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Packaging of eukaryotic genome into chromatin is a major obstacle to cells

encountering DNA damage caused by external or internal agents. For

maintaining genomic integrity, the double-strand breaks (DSB) must be

efficiently repaired, as these are the most deleterious type of DNA damage.

The DNA breaks have to be detected in chromatin context, the DNA damage

response (DDR) pathways have to be activated to repair breaks either by non-

homologous end joining and homologous recombination repair. It is becoming

clearer now that chromatin is not amere hindrance toDDR, it plays active role in

sensing, detection and repair of DNA damage. The repair of DSB is governed by

the reorganization of the pre-existing chromatin, leading to recruitment of

specific machineries, chromatin remodelling complexes, histone modifiers to

bring about dynamic alterations in histone composition, nucleosome

positioning, histone modifications. In response to DNA break, modulation of

chromatin occurs via various mechanisms including post-translational

modification of histones. DNA breaks induce many types of histone

modifications, such as phosphorylation, acetylation, methylation and

ubiquitylation on specific histone residues which are signal and context

dependent. DNA break induced histone modifications have been reported to

function in sensing the breaks, activating processing of breaks by specific

pathways, and repairing damaged DNA to ensure integrity of the genome.

Favourable environment for DSB repair is created by generating open and

relaxed chromatin structure. Histone acetylation mediate de-condensation of

chromatin and recruitment of DSB repair proteins to their site of action at the

DSB to facilitate repair. In this review, we will discuss the current understanding

on the critical role of histone acetylation in inducing changes both in chromatin

organization and promoting recruitment of DSB repair proteins to sites of DNA

damage. It consists of an overview of function and regulation of the deacetylase

enzymeswhich remove thesemarks and the function of histone acetylation and

regulators of acetylation in genome surveillance.
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Introduction

Genomic integrity is constantly compromised by DNA

damage arising from exposure to endogenous and exogenous

genotoxic agents. Double-strand breaks (DSBs) are the most

dangerous form of DNA damage that are caused from exposure

to ionizing radiation (IR), the collapse of DNA replication forks

or during processing of certain types of DNA lesion. If not

detected and repaired rapidly, these can cause mutations,

chromosomal rearrangements, genomic instability, cell death

or diseases like cancer (Jackson and Bartek, 2009; Ciccia and

Elledge, 2010; Kieffer and Lowndes, 2022). Two major

evolutionarily conserved pathways have evolved to protect

organisms from DSB, non-homologous end joining (NHEJ)

and homologous recombination (HR). The NHEJ pathway

repairs the damaged DNA ends by direct religation, whereas

in HR, the intact sister chromatid (present at S-phase and

G2 phase) is used as a template for repair (Lieber, 2010;

Chapman et al., 2012). However, a fundamental question

remains on how one of these specific pathways is chosen

although several factors influencing the DNA repair pathway

choice such as chromatin structure, DNA end resection, cell cycle

phase and transcription have been identified (Chapman et al.,

2012; Aymard et al., 2014; Hustedt and Durocher, 2016). Studies

over last three decades have shown how cells detect and repair

DSBs and established that in addition to the proteins directly

involved in DNA repair, chromatin structure surrounding the

DSB and the factors regulating it, plays a conserved active role in

facilitating DNA damage signalling and repair (Lukas et al., 2011;

Soria et al., 2012;Mohan et al., 2021). The ability of cells to mount

an effective DNA damage response is regulated by the chromatin

dynamics of the region surrounding the DSB.

In eukaryotic cells, DNA is wrapped into chromatin in the

nuclei. Nucleosome, the basic unit of chromatin, is comprised of

147 base pairs of DNA and a histone octamer with two

H2A–H2B dimer and one H3–H4 tetramers (Jenuwein and

Allis, 2001; Luger et al., 1997). The N- and C-terminal tails of

these histone proteins can be post-translationally modified via

acetylation, phosphorylation, methylation, SUMOylation, and

ubiquitination (Strahl and Allis, 2000; Kouzarides, 2007). The

repair of DSB is governed by the reorganization of the pre-

existing chromatin, resulting in recruitment of damage sensors

and chromatin remodelers to bring about dynamic alterations in

histone modifications leading to recruitment of repair proteins

(Soria et al., 2012; Wilson and Durocher, 2017; Mohan et al.,

2021). In response to DNA break, modulation of chromatin

occurs via various mechanisms including post-translational

modification of histones. Upon DBS formation, post-

translational modifications like phosphorylation, acetylation,

methylation and ubiquitylation are known to be induced on

specific histone residues near the DSB, which are signal and

context dependent (Kouzarides, 2007; Miller and Jackson, 2012;

