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Abstract

Chromatin dysfunction has been implicated in a growing number of cancers especially in children
and young adults. In addition to chromatin modifying and remodeling enzymes, mutations in
histone genes are linked to human cancers. Since the first reports of hotspot missense mutations
affecting key residues at histone H3 tail, studies have revealed how these so-called “oncohistones”
dominantly (H3K27M and H3K36M) or locally (H3.3G34R/W) inhibit corresponding histone
methyltransferases and misregulate epigenome and transcriptome to promote tumorigenesis. More
recently, widespread mutations in all four core histones are identified in diverse cancer types.
Furthermore, an “oncohistone-like” protein EZHIP has been implicated in driving childhood
ependymomas through a mechanism highly reminiscent of H3K27M mutation. We will review
recent progresses on understanding the biochemical, molecular and biological mechanisms
underlying the canonical and novel histone mutations. Importantly, these mechanistic insights
have identified therapeutic opportunities for oncohistone-driven tumors.
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Introduction

Nucleosomes, the basic repeating units of eukaryotic genomes, are made of an octamer of
histones H2A, H2B, H3 and H4 wrapped around ~150bp of DNA. Nucleosomes and the
linker histone H1 are instrumental in genome packaging. Furthermore, the composition,
positioning and post-translational modifications (PTMs) of nucleosomes and linker histones
play critical regulatory functions in transcription, genome integrity and replication. Indeed,
combinatorial patterns of histone PTMs are demonstrated to act both in ¢isand in #ransto
modulate various DNA-templated programs in a highly specific manner, as predicted by the
histone code hypothesis (Jenuwein & Allis 2001).

Owing to their importance, histone genes are highly conserved throughout evolution and
exist in multiple copies, many of which are closely clustered in the genome. The redundancy
and complexity of histone genes, especially in mammalian systems, present significant
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challenges to dissect the function of histone residues and PTMs using genetic approaches.
The discovery and characterization of cancer-associated histone mutations over the past
decade, however, has challenged this notion (Behjati et al. 2013; Nacev et al. 2019;
Schwartzentruber et al. 2012; Wu et al. 2012). These so-called “oncohistone” mutations are
heterozygous and affect only one of the many histone genes, yet often producing dominant
effects on the landscape of histone PTMs and gene expression programs.

The first reported histone mutations are highly specific missense mutations affecting

select residues of the histone H3 tail (H3K27, H3G34 and H3K36) (Behjati et al. 2013;
Schwartzentruber et al. 2012; Wu et al. 2012). These “canonical” oncohistone mutations also
exhibit a remarkable tissue specificity. More recently, a plethora of pan-cancer-associated
“non-canonical” histone mutations occurring in the tails and globular domains of core
histones were identified (Nacev et al. 2019). Furthermore, “oncohistone-like” protein and
linker histone H1 mutations have been linked to human cancers (Li et al. 2014; Pajtler et al.
2018; Yusufova et al. 2021). In this review, we will focus on the recent exciting advances

in our understanding of the biochemical, molecular and biological mechanisms by which
histone mutations reprogram cellular epigenome to promote tumor development.

2. H3K27M mutation and “H3K27M-like” EZHIP

2.1. H3K27M mutations are associated with pediatric midline gliomas

As one of the first reported oncohistone mutations, H3K27M was found in the majority
(~70%) of diffuse intrinsic pontine gliomas (DIPG) — pediatric brainstem gliomas with
dismal prognosis (Schwartzentruber et al. 2012; Wu et al. 2012). Additional midline
pediatric high-grade gliomas (pHGG) (eg. thalamus and spinal cord) also harbor recurrent
H3K27M mutations (Sturm et al. 2012) (Figure 1). While we refer the readers to excellent
reviews on the clinical characteristics of H3K27M-mutant midline gliomas (Buczkowicz

& Hawkins 2015; Funato & Tabar 2018), here we highlight two intriguing features with
potential mechanistic implications. First, both canonical histone H3.1/2 and variant histone
H3.3 can carry K27M mutations, yet with a number of distinctions. H3.1K27M-mutant
tumors are found in younger patients with secondary mutations such as activating mutations
in ACVRL. In contrast, patients with H3.3K27M-mutant gliomas are older and H3.3K27M
mutations tend to co-occur with PDGFRA amplification and mutations in 7P53and ATRX
(Castel et al. 2015, 2018). Second, as described below, H3K27M mutations dominantly
inhibit the H3K27 methyltransferase complex PRC2. However, inactivating mutations in
PRC2 members are rare in pediatric gliomas and conversely H3K27M mutations are not
found in cancer types where PRC2 is recurrently mutated or deleted (Lee et al. 2014).
Together, these correlative observations suggest that (1) there may be subtle isoform-specific
effects of H3K27M mutations and (2) H3K27M oncohistone may not be functionally
equivalent to PRC2 loss.

2.2. H3K27M/I mutations dominantly inhibit PRC2 methyltransferase activity

Remarkably, expression of H3K27M mutant histones caused a global reduction of H3K27
tri-methylation (H3K27me3) (Chan et al. 2013; Lewis et al. 2013; Venneti et al. 2013),
despite that at the protein level, K27M mutant H3 accounted for a small pool of the
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total H3 (Lewis et al. 2013). Biochemical studies found that H3K27M mutant is a potent
and competitive inhibitor for PRC2 methyltransferase complex that catalyzes H3K27
methylation (Bender et al. 2013; Brown et al. 2014; Lewis et al. 2013). Although PRC2
inhibition by H3K27M has been well-established, the exact molecular basis is still an active
area of investigation. H3K27M substitution occupies the same position as K27 in the active
site of EZH2 (Justin et al. 2016), but the linear and hydrophobic side chain markedly
increases the mutant’s affinity to EZH2 (Brown et al. 2014; Justin et al. 2016; Lewis

