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Eukaryotic genomes are wrapped around nucleosomes and organized into different
levels of chromatin structure. Chromatin organization has a crucial role in regulating
all cellular processes involving DNA-protein interactions, such as DNA transcription,
replication, recombination and repair. Histone post-translational modifications (HPTMs)
have a prominent role in chromatin regulation, acting as a sophisticated molecular code,
which is interpreted by HPTM-specific effectors. Here, we review the role of histone
lysine methylation changes in regulating the response to radiation-induced genotoxic
damage in mammalian cells. We also discuss the role of histone methyltransferases
(HMTs) and histone demethylases (HDMs) and the effects of the modulation of their
expression and/or the pharmacological inhibition of their activity on the radio-sensitivity
of different cell lines. Finally, we provide a biocinformatic analysis of published datasets
showing how the mRNA levels of known HMTs and HDMs are modulated in different
cell lines by exposure to different irradiation conditions.
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INTRODUCTION

The first and basic level of chromatin organization consists in the wrapping of genomic DNA
around histone octamers forming the nucleosomes (Luger et al., 2012). Nucleosomes mediate the
interactions of the genomic DNA with all the effectors involved in fundamental biological processes
such as transcription, replication, recombination, damage response and repair (Groth et al,
2007; McGinty and Tan, 2015). Histone tails, which protrude from the nucleosome core, are the
target of a plethora of post-translational chemical modifications, such as: acetylation, methylation,
phosphorylation, ubiquitylation, sumoylation and ADP-ribosylation (Campos and Reinberg, 2009;
Bannister and Kouzarides, 2011). These Histone Post-Translational Modifications (HPTMs) form
a sophisticated code of signals, known as histone code, which regulates the interactions of the
genome with very important cellular effectors involved in several biological processes. The HPTMs

Abbreviations: ATM, Ataxia-telangiectasia mutated; DDR, DNA damage response; DIVA, DSB Inducible via AsiSI; DSBs,
Double-strand breaks; HDMs, Histone demethylases; HMTs, Histone methyltransferases; HPTMs, Histone post-translational
modifications; HR, Homologous recombination; KDMs, Lysine demethylases; KMTs, Lysine methyltransferases; LAMBTLI,
Lethal-3-malignant brain tumor-like protein-1; LEDGE, Lens epithelium-derived growth factor; LET, Linear energy transfer;
MMS, Methyl methanesulfonate; NHE], Non-homologous end joining; SSBs, Single-strand breaks.
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are fixed on the histone tails by writers and can be reversed
by erasers. The histone code is then interpreted by readers,
proteins containing a domain that binds to the modified
histone residue with high specificity (Yun et al, 2011). Once
locally recruited, the readers can promote further histone
modifications, structural changes in naked DNA or nucleosomal
structure, or the recruitment of another protein function. Histone
methylation, in particular, plays a key role in transcriptional
regulation (Venkatesh and Workman, 2015) and DNA damage
repair (Lukas et al, 2011; Gong and Miller, 2019). Mono-,
di-, and tri-methylation can be catalyzed by specialized histone
methyltransferases (HMTs) at specific lysine (K) and arginine
(R) residues on histone tails and erased by specific histone
demethylases (HDMs). In mammalians, the canonical lysine
methylation sites are found on histone H3 tail at lysine 4
(H3K4), lysine 9 (H3K9), lysine 27 (H3K27), lysine 36 (H3K36)
and lysine 79 (H3K79), and on histone H4 tail at lysine 20
(H4K20) (Husmann and Gozani, 2019). These modifications
regulate an array of chromatin functions with different outcomes,
depending from the specific modified residue. There are
additional, though less characterized, sites of lysine methylation,
such as H3K23, H3K63, H4K5, and H4K12. Moreover, different
histone variants can undergo methylation of specific lysine
residues, such as H2AXK134, with an important impact on
damage response regulation (Sone et al., 2014). In humans,
two annotated protein domains carry out lysine methylation:
the SET domain (named after three Drosophila melanogaster
proteins originally recognized as containing this domain, namely
Su(var)3-9, Enhancer of Zeste and Trithorax), and the seven-
beta-strand (7BS) domain (which is characteristic of the non-
SET-domain enzymes, including the histone KMT hDOTI1L and
DNA methyltransferases) (Husmann and Gozani, 2019). The
two families together account for more than 200 enzymes with
different amino-acidic residue specificity and expression levels
in different cell types (Husmann and Gozani, 2019). In the case
of HDMs, two large groups have been identified in eukaryotes:
the LSD1 family and the Jumonji C-domain-containing family.
LSD1, belonging to the flavin adenine dinucleotide-dependent
amine oxidase superfamily, is the first identified histone
demethylase (Shi et al., 2004). Jumonji C-domain containing
HDMs (JHDMs) are Fe2+ and o-ketoglutarate-dependent
hydroxylases. They are divided into 7 phylogenetically distinct
subfamilies (JHDM1-3, JARID, PHF2/PHF8, UTX/UTY, JmjC
domain only), each sharing a common set of substrates (Tsukada
et al., 2006; D’Oto et al., 2016). An alternative classification of
HDMs in 7 groups (KDM1-6 clusters and PHF cluster, also
known as KDM?7 group), based on sequence homology, on
architecture of associated motifs and on histone modification
substrates, is also commonly used (Pedersen and Helin, 2010)
and will be adopted in this review. Some excellent reviews on
the role of histone and non-histone methylation in genotoxic
damage sensing and repair were previously published (Chen
and Zhu, 2016; Wei et al, 2018; Gong and Miller, 2019). In
the next paragraphs, we will review recent progress in this
field, focusing on histone lysine methylation changes associated
with the genotoxic damage induced by ionizing radiation (IR)
and on their role in triggering damage checkpoint and DNA

repair specifically in mammalian cells. We will also discuss the
role of specific HMTs and HDMs in these processes and the
effects caused by the modulation of their expression or by the
pharmacological inhibition of their activity. Finally, we present
a bioinformatic analysis of published datasets showing that IR
modulates HMTs and HDMs expression in different mammalian
cell types and tissues.