Van and Santos, 2018). DNA break induced histone

modifications have been reported to function in sensing the

lesion, activating pathways for processing and repair of breaks to

maintain genomic integrity. Formation of DSB induces

chromatin decondensation, which is evident from the reports

showing increased sensitivity of damaged DNA to micrococcal

nuclease (Telford and Stewart, 1989). Several studies have shown

that dynamic regulation of histone acetylation via histone

acetylases and Histone deacetylases play crucial role in

regulating chromatin structure flanking the DSB and is

required for activation of the DNA damage response and DSB

repair. In response to DSBs, formation of open, relaxed

chromatin domains occur which are spatially localized to the

area surrounding the break (Figure 1). These relaxed chromatin

structures are created through the joint action of the chromatin

remodellers and histone acetyltransferases (Qi et al., 2016). The

resulting destabilization of nucleosomes at the DSB by chromatin

remodeller and histone modifiers, is needed for the subsequent

recruitment of the DNA repair proteins. The DSBs are then

repaired either by non-homologous end joining and homologous

recombination. Histone acetylation increases chromatin

assessibility and therefore has been shown to play a positive

role in DSB repair pathway. However, there are reports on

requirement of HDAC complexes, for efficient DNA repair by

NHEJ (Jazayeri et al., 2004; Miller et al., 2010; Miller and Jackson,

2012). Therefore, understanding about chromatin dynamics at

DSBs and the precise role chromatin environment plays to

influence the process of DSB repair is not fully understood.

Further, there is emerging evidence that the different chromatin

structures in the cell, such as heterochromatin and euchromatin,

utilize distinct remodeling complexes and pathways to facilitate

DSB repair (Caridi et al., 2017). Interestingly, the metabolic state

of the cell at the time when DSB occur also influence DNA

damage signalling and repair (Sivanand et al., 2017; Vadla et al.,

2020). The processing and repair of DSB is therefore critically

influenced by the nuclear architecture in which the lesion arises.

At the damaged DNA, histone acetylation level changes through

signal dependent recruitment and regulation of histone

acetyltransferases and histone deacetylases which function in

coordination with the ATP dependent remodellers. In this

review, we will discuss how chromatin architecture of the

region where the DSB is localized alters via dynamic changes

in histone acetylation to generate a repair conducive platform to

maintain genomic integrity.

DNA damage response

Double-strand breaks can form directly by breakage of both

the strands, or collapse of stalled replication forks. DSBs are

quickly detected by mobilizing and recruiting the sensing factors

to recognize these lesions and activating the DNA damage

checkpoint (Smolka et al., 2007). The signaling pathways

begins with the activation of sensors ATM, ATR and DNA-
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PKCs (Matsuoka et al., 2007). The primary mark for DSB is

phosphorylation of H2AX, spreads to megabases around the DSB

and triggers downstream processes (Rogakou et al., 1998;

Rogakou et al., 1999). One of the earliest cellular responses to

DSBs is the rapid recruitment of the ATM kinase and

phosphorylation of histone H2AX (known as γH2AX) on

either side of the DSB which acts a platform for landing of

multiple repair factors to the chromatin (Bonner et al., 2008). For

example, initial phosphorylation of H2AX (γH2AX) recruits

scaffold protein MDC1 (Stucki et al., 2005) forming a docking

platform that promote the recruitment and retention of other

DNA repair proteins onto the chromatin at DSBs, including the

MRN complex, the RNF8 ubiquitin ligase and the BRCA1, Ku70/

80, and 53BP1 proteins (Kolas et al., 2007; Mailand et al., 2007;

Melander et al., 2008). In response to DSBs, formation of open,

relaxed chromatin domains occur which are spatially localized

to the area surrounding the break the relaxed chromatin is

created through the joint action created through the joint

action of the chromatin remodellers and histone

acetyltransferases such as SWI/SNF complexes, Tip60,

p300, etc., respectively (Papamichos-Chronakis and

Peterson, 2013; Qi et al., 2016). The resulting

destabilization of nucleosomes at the DSB by chromatin

remodeller and modifiers is needed for ubiquitination of

the chromatin by the RNF8 ubiquitin ligase, and for the

subsequent recruitment of the NHEJ or HR factors.

The metabolic state and cell cycle stage also affects DSB

formation and the response to DSB varies accordingly. Repair

via homologous recombination pathway depends on presence

of a sister chromatid as template. Hence, the HR pathways is

functional during the S/G2 phase, whereas, the NHEJ pathway

is active throughout the cell cycle. Recognition of damaged

DNA ends by Ku70/80 leads to recruitment of other factors for

NHEJ (Kieffer and Lowndes, 2022). Similarly, the HR pathway

requires the processing of the DNA by MRN complex and

other proteins like RPA, CtIP, Exo1 followed by recruitment of

BRCA1 and other HR factors. Checkpoint mediators like

53BP1 of NHEJ pathway and BRCA1 of HR pathways

compete against each other to make the pathway choice

(Powell and Kachnic, 2003; Panier and Boulton, 2014)

(Figure 3). The repair pathway choice refers to the

preference of HR vs. NHEJ pathway for repairing a DSB

according to the availability of template DNA and the

complexity of the damage (Chapman et al., 2012; Mohan

et al., 2021). The γH2AX and the MRN complex is involved

in crosstalk with histone modifications for efficient loading of

chromatin remodelers and repair factors at the sites of DSBs.

