 2021).
3.2.5 Do H3G34R/V and H3K36M mutations cause tumorigenesis?
Engineering the H3.3G34R mutation in human astrocytes showed increased proliferation compared to the WT astrocytes (Chen et al., 2020a). H3.3G34R/V/W knock-in mice show distinct developmental defects, and modelling these mutations in a fission yeast system causes differential genomic instabilities, suggesting that each substitution of the G34 residue produces unique phenotypes (Khazaei et al., 2023; Lowe et al., 2021). This is further illustrated by the role of H3.3K36M in chondrocytes, which exhibit increased colony formation, blocked apoptosis, and differentiation (Fang et al., 2016), such as the differentiation of the mesenchymal progenitor cells. H3.3K36M impacts chondrocyte differentiation and limb development but no tumour development has been recorded in this knock-in mouse model, suggesting additional requirements for tumour development (Abe et al., 2021). However, undifferentiated sarcomas are produced by the H3K36M mutant, suggesting tissue-specific functions of the oncohistone (Lu et al., 2016). H3K36 methylation also alters the genome-wide gain in H3K27 methylation in the H3.3K36M mutant, which redistributes PRC1 and hence de-represses the genes responsible for mesenchymal differentiation in the H3.3K36M mutant cells (Lu et al., 2016). Thus, it is crucial to delineate the individual roles of H3K36me2 and H3K36me3 in H3K36M-driven oncogenesis (Rajagopalan et al., 2021). H3.3K36M alters H3K27me3 distribution through the global loss of H3K36me2 (Abe et al., 2021).
In pHGGs, H3.3G34R/V mutations are accompanied by tumour protein p53 (TP53) loss and PDGFRA amplification (Mackay et al., 2017; Chen et al., 2020b). Furthermore, H3.3G34R/V HGGs are similar to their adult counterparts because both tumours have mutations in the chromatin remodelling protein (ATRX) and TP53 (Schwartzentruber et al., 2012; Chen et al., 2020b; Liu et al., 2012; Korshunov et al., 2016). However, H3.3G34W mutants are found only in mesenchymal tissues (Khazaei et al., 2023; Jain et al., 2020; Chen et al., 2020b). 
H3.3G34R/V inhibits neuronal differentiation and contributes to tumorigenesis through altered gene expressions (Chen et al., 2020b). In glioblastomas, G34 mutations upregulate the oncogene MYCN (Bjerke et al., 2013). These studies highlight the direct impacts of histone mutations on PTMs, which regulate the transcriptional profiles of tumour cells. However, these PTMs also regulate the DDR pathways in cells, so we discuss how histone mutations play crucial roles in genomic instabilities by modulating the epigenome through altered PTM profiles in the tumour cells.
4 HISTONE H3.3 AND ITS PTMS AT K27 AND K36 CONTRIBUTE TO DDR IN SEVERAL CELL TYPES
Histones can be classified as canonical (H3.1 and H3.2) or replication-dependent histones and non-canonical (H3.3) or replication-independent histone variants depending on their requirements during DNA replication (Talbert and Henikoff, 2010). A countable number of amino acid differences between these variants make them distinguishable in terms of chaperone binding, chromatin localisations, and other functions (Kallappagoudar et al., 2015; Ferrand et al., 2020; Szenker et al., 2011). The protein H3.3 plays an extensive role in regulating chromatin structures and cellular differentiation (Cohen and Meshorer, 2024; Shi et al., 2017). During DNA damage signalling, chromatin remodelling occurs through deposition of H3.3 and is critically regulated by ATRX and the switch/sucrose non-fermentable (SWI/SNF) family chromatin remodeller protein CHD1 to regulate genomic stability during transcription as well as replication (Choi et al., 2024). For additional details, readers are referred to reviews on chaperones and other complexes (Choi et al., 2024; Szenker et al., 2011). Extensive deposition of the histone variant H3.3 across the chromosomal domain has been reviewed through different chaperone binding activities that regulate the maintenance of chromosomal integrity and DDR, including the chromatin dynamics during DNA damage (Ferrand et al., 2020). Mouse models suggest that during mammalian development, the H3.3 null mutant causes defects in the heterochromatic structures and genome integrity (Jang et al., 2015).