THE CELL RESPONSE TO
IR-DEPENDENT DAMAGE

IR causes cell damage by either a direct or an indirect action
on biological molecules, such as nucleic acids, proteins and
lipidic membrane components. The former action involves the
radiation directly absorbed by the biological molecules, whereas
the indirect action is mediated by free radicals, such as hydroxy,
alkoxy and peroxy radicals, generated by the interaction of the
radiation with water molecules (Desouky et al., 2015). Additional
indirect damage may involve reactive nitrogen species (RNS) or
ionized atoms in targeted biomolecules (Wardman, 2009). The
balance between direct and indirect damage may consistently
change depending on the radiation quality. X-ray and y-ray
photons deposit energy in a highly dispersed manner, defined as
low Linear Energy Transfer (LET), thus causing mainly indirect
damage. In contrast, heavily charged particles are characterized
by high LET, are densely ionizing and penetrate cells and
tissues in straight trajectories (Durante, 2004). Mammalian
cells respond to IR by a complex strategy, which aims to
activate the following three main countermeasures to the cellular
damage:

(a) Slowing down or even blocking the cell cycle to give the
cellular apparatus the time to repair the damage before
proceeding with replication of the genetic material and/or
cell division;

(b) Activating mechanisms of protection from damage (ie.,
hydroxyl radical scavengers) and genome repair systems;

(c) Activating apoptotic programs in case of irreparable
damage;

This complex response is based on a series of damage
sensors activating a sophisticated system of signal transduction,
which in turn triggers downstream effectors (Bartek and Lukas,
2007). Ultimately, the response requires a reprogramming of
the cell transcriptome, in order to modulate the expression
of a plethora of genes involved in response-dependent
pathways. The most important component of the system is
the DNA damage response (DDR), triggered by sensors of
genomic damage, whereas little is known about pathways
sensing the damage to other macromolecules. Exposure of
cells to IR produces genotoxic damage consisting of single-
strand breaks (SSBs), base lesions (i.e., purine oxidation)
and double-strand breaks (DSBs). These lesions can occur
at genomic sites individually or in combination (clustered
damage), depending on radiation features (dose, dose rate,
quality of radiation, LET) (Mavragani et al., 2019). Genome
integrity is continuously checked by the DDR, a series
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of complex interacting cellular pathways triggered by the
sensor protein complexes located at the genomic lesions
(Polo and Jackson, 2011).

The Histone Methylation Landscape at

the Damaged Genomic Sites

Damage signaling and repair are operated in the context
of chromatin structure with strict requirements for full
efficiency (Polo and Jackson, 2011). A number of histone
modifications have been associated to specific lesions and
their functional role in damage signaling and repair has
been postulated (Vidanes et al., 2005; Misteli and Soutoglou,

2009; Weietal, 2018; Husmann and Gozani, 2019). HMTs
and KDMs can directly modify the chromatin at DNA
damaged sites to promote damage sensing, to favor the
recruitment of DNA repair proteins, to silence transcription
during the repair process, to regulate the expression of DDR
factors and to change and restore the chromatin state before
and after repair. Indeed, lysine methylation is one of the
prominent histone modifications at damaged sites. It mainly
occurs at lysines on H3 tails, but methylation at H4K20
and K16 and at H2AXK134 are also relevant (Figure 1). In
the next sections, we will summarize what it is currently
known on the role of the methylation state of specific
histone lysines in signaling IR-induced damage and promoting

H3 tail
KDM4B

PARP-1

macro H2A1.2

DNA DSB
Oxidative damage?

DDR activation

® 2 R
@ lonizing Radiation Direct action in DDR at damage
H4 tail 8 site (to allow recruitment of DNA
) repair factors and/or to limit local
Poly-ADP Ribose trascription)
------- Indirect action in DDR
Block transcription g (transcriptional regulation of
H2A1.1 i
. . W macro specific target genes)
Activate checkpoint /\L histone variant
Promote repair by HR and NHEJ > Methylation addition
macro H2A1.2
histone variant —  Methylation removal

FIGURE 1 | Pre-existing chromatin features and damage-induced histone modifications regulate the DNA repair pathways. The set of changes of HPTMs
coordinately orchestrates the DDR around the damaged site, reorganizing chromatin structure in order to limit local transcription and to promote the DNA repair
through the recruitment, the action and the retention of sensors, transducers and effectors of damage signaling cascade. In particular, methylation dynamics at
different lysine residues, preferentially on H3 and H4 histone tails, regulate the response to DNA damage both temporally and spatially. Indeed, several histone
methylation changes occur on H3K4, H3K9, H3K27, H3K36, H3K79, H4K16, H4K20, and H2AXK134 to aid in DNA damage repair. Lysine methylation is a highly
dynamic histone modification owing to the interplay between KMTs (Lysine methyltransferases) and KDMs (Lysine demethylases). After the induction of genotoxic
damage by ionizing radiation (IR), several KMTs and KDMs promote the formation of a chromatin landscape prone to DNA repair, acting in synergy or antagonistically
to favor the HR and/or NHEJ pathway. Indeed, some demethylases and methyltransferases act at DSB sites, thus directly regulating the recruitment of DDR factors;
the demethylase/methyltransferase activity of these epigenetic modifiers modulates the DDR not only through a direct role (non-dashed lines), but also indirectly
(dashed lines) by regulating the expression of such DSB repair factors, acting at their promoter regions. The recruitment of some of these enzymes, including
KDMB5B, is specific and requires the presence of histone variant macroH2A1.1 and PARylation by PARP1. In other cases, such as KMT8, the recruitment arises
thanks to the interaction with the histone variant macroH2A1.2 without PARYylation; alternatively, the recruitment can take place thanks to reader domains which
recognize specific histone marks (see also Figure 3). Created using BioRender.
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DNA repair, and on the modification machinery involved in
this methylation.