The external environment can affect HR machinery via

affecting the chromatin modification marks. For example, a

low pH environment requires the acetylation level to drop to

certain extent for HR to successfully commence upon DSB

formation (Vadla et al., 2020). Even the chromatin landscape

FIGURE 1
Different roles of histone acetylation at the DSB. At the DSB, acetylation of histones by the action of histone acetyltransferases leads to- 1)
Charge based increase in chromatin accessibility leading to recruitment of repair factors. 2) The acetylated histones are recognized by acetyl readers
like bromodomain containing proteins, which in turn leads to chromatin remodelling around the break and DDR factor recruitment. 3) Some
modifications like H3K56ac helps in inactivation of checkpoint and therefore leads to chromatin restoration to its native state.
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around a break, like heterochromatin or euchromatin, can

influence the repair machinery, calling in the specific repair

factors (Caridi et al., 2017; Aleksandrov et al., 2020). The

activation of ATM and DNA-PKCs can be influenced by the

chromatin remodelers recruited to specific histone marks.

There are multiple modes of ATM activation as depicted in

Figure 2 and also described in individual histone modifications

sections. In addition to these canonical sensors, currently, the

role of histone deacetylase SIRT6 has come into light regarding

its interaction with CHD4 as a DSB sensor. It involves

chromatin relaxation and HP1 release from H3K9me3 for

HR machineries to access the damaged DNA (Hou et al., 2020;

Meng et al., 2020; Onn et al., 2020), linking heterochromatin

regulation to DSB sensing and repair. After the establishment

of chromatin marks and recruitment of repair factors, the

chromatin remodelers like SWI/SNF and RSC (Remodelling

the Structure of Chromatin) complex slide the nucleosomes to

make the DNA damage accessible. This demonstrates the

importance of chromatin modifications in signalling of

DNA damage and making the repair pathway choice.

FIGURE 2
Role of acetylation in sensing and signalling of double-strand breaks Acetylation mediated activation of DNA damage checkpoint leading to
DNA damage recognition- The checkpoint sensor ATM phosphorylates H2AX, leading to recruitment of MDC1. This MDC1 recruitment via
interaction with γH2AX is facilitated by H4K16 acetylationmark established byMOF1 (with help of Asf1 histone chaperon) at the DSB. The H3K14ac by
GCN5 and docking of MDC1 promotes ATM activation and spreading of γH2AX mark. This leads to recruitment of pathway specific factors like
the MRN complex.
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Histone acetylation and DSB repair

The various post-translational modification of histones at the

DSB can act as a barrier via compaction or can make chromatin

accessible via decompaction during the process of damage

signalling as well as repair (Aleksandrov et al., 2020).

Acetylation of histones is one such dynamic chromatin

modification regulated by the concerted action of HAT and

HDAC (Gong and Miller, 2013; Roos and Krumm, 2016).

Acetylation of lysine residues changes the charge at the DNA-

nucleosome interface, leading to more open and accessible

chromatin (Dhar et al., 2017). The histone acetyltransferases

can be grouped into five subfamilies, namely HAT1/KAT1

(yHAT1), Gcn5/PCAF (yGcn5, hGCN5, hPCAF), Myst

(yEsa1, ySas2, hMOZ, hMOF, hTIP60, etc), p300/CBP (hp300,

hCBP), and Rtt109 (yrtt109) (Carrozza et al., 2003; Utley and

Cote, 2003). Among these, p300/CBP subfamily is metazoan

specific while Rtt109 is yeast specific (Marmorstein and Zhou,

2014). Histone acetylation is reversed by histone deacetylases, an

action that restores the positive charge of the lysine. There are

four classes of HDAC: Classes I and II contain enzymes that are

most closely related to yeast scRpd3 and scHda1, respectively,

class IV has only a single member, HDAC11, while class III

(referred to as sirtuins) are homologous to yeast scSir2 (Glozak

and Seto, 2007). This latter class, in contrast to the other three

classes, requires a specific cofactor for its activity, NAD+ (Glozak

and Seto, 2007; Greiss and Gartner, 2009).