When DNA damage occurs during transcription, evidence suggests that the locus must be silenced to avoid conflicts of the transcription machinery with the DNA repair complexes (Campbell et al., 2013). Upon DNA damage and repair, transcription recovery at the locus requires H3.3 deposition (Frey et al., 2014; Adam et al., 2013). H3.3 deposition is also required during the S phase only when cells encounter UV irradiation, suggesting the importance of the histone H3.3 during transcription and replication-associated DNA damage (Frey et al., 2014; Adam et al., 2013). Furthermore, the repair depends upon the DNA damage-associated poly (ADP-ribose) polymerase 1 (PARP1) activity, attracting the chromatin remodelling complex and other gene silencing proteins to shut off nearby gene transcriptions to facilitate DNA repair (Chou et al., 2010; O'Hagan et al., 2011). Alternative to these mechanisms, PARP1 also recruits CHD2 that triggers chromatin relaxation and H3.3 deposition at the DNA damage locus (Dabin et al., 2023; Luijsterburg et al., 2016). Furthermore, EZH2-dependent H3K27me3 marks may act as molecular ‘timers’ of DDR pathways when DNA damage occurs during replication (Ito et al., 2018) (Figure 3). The G34 small residue lies between H3K27 and H3K36 and may control the binding of epigenetic factors for DDR through its impact on the PTMs of K267 and K36.
[image: Figure 3]FIGURE 3 | Oncohistone descriptions in genomic instability: contributions of histone PTMs at H3K27, H3G34, and H3K36 to DNA repair pathway choice. This figure illustrates the roles of the PTMs at histone H3 lysine-27 (H3K27) and lysine-36 (H3K36) in promoting genomic instabilities. Specific PTMs at these residues are depicted, highlighting their influences on the chromatin structure and functions, particularly in the context of DNA damage response (DDR) and replication stress. The schematic representation illustrates how these oncohistone mutations disrupt normal chromatin dynamics and DDR processes, increasing replication stress and genomic instability. FANCD2, Fanconi anaemia complementation group D2; LEDGF, lens epithelium-derived growth factor; NBS1, Nijmegen breakage syndrome 1; MutSα, MutS homologue alpha (MSH2-MSH6 heterodimer) (created with BioRender.com, accessed on 9 June 2024).
DNA lesions occur in the context of chromatin, which controls the choice of pathways by which these lesions are repaired (Figure 3). CNS tumours are mostly managed clinically through radiation, which produces DNA double-strand breaks (DSBs). The main repair pathways are DNA non-homologous end-joining (NHEJ) and homologous recombination (HR). Several factors determine the fate of DSB repairs, such as cell cycle stages, chromatin environment surrounding the DNA lesions, availability of repair proteins, compartmentalisation within the nucleus, and transcription status around the lesions (Arnould et al., 2023; Campbell et al., 2013). Furthermore, selective utilisation of NHEJ versus HR is evident in nervous system development (Jackson and Bartek, 2009; Orii et al., 2006).
H3K36me3 resides on the gene body and marks the elongation of transcription (Barski et al., 2007). Interestingly, its role in genomic instability and other cellular functions is found to increase each day (Carpenter, 2012). H3K36me3 modulates DNA repairs at the transcriptionally active regions as well as DNA lesions through mismatch repair (MMR) (Sharda and Humphrey, 2022; Fang et al., 2018). H3K36me2 promotes NHEJ, whereas H3K36me3 promotes HR as the PTMs are recognised by Nijmegen breakage syndrome 1(NBS1) and lens epithelium-derived growth factor (LEDGF) proteins, respectively (Sharda and Humphrey, 2022; Fnu et al., 2011; Pfister et al., 2014) (Figure 3). Depletion of H3K36me3 leads to decreased ataxia-telangiectasia mutated (ATM) and p53 phosphorylations, defective DNA end-resection, impaired damage recruitment of RPA and RAD51, and low HR efficiency; it provides binding sites for the PWWP methyl reader domain of LEDGF, promoting HR repair through interactions with the C-terminal binding protein 1 (CtBP1) interacting protein (CtIP) (Aymard et al., 2014). Overexpression of H3K36me3 demethylase KDM4A reduces HR efficiency in cells. Dimethylation of H3K36 is induced by ionising radiation and accumulates around the DSBs, leading to increased accumulation of NHEJ factors (Pfister et al., 2014). Klein et al. (2018) found that the common cancer-related substitution of H3K36 to methionine disrupts the H3K36me-writing enzymes and H3K36me-specific readers, potentially leading to oncogenic effects.