LYSINE METHYLATION IN HISTONE H3
TAIL

H3K4

Strong evidence in the literature shows that lysine methylation
in histone H3 tail is implicated in damage signaling. Chromatin
changes are required in order to silence transcription in cis to
DNA double-strand breaks (Shanbhag et al., 2010). Since H3K4
tri-methylation is associated with active transcription genome-
wide (Vakoc et al., 2006), active demethylation of this residue
around damaged sites is expected. Indeed, Li and coworkers (Li
et al., 2014) found that KDM5B, a HDM specifically involved
in H3K4me3 demethylation, is redistributed in the nucleus after
exposure to IR and becomes highly enriched at the damaged
sites. The mechanism of KDMS5B recruitment is quite specific and
requires the presence of nucleosomes containing histone variant
MacroH2A1.1 and PARylation by PARP1 (Figure 1). KDM5B
is required for efficient homologous recombination (HR) and
non-homologous end joining (NHE]) and, specifically, for the
recruitment of Ku70 and BRCA1 to IR-induced breaks (Li et al.,
2014). KDM5B is upregulated in several tumors and cancer-
derived cell lines, which seems to be associated with resistance
to genotoxic stress (Xu et al., 2018). Moreover, microRNAs
that specifically target KDM5 mRNA are downregulated in
tumors and, when overexpressed in cancer cells, increase their
radio-sensitivity (Mocavini et al., 2019). KDM5B associates with
several other proteins with transcription repressing activities,
such as the HDM LSD1, the histone deacetylase HDACI1 and the
histone methylase EZH2 (Figure 1). This raises the question of
the respective functional roles of the H3K4me3 demethylating
activity and of the corepressor recruiting activity of KDM5B. In
this respect, it was recently shown that inhibition of KDM5B
demethylase activity increases the radio-sensitivity of cancer cell
lines upregulating KDM5B, suggesting that the catalytic activity
of KDMS5 is important in this context (Bayo et al., 2018; Pippa
et al., 2019). Two other class 5 HDMs, KDM5A and KDM5C,
both specific for H3K4me3, have also been involved in radio-
resistance (Hendriks et al., 2015; Gong et al., 2017, Figures 1, 2).
Gong and coworkers showed that KDM5A performs H3K4me3
demethylation within chromatin near DSBs and has a crucial
role in regulating the ZMYNDS8-NuRD chromatin remodeler
(Gong et al., 2017), which represses transcription and promotes
DNA repair (Gong et al., 2015). H3K4me3 must be demethylated
to allow repair to proceed, probably because this process
is essential for limiting local transcription. The removal of
methylation marks is therefore just as important as the
addition of new histone modifications (Price, 2017). While
KDMS5A seems to act in parallel to KDM5B, although with
different mechanisms, KDM5C could be recruited in alternative
circumstances. Hendriks and coworkers showed that, in response
to alkylation damage by methyl methanesulfonate (MMS),
SUMOylated JARID1B (KDM5B) is ubiquitylated by the SUMO-
targeted ubiquitin ligase RNF4 and degraded by the proteasome,

whereas JARID1C (KDMS5C) is SUMOylated and recruited to
the chromatin to demethylate histone H3K4 (Hendriks et al.,
2015). This observation suggests that the redundancy among
HDM:s could be exploited to differentiate the response pathways
triggered by different genotoxic agents (Figure 2). KDM5B
is also a physical component of the LSD1/NuRD complex,
which functions in transcriptional repression. LSD1 (KDMI1A)
specifically demethylates H3K4 mel/2 (Shi et al., 2004). Although
KDMS5B and LSD1 in the complex can act in a sequential and
coordinated manner to demethylate H3K4 (Li et al., 2011), the
role of LSD1 in DDR may be partially distinct from that of
class 5 HDMs. LSD1 can be recruited directly to sites of DNA
damage, possibly through the interaction with the E3 ubiquitin
ligase RNF168, thus reducing H3K4me2 levels (Mosammaparast
et al, 2013). However, since CK2-mediated phosphorylation
of LSD1 promotes the molecular interaction between RNF168
and 53BP1, some of LSD1 roles in DDR may be independent
of its catalytic activity (Peng et al., 2015). Although the loss
of LSD1 does not affect the initial formation of y-H2AX foci,
53BP1 and BRCA1 complex recruitment appears to be reduced
upon LSD1 knockdown (Mosammaparast et al., 2013). This work
suggests that LSD1 affects 53BP1 recruitment by promoting H2A
ubiquitylation at damaged sites during late S/G2. This could
be mediated by the interaction of LSD1 with RNF168 and/or
by a possible crosstalk between H3K4 demethylation and H2A
ubiquitylation (Figure 3A). Once again, it is likely that one
function of LSD1-mediated demethylation in this pathway is to
facilitate a repressive chromatin environment near DSBs, which
may silence transcription near these sites. Consistent with a role
in DDR, knockdown of LSD1 results in moderate hypersensitivity
to y-irradiation, although, paradoxically, the efficiency of HR
appears increased (Mosammaparast et al., 2013; Wojtala et al,,
2019). To explain this ambivalent effect, it should be considered
that LSD1 can also promote p53 demethylation, thereby
inhibiting p53 function in DDR activation (Huang et al., 2007).

H3K9

Coherently with the requirement of a repressive chromatin
environment, DNA damage promotes methylation of histone
H3 on lysine 9 (Sun et al, 2009; Ayrapetov et al., 2014;
Khurana et al., 2014). Tri-methylated H3K9 is strongly associated
with transcriptional repression (Campos and Reinberg, 2009;
Bannister and Kouzarides, 2011). X-ray-induced repositioning
of y-H2AX overlaps with histone H3K9me3 heterochromatin
marks in the nuclei of irradiated cells (Hausmann et al.,
2018). A complex containing the H3K9 methyltransferase
KMT1A (SUV39H1) is rapidly loaded onto the chromatin
at DSBs induced by laser micro-irradiation, spreading tens
of kilobases away from DSBs (Hausmann et al., 2018). The
role of H3K9 methylation at the site of damage goes beyond
transcriptional repression, since it is required to activate the
Tip60 acetyltransferase, allowing Tip60 to acetylate both ataxia-
telangiectasia mutated (ATM) kinase and histones H4 and
H2A (Sun et al, 2009; Ayrapetov et al, 2014). Histone
acetylation creates local regions of open and relaxed chromatin,
which facilitate DSB repair and compete with the binding
of 53BP1 to damaged chromatin. Since 53BP1 inhibits DNA
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FIGURE 2 | KDM enzymes may play different roles in the DNA Damage Response (DDR) depending on the genotoxic agent type. Upon IR treatment (1), PARP1
activity is required to recruit both KDM5A and KDM5B at DSB sites, where they catalyze the local demethylation of H3K4me2/3, crucial for the recruitment of
transcriptional repressive complex like ZMYND8/NuRD or DDR key proteins, including BRCA1 and Ku70. Conversely, in response to alkylation damage by MMS (2),
Poly-SUMOylated KDM5B is Poly-ubiquitylated by the SUMO-targeted ubiquitin ligase RNF4 and degraded by the proteasome, while JARID1C is
Mono-SUMOylated and recruited to the chromatin to demethylate histone H3K4me?2/3. Created using BioRender.
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ends resection and promotes NHE]-mediated repair, H3K9
methylation can favor HR over NHE] (Tang et al., 2013; Jacquet
et al., 2016; Gursoy-Yuzugullu et al., 2017; Figures 3A,B). Cells
lacking KMT1A, which was previously implicated in genome
stability (Peters et al., 2001; Peng and Karpen, 2009), display
defective activation of Tip60 and ATM, decreased DSB repair,
and increased radio-sensitivity (Sun et al, 2009; Ayrapetov