The acetylation modifications at the N-terminus of the

histones are most commonly studied as they are highly

accessible at the tails and mediate binding of reader

chromatin proteins (Kouzarides, 2007; Soria et al., 2012). Five

reversible acetylable lysines are present at the N-terminus of

histone H3 namely, 9, 14, 18, 23, and 27, whereas four acetylable

lysines are present at positions 5, 8, 12, and 16 at the N-terminus

of Histone H4 (North and Verdin, 2004; Wang et al., 2007; Ma

and Schultz, 2008; Hulin et al., 2016; Khilji et al., 2021; Song et al.,

2021; Wu et al., 2022). Interestingly, covalent modifications also

occur within the globular domain of histones, especially at

positions that are in close contact with the nucleosomal DNA

wrapped around each octamer. One example of such acetylation

is histone H3 lysine 56 (H3K56ac). The other histones like the

linker H1 and the H2A are also modified at lysines with

important roles in DSB repair. Table 1 shows the list of all

histone lysine acetylation modifications which are regulated in

response to DSBs. There are mainly three ways by which lysine

acetylation of histones act at the chromatin- Activation of DDR

pathway via making chromatin accessible, helping the

remodelling of chromatin around DSB to help in DNA repair

factor mobility and localization and lastly restoration of

chromatin post DNA repair through inactivation of

checkpoint (for example, H3K56ac is required for inactivation

of checkpoint, also described in H3K56ac section) and later

nucleosome packaging to native chromatin state (Figure 1).

The bromo-domain (BRD) containing proteins act as the

reader of acetylation marks through which many repair

proteins come to the site of damage and thereby mediate

repair functions (Marmorstein and Zhou, 2014). The role of

histone acetylation and deacetylation in DSB repair was indicated

by some of the earliest studies where the HDAC, sirtuins were

shown to play a role in recombinational repair. The mutants of

Sir proteins and Rad52 were shown to be synthetically sensitive to

gamma-irradiation (Tsukamoto et al., 1997). Using two Hybrid

assay, the Sir2, Sir3, and Sir4 were found to physically interact

with Ku, the NHEJ factor (Tsukamoto et al., 1997). Consistent

with this, Sir2 along with other sir proteins relocalize to the site of

damage and help in silencing as well as chromatin compaction

(Martin et al., 1999; Mills et al., 1999; Guarente, 2000). These

proteins relocalize to the sites of damage along with the NHEJ

protein Ku (Martin et al., 1999). Subsequently, indications on the

role of histone acetylation in DSB repair came in the early 2000.

The acetylation of histone H4 at the N-terminus residues

catalysed by Esa1 acetyltransferase (mammalian

Tip60 homolog) was first shown to be implicated in DSB

repair (Bird et al., 2002). Early studies (Qin and Parthun,

2002) and (Tamburini and Tyler, 2005) have shown the role

of histone H3 acetylation catalysed by Hat1 acetyltransferase and

Gcn5 in the repair of DSB induced by the mating-type switching

HO endonuclease. In support of these studies, the deletion of

acetyl transferases responsible for the acetylation of these histone

residues such as Tip60 in mammals, NuA4 subunit yng2 and

gcn5 were also found to have DSB repair defects, genome stability

functions, tumor suppressor functions, consistent with the roles

of acetylation in DSB repair (Ikura et al., 2000; Choy and Kron,

2002; Kusch et al., 2004; Gorrini et al., 2007; Sun et al., 2010). The

first direct evidence on the role of histone acetyltransferases in

DSB repair came from the localization studies of Nua4 and

Tip60 at the chromatin near DSB (Downs et al., 2004; Murr

et al., 2006). NuA4/Tip60 is recruited to DSBs to acetylate

Histone H4, H2A as well as H2AX and facilitate chromatin

opening (Sun et al., 2010; Jacquet et al., 2016). It also has non-

histone targets such as ATM which facilitates the DSB repair

signalling (Sun et al., 2005). The human HATs like Mof1, TIP60,

CBP, p300, and GCN5 play redundant roles in regulating

acetylation at DSBs. Interestingly, ablation of CBP, p300, and

Tip60 lead to decreased NHEJ (Van and Santos, 2018). Analysis

using experiments such as laser microirradiation and ChIP at

I-Sce1 induced DSBs, these acetyltransferases were found to be

accumulated at the sites of DSB along with γ-H2AX and NHEJ

factors Ku70, Ku80, 53BP1 (Murr et al., 2006; Ogiwara et al.,

2011; Jacquet et al., 2016). The histone acetylation and

deacetylation landscapes dictate the choice of pathway for

repair of DSBs. For example, the histone acetylation mark

H4K16 has been shown to counteract binding of

53BP1 leading to resection and repair by HR (Tang et al.,

2013). Tip60 mediated H2AK15ac also leads to inhibition of

53BP1 binding at DSBs (Jacquet et al., 2016). These epigenetic
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landscapes are therefore dynamic and becomes crucial when the

DSBs occur during the process of other DNAmetabolic activities

such as DNA replication, transcription, etc. (Aleksandrov et al.,

2020). This review will here on focus majorly on histone H3 and

H4 acetylation in DSB signalling and repair with crosstalks with

other modifications.