5 H3K27M, H3G34R/V, AND H3K36M ROLES IN GENOMIC INSTABILITY OR DDR
Loss of heterozygosity of the DNA repair pathway genes and a slight gain in PARP1 expression were found in low samples of DIPGs (Zarghooni et al., 2010). Receptor tyrosine kinase (RTK) inhibitors are often targeted in CNS tumours and other cancers. However, recent studies suggest that signalling events can modulate, stimulate, or inhibit HR or the NHEJ repair pathways (Chabot et al., 2021; Liu et al., 2023). Investigators have found that DDR mechanisms within tumour cells are dysregulated, which can cause tumorigenesis or can be exploited as chemotherapeutic agents in cancer treatment (Rominiyi and Collis, 2022). Therefore, it is essential to develop a protocol to measure the efficiency of the DNA repair pathways in cancer therapy. For example, the recombination proficiency score (RPS) is calculated based on the expressions of the DNA repair pathway genes (Rif1, PARI, RAD51, and Ku80) to determine the fate of chemotherapy (Pitroda et al., 2014). In the next section, we examine the roles of H3K27M, H3G34R/V, and H3K36M in literature for genomic instability or DDR; this helps identify many combined strategies to target both the DDR and RTK signalling pathways (Liu et al., 2023).
5.1 Chromosomal abnormalities in CNS tumours
Genomic instability plays a pivotal role in tumorigenesis, contributing to the development and progression of cancer through various mechanisms. Genomic instability essentially refers to the fact that cancer cells exhibit higher rates of genetic alterations, such as copy number alterations (CNAs), chromosomal rearrangements, and mutations, than normal cells, as discussed for CNS tumours in the previous section. This instability results from various causes, including defects in the DNA repair mechanisms, replication stress, and abnormal telomere maintenance pathways; it is a hallmark of cancer and a major cause of tumorigenesis (Hanahan, 2022).
Comparisons of paediatric and adult glioblastomas show that (a) frequent gains of chromosome 1q were 30% and 9%, respectively; (b) chromosome seven gains were 13% and 74%, respectively; (c) chromosome 10q losses were 35% and 80%, respectively (Paugh et al., 2010). Radio resistance is commonly observed in DMGs (Liu et al., 2023). On the contrary, radiation-induced tumours show significant increases in PDGFRA amplification and 1q gains in childhood gliomagenesis (Paugh et al., 2010). Adult CNS tumours have high CDK6 amplification, 10q loss, and 17q gain, whereas paediatric cases have a high frequency and high specificity of 3q and 4q losses across MYC/MYCN oncogene amplification, suggesting variations in the chromosomal abnormalities between adult and paediatric CNS tumours (Korshunov et al., 2016; Liu et al., 2023; Korshunov et al., 2010).
5.2 Contributions of H3K27M, H3G34R/V, and H3K36M mutations to DDR pathways
During tumour development and ongoing treatment, several processes regulate DNA repair and cell cycle gene expressions. High CNAs are reported in H3.3 mutant gliomas, and mitotic abnormalities such as mitotic bulky and ultrafine DNA bridges were observed in an inducible H3.3K27M cell culture model (Bockaj et al., 2021). This is similar to the replicative stress mechanism reported in a fission yeast model for H3G34R mutation (Yadav et al., 2017). Accumulation of extrachromosomal DNA was observed in the H3.3G34R model mouse and H3.3G34R-harbouring human pHGG cells because of downregulation of the DNA repair pathway genes (Haase et al., 2022). Consistent with this, the H3.3G34R fission yeast cells show lagging chromosomes and are sensitive to replication-stress-specific DNA-damaging drugs (Yadav et al., 2017; Lowe et al., 2021). Thus, it is evident that H3.3 mutant cells display increased genomic instability phenotypes owing to compromised DDR responses. It may also be speculated that H3.3G34R and IDH1/2 mutations co-operate with ATRX-mutated glioblastomas, leading to alternative lengthening of the telomeres, which is a process that is sometimes regulated through the HR pathways in the absence of or compromised functions of telomerase genes (Udugama et al., 2021). These studies suggest that DNA damage occurs through replication in the H3G34R/H3K27M cells.