et al, 2014). Other H3K9 HMTs have been implicated in
DDR (Figure 1). KMT8 (PRDM2) is recruited to damage
chromatin sites through histone MacroH2A1.2 and contributes
to H3K9 methylation (Khurana et al., 2014). KMT1E (SETDB1)
is also enriched at damaged sites, where it promotes 53BP1
repositioning and HR (Alagoz et al., 2015). In contrast, KMT1C
(G9A), which can interact with KDM5B-LSD1, may have an
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FIGURE 3 | Histone modifications, dynamically added or removed around the DNA damage site, constitute an integrated signal for the DSBs repair pathway choice.
(A) 53BP1 is a master regulator of DNA double-strand break repair pathway choice toward NHEJ and its binding to chromatin is mainly regulated by specific histone
modifications, comprising H2A ubiquitylation and H3 and H4 methylation. Indeed, specific HPTMs can generate a docking site for 53BP1, which binds the
ubiquitinated H2A/H2A.X K13/15/119 through its UDR motif and H4K20me2, H4K16me1, and H3K79me2 through its tandem Tudor domain. Therefore, despite
H4K20me2 being the main histone mark involved in 53BP1 recruitment, other marks may contribute to it. For example, the deacetylation of H4K16 by HDAC1/2
indirectly promotes the 53BP1 recruitment and the NHEJ over HR, because it makes possible the methylation of this lysine residue. Under normal conditions, the
H4K20me2 mark is masked by various interacting proteins, including L3MBTL1 and KDM4A/JMJD2A. Upon DNA DSBs induction, the ATM phosphorylation
cascade promotes the recruitment of the E3 ubiquitin ligase RNF8 to the DNA damage site, which, together with the E2 ubiquitin ligase UBC13, promotes the
relocation of the E3 ubiquitin ligase RNF168 to the DNA break sites. LSD1 may favor the 53BP1 recruitment interacting with RNF168 and/or thanks to a possible
epigenetic cross-talk between H3K4 demethylation and H2A ubiquitylation. RNF168 catalyzes in turn the H2A K13/15 mono-ubiquitination and the
poly-ubiquitination of L3MBTL1 and KDM4A, leading to RNF8-dependent degradation of KDM4A and to VCP-mediated and ubiquitin-dependent removal of
L3MBTL1 from chromatin, favoring the unmasking of H4K20me2 and the loading of 53BP1 around the damaged site. LSD1 can also disadvantage 53BP1
recruitment, negatively regulating the interaction between p53 and 53BP1 (not shown). After DSB induction by IR, the H3K36me2 markedly increases, improving the
association of early NHEJ factors such as Ku70/Ku80 and NBS1 at the damage site. Once activated, ATM (not shown) may negatively regulate KDM2A
chromatin-binding capacity, favoring its displacement, which favors an increase of H3K36 di-methylation mark near the DNA damage sites by SETMAR. H3K36me3
can favor the retention of the NHEJ-associated factor PHF1, which is recruited in a Ku70/Ku80 dependent way and which supports an open chromatin for the
efficient DNA repair. In contrast to H3K36me2, H3K36me3 regulates both NHEJ and HR, probably depending on the relative abundance of its reader factors and/or
by the chromatin context. In this regard, pre-existing transcription-associated and cell cycle-regulated histone modifications together with those damage-induced
regulate the DNA repair pathways. (B) The pre-existing H3K36me3 mark at actively transcribed gene bodies favors DNA repair by HR pathway choice: in human
cells, both LEDGF (Lens epithelium-derived growth factor), via its PWWP reader domain, and MRG15, via its chromodomain, can bind H3K36me3, promoting the
recruitment of CtIP and PALB2, two crucial factors for the DNA end-resection and strand invasion, respectively. Moreover, mutually exclusive histone modifications
can contribute to tip the balance between HR and NHEJ in DSB repair pathway choice: a switch between ubiquitylation and acetylation on H2AK15 and H4K16 can
(Continued)
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FIGURE 3 | Continued

favor HR over NHEJ. The human NuA4/TIPB0 acetyltransferase complex is able to inhibit the 53BP1 recruitment both through this mechanism and by targeting the
same H4K20me2 mark, by binding H4K20me with the MBT (malignant brain tumor) domain of MBTD1, its stable subunit. Moreover, the human NuA4/TIP60
acetyltransferase complex promotes the repositioning of 53BP1 through other mechanisms, such as the acetylation of H2A/H2AX K13/15 that blocks the
recruitment of RNF8/168 and through the acetylation of H4K16 that impedes the methylation of this lysin residue, limiting the recruitment of 53BP1. KDM4A, besides
masking H3K20me?2 and limiting the 53BP1 recruitment thus inhibiting the NHEJ pathway, negatively regulates the DDR also removing H3K36me3 mark thus
inhibiting the HR pathway. Conversely, KMT3A favors the HR through the methylation of H3K36. KMT1E favors the HR though the methylation of H3K9. Indeed, the
H3K9me2 mark is involved in the recruitment of NuA4/TIP60 acetyltransferase complex, and H3K9me3 is involved in the recruitment of BARD1/BRCA1 Ub ligase
activity on H2AK127 favoring the DNA end-resection, the repositioning of 53BP1 and thus the HR. Created using BioRender.