et al. 2013). Indeed, substituting K27 with isoleucine, another residue with unbranched
hydrophobic side chain, inhibited PRC2 in vitro and reduced H3K27me3 in cells (Brown

et al. 2014; Lewis et al. 2013). H3K27I mutation was also identified in DIPG (Castel et

al. 2015). Furthermore, co-immunoprecipitation showed an increased enrichment of PRC2
on H3K27M mutant nucleosomes (Chan et al. 2013; Lewis et al. 2013). These findings
have led to the proposed “sequestration” model, in which H3K27M mutant “traps” PRC2
and prevents its availability to wildtype histones. More recent single-molecule studies lend
support to this model by demonstrating that H3K27M stabilizes the engagement of PRC2
with nucleosomes and increases its residence time (Leicher et al. 2020; Tatavosian et al.
2018). At the same time, findings that are seemingly incompatible with the “sequestration”
model also emerged and helped reveal important mechanistic insights. For example,
increased interaction between H3K27M and PRC2 requires the presence of the co-factor S-
adenosyl-methionine (Diehl et al. 2019; Wang et al. 2017). Furthermore, the “sequestration”
is likely a highly dynamic and transient event, which may explain why less sensitive
methods likes ChlP-seq has failed to detect genome-wide co-localization between H3K27M
mutant histone and PRC2 (Mohammad et al. 2017; Piunti et al. 2017).

Recent studies have identified additional mechanisms contributing to the inhibition of PRC2
by H3K27M. PRC2 complex purified from H3K27M-mutant cells appeared to be less
active, suggesting that binding to H3K27M alters the activity and conformation of PRC2

in a long-lasting manner (Stafford et al. 2018). Indeed, H3K27M was found to impair the
automethylation of EZH1/2 and SUZ12 which is critical to PRC2’s catalytic function (Lee
et al. 2019). It was also reported that allosterically activated PRC2 was more sensitive

to H3K27M inhibition (Stafford et al. 2018), consistent with the finding that H3K27M-
H3K27me3 di-nucleosome led to a greater inhibition of PRC2 activity (Diehl et al. 2019).
Therefore, H3K27M mutation can block multiple steps that are key to the positive feedback
loop required for PRC2 chromatin propagation and establishment of H3K27me3 domains.

2.3. Epigenome reprogramming by H3K27M

Despite the global loss of H3K27 methylation, genome-wide analyses suggest that the
impact of H3K27M on H3K27me3 distribution is not uniform (Figure 2). Strong PRC2
target genes such as p16/nk4A, preferentially retained high levels of H3K27me3 (Chan et
al. 2013; Mohammad et al. 2017). More recent studies demonstrated that H3K27M mutation
had little impact on PRC2 recruitment and initial deposition of H3K27me3 around the
PRC2 nucleation sites, yet markedly inhibited the spread of H3K27me3 (Harutyunyan et

al. 2019, 2020). These observations are consistent with /n vitro evidence that H3K27M
impedes the propagation of PRC2 activity along chromatin and offered an explanation

for why H3K27me3 levels are less affected at strong PRC2 binding sites. Interestingly,
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a “step down” model was described in which H3K27M limited the enrichment patterns

of H3K27mel and H3K27mez2 to that of H3K27me2 and H3K27me3 in wild-type cells,
respectively (Harutyunyan et al. 2020). The function of H3K27me2/1 in gene regulation

is poorly understood, and it is not entirely clear what is the impact of this progressive
restriction of H3K27 methylation on gene expression in H3K27M mutant cells. It has been
proposed, however, that persisting levels of H3K27me3 led to enhanced silencing of strong
PRC2 target genes and represented a vulnerability of H3K27M mutant gliomas (Mohammad
etal. 2017).

As described above, although H3.3K27M and H3.1K27M mutations are both identified

in DIPG, they are associated with distinct secondary mutations and patient demographics
(Castel et al. 2015, 2018). The enhancer landscape between H3.3K27M versus H3.1K27M
mutant tumors is also different, suggesting that there is some degree of variant-specific
effect of H3K27M mutation (Nagaraja et al. 2019). ChlP-seq of H3.1K27M and H3.3K27M
showed that the oncohistones follow the known deposition patterns of H3 isoforms, where
H3.3 is enriched at enhancers and gene bodies and H3.1 is distributed across the genome
(Fang et al. 2018a; Nagaraja et al. 2019; Sarthy et al. 2020). Accordingly, H3.1K27M

had a stronger effect on genome-wide decreases in H3K27me3, whereas H3K27me3
depletion correlated with levels of H3.3K27M, indicating local inhibition of PRC2 activity
(Nagaraja et al. 2019; Sarthy et al. 2020). Furthermore, the enrichment of H3.3K27M at
poised enhancers correlated with enhanced binding of EZH2, and the relative depletion of
H3.3K27M at PRC2-targted CpG islands may facilitate the local retention of H3K27me3
(Fang et al. 2018a; Sarthy et al. 2020). These features, together with the disparate cell-of-
origin and mutational background in which K27M mutation occurs, argue that H3.1K27M
and H3.3K27M mark distinct subgroups of DIPG which may require specific clinical
management and therapeutic strategy.

H3K27 methylation is known to influence the levels of other histone modifications such

as H3K27 acetylation (H3K27ac) and H3K36 methylation (H3K36me2/3). As expected,
the contraction of H3K27 methylation domains by H3K27M was followed by increases

in H3K27ac and H3K36me2 (Krug et al. 2019; Stafford et al. 2018). Interestingly, the
elevated H3K27ac in H3K27M mutant cells was not shown as increased peaks, but rather as
diffuse distribution across the genome. This led to increased expression of retrotransposon
elements and a “viral mimicry” effect, making H3K27M mutant gliomas potentially more
immunogenic.