H3.3K27M/G34R mutations disrupt the formation of promyelocytic leukaemia (PML) nuclear bodies that are the main drivers of leukaemia in the blood (Voon et al., 2023) (Figure 3). This is crucial as the PML nuclear bodies are important regulators of genome maintenance, and their disruption sensitises the H3.3-mutated glioma cells (Voon et al., 2023; Chang et al., 2018). In adult CNS tumours, the IDH1-R132H mutant epigenetically upregulates DDR and also disrupts the formation of PML bodies (Nunez et al., 2019). 
H3.1K27M-engineered human dermal fibroblast cells show reduced foci for 53BP1, an NHEJ protein (Zhang et al., 2018). Consistent with this, increased rates of genomic insertions or deletions and copy number variations occur through p53-dependent apoptosis in these cells (Zhang et al., 2018). Furthermore, hypo-methylation on H3K27 decreases the NHEJ efficiency and facilitates association of Fanconi anaemia complementation group D2 (FANCD2) on the chromatin, which is a central player in the choice of DNA repair pathway (Zhang et al., 2018; Cohn and D'Andrea, 2008) (Figure 3).
Interestingly, H3.3G34W shows DSB repair defects in bone tumours that are sensitive to ionising radiation (IR). It was reported that the enhanced interactions of H3.3G34W with damaged nucleosomes led to dysregulated interactions with the NHEJ key effectors, such as KU70/80 (Mancarella et al., 2024). 
H3.3G34R/V/D mutants have shown reduced interactions with the MMR protein MutS homologue α (MutSα; an MSH2-MSH6 heterodimer) and a mutator phenotype similar to that of MMR-defective cells (Fang et al., 2018) (Figure 3). This is due to the reduced recruitment of MutSα by the reduction of H3K36me3. However, further studies are required to highlight the importance of MMR pathways in the context of tumorigenesis (Dabin et al., 2023).
H3K36M oncohistone mutation inhibits SETD2 methyltransferase activity, with S-adenosylmethionine (SAM) indirectly affecting the interactions and maintaining the proper fold state in the SETD2-H3K36M-SAM complex structure (Zhang et al., 2017). Although H3K27M and H3G34R/V mutations have been extensively studied for their roles in paediatric gliomas and other cancers, H3K36M is less explored yet equally critical. Unlike H3K27M, which is known for its repressive effects on the polycomb group proteins, H3K36M primarily affects the methylation landscape associated with actively transcribed genes.
6 CAN GENOMIC INSTABILITIES AND ADDITIONAL GENETIC REQUIREMENTS OF ONCOHISTONE-CONTAINING CANCER CELLS BE EXPLOITED AS A THERAPEUTIC REGIMEN?
pHGG histone mutants are a double-edged sword as these cancer cells are proliferative as well as have genomic instability phenotypes, as discussed in Sections 3 and 5. Therefore, finding synthetic lethal interactions between histone mutants with DDR pathway genes or co-occurring mutational genes may offer promising therapeutic approaches for cancers with histone mutations (Figure 4). Screening has been used to identify vulnerabilities in the DDR-deficient cells, which can be targeted with specific inhibitors or combination therapies to selectively eliminate cancer cells while sparing normal cells. Blum (1950) hypothesised that successive doses of UV radiation increases the rate of cellular proliferation with unclear mechanisms. Genomic instability contributes to cancer progression; however, increased proliferation may pose challenges to accurately repair the error rates in replication due to various oncogenic replication stresses. Activated oncogenes produce DNA DSBs due to stalling and collapse of the DNA replication forks during continuous cell proliferation, and TP53 acts as the guardian of genomic stability (Halazonetis et al., 2008). However, mutant p53 is oncogenic through inactivation of the DNA damage sensor protein ATM activation or promotion of the chromatin association and nuclear activity of PARP1 for alternative means to counter genomic instabilities in cancer cells (Song et al., 2007; Polotskaia et al., 2015). Since the H3.3K27M mutation occurs concurrently with a mutation in p53, the APR-246 drug (target mutant p53) produces oxidative stress in H3.3K27M DIPGs (Nikolaev et al., 2020) (Figure 4). Therefore, the context of activated mutant oncogenes or mutant tumour-suppressor proteins as targets is important.