inhibitory role on DDR. This protein is specifically degraded
by the proteasome in response to DSBs (Takahashi et al., 2012)
and its downregulation was recently shown to trigger DDR in
colorectal cancer cells (Zhang et al., 2015). KMT1C is not entirely
specific for H3K9, since it can methylate H3K27 and has some
non-histone substrates related to DDR, such as p53 (Huang et al.,
2010). In agreement with a key role of H3K9 methylation in DDR,
the G9A inhibitors UNC0638 and A-366 hypersintetized tumor
cells to low doses of DSB-inducing agents (Agarwal and Jackson,
2016); moreover, Price and coworkers showed that the G9A
specific inhibitor BIX-01294 can significantly increase tumor
cell sensitivity to ionizing radiation (Gursoy-Yuzugullu et al,
2017). H3K9-specific HDMs were also associated with DDR,
suggesting that H3K9 methylation could play a dynamic role in
DDR (Young et al,, 2013; Khoury-Haddad et al., 2014; Figure 1).
In particular, KDM4D 1is rapidly recruited to laser micro-
irradiated genomic regions through a PARP-mediated process
and is required for efficient formation of IR-induced foci of
Rad51 and 53BP1 and for ATM recruitment. A catalytic deficient
KDM4D cannot rescue the phenotypes caused by KDM4D
knockdown (Khoury-Haddad et al., 2014), showing that the
demethylase activity of KDM4D is required for DDR regulation.
This was confirmed by using 8-hydroxyquinoline (8-HQ), a
catalytic inhibitor of KDM4D (Khoury-Haddad et al., 2014).
KDM4B is also selectively recruited via PARPI to sites of IR-
dependent damage, and its overexpression increases the kinetics
of y-H2AX foci resolution and confers a survival advantage
following y-irradiation (Young et al., 2013). Conversely, Fan et al.
(2020) found that the histone demethylase KDM3A (JMJD1A)
positively regulates the expression of DDR genes by promoting
both the expression of c-Myc and its chromatin recruitment
through H3K9 demethylation, suggesting a new possible target
to sensitize prostate cancer to radiotherapy (Fan et al., 2020).
KDM7C (PHF2) is a new H3K9 demethylase, which positively
regulates HR-mediated repair through the transcriptional control
of CtIP and BRCAL1 by direct demethylation of H3K9me?2 at their
promoters (Alonso-de Vega et al., 2020).

H3K27

Methylation of H3K27 has been observed at DSB sites (O'Hagan
et al., 2008; Chou et al., 2010) or following oxidative damage
(Campbell et al., 2013). H3K27 methylation may contribute
to PARP-dependent transcriptional repression by removing
elongating RNA polymerase II from sites adjacent to DNA
lesions and promoting recruitment of subunits of the Polycomb
repressive complexes PRC1 (Chou et al, 2010) and PRC2
(O'Hagan et al, 2008, 2011; Chou et al, 2010; Campbell

et al., 2013) to damaged sites. PRC2 produces H3K27me2 and
H3K27me3 via EZHI and EZH2 (Simon and Kingston, 2009).
Enrichment of EZH2 (KMT6) has been observed near DSBs
induced by I-Scel endonuclease in epithelial cells (O’Hagan et al.,
2008) or DNA lesions caused by UV laser micro-irradiation
(Chou et al.,, 2010; Campbell et al., 2013) and H,O; treatment,
but not at IR-induced foci (O’'Hagan et al., 2011). EZH2 could
also be indirectly involved in DDR by transcriptional regulation
of specific genes after DNA damage (Wu et al., 2011). Moreover,
EZH2 localizes at stalled replication forks, where it increases
H3K27me3 levels, mediating recruitment of the MUS81 nuclease
to promote replication fork restart (Rondinelli et al., 2017).
Indeed, low EZH2 levels reduce H3K27 methylation and prevent
MUSB81 recruitment at stalled forks, causing fork stabilization
(Rondinelli et al., 2017). Although shRNAs targeting EZH2 or its
chemical inhibitor GSK126 significantly promoted genotoxicity
and increased cell chemosensitivity (Gao et al., 2017), GSK126
treatments did not enhance the sensitivity of glioma cells to
y-irradiation (Gursoy-Yuzugullu et al., 2017), suggesting that the
role of EZH2 could be dependent on DNA damage quality. As in
the case of H3K9, H3K27-specific HDMs have also a role in DDR,
suggesting that a dynamic equilibrium between methylation and
demethylation is required. Irradiation of tumor cells was shown
to result in a rapid loss of H3K27me3, which was prevented by the
siRNA-mediated knockdown of the H3K27 demethylase KDM6A
(UTX) (Rath et al., 2018). Knockdown of UTX enhanced the
radio-sensitivity of tumor cell lines. Treatment of tumor cells with
the UTX demethylase inhibitor GSKJ4 shortly before irradiation
prevented the IR-induced reduction in H3K27me3, enhancing
radio-sensitivity (Rath et al., 2018; Katagi et al., 2019). As
determined by comet assay and YH2AX expression levels, this
GSKJ4 treatment protocol inhibited the repair of IR-induced
DSBs. Consistently with in vitro results, treatments of mice
bearing leg tumor xenografts with GSKJ4 enhanced IR-induced
tumor growth delay (Rath et al., 2018). In contrast with results
obtained in tumor cell lines, IR had no effects on H3K27me3
levels in normal fibroblast cell lines and GSKJ4 treatments did
not increase their radio-sensitivity. Overall, these data suggest
that H3K27me3 demethylation plays a role in DSB repair in
tumor cells and that the UTX demethylase may be a target
for the selective radio-sensitization of tumor cells (Rath et al,,
2018). As in the case of EZH2, the effects of H3K27-HDMs
on radio-sensitivity could be indirect and mediated by the
transcriptional regulation of target genes. Indeed, upon exposure
to IR, KDM6A (UTX) in Drosophila and KDM6B (JMJD3) in
mammalian cells are recruited to promote the expression of
specific genes involved in DNA repair, including Ku80, in a
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p53-dependent manner (Zhang et al., 2013; Williams et al., 2014;
Katagi et al., 2019).