2.4. Modeling H3K27M mutations in DIPG

There have been considerable efforts to develop faithful pre-clinical models of H3K27M-
driven gliomas. In neural progenitor cells (NPCs) derived from human embryonic stem cells,
expression of H3.3K27M together with p53 deletion and PDGFRA activation resulted in
low-grade brainstem gliomas (Funato et al. 2014). Similarly, co-expression of H3.3K27M
and PDGFB in mouse NPCs accelerated tumor growth and the resulting brainstem gliomas
shared gene expression profiles with human DIPG (Mohammad et al. 2017). The synergy
between H3.3K27M, p53 loss and PDGF signaling was further demonstrated by three
independent models. Introduction of p53 knockout and co-expression of H3.3K27M and
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PDGFB using the RCAS/tv-a retroviral system into neonatal NPCs induced aggressive brain
tumors which showed similar radioimaging characteristics to human DIPG (Cordero et al.
2017; Subashi et al. 2016). Using an /n utero electroporation system, mosaic H3.3K27M
expression and CRISPR-Cas9-mediated 7rp53 deletion in NPCs of both cortex and
hindbrain are sufficient for tumorigenesis, which can be furthered enhanced by PDFGRA
overexpression (Pathania et al. 2017). Finally, endogenous expression of H3.3K27M using
an inducible knock-in model demonstrated that the mutation could accelerate spontaneous
DIPG formation from postnatal NPCs together with p53 deletion and PDGFRa activating
mutation (Larson et al. 2019). Therefore, H3K27M alone appears insufficient for glioma
initiation and requires cooperating mutations. Further supporting this notion and in keeping
with the mutational patterns observed in human DIPG (Buczkowicz et al. 2014; Taylor et al.
2014; Wu et al. 2014), ACVR1 activating mutations cooperate with H3.1K27M mutation to
drive diffuse gliomagenesis in two independent mouse models (Fortin et al. 2020; Hoeman
et al. 2019).

Recent studies have also investigated the developmental context underlying the neoplastic
transformation by H3K27M. In a human induced pluripotent stem cell-derived model,
DIPG-like tumor formation was only observed upon inducible knock-in of H3.3K27M with
p53 inactivation in neural stem cells (NSCs) but not in more differentiated oligodendrocyte
progenitor cells (Haag et al. 2021). Intriguingly, ectopic expression of H3.3K27M from the
Fabp7 promoter, which is active in both NPCs and other tissue progenitors, was sufficient to
increase the frequency and decrease the latency in the development of multiple tumor types
including lymphomas and carcinomas, although high-grade gliomas were only observed in
p53 knockout background (Pajovic et al. 2020).

Lastly, either RNAi-mediated suppression or CRISPR-Cas9-mediated knockout of
H3.3K27M mutant allele could delay the growth of human DIPG cell lines /n vitroand
in vivo (Harutyunyan et al. 2019; Silveira et al. 2019). Therefore, H3K27M mutation

is required for tumor maintenance, providing important rationale for developing targeted
therapeutic strategies.

2.5. Therapeutic strategies targeting H3K27M mutation

The discovery of H3K27M mutations in DIPG has attracted strong interests to develop
targeted epigenetic therapies for these deadly tumors with currently limited treatment
options. To counteract the global depletion of H3K27 methylation, GSK-J4 —a
pharmacologic inhibitor of H3K27 demethylases (UTX and JMJD3) — was tested and
demonstrated to exhibit antitumor activity and radiosensitize H3K27M mutant DIPG cells
(Hashizume et al. 2014; Katagi et al. 2019). Conversely, inhibitors of EZH2 also delayed
the growth of DIPG cells (Mohammad et al. 2017). While this may seem counterintuitive,
the therapeutic benefit of EZH2 inhibition is consistent with the notion that the persisting
H3K27me3 levels at strong PRC2 target genes are critical for tumor maintenance (Chan et
al. 2013; Mohammad et al. 2017). Consistently, several reports have found that BMI-1, a
member of the H3K27me3 “reader” PRC1 complex, was upregulated and represents a viable
therapeutic target for H3K27M mutant DIPG (Balakrishnan et al. 2020; Filbin et al. 2018;
Kumar et al. 2017).
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Beyond targeting H3K27 methylation, a drug screen found that multiple histone deacetylase
inhibitors (HDACI) exhibited therapeutic efficacy in pre-clinical DIPG models (Grasso

et al. 2015). Based on these results, several clinical trials are ongoing to evaluate the

clinical benefits of HDACI panobinostat in DIPG patients. It has been demonstrated that
poly-acetylated H3K27M mutant histones are poor inhibitors of PRC2 (Brown et al. 2014).
Therefore, HDAC inhibition may elevate global histone acetylation to “detoxify” H3K27M
oncohistone. Furthermore, H3K27M mutant cells already show increased H3K27ac and a
propensity to de-silencing retroviral elements, which may be further augmented by HDAC
inhibition to elicit anti-tumor immune response (Krug et al. 2019). Several additional
epigenetic compounds show promise in treating DIPG tumors, including inhibitors targeting
BRD4, CDK7, CDKO9, and combined inhibitions of LSD1/HDAC and FACT/HDAC
(Anastas et al. 2019; Dahl et al. 2020; Ehteda et al. 2021; Nagaraja et al. 2017; Piunti

et al. 2017). However, it should be noted that the therapeutic effects of these compounds
apply to both H3K27M mutant and H3 wildtype tumors, suggesting that chromatin and
transcriptional dysregulation is a universal druggable dependency for DIPG.

Finally, H3K27M oncohistone was recently shown to extensively reprogram cellular
metabolic network, and this metabolism-chromatin crosstalk can be therapeutically targeted
by the inhibition of metabolic enzymes including HK2, IDH1, and GDH (Chung et al.
2020). H3K27M DIPG also uniformly express high levels of the disialoganglioside GD2,
which can be targeted by chimeric antigen receptor (CAR)-expressing T cells. Indeed,
treatment of GD2-targeted CAR T cells demonstrated marked anti-tumor effects in H3K27M
mutant DIPG xenograft models (Mount et al. 2018). Taken together, the plethora of
epigenetic, metabolic, and immune therapies under preclinical and clinical development
offer hope to improve the outcome of patients carrying H3K27M mutant DIPG.