Histone H4 acetylation and DSB repair

The role of histone H4 acetylation in the regulation of

transcription by opening up chromatin is well known.

However, the deletion of enzyme responsible for

H4 acetylation, the human Tip60 lead to defective DSB repair

capacity post IR treatment suggested the functions of histone

H4 acetylation in DSB repair pathway (Ikura et al., 2000). The

TIP60 acetyltransferase subunit, acetylates histone H4 at K5, K8,

K12, and K16, as well as H2A at K5 and K15 at the DSBs. Histone

H4 acetylation reduces the charge dependent histone-DNA

interactions and also provides a platform for landing of a

class of chromatin proteins that contain bromodomains

(Umehara et al., 2010; Plotnikov et al., 2014; Gong et al.,

2016). Of the potential H4 acetylation sites, the levels of

H4K16ac increase after DNA damage and absence of

H4K16ac leads to defective DNA repair (Li et al., 2010; Miller

et al., 2010; Sharma et al., 2010). The Myst family

acetyltransferase MOF1 catalyses H4K16ac. Upon deletion of

MOF1, defective recruitment of MDC1, 53BP1 and BRCA1 was

observed at DSBs (Li et al., 2010; Sharma et al., 2010). Reduced

MDC1 in MOF1 deletion leads to reduced activation of ATM

(Gupta et al., 2005). MOF1 mediated H4K16ac facilitates

interaction with acidic patch of H2AX for recruitment of

MDC1 and other chromatin remodelling events facilitating

effective DNA repair (Figure 2) (Dhar et al., 2017). The

TABLE 1 List of acetyl lysine modifications of Histones with roles in DSB signaling and Repair.

Histone
acetylation

Acetyl
transferase

Function in DDR Reference

H1K85ac PCAF Decreases immediately post DNA damage. Promotes
heterochromatin protein 1 (HP1) recruitment leading to condensed
chromatin

Li et al. (2018)

H2AK15ac Tip60 Peaks at S/G2, reduces at sites specifically repaired by
NHEJ. Tip60 dependent H2AK15ac regulates DSB repair pathway
choice by inhibiting H2AK15Ub and binding of 53BP1 thus,
promoting HR.

Jacquet et al. (2016)

H2AX K5ac TIP60 Decreases the spread of γH2AX-P upon damage. Aids in
NBS1 accumulation at the damaged regions via H2AX exchange,
thus aiding in ATM signalling

Kusch et al. (2004); Ikura et al. (2007); Jha et al. (2008);
Ikura et al. (2015)

H2AX K36ac p300/CBP Constitutive acetylation, does not increase on radiation damage,
however, promotes IR survival independently of gH2AX
phosphorylation

Jiang et al. (2010)

H2BK120ac SAGA acetyl
transferase

Upon DSB induction H2BK120ub to H2BK120ac switch occurs
irrespective of the region of DSB. May help in nucleosome
remodelling

Clouaire et al. (2018)

H3K9ac GCN5, PCAF Reduces upon DNA damage, helps in localization of Swi/SNF
complex to γH2AX containing nucleosomes. Obstructs ATM
activation in stem cells leading to IR sensitivity

(Tjeertes et al., 2009; Lee et al., 2010; Meyer et al., 2016)

H3K14ac GCN5 Increases in response to damage, helps in localization of Swi/SNF
complex to γH2AX containing nucleosomes. Stimulated by
HMGN1 and required for the activation of ATM.

(Kim et al., 2009; Lee et al., 2010)

H3K18ac p300/CBP, GCN5 Recruitment of SWI/SNF and Ku at initial timepoints during
G1 phase, later deacetylation by Sirt7 leads to loading of 53BP1 to
facilitate effective NHEJ.

(Ogiwara et al., 2011; Vazquez et al., 2016; Swift et al., 2021)

H3K56ac p300/CBP Both reduction and increase observed post DNA damage,
Deacetylated by Sirt6 and Sirt3 promotes NHEJ by recruiting
SNF2H and 53BP1 to the DSB sites. Deactivates checkpoint to
facilitate recovery and chromatin assembly

(Chen et al., 2008; Das et al., 2009; Tjeertes et al., 2009;
Miller et al., 2010; Vempati et al., 2010; Battu et al., 2011;
Toiber et al., 2013; Clouaire et al., 2018; Sengupta and
Haldar, 2018; Vadla et al., 2020)

H4K5ac, H4K8ac Tip60-Trap Repair by HR by facilitating recruitment of MDC1, BRCA1. 53BP1,
RAD51

(Murr et al., 2006; Ogiwara et al., 2011; Clouaire et al., 2018)

H4K12ac p300/CBP Recruitment of SWI/SNF complex, KU70/80 and repair by NHEJ

H4K12ac was reduced at AsiSI induced DSBs

H4K16ac Tip60-Trap
MOF1

Biphasic response at the DSBs, facilitates both NHEJ and HR. Initial
decrease and then increase at later timepoints. Abrogation of
MDC1, 53BP1 and BRCA1 foci in the absence of MOF1

(Li et al., 2010; Miller et al., 2010; Sharma et al., 2010)
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histone chaperone Asf1 interacts with human MOF1 and

regulates ATM activation via H4K16ac (Huang et al., 2018b).