H3K36

Histone H3K36 methylation is well-known for its role in
transcriptional regulation (Chen et al, 2020). H3K36me2
and me3 are hallmarks of active transcription preferentially
located in the 5" and 3’ portion of gene bodies, respectively.
H3K36 methylation has also been linked to multiple
biological processes, including transcriptional silencing,
alternative splicing, DNA replication, as well as DDR and
repair (Chen et al, 2020). H3K36me2 deposition is rapidly
induced globally and locally after IR and DSB induction
(Fnu et al, 2011; Aymard et al, 2014). Di-methylation
of H3K36 improves the association of early DNA repair
components, including Ku70/Ku80 heterodimers, with the
IR-induced DSBs, and enhances DSB repair. The DNA repair
protein METNASE (SETMAR), which has a SET histone
methylase domain, was thought to be required for NHE],
by localizing at DSBs and directly mediating the formation
of H3K36me2 near them (Fnu et al, 2011; Figures 1, 3A).
A recent study, however, suggests that the SET domain in full
length SETMAR protein has lost its function in NHE] DNA
repair, possibly because its activity may be inhibited by the
dimerization of the protein mediated by the MAR domain
(Tellier and Chalmers, 2019).

Several studies revealed the function of H3K36me3 in
recruiting  RADS51 in active transcription-associated HR
(Daugaard et al., 2012; Pfister et al., 2014), although H3K36me3-
enriched heterochromatin is also mainly repaired by HR
(Beucher et al., 2009). Interestingly, no increase of H3K36me3
levels is detected at IR-induced DSBs, indicating that pre-existing
H3K36me3 is involved in RAD51 recruitment (Aymard et al.,
2014; Pfister et al, 2014). In the absence of DNA damage
factors, Lens epithelium-derived growth factor (LEDGF) masks
H3K36me3 marks (Daugaard et al., 2012). Following IR, LEDGF
promotes the recruitment of CtIP at DSBs to drive the end
processing for RAD51 loading, which is necessary for HR
repair (Daugaard et al., 2012; Figure 3B). HR appears as the
preferred pathway for repairing DSBs located in transcriptionally
active genes and H3K36me3-enriched loci, whereas inactive
genes and H3K36me3-depleted regions mostly undergo
NHE]J-mediated repair (Aymard et al, 2014). Coherently,
depletion of SETD2 (KMT3A), the main H3K36me3-specific
HMT, severely impedes HR at DSBs (Aymard et al, 2014).
Furthermore, SETD2 depletion in HT1080 fibrosarcoma cells
caused similar effects to RAD51 depletion, impairing DNA
repair at I-Scel-induced DSBs and increasing the frequency of
deletions arising from microhomology-mediated end-joining
(Pfister et al., 2014). SETD2 is also required for activation of
the p53-mediated checkpoint (Carvalho et al., 2014). Several
studies have described the functions of H3K36-specific KDMs,
such as KDM2A and KDM4A, in regulating DDR and repair
(Figure 3). In particular, an ambivalent function of KDM2A in
DNA damage repair was described. On the one hand, KDM2A
reduces the accumulation of H3K36me2, which promotes
MRE11 complex recruitment at the DSBs (Fnuetal,2011);

indeed, ATM-mediated KDM2A phosphorylation, in response to
DSBs, abrogates its chromatin-binding capacity, promoting
H3K36me2 accumulation near DNA damage sites and
NHE] (Figure 3A; Cao et al, 2016). Coherently, KDM2A
overexpression decreases the association of early NHE] repair
components with DSBs and their repair (Fnu et al, 2011).
On the other hand, KDM2A is recruited to DSBs through its
demethylase activity and its zinc finger domain and stimulates
53BP1 ubiquitylation and recruitment at damaged sites (Bueno
et al,, 2018); indeed, KDM2A depletion or disruption of its zinc
finger domain causes micronuclei’s accumulation following IR
treatment. Moreover, irradiated KDM2A-deficient cells show
premature exit from the G2/M checkpoint (Bueno et al., 2018).
Unlike KDM2A, KDM4A negatively regulates both NHE] and
HR, through two different mechanisms. By acting as a reader
of H4K20me2 (Huang et al., 2006), an important docking site
for 53BP1, KDM4A regulates DNA repair by restraining 53BP1
recruitment at damaged sites (Mallette et al., 2012; Figure 3A). By
acting as an eraser of H3K36me3, KDM4A impairs a proper HR
(Pfister et al., 2014; Figure 3B). RNF8-dependent degradation
of KDM4A reduces its binding to H4K20me2, allowing the
exposure of this mark and facilitating the recruitment of 53BP1
to DSBs (Huang et al., 2006; Mallette et al., 2012). 53BP1 is a key
protein in DDR (Panier and Boulton, 2014). It acts as a molecular
scaffold which recruits additional DSB responsive proteins to
damaged chromatin, promoting checkpoint signaling and the
context-dependent selection of HR or NHE] repair pathways
(Panier and Boulton, 2014). 53BP1 and BRCA1 opposing
activities influence the choice between these pathways for DBS
repair (Densham et al., 2016; Figure 3).