2.6. Ependymoma-associated protein EZHIP exhibits H3K27M-like activity

Ependymoma arises from the ependymal cells and is another type of rare brain tumor
affecting young children (Pajtler et al. 2015). A subtype of hindbrain ependymomas, known
as posterior fossa group A (PFA) ependymomas, exhibit distinct gene expression profiles
and bear a worse prognosis (Mack et al. 2014). Interestingly, H3K27me3 levels are globally
reduced in PFA ependymomas and its genome-wide distribution pattern mimics that of
H3K27M mutant DIPG (Bayliss et al. 2016), even though H3K27M mutation is rare in
ependymomas. Instead, a germ cell-specific gene, EZHIP/ CXorf67, was found to be highly
expressed in PFA ependymomas and, when introduced, was able to bind to PRC2 and inhibit
H3K27me3 in cells (Pajtler et al. 2018). Shortly after this discovery, multiple independent
studies have demonstrated that EZHIP competitively inhibits PRC2 via a H3K27M-like
mechanism (Hubner et al. 2019; Jain et al. 2019; Piunti et al. 2019; Ragazzini et al.

2019). Remarkably, a short (<15aa) and highly conserved amino acid sequence at the
C-terminal region of EZHIP shares similarity to the H3K27M mutant histone tail, with

the Methionine 27 corresponding to the Methionine 406 of EZHIP. Indeed, both H3K27M
mutant histone and EZHIP preferentially bind to allosterically active PRC2 and inhibit

its chromatin spreading but not recruitment (Jain et al. 2020b; Ragazzini et al. 2019). A
subset of H3 wild-type DIPG overexpress EZHIP (Castel et al. 2020), further supporting

its functional similarity to H3K27M mutation. Therefore, it would be interesting to test if
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therapeutic strategies targeting H3K27M mutant DIPG could be repurposed to treat EZHIP-
overexpressing PFA ependymomas.

3. H3K36M mutation

3.1. H3K36M mutations are oncogenic and dysregulate cell differentiation

H3K36M is another “K-to-M” missense mutation that has emerged as a driver of
oncogenesis (Figure 1). Behjati et al. in 2013 showed that H3F3B, a gene encoding histone
H3.3, was mutated in 95% cases of chondroblastomas — a type of benign cartilage tumors
affecting young adults (Behjati et al. 2013). The mutation invariably results in substitution of
K36 with methionine. Since then, multiple reports have detected H3K36M mutations in head
and neck squamous cell carcinomas and undifferentiated sarcomas, as well as in rare cases
of congenital soft-tissue neoplasm and histiocytic tumor of the skull (Kernohan et al. 2017;
Papillon-Cavanagh et al. 2017; Snuderl et al. 2019).

Analogous to H3K27M, H3K36M was hypothesized to act as oncogene and exerts
dominant effects on H3K36 methylation. Indeed, functional studies demonstrated that
ectopic expression of H3K36M mutant histone impaired the differentiation of immortalized
mesenchymal progenitor cells (Lu et al. 2016). Knock-in of H3.3K36M mutation to the
endogenous H3F3B gene in immortalized human chondrocytes also promoted malignant
features including increased colony formation and resistance to apoptosis (Fang et al. 2016).
Furthermore, H3K36M-expressing mesenchymal progenitor cells generated undifferentiated
sarcomas in nude mice (Lu et al. 2016). This was also seen for H3K361, which mirrors

the H3K271 mutation found in pediatric gliomas. More recently, a knock-in mouse model
has been developed where H3.3K36M can be inducibly expressed at the endogenous

H313b locus. By crossing with PrxI-Cre mice, H3.3K36M was conditionally expressed in
the chondrogenic progenitor cells, which led to delayed limb development and impaired
maturation of chondrocytes. However, these mice did not develop chondroblastomas,
suggesting that additional co-operating mutations may be required (Abe et al. 2020).

Interestingly, the impact of H3K36M mutation on cellular differentiation extends beyond the
cartilage compartment. Brumbaugh et al. found that induced H3K36M transgene expression
in mice resulted in testicular atrophy and an absence of goblet and paneth cells in the
intestine, indicating impaired specifications of spermatocyte and intestinal epithelium,
respectively. In addition, H3K36M mutation promoted aberrant transcriptional programs

in hematopoietic progenitor and stems cells, leading to a failure in stem cell maintenance,
defective erythropoiesis and severe anemia (Brumbaugh et al. 2019). Using an independent
transgenic mouse model to examine the effect of H3K36M on adipogenesis, Zhuang et al.
observed impaired development of brown adipose tissue and muscle development (Zhuang
et al. 2018). In Arabidopsis thaliana, introduction of the H3K36M mutation induced a

range of developmental defects from increased branching to early flowering by altering the
expression of development- and metabolism-associated genes (Lin et al. 2018; Sanders et al.
2017).
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3.2. Inhibition of H3K36 methyltransferases by H3K36M mutation

3.3.