Asf1 also helps in NHEJ by mediating the phosphorylation of

MDC1 by ATM (Lee et al., 2017). Given the role of H4K16ac in

activation of ATM i.e., the sensing and signalling step of DSB

repair, the H4K16ac kinetics at DSBs and its role in repair is

however complicated. Whether acetylation has a positive role in

DNA damage repair is still unclear. In budding yeast, Sin3 and

Rpd3 dependent deacetylation of H4K16 at the DSBs regulate

repair by NHEJ (Jazayeri et al., 2004). Similarly, in mammalian

cells, after laser-induced DNA damage, H4K16Ac levels decrease

rapidly followed by a steady increase at DSBs (Miller et al., 2010).

The deacetylation of H4K16 was coincident with localization of

HDAC1 and HDAC2 at the damage sites at initial time points.

Depletion of both HDAC1 and HDAC2 results in hyper-

acetylation of H4K16Ac and defects in NHEJ in humans as

well as mice (Miller et al., 2010). H416ac presents as an obstacle

in formation of higher order chromatin structure even though it

increases chromatin accessibility. The deacetylation of H4K16ac

leads to chromatin compaction whichmight be required to create

a microenvironment for quick access and recruitment of NHEJ

factors to the DSB site (Fernandez-Capetillo and Nussenzweig,

2004). The biphasic response of H4K16ac in response to DSB

could be due to its role in regulation of DNA repair pathway

choice. DNA repair by NHEJ can occurs fast anytime while HR is

the preferred pathway only when the sister chromatids are

available for repair i.e., specifically in S/G2 phase of the cell

cycle and it is slower as compared to NHEJ. The major factor

responsible for initiating NHEJ is recruitment of 53BP1 which

inhibits DNA end resection. Studies using Nuclear Magnetic

Resonance (NMR) and peptides containing specific histone

marks has found, acetylation of H4K16 to be inhibitory

toward the binding of the tudor domains of 53BP1 to

H4K20me2 (Figure 3). Also, the HAT Tip60 has been

implicated in the accumulation of BRCA1 at the chromatin

while inhibiting 53BP1. The Tip60 complex also binds to

H4K20me2 (through the MBTD1 complex) and prevents

ubiquitination of H2A by directly acetylating the

H2AK15 ubiquitin site, providing an example of how

acetylation of a specific residue can inhibit other modification

at the same residue (Figure 3). This Tip60-H4K20me2-

H2AK15Ub-Ac axis helps promote HR by inhibiting 53BP1

(Tang et al., 2013; Jacquet et al., 2016). The role of

H4 acetylation in regulating BRCA1 recruitment is also

supported by another recent study where in S/G2 phase, the

acetyl CoA generating enzyme ACLY is phosphorylated in

response to DSB and leads to H4 acetylation by Tip60 which

further recruits BRCA1 (Sivanand et al., 2017). BRDs act as lysine

readers at the chromatin and have significant roles in DSB repair

(Figure 3). Several BRD proteins like BRD4, ZMYND8, ACF1,

TRIM28 (KAP-1), and TRIM33 are recruited to DSBs (Chiu

et al., 2017; Gong and Miller, 2018). Some HATs such as

p300 and GCN5 also possess BRD domains. CBP/

p300 localizes to DSB sites and acetylates H4 at K5, K8, K12,

and K16 and this leads to recruitment of NHEJ protein Ku70 and

Ku80 to the sites of DSB (Ogiwara et al., 2011). These acetylations

also help establish chromatin remodeling events at the break sites

by enabling recruitment of SWI/SNF complex (Ogiwara et al.,

2011). Recently, it was shown that H4K12ac was significantly

reduced at AsiSI induced DSBs (Clouaire et al., 2018). Therefore,

the molecular functions of this modification still remains to be

explored further. In summary, H4ac in crosstalk with other

histone modifications and readers can act as a barrier for the

NHEJ pathway, while promotes HR and this dictates the pathway

choice for DSB repair. For more detailed overview of Histone

H4 acetylation and DSB repair, we refer the readers to other

reviews which are specifically on role of histone H4 acetylation

(Gong and Miller, 2013; Dhar et al., 2017).