H3K79

H3K79 methylation has been involved in the regulation of
telomeric silencing, cellular development, cell-cycle checkpoint,
DNA repair, and transcriptional regulation (Farooq et al,
2016). A wunique evolutionarily conserved enzyme, KMT4
(DOT1, DOTIL), is responsible for all forms of H3K79
methylation (mono-, di- and tri-methylation) in eukaryotes.
H3K79 methylation is accurately regulated by a crosstalk with
other histone modifications, namely H3K4 methylation and
H2B ubiquitylation (Farooq et al., 2016). Although it has been
suggested that KDM2B is a histone H3K79 demethylase (Kang
et al., 2018), the turnover rate of this modification on a global
scale is slow and likely to be dependent on the cell cycle. Indeed,
H3K79 demethylation by KDM2B contributes to timely cell cycle
progression by facilitating correct DNA replication through the
regulation of PCNA dissociation from chromatin (Kang et al.,
2020). Moreover, the early recruitment of KDM2B into the
ternary complex FBXL10/RNF2/RNF68 promotes DDR (Rona
et al., 2018), but the detailed mechanism of this effect remains
to be investigated, also considering that there are different
protein isoforms of KDM2B and of its paralog KDM2A, which
could be related to different biological functions (Vacik et al.,
2018). So far, the role of H3K79 methylation in DDR has been
mainly related to its ability to target 53BP1 to DSBs (Huyen
et al., 2004; Figure 3A). In vitro, 53BP1 tandem Tudor domain
specifically binds to methylated H3K79 and is required for 53BP1
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recruitment to DSBs, which is inhibited by the suppression
of KMT4 function. Since the methylation levels of H3K79
remained unchanged after the induction of DNA damage, 53BP1
may detect DSBs indirectly through changes in higher order
chromatin structure, which expose 53BP1 binding sites (Huyen
et al,, 2004). Docked 53BP1 at damage sites may, in turn, recruit
additional proteins to activate the checkpoint response. Studies in
yeast suggest that the interaction between methylated H3K79 and
Rad9 (the human ortholog of 53BP1) may inhibit single-strand
DNA production, representing a functional and physical barrier
to end processing both at DSBs sites and uncapped telomeres
(Lazzaro et al., 2008). H3K79me2 is also involved in Rad51 foci
formation. Indeed, Brel deficiency impairs HR-mediated repair
and cell cycle checkpoint response to IR-dependent damage by
specifically reducing H3K79 dimethylation in mammalian cells,
possibly as a consequence of the downregulation of HR-related
genes (Chernikova et al., 2010). In colorectal cancer cells, KMT4
depletion or its catalytic inhibition modulate chemotherapy
responsiveness, due to its role in DDR and HR pathways (Kari
et al.,, 2019). KMT4-mediated H3K79 methylation also plays a
critical role in repairing ultraviolet (UV)-induced DNA damage
in yeast (Bostelman et al., 2007; Boudoures et al., 2017) and
mammalian cells (Zhu et al., 2018).

LYSINE METHYLATION IN HISTONE H4
TAIL

The involvement of histone H4 tail methylation in DSB repair is
mainly linked to 53BP1recruitment, which, in turn, is emerging
as a key step in DDR pathway selection and activation (Figure 3;
Mirza-Aghazadeh-Attari et al., 2019). In the absence of DNA
damage, H4K20me2 is bound by the Polycomb component
L3MBTL1 or by KDM4A, each of them competing with 53BP1
for H4K20me?2 binding (Lee et al., 2008; Acs et al., 2011; Mallette
et al., 2012). Following DSB formation, RNF8 and RNF168
promote the ubiquitin-dependent removal and degradation of
L3MBTL1 and KDM4A from chromatin, and SETD8 and
MMSET (KMT3G) HMTs increase the level of H4K20 mono-
and di-methylation, respectively (Acs et al., 2011; Pei et al,
2011; Gursoy-Yuzugullu et al., 2017; Figure 3A). Through its
Tudor domain, 53BP1 can then bind as a dimer to nucleosomes
that are both ubiquitylated at H2AK15 (Fradet-Turcotte et al.,
2013) and methylated at H4K20. 53BP1 recruits its downstream
effectors RIF1 and MAD2L2 (REV7) to counteract BRCAI-
mediated DSB relocation and promotes NHE] in G1-phase cells
(Panier and Boulton, 2014; Gupta et al., 2018). 53BP1 affinity for
H4K20me2 is increased by concurrent deacetylation of H4K16
by HDACI and HDAC2 (Hsiao and Mizzen, 2013; Figure 3A). In
Drosophila, a catalytic inhibitor of SUV4-20 enzymes inhibited
53BP1 association at IR-induced DSBs and specifically impaired
NHE]J-mediated repair (Li et al, 2016). A-196, a potent and
selective inhibitor of SUV420H1 and SUV420H2 has highlighted
the importance of H4K20 methylation for genomic integrity in
human cells (Bromberg et al., 2017). Consequently, depletion
of PR-Set7, an HMT responsible for H4K20 mono-methylation
(H4K20mel), causes H4K20mel depletion, accumulation of

DNA damage and ATR-dependent cell cycle arrest (Li et al,
2016). H4K16 mono-methylation (H4Kl16mel) is a recently
identified mark involved in 53BP1 recruitment at IR-induced
sites of DNA damage (Lu et al, 2019). H4K16mel is rapidly
deposited at damaged sites by the HMT activity of G9a-like
protein (GLP) (Figure 1) and this is important for the timely
recruitment of 53BP1 to DSBs (Figure 3A). Indeed, unlike
H4K16 acetylation, H4K16mel enhances 53BP1-H4K20me2
interaction at damaged sites. Consistently, GLP knockdown
markedly attenuates 53BP1 foci formation after irradiation,
leading to impaired NHE]J-mediated repair and decreased cell
survival (Lu et al., 2019).

LYSINE METHYLATION IN HISTONE
H2AX TAIL

Recruitment of H2AX and its phosphorylation at serine 139
(y-H2AX) are crucial regulatory steps in the local activation of
DNA-damage repair pathways (Groth et al., 2007; Lukas et al,,
2011). Although y-H2AX deregulation in cancer is well known,
the underlying molecular mechanisms and its relationship to
other histone modifications are still elusive. It was previously
reported that KMT1B (SUV39H2) methylates histone H2AX on
lysine 134 (Sone et al., 2014). However, the sequence context
of H2AX-K134 does not fit with the specificity of SUV39H2,
which generally methylates H3K9. In a subsequent study, in vitro
methylation reaction assays with SUV39H2 (and its homolog
SUV39H1), using H2AX protein and peptides, did not produce
any methylation at K134 or any other lysine (Schuhmacher et al.,
2016). Nonetheless, these data cannot rule out H2AX methylation
by SUV39H2 in cells. In any case, when H2AXK134 is mutated
to abolish its methylation, y-H2AX deposition following DSB-
induction is significantly reduced (Sone et al., 2014). The same
authors observed lower y-H2AX levels when DSBs were induced
in SUV39H2-deficient cells (Sone et al., 2014). Furthermore,
K134-substituted variants of histone H2AX enhanced radio-
and chemo-sensitivity of cancer cells (Sone et al., 2014). In
conclusion, H2AX methylation plays a role in the regulation of
v-H2AX levels in response to DNA damage.