[image: Figure 4]FIGURE 4 | Therapeutic strategies targeting oncohistone mutations: (A) Anatomical distribution and genetic landscape of oncohistone mutations; the diagram illustrates the distribution of histone mutations H3K27M and G34R/V across different brain regions, highlighting their associations with various genetic alterations. (B) Synthetic lethal interactions with the DDR pathway; a combination of inhibitors against DNA repair pathway proteins and chromatin remodelling enzymes may be exploited to target cancer cells with histone mutations. (C) Therapeutic strategies targeting oncohistone mutations; mechanistic impacts of H3K27M and G34R/V mutations on cancer cell survival and their genetic requirements for other cancer-associated genes. Few illustrations depict how a potential therapeutic target can be designed to reduce the growth of H3.3 mutant cancer cells. For example, the combination of APR-246 and GSKJ4 enhances apoptosis in H3.3K27M DIPGs, addressing how co-mutations of p53 and H3K27M-associated dysregulations in the epigenomic profile may be exploited to identify novel and precise cancer treatments. PDGFRA1, platelet-derived growth factor receptor alpha 1; ATRX, alpha thalassemia retardation X-linked; ACVR1, activin A receptor type 1; p53, tumour protein 53; PPMID, protein phosphatase Mg2+/Mn2+-dependent 1D; CDK4, cyclin-dependent kinase 4; CDKN2A/B, cyclin-dependent kinase inhibitor 2A/2B; SWI/SNF, switch/sucrose non-fermentable; PNKP, polynucleotide kinase 3′-phosphatase (created with BioRender.com, accessed on 9 June 2024).
Although DNA repair deficiencies can cause cancer evolution, PARP1 inhibitors can be used as treatment modalities in DNA-damage-compromised cells (Rominiyi and Collis, 2022; Volkova et al., 2020). DNA damage contributes to tumorigenesis by providing mutational clonality so that the normal cells may promote cancer cells; however, excessive DNA damage in cancer cells can be exploited for chemotherapy. Lin et al. (2019) proposed a mechanism-based drug design strategy for targeting drug-resistant gliomas; this strategy is promising for overcoming drug resistance and improving glioma treatment outcomes.
Giacomini et al. (2024) reported a novel mechanism driving pHGGs and highlighted aberrant DNA repair as a key contributor to tumour development. Mutations in the histone H3.3, particularly at K27M and G34R, promote genome instabilities by enhancing the NHEJ repair of replication-associated damage. They suggested that polynucleotide kinase 3′-phosphatase (PNKP) is a critical mediator of this aberrant repair process, showing increased association with mutant H3.3; hence, targeting PNKP is a promising therapeutic strategy for gliomas and other cancers with these mutations (Figure 4). Although H3K27 methylation is impaired, PRC2 is necessary for the proliferation of H3.3K27M-expressing tumours (Mohammad et al., 2017). EZH2 inhibitors abrogate the cell growths of these tumours through upregulation of the tumour suppressor protein p16INK4A (Mohammad et al., 2017). Bromodomain protein inhibitors (JQ1) can reduce DIPG cell proliferations by enhancing their terminal neuronal differentiation (Piunti et al., 2017) (Figure 4).
Components of the chromatin remodelling SWI/SNF complex proteins are upregulated in H3.3K27M gliomas, and their degradation leads to reduced viability of H3.3K27M cells (Mota et al., 2023). GSK-J4 is a Jumonji family histone demethylase (JMJD3) inhibitor. H3K27 methylation increases in H3.3K27M cells upon treatment with GSK-J4 and has antitumour activities for cells harbouring H3.3K27M in vitro as well as in vivo (Hashizume et al., 2014). The mutant-p53-targeting drug APR-246 produces oxidative stress, and combining it with GSKJ4 increases apoptosis in H3.3K27M DIPGs (Nikolaev et al., 2020) (Figure 4). Histone deacetylase (HDAC) inhibitors like pracinostat/SB939, panobinostat, vorinostat, and entinostat destabilise the H3.3K27M protein in multiple glioma cell lines (Leszczynska et al., 2024). Mechanistically, co-occurrence of the H2A.Z histone with H3.3K27M nucleosome facilitates loss of H3.3K27M but is inhibited by chloroquine, which is an inhibitor of autophagosome-lysosomal degradation and a DNA-intercalating agent (Leszczynska et al., 2024).