H3K36M mutation markedly reduces levels of H3K36 di- and tri-methylation when
expressed in cells. H3K36M mutant peptides and nucleosomes also dominantly inhibit the
catalytic activities of H3K36 methyltransferases such as NSD2 and SETD2 (Fang et al.
2016; Lu et al. 2016). Structural studies of the SETD2 catalytic domain bound to H3K36M
or H3K361 revealed that the methionine or isoleucine was positioned in a newly formed
substrate channel (Yang et al. 2016). Additional analysis showed that H3G34 and H3P38
residues play an interesting role in SETD2 engagement, since when either was mutated, it
alleviated the inhibitory effects of H3K36M on H3K36 methylation (Zhang et al. 2017).
Co-immunoprecipitation experiments demonstrated that H3K36M mutant histone appeared
to interact more strongly with NSD1/2 in mesenchymal progenitor cells (Lu et al. 2016)
and in tissue lysates derived from H3.3K36M knock-in mice (Abe et al. 2020). In addition,
H3K36M stabilizes the interaction between histone and SDG8, Arabidopsis homolog of
mammalian SETD2, and alters SDG8’s subcellular localization (Lin et al. 2018). Therefore,
while more studies are needed, it seems that H3K36M mutant nucleosomes “trap” H3K36
methyltransferases through a mechanism reminiscent of H3K27M.

Unlike H3K27, where a single methyltransferase complex PRC2 catalyzes mono-, di- and
tri-methylation, methylation states of H3K36 are regulated by distinct enzymes. ASH1L
and NSD family enzymes catalyze H3K36me1/2, whereas SETD?2 is the only enzyme
responsible for generating H3K36me3 (Wagner & Carpenter 2012). Although both can

be inhibited by H3K36M mutant nucleosomes in vitro, recent evidence suggests that the
impaired activity of NSD1/2, and thus the depletion of H3K36me2, are critical mediators
of H3K36M mutation. With individual or combined knockout of H3K36 methyltransferases,
it was shown that the loss of H3K36me2 could largely recapitulate H3K36M’s effect on
gene expression, chondrocyte differentiation and drug response in mesenchymal progenitor
cells (Rajagopalan et al. 2021). The impaired adipogenesis induced by H3K36M can be
phenocopied by knockdown of NSD2 in preadipocytes (Zhuang et al. 2018). Finally,
expression of H3K36M in a fibrosarcoma line HT1080 led to reduced proliferation,

which can be mirrored by knockdown of NSD2 but not SETD2 (Sankaran & Gozani
2017). These results are consistent with the finding that H3K36M mutations are mutually
exclusive with NSDZ deletions and loss-of-function mutations in head and neck cancers
(Papillon-Cavanagh et al. 2017). However, given H3K36M mutation’s broad impact on
lineage specification, additional tissue/cell types need to be examined to fully understand
the context-dependent contribution of various H3K36 methylation states to H3K36M’s
mechanism of action.

Impact of H3K36 methylation loss on epigenome reprogramming

H3K36 methylation is implicated in several pathways involved in transcription and genome
integrity. H3K36me3 is found at gene bodies of actively transcribed genes, and has

been linked to transcriptional elongation, RNA processing and DNA-damage induced
homologous recombination (Carvalho et al. 2014; Kuo et al. 2011; Simon et al. 2014;

Wen et al. 2014). Consistently, the developmental defects observed with H3K36M mutation
in Arabidopsis thaliana agrees with the role of H3K36me3 in regulating the expression

of genes involved in development-related pathways like brassinosteroid signaling pathways

Annu Rev Cancer Biol. Author manuscript; available in PMC 2022 December 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sahu and Lu Page 9

(Lin et al. 2018; Sanders et al. 2017). In contrast, H3K36me2 diffusely marks intergenic
regions, and its function is less well understood. Both H3K36me2 and H3K36me3

are required for the deposition of DNA methylation via the recruitment of DNMT3A

and DNMT3B, respectively (Baubec et al. 2015; Weinberg et al. 2019). Furthermore,
nucleosomes marked by H3K36me2/3 are poor substrates for PRC2 and therefore H3K36
methylation can serve to oppose the establishment and spreading of H3K27me3 (Finogenova
et al. 2020; Jani et al. 2019; Yuan et al. 2011). Indeed, decreased DNA methylation and
increased H3K27me3 are observed in cells and patient samples carrying H3K36M mutations
(Lu et al. 2016; Papillon-Cavanagh et al. 2017; Rajagopalan et al. 2021).

The global increase of H3K27me3 appears to play an important role in shaping the
transcriptome of H3K36M mutant cells (Figure 2). On one hand, active genes and enhancers
embedded within H3K36 methylation domains became silenced following the increase in
H3K27me3 (Rajagopalan et al. 2021). For example, the adipogenesis blockade effect of
H3K36M was linked to a decreased ratio of H3K36me2/H3K27me3 that inhibited the
expression of adipocyte master regulators like C/EBPa and PPAR-y (Zhuang et al. 2018).
Unexpectedly, genome-wide gain of H3K27me3 also abrogates the silencing of strong
polycomb target genes. For example, a collapse of normal H3K27me3 distribution at HoxA
gene clusters resulted in their mis-regulated expression, which likely contributed to the
delayed limb development phenotype of H3K36M mutant mice (Abe et al. 2020). One
possible mechanism is that the pervasive spreading of H3K27me3 causes a “titration” of the
H3K27me3 reader complex PRC1 at strong polycomb target genes, which in turn decreases
chromatin compaction and transcriptional repression (Lu et al. 2016). It would be interesting
to know if restoration of the H3K27 methylation landscape could reverse the developmental
abnormality and oncogenesis driven by H3K36M mutation.

The variant-specific effect of H3K36M mutation remains incompletely understood. A
recent report examined the context specific role of H3.1K36M versus H3.3K36M in
driving chondroblastoma (Zhang & Fang 2021). H3.3K36M but not H3.1K36M mutant
chondrocytes showed increased colony formation and defects in differentiation. Locus-
specific deposition of K36M mutant H3.1 or H3.3 resulted in local inhibition of H3K36
methylation and differential epigenetic and transcriptomic reprogramming. These results
are consistent with the observation that only H3.3K36M mutations are found in human
chondroblastomas.