Histone H3 acetylation and DSB repair

The exact role of histone H3 acetylation in DSB repair

pathway is less understood. Consistent with the role of

acetylation in making chromatin accessible, it was suggested

that histone H3 acetylation is required for the recruitment of

the SWI/SNF complex in cooperation with γ-H2AX to DSB sites

which promotes further nucleosome remodeling to mediate

repair (Downs et al., 2004; van Attikum et al., 2004; Lee et al.,

2010; Ogiwara et al., 2011).

DNA damage-induced changes in acetylation of mammalian

histone H3 N-terminal lysines 9, 14, 18, 23 and 56 was observed

by several studies (Das et al., 2009; Tjeertes et al., 2009; Yuan

et al., 2009; Lee et al., 2010; Miller et al., 2010; Vempati et al.,

2010; Guo et al., 2011). The dynamic nature of acetylation and

deacetylation at H3K9, 14, 18, 23, 27 in response to a DSB created

by a HO endonuclease was established first by earlier studies

(Tamburini and Tyler, 2005), (Lee et al., 2010), where it was

shown that histone acetylations at certain residues were first

reduced and then increased to support repair and restoration.

Additionally, it was shown that the acetylation was not only

altered at the site of DNA lesion but also was altered at the donor

locus or the sister chromatid. Consistent with this, the acetyl

transferase responsible for H3 acetylation like Gcn5 and Esa1 and

the histone deacetylases responsible for removal of acetyl mark

for example, Rpd3, Sir2, and Hst1 were shown to be localized to

the double-strand break during DNA repair (Jazayeri et al., 2004;

Tamburini and Tyler, 2005). Histone acetylation marks such as

histone H3 at lysine 56 (H3K56ac) is known to be associated with

open chromatin. However, on the contrary a prevailing view

suggests deacetylation of H3K56 is an early event in the response

to DSBs. Certain histone acetylation marks such as H3K56 and

H4K16 get activated in phases or waves, showing initial reduction

and later on increase at the sites of DSB which indicates the

dynamic role of both HATs and HDACs in sensing as well as

repair of DSBs.
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Histone H3K14ac and DSB Repair

H3K14ac, the H3 tail modification is known to be associated

with transcriptionally active chromatin. H3K14ac along with

other H3 and H4 tail modifications was first shown to be

altered upon DSB repair at an HO endonuclease site triggered

by homologous recombination pathway (Tamburini and Tyler,

2005). However, the specific role of H3K14ac in DSB repair is not

defined. In fission yeast, H3K14ac is regulated by GCN5 and

MST2 acetyl transferases (Wang et al., 2012). The combined

deletion of gcn5, mst2 or the mutation of H3K14R (hypo-

acetylation mimic) leads to severe sensitivity phenotypes in

response to variety of DNA damage-inducing agents such as

UV light, bleomycin, MMS (methylmethane sulfonate), and

ionizing radiation. H3K14ac is induced at an HO

endonuclease DSB site, indicating its active role at the DSB

signalling or repair. Consequently, loss of H2A

phosphorylation was observed in H3K14R mutant due to the

compact chromatin structure and the accessibility of RSC

complex was found to be reduced in fission yeast (Wang

et al., 2012). In support of this, the RSC complex through its

bromodomain regions was shown to be recruited to the

chromatin via H3K14ac in budding yeast (Kasten et al., 2004).

Further studies show the role of yeast RSC complex in facilitating

the recruitment of ATM/ATR complexes (Tel1/Mec1) to the

break site and for the induction of phosphorylation of H2A

(Liang et al., 2007; Shim et al., 2007). Consistent with the roles of

H3K14ac in DDR in yeast, H3K14 was found to be increased in

response to IR treatment in mammalian cells in

GCN5 dependent manner (Lee et al., 2010). H3K14ac is

correlated with active chromatin (Wang et al., 2008). Since,

H3K14 is a tail modification, it is downregulated by deletion

of a nucleosome binding protein HMGN1. This axis of HMGN1-

H3K14ac induces the activation of ATM via ATM

autophosphorylation in response to IR (Figure 2) (Kim et al.,

2009). The role of HMGN1 in the activation of ATM is due to the

FIGURE 3
Role of acetylation in DSB repair pathway choice. Repair Pathway Choice- The early recruitment of HDACs like SIRT6, SIRT3, and HDAC1/
2 leads to deacetylation of H3K56ac, H3K18ac, H4K16ac, etc. leading to chromatin compaction and recruitment of NHEJ factors 53BP1 and Ku70/
80. SIRT6 dependent SNF2H recruitment aids in the recruitment of downstream DNA repair factors at G1 to facilitate NHEJ. The repair pathway
choice for HR through acetylation is mediated via Tip60 dependent ubiquitylation to acetylation switch at H2AK15, through H4K20me3 leading
to inhibitory binding to 53BP1 and inhibition of NHEJ. Repair of damage in G2 or at compact chromatin regions require removal of heterochromatin
protein like HP1 by CHD4. CHD4 is recruited by SIRT6 and this leads to removal of HP1 leading to chromatin decompaction, recruitment of RPA and
BRCA1 to facilitate HR. Asf1 and p300 also facilitates the recruitment of Rad51 and RPA at DSBs.
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global reorganisation of ATM in the nucleus via H3K14ac and