In cancer cells, DNA repair and/or DDR factors functionally interact with chromatin to orchestrate the DNA repair processes by endogenous or exogenous DNA lesions generated through tumorigenic progression or DNA damaging agents used during chemotherapy. Combination therapies are often dependent upon the interactions of the genes with the drugs (Lin et al., 2019). Synthetic lethal interactions with DDR pathways may also be used as a therapeutic approach. A combination of radiotherapy and DDR inhibitors (DDRi) has been shown to reduce tumour growth in H3.3G34R pHGG-bearing mice (Haase et al., 2022) (Figure 4).
The H3K27M and H3G34R/V mutations disrupt the chromatin structure and functions, resulting in defects in the recruitment of DNA repair proteins, thereby impairing the DNA repair efficiency kinetics and increasing genomic instability. All these events promote tumour progression with distinct molecular mechanisms. However, further investigations into the specific molecular mechanisms underlying these dysregulations are required to identify potential therapeutic targets. Consequently, understanding the DNA repair mechanisms underlying these mutations as well as their implications in targeted therapeutic strategies are critical for advancing precision medicine approaches to glioma treatment.
7 HISTONES H4, H2A, H2B, AND H1 ARE MUTATED IN VARIOUS CANCERS
Although this review primarily addresses histone H3 mutations and their implications to the DDR pathways and genomic instabilities, mutations in other canonical core histones, such as H2A, H2B, and linker histone H1, are significantly prevalent across various cancers. Existing literature provides limited insights into how the mutations in these histone variants contribute to the DDR pathways and genomic instabilities. Nevertheless, such mutations are known to disrupt the nucleosomal structures and lead to deregulation of gene expressions.
One such mutation is the H2BE76K mutation found in bladder and head and neck cancers, which tends to form stable dimers with H2A but disrupt H2B-H4 interactions and prevent stable histone octamer formation (Espinoza Pereira et al., 2023; Arimura et al., 2018). Genes upregulated in the H2BE76K mutant cells are involved in cell adhesion and proliferation. In the breast cancer cell line, the transcription of ADAM19 (a disintegrin and metalloproteinase-domain-containing protein 19), a cancer-associated gene, increases by H2BE76K mutation through facilitation of transcription elongation processes (Kang et al., 2021). Unlike other histone mutants, the H2BE76K variant does not impact the global levels of histone PTMs but has been observed to increase chromatin accessibility at the promoters and enhancers via nucleosomal dysfunctions (Kang et al., 2021).
Other examples include the H2BG52D and H2BP102L oncohistones, which affect HR repair by impairing histone eviction and RAD51 recruitment; the heterozygotes for these mutants also exhibit increased genotoxic sensitivity and concomitant reductions in H2B ubiquitination (H2Bub) in cis (Qin et al., 2024). The H2BG52D mutation identified in pancreatic cancer and other malignancies impairs DNA–histone interactions, leading to decreased nucleosome stability and disrupted gene regulation. Although H2BG52D does not affect cell proliferation, it significantly enhances cell migration and accelerates wound closure in assays, indicating its role in promoting cancer progression (Wan et al., 2020). Missense mutations in the histone H2A gene account for approximately 20% of all histones missense mutations observed in cancers. The most common H2A mutated residue E121 decreases nucleosome sliding, and another commonly mutated residue R29 increases nucleosome sliding while decreasing stability and enhancing dimer exchange (Bagert et al., 2021).
Other H2A (sH2A) histone variants, which are predominantly expressed in the testes during spermatogenesis in placental mammals, are essential for normal testicular functions (Molaro et al., 2018). These variants are known to destabilise nucleosomes and modulate alternative splicing, as evidenced by studies in germline mutant mice. Additionally, research has demonstrated that peptides derived from the sH2A.B variant can interact with human leucocyte antigen (HLA) molecules, suggesting a potential role for sH2A.B in immune evasion (Lundegaard et al., 2008). Aberrant expressions of the sH2A variants have been observed in several cancers, including diffuse large B-cell lymphoma and Hodgkin’s lymphoma. These dysregulated expressions of the sH2A variants contribute to the oncogenic phenotypes seen in these malignancies (Chew et al., 2021).