MODULATION OF HMTS AND HDMS
EXPRESSION BY IR

Histone lysine methylation is deeply involved in controlling gene
expression in response to environmental stimuli and during
cell differentiation (Campos and Reinberg, 2009; Bannister and
Kouzarides, 2011; Yun et al., 2011; Venkatesh and Workman,
2015; Cacci et al, 2017). IR is a very powerful inducer of
gene expression changes (Amundson et al., 2001; Venkata
Narayanan et al., 2017), and some of the induced modulations
are maintained in the cell progeny by persistent chromatin
modifications, including histone lysine methylation (Ilnytskyy
and Kovalchuk, 2011). It is therefore expected that HMTs
and HDMs may mediate the response to IR through the
transcriptional modulation of DDR related genes impacting
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FIGURE 4 | Expression levels of the HMTs and HDMs in response to ionizing radiation. (A) Time course of the modulation of all the HMTs and HDMs which are
reported on Supplementary Table 1 and of the DDR genes ATM, BRCA2, and CDKN1A after particle irradiation. Data for KDM5B are reported for particle
irradiation (B) and for X-ray (C). Statistical analysis of experimental data was performed using analysis of variance (ANOVA) followed by multiple comparison Tukey’s
test. The data was retrieved from the NCBI Gene Expression Omnibus (GEO) public repository from these datasets: GSE23901, GSE23903, GSE32091, GSE21059,
(Ghandhi et al., 2011) GSE23807, GSE30240 (Rashi-Elkeles et al., 2011). All statistical analysis was carried out using native functions of R language version 3.6.3.
Expression levels reported are the Log2(IR/control) values. **P < 0.01 and *P < 0.05.

on the efficiency of cell response, besides direct chromatin
modifications at damaged sites (Penterling et al., 2016). HMTs
and HMDs expression levels could be also modulated in response
to IR, besides IR-dependent effects on their recruitment to
damaged sites. We previously created an interactive database
containing data from more than 200 different irradiation
conditions (classified by dose and quality of radiation) of different
mammalian cell lines and tissues (Chiani et al., 2009). This
database (Radiation Genes) can give a useful measure of the
IR-dependent transcriptional response of a gene in specific
experimental conditions (Fratini et al., 2011; Bufalieri et al,
2012; Licursi et al., 2017). We interrogated the database on the
modulation of the HMTs and HDMs involved in DDR, which are
reported in Supplementary Table 1. Indeed, we found evidence
of IR-dependent upregulation for most of them (15 out of 27)
during the first 16 h after particle irradiation (Figure 4A), with
9 genes showing a significant upregulation even after 30 h. The
general trend is very similar to that observed for three relevant
DDR genes (BRCA2, CDKNI1A, and ATM), which we report for
comparison. These three genes are among the 20 genes most

consistently modulated by IR conditions in the Radiation Genes
database (Giusti et al., 2014) and show a significant induction
between 4 and 30 h as most of the lysine modification genes. In
the framework of this general trend, individual fluctuations can
be observed. As an example, KDM5B is generally upregulated
8 h after particle irradiation (0.1 and 0.5 Gy doses), reaches peak
expression levels after 16 h and continues to be upregulated at
30 h, albeit at lower levels (Figure 4B). X-ray irradiation does
not increase KDM5B levels after 16 h and reduces its levels after
24 h (Figure 4C). X-ray irradiation (2.5 and 5 Gy doses) seems
to be generally less effective: the expression changes of genes
encoding HMTs and HDMs are lower in intensity in comparison
with particle irradiation and tend to disappear at 24 h after
irradiation (not shown).

OPEN QUESTIONS AND PERSPECTIVES

We learned that the chromatin landscape at damaged genomic
sites has a crucial role in determining the choice of the repair

Frontiers in Genetics | www.frontiersin.org

10

March 2021 | Volume 12 | Article 639602


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Di Nisio et al.

Histone Methylation and Response to Irradiation

pathways and their timing and efficiency. On the one hand, we
have an accurate catalog of the histone modifications involved
in DDR and of the enzymes performing those modifications. On
the other hand, we still have a static view of these modifications.
In the case of histone lysine methylation, it is clear that both
HTMs and HDMs activities are usually required for an efficient
DDR. This means that the signaling pathways impinging on
the chromatin at the damaged sites are regulated by a dynamic
equilibrium. Analyses of the time course of histone modifications,
possibly on cell cycle synchronized cells, are required in order
to truly understand these dynamics. More detailed studies are
also required to better distinguish among the effects of mono-,
di-, and tri-methylation, which often seem to be partially
overlapping. Other crucial issues concern the DNA damage
specificity of different histone modifications and the crosstalk
between them, which we have just started to understand. To
address these issues, it is urgent to get a more detailed view
of the different chromatin landscapes and histone modifications
that are observed in functionally distinct damaged genomic
sites. A seminal paper by Clouaire and coworkers presented
a comprehensive mapping of histone modifications at DSBs
in human cells (Clouaire et al., 2018). This work describes
the distribution of several chromatin features at multiple DSBs
spread through the genome using ChIP-Seq. The authors could
identify NHEJ- and HR-specific chromatin events, which is
a first step toward a deep understanding of their functional
meaning. This analysis produced some surprising results, such
as a reduction of the level of H3K36me2 and H3K79me2 at
HR-prone DSBs and an increase of H3K36me3 at the NHE]-
prone DSBs. The authors suggest that these discrepancies with
previous observations could arise from the use of different
DSB induction methods: DIVA method (AsISI-dependent DSB
induction) produces DSBs within or near genes, whereas IR
produces DSBs randomly distributed throughout the genome.
We now know that DNA lesions in active promoters or coding
regions undergo chromatin modifications very different from
heterochromatic regions, but high-resolution mapping studies
are still limited. We reviewed several studies suggesting that
some of the histone modifications observed at damaged sites
(i.e., H3K4 demethylation) are required in order to repress local
transcription. Recent studies, however, showed that damage-
induced long non-coding RNAs (dilncRNAs) synthesized at DSBs
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