4. H3.3G34 mutations

4.1. Mutational patterns of H3G34 in cancers

Histone H3G34 mutations were reported in ~20% of pHGGs of the forebrain cerebral
cortex (Schwartzentruber et al. 2012), ~90% of giant cell tumors of the bone (GCTB) and
more rarely in other bone neoplasms (Behjati et al. 2013; Koelsche et al. 2017) (Figure

1). Two interesting features distinguish the patterns of H3G34 mutations from H3 “K-to-
M” mutations. First, H3G34 mutations are exclusively found in the variant histone H3.3,
whereas both H3.3 and H3.1/2 can carry “K-to-M” mutations. Since H3.3 is deposited in
more defined regions of the genome including promoters, enhancers and repetitive elements,
H3.3G34 mutations likely exert a local effect on chromatin. Second, there is a high degree
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of tissue specificity in the substitution of G34 mutations. In pHGGs, G34 is frequently
converted to arginine and less commonly to valine (G34R/V). In GCTB, however, the
majority of mutations are G34 to tryptophan followed by leucine (G34W/L). It remains
unclear if such a specificity reflects the different mutational processes between cancer types
or implies a functional distinction among G34 substitutions.

4.2. Effects of H3.3G34 mutations on writer, eraser and reader enzymes

Unlike “K-to-M” mutations, H3.3G34 mutations do not alter global levels of histone
modifications. Instead, they appear to act in cisthrough affecting the local binding and
activity of chromatin enzymes and reader proteins. It was shown that /in vitro G34R/NV/W
mutant nucleosomes block the methyltransferase activity of SETD2 towards the adjacent
K36 on the same H3 tail (Fang et al. 2018b; Lewis et al. 2013). Consistently, ectopically
expressed tagged G34 mutant histones, but not endogenous wildtype histones, displayed low
levels of H3K36me3. Structural studies suggest that substitution of G34 with more bulky
residues causes steric hindrance with the surrounding narrow tunnel formed by Y1604,
F1668 and Y1671 of SETD?2, inhibiting the enzyme’s access to mutant histone (Fang et al.
2018b; Yang et al. 2016; Zhang et al. 2017). Interestingly, these residues are not conserved
in NSD family enzymes, suggesting that they may be able to tolerate G34 mutations. Indeed,
H3.3G34 mutant nucleosome does not inhibit NSD2 activity and retains H3K36me2 levels
(Jain et al. 2020a).

Nucleosomes carrying H3K36 methylation can inhibit H3K27 methylation by blocking
PRC2 activity. Accordingly, H3.3G34 mutant histones exhibit increased levels of
H3K27me3 (Jain et al. 2020a; Shi et al. 2018) and there is a genome-wide co-localization
between H3.3G34 mutant histones and increased H3K27me3 (Huang et al. 2020; Jain

et al. 2020a; Shi et al. 2018). Interestingly, point mutations affecting other residues (eg.
G33, K36 and K37), while similarly inhibiting H3K36me3, do not alter H3K27me3 levels
in c/s, since these mutations prohibit the engagement and/or activity of PRC2 (Jain et

al. 2020a). H3.3G33/K36/K37 mutations are also rarely found in human cancers, which
strongly implies that the gain of H3K27me3 - rather than the mere loss of H3K36me3 - is
a critical consequence of H3.3G34 mutations. Indeed, the effects of H3.3G34W mutation on
gene expression were markedly rescued by substituting K27 to arginine (Jain et al. 2020a).
Beyond the crosstalk with H3K27me3, H3K36 methylation facilitates the recruitment of
PWWP domain-containing proteins such as the mismatch repair factor MutSa and the de
novo DNA methyltransferases DNMT3A/B (Baubec et al. 2015; Li et al. 2013; Weinberg
et al. 2019). Consistently, cells harboring H3G34 mutations demonstrate a weak mutator
phenotype (Fang et al. 2018b). H3.3G34 mutations are also associated with a distinct
DNA methylation signature that is conserved across different cancer types and can be
recapitulated in an H3.3G34W mutant isogenic system (Lutsik et al. 2020; Sangatsuda

et al. 2020). Future work is required to dissect the context-specific contribution of these
(epi)genomic alterations to the biology of H3.3G34 mutant tumors.

H3.3G34 mutations may also affect the chromatin landscape in an H3K36 methylation-
independent manner. H3.3G34R was shown to preferentially bind to and inhibit the activities
of the KDM4 family histone demethylases, effectively “sequestering” these enzymes and
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causing genome-wide changes to H3K36 and H3K9 methylation (Moon et al. 2018).
Supporting this mechanism, the epigenomic and transcriptomic effects of H3.3G34R can

be phenocopied by triple knockout of KDM4A-C. Furthermore, RACK7 (ZMYND8), which
normally recognizes H3K4mel/H3K14ac, was found to interact with H3.3G34R mutant
nucleosomes /n vitro and localize to and suppress the expression of H3.3G34R-marked
genes in glioma cells (Jiao et al. 2020). A potential role of H3.3G34 mutations in the
aberrant recruitment of chromatin complexes is further supported by a recent interactome
study, which found that splicing factors such as hnRNPs preferentially bound to H3.3G34W
mutant histones (Lim et al. 2017). These pleiotropic effects downstream of H3.3G34
mutations may explain how a single mutation could be sufficient for the development of
human cancers like GCTB.

4.3. Modeling the oncogenic function of H3.3G34 mutations

In fission yeast, histone H3 is encoded by only three genes, making this organism an
attractive model to study histone genetics. Yadav et al. modeled G34R mutation by deleting
two histone H3 genes and introduced the mutation to the remaining single H3 gene (Yadav
et al. 2017). Despite reduced global H3K36me3, H3K36me2 levels were maintained in
G34R mutant strain. Since fission yeast only has one H3K36 methyltransferase Set2,

this result suggests that G34R mutation partially inhibits or alters the activity of Set2.
Indeed, G34R mutation had a more limited impact on gene expression compared to

Set2 deletion. Furthermore, G34R mutant strain exhibited defects in maintaining genome
integrity, including increased replication stress and impaired homologous recombination-
mediated DNA repair. These features were missing in Set2 deletion strain, suggesting the
involvement of H3K36 methylation-independent mechanisms. More recently, additional G34
mutations were modeled using fission yeast (Lowe et al. 2021). Surprisingly, the effects

of G34R on genome instability were not recapitulated by G34V or G34W mutations, and
H3K36me3 levels were retained in G34W mutant strain. These results point to the complex
and subtle differences between G34 substitutions, which could underlie their high degree of
cancer type specificity.