The linker histone H1 that is essential for chromatin condensation and gene repression is often mutated in mature B-cell neoplasms and is recognised in literature for its tumour suppressor role. Depletion of H1 cause reduction of H3K27 methylation but increase in H3K36 methylation, altered chromatin compartmentalisation, and enhanced chromatin interactions (Willcockson et al., 2021). Among the cancer-associated mutations, S101F in H1 results in a loss-of-function phenotype, disrupting the interaction between H1 and DNA. Pan-cancer analyses also show mutations at G102 and S103 that may impair DNA binding. Mutant H1 demonstrates accelerated dissociation and diminished chromatin association, compromising chromatin binding and compaction (Yusufova et al., 2021).
Several histone H4 mutations such as R3C, L49F, S1C, and K79N have been reported in various cancers; although the precise roles of these mutations remain unclear, their high frequency of occurrence in cancers suggests their potential roles in oncogenic processes and chromatin dysregulation (Nacev et al., 2019). 
The H4R3C mutation is the most mutated histone H4 residue in cancers and disrupts H4R3me2, which is catalysed by Protein arginine methyltransferase 5 and linked to transcriptional repression at specific genomic loci (Chen et al., 2017). H4R3me2s also serves as a binding site for DNMT3A, promoting DNA methylation (Zhao et al., 2009). Loss of H4R3me2 due to H4R3C mutation leads to reduced DNMT3A binding, decreased DNA methylation, gene activation, and may contribute to oncogenesis.
The H4 H75E mutation in the LRS domain, which engages with H2B, impedes global genomic nucleotide excision repair by disrupting the recruitment of RAD4 to the chromatin. This reduction in DNA repair efficiency occurs without affecting the chromatin structure or accessibility, thereby diminishing the effectiveness of damage recognition (Selvam et al., 2019). Additionally, the residues D68 and R92, which are commonly mutated in cancers, are critical for hydrogen bonding with H2B. Alterations in these residues can likely impair H4-H2B interactions, leading to nucleosomal instabilities (Nacev et al., 2019).
8 CONCLUSION
The contributions of epigenetic mechanisms are crucial for identifying the tumour stages as well as heterogeneities. Vulnerabilities of the chromatin structure can be exploited to target cancer. pHGGs harbour missense mutation of H3.3K27M and H3.3G34R/V, whereas bone tumours have H3.3K36M mutations. Substantial studies have reported that these mutations promote tumorigenesis (known as oncohistones). Selection of tissue-specific cell lines may play significant roles in determining the oncogenic potentials of histone mutations identified upon genome sequencing of cancer cells. Many studies show that the oncogenic potential of a histone mutation depends on co-occurring mutations in other proteins. DDR network perturbation in the H3.3K27M and H3.3G34R/V mutant cancer cells needs further investigation so that we can identify the synthetic lethality between the DNA repair genes and oncohistones. Additionally, histone mutants may perturb chromatin in a context-dependent manner by dysregulating the chromatin modifying complexes. Therefore, one may consider targeting epigenetic complexes to achieve synthetic lethality in tumours harbouring histone mutants. Histones H3K27M and H3K36M are trans-acting whereas the H3.3G34 mutants are cis-acting, suggesting that cancer-associated histone mutations may differentially modulate PTMs on the histone tails. Furthermore, enrichment of the histone PTMs on the chromatin domains may vary with the nature of the histone mutations, which could regulate gene expression patterns or other DNA-templated processes, such as DNA repairs in oncohistone-containing cancer cells.
The following are some of the major questions that remain unanswered or have partial data to support them:
• Oncogenic histone mutations cause genome instabilities in cancer cells. How do specific repair pathways contribute to the survival of cancer cells in oncohistones?
• Are there any common mechanisms of genome instabilities due to H3.3K27M and H3.3G34R/V histone mutations?
• H3.3K27M and H3.3G34R/V mutant cancer cells have perturbed chromatin environments. Can epigenetic drugs be combined with conventional chemotherapeutics for the treatment of these cancers?
Although we have mainly discussed H3 mutations in this review, other canonical core histones, such as H2A, H2B, and linker histone H1, are also mutated in cancers, and their roles in tumorigenesis constitute active research areas. It is crucial to dissect the functionality of histone mutations to design combination therapies, immunotherapies, or precision medicines in cancer management.
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