Modeling of GCTB-associated H3.3G34W mutation suggests that it plays a sufficient and
necessary role in tumor development. Ectopic expression of H3.3G34W mutant in an
osteosarcoma cell line increased proliferation compared to H3.3 wildtype-expressing cells
(Lim et al. 2017). Implantation of mouse mesenchymal progenitor cells transduced with
H3.3G34W mutation led to shortened survival time compared to wildtype and H3.3G34W/
K27R double mutant cells, reinforcing the notion that H3K27 methylation is a key mediator
of G34W mutation’s oncogenic potential (Jain et al. 2020a). On the other hand, knockdown
of H3.3G34W mutant histone impaired the /n vitroand in vivo growth of GCTB-derived
cell lines (Fellenberg et al. 2019). This is consistent with the recent report that deletion or
correction of the H3.3G34W mutant allele impaired GCTB tumor growth (Khazaei et al.
2020). This study further revealed that H3.3G34W mutant cells resembled developmentally
stalled osteoblast-like cells, which not only promoted sustained proliferation but also
facilitated the recruitment of multinucleated osteoclasts and in turn contributed to bone
destruction. Importantly, H3.3G34W mutant cells retain the capacity to undergo enforced
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terminal maturation, suggesting that differentiation therapy may be an effective treatment
strategy for GCTB.

Early analysis using an H3.3G34V-mutuant pediatric glioma line (KNS42) linked the
histone mutation to the upregulation of MYCN oncogene (Bjerke et al. 2013). Several

recent reports, however, revealed that the oncogenic mechanisms by H3.3G34 mutations in
gliomas are complex and highly context-dependent. Comparing to transcriptome atlases of
forebrain development, Chen et al. found that H3.3G34R/V gliomas shared gene expression
programs with GSX2/DL X+ progenitors of the prenatal interneuron lineage (Chen et al.
2020). H3.3G34R/V oncohistones appeared to inhibit terminal neuronal differentiation, thus
“locking” cells in a specific differentiation and chromatin state. This enables the stabilization
of an otherwise transient interaction between PDGFRA — a gene commonly co-mutated

with H3.3G34R/V - and GSXZregulatory elements, leading to PDGFRA overexpression.
The exquisite spatial-temporal window required for H3.3G34R/V-mediated glioma initiation
was also elegantly demonstrated by studies showing robust oncogenic transformation of

the forebrain but not hindbrain neural stem cells by H3.3G34R (Bressan et al. 2021;

Funato et al. 2021). Both studies also discovered that H3.3G34R could lead to aberrant
expression and/or splicing of forebrain master transcription regulators (eg. FOXGI) and
signaling pathways (eg. NOTCHZNL). These transcriptional abnormalities may be attributed
to diminished binding of ZMYND11 — a “reader” of H3.3K36me3 involved in transcription
elongation and splicing (Wen et al. 2014) — to the H3.3G34R mutant nucleosomes. These
valuable mechanistic insights and pre-clinical models will pave the way for discovering
therapies targeting H3.3G34 oncohistones.

5. Non-canonical oncohistones

5.1. Core histone globular domain mutations are found in human cancers

Numerous cancer-associated mutations in all four core histones, affecting both the tails

and globular domains, were recently reported and need further investigation to determine
their role in promoting and/or sustaining tumorigenesis. Using a computational approach to
comprehensively catalog the landscape of histone mutations across various cancers, Nacev
et al. documented a total of 4,205 histone missense mutations in 3,143 samples from 3,074
unique patients across 183 specific tumor types (Nacev et al. 2019). Another recent study
incorporated a DNA-barcoded mononucleosome library and a humanized yeast library to
profile the biochemical and cellular effects of 150 histone mutations, highlighting that many
of the globular domain mutations were lethal in yeast, upregulated cancer-associated gene
pathways and inhibited cellular differentiation by altering the expression of lineage-specific
transcription factors (Bagert et al. 2021; Jain & Strahl 2021). These “non-canonical” histone
mutations collectively occur at a higher frequency than the canonical H3 tail mutations and
appear to affect gene expression by locally altering the nucleosome stability, positioning
and dynamics. Together these two datasets provide a library of testable hypotheses about
the functional roles of non-canonical histone mutations in oncogenesis. For example, some
histone mutations may disrupt higher order chromatin structure and override the need of
SWI/SNF complex to aberrantly activate gene expression, whereas other mutations lead to
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swapped amino acid charges, thus possibly causing nucleosome instability in a dominant
fashion.

In addition to these systematic analyses, several recent studies have also focused on select
histone mutations to understand their roles in chromatin regulation and tumor biology. In
carcinosarcomas of the ovary, neoplasms containing both carcinomatous and sarcomatous
elements, whole-exome sequencing identified mutations in genes encoding histone H2A and
H2B. Introduction of these mutations to USC-ARK?2 cells led to a decreased expression of
epithelial markers and increased expression of N-cadherin as well as transcription factor
SNAI2/Slug, suggesting that these mutations may contribute to the epithelial-mesenchymal
transition process (Zhao et al. 2016). Crystal structure analysis of H2BE76K, a charge

swap mutation found in patients with bladder and head and neck cancers, showed perturbed
interactions between H2B a.2 and H4 a3 helices which destabilized the nucleosome (Figure
3). Further functional characterization of this mutation suggested that it could induce
oncogenesis in the presence of wildtype H2B by relaxing chromatin and cooperating

with oncogenes like PIK3CA and RAS (Bennett et al. 2019). H2BE76K has also been
investigated as an oncohistone mutation in breast cancer. In this context, H2BE76K mutation
directly regulated the transcription of ADAM19, a metalloproteinase-domain containing
protein which is highly expressed in invasive breast carcinomas, by facilitating efficient
transcription elongation (Evangeline Kang et al. 2021). In addition, when this mutation

was added back into the MDA-MD-231 cells, it promoted colony formation and weakened
histone octamer stability. A similar effect of nucleosome destabilization can be seen with
short H2A histone variants (eg. H2A.B) that are typically expressed in testes of placental
mammals. Analysis of existing genomic datasets identified unexpected aberrant H2A.B
upregulation in a broad array of human cancers, which was associated with altered gene
splicing patterns (Chew et al. 2021). Finally, another H2B mutation — G53D — has been
identified in patients with pancreatic adenocarcinoma, glioblastoma, and lung squamous cell
carcinoma (Wan et al. 2020). This mutation is located near the DNA entry/exit site and plays
a role in mediating DNA-histone interaction. As a result, knock-in of this mutation in cells
led to enhanced transcription elongation (Wan et al. 2020). Future investigations are needed
to determine if the nucleosome destabilization by histone globular domain mutations affect
other DNA-templated processes such as DNA repair and replication.

5.2. Linker histone H1 mutations in lymphomas

The H1 linker histones are expressed in a replication-dependent manner, regulate
nucleosome spacing and coordinate nucleosome arrays for compaction (Yusufova et al.
2021). Whole-genome sequencing of follicular lymphomas revealed clustered missense
mutations in the DNA-binding globular domain of at least one histone H1 gene in 28% of
samples, with HISTIHI1C and HIST1HI1E being the most common (Okosun et al. 2014)
(Figure 1). To test the functional consequences of these mutations, mouse embryonic stem
cells with combined knockout of H1 genes (Hist1hic, Histlh1d, Hist1h1e) were rescued
with human wildtype or S102F mutant H/ST1HIC. It was observed that the mutation
impaired H1’s association with chromatin, suggesting that H1 mutations likely lead to a
loss-of-function phenotype by reducing the DNA-binding affinity of H1 during chromatin
compaction (Okosun et al. 2014). H/ST1HI1E was furthered categorized as a driver gene
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from a CRISPR screen in germinal center B cell-like diffuse large B cell lymphomas
(GCB-DLBCL) (Reddy et al. 2017). Consistently, genetically engineered mouse models
where either H1C and H1E or H1C, H1E, and H1D were knocked out in hematopoietic
stem cells demonstrated that loss of H1 protein led to T cell re-activation and reduction

in mature B cells and CD4+, CD8+ T cells in the thymus (Willcockson et al. 2021).
Furthermore, H1 regulates local nucleosome density, promotes PRC2-mediated H3K27me3
and inhibits NSD2-mediated H3K36me2. The disrupted H3K36-H3K27 methylation balance
in H1-deficient lymphomas caused remodeling of nuclear 3D compartmentalization, leading
to de-silencing of stemness genes (Yusufova et al. 2021). Therefore, by promoting the
transition to a relaxed chromatin conformation and conferring germinal center B cells with
enhanced fitness and self-renewal capacity, H1 mutations act as drivers for lymphomas and
represent an enticing target for therapeutic intervention.

6. Concluding remarks

In less than a decade from the initial reports of cancer-associated histone mutations,

we have witnessed a remarkable progress in elucidating the function and mechanism

of oncohistones. Importantly, mechanistic insights gained from lab investigations have
identified therapeutic opportunities and nominated novel drug candidates, some of which
have entered clinical testing. However, several key questions remain to be addressed. For
the canonical oncohistones, therapeutic strategies targeting H3K36M and H3G34R/V/W
mutations are largely lacking. For the non-canonical oncohistones, which lack the exquisite
cancer type specificity, identifying the precise context (eg. cell-of-origin and cooperating
mutations) that enables these globular domain mutations to activate oncogenic expression
programs in ¢/sremains a major challenge. Furthermore, it is perhaps reasonable to
speculate that additional “oncohistone-like” proteins exist and remain to be identified.
Notably, beyond their roles in cancer, histone mutations have become important tools for
probing chromatin complex structures (Justin et al. 2016; Yang et al. 2016) and epigenome
dynamics (Brumbaugh et al. 2019; Herz et al. 2014). Therefore, a more comprehensive and
in-depth analysis of oncohistones will have a broad and far-reaching impact on chromatin
biology in development and human diseases.
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Figure 1:
Summary of cancer-associated histone mutations and their frequencies within disease

subtypes.
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Figure 2:

Epigenome reprogramming by “K-to-M” H3 mutations. In H3K27M mutant cells (left),
inhibition of PRC2 leads to diminished H3K27me3 and increased expression of weak PRC2
target genes. Strong PRC2 target genes retain H3K27me3 and remain silenced. Loss of
global H3K27me3 is also accompanied by expansion of H3K36me2 domains and pervasive
increases in H3K27ac. In H3K36M mutant cells (right), inhibition of NSD family enzymes
leads to diminished H3K36me2. Spreading of H3K27me3 into H3K36me2 domains results
in enhancer silencing. The genome-wide H3K27me3 increase also has a “diluting” effect on
strong PRC2 target genes, leading to their de-repression.
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Figure 3:
Nucleosome crystal structure with non-canonical histone mutations highlighted in red (Left).

(Right) Close up of Histone H2.B (aqua blue) interacting with DNA (Gray) and H4 (Dark
Blue). Side by side images of WT and mutated amino acid at reside 53, 71, and 76 (PDB
code 1KX5).
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