not due to local changes in interaction of ATM with HMGN1 or

with other chromatin factors (Kim et al., 2009). This is a classic

example of the role of histone H3 tail modification in the global

nuclear changes leading to DDR signal activation. The specific

role of H3K14ac in the DDR pathway is still emerging. Acetylated

histones are read by bromodomain containing proteins. Recently,

a bromodomain containing protein ZMYND8 is shown to

localize to the sites of DSB (Gong and Miller, 2018).

Independently, it was shown that ZMYND8 interacts with

H3K14ac mark along with H3K4-me1 to regulate

transcription of malignant genes (Li et al., 2016). Whether

this axis of ZMYND1-H3K18ac is linked to the DDR

signalling or repair can be checked in the future. Also, the

detailed kinetics of H3K14ac using laser induced site specific

damage is needed to further gain knowledge about the specific

signalling events orchestrated by this H3 tail modification leading

to repair. Since, its crosstalk with other histone modifications in

regulating transcription is known, whether this is true for DSB

repair could be an interesting question to pursue in the future.

Histone H3K18ac and DSB repair

Several studies reported H3K18ac, one of the histone mark

of the N-terminus of histone H3, at the site of DSBs (Schiltz

et al., 1999; Tamburini and Tyler, 2005; Ogiwara et al., 2011;

Vazquez et al., 2016). p300 and CBP dependent H3K18ac

mediates the access of the chromatin remodeling complex

SWI/SNF to the DSB site (Ogiwara et al., 2011). Furthermore,

DNA damage caused by ionizing radiation resulted in GCN5-

mediated H3K18ac. Further, this modification along with

acetylation marks at other N-terminal residues in H3 is

induced on γH2AX containing nucleosomes leading to the

binding of BRG1, the ATPase subunit of SWI/SNF complex

(Figure 2). This mechanism helps in spreading of

phosphorylation of H2AX on nucleosomes flanking the

DSB and thus forms a feedback loop to facilitate DSB

repair (Lee et al., 2010). However, the kinetics of H3K18ac

at the DSBs was unclear. Recently, interesting details emerged

about the kinetics of H3K18ac levels at the DSBs. A rapid

increase in H3K18ac was observed post 15 min of IR treatment

followed by reduction and this reduction persisted till the end

of repair (Vazquez et al., 2016). Incidentally, in response to IR

and genotoxic stress, the sirtuin SIRT7 is recruited to DSB sites

as early as 1 s and peaks at 1 min to mediate deacetylation

of H3K18ac and this fine-tuning is required for the binding

of 53BP1 to the chromatin and making an early choice for

NHEJ (Figure 3). This loading of SIRT7 to the chromatin is

ATM-independent and is dependent upon the sensor PARP

(Vazquez et al., 2016). Consistently, the NHEJ efficiency was

significantly reduced in SIRT7 knock out cells.

SIRT7 deficiency also leads to replication defects and fork

collapse. This suggests that H3K18ac role at the chromatin

may not be limited to DSB repair in G1. Coincidently, a very

recent report introduced a new player, a transcription factor

SP1 in the regulation of H3K18ac via p300 (Swift et al., 2021).

SP1 is required to recruit p300 to the DSB site during G1 phase

and induce H3K18ac. The induced H3K18ac is required for

recruitment of SWI/SNF complex and NHEJ factor Ku to the

DSB. These results at first seem contradictory to the earlier

study where deacetylation of H3K18ac is required for NHEJ

factor 53BP1 binding. It is therefore hypothesized that, initial

opening of chromatin via H3K18ac mediated by p300 and

SP1 is required for initiating the NHEJ pathway in G1 phase by

recruitment of SWI/SNF and Ku80. Further, deacetylation by

SIRT7 could be required for 53BP1 loading to restrict resection

and finishing DNA repair (Figure 3). In support of this, it was

reported that Dicer is upregulated in response to DSBs which

sequesters SIRT7 in the cytoplasm at the early timepoints to

facilitate chromatin opening via H3K18ac (Zhang et al., 2016;

Chen et al., 2017). Subsequent release of SIRT7 leads to

deacetylated H3K18 promoting effective repair by

NHEJ. Clearly, the role of H3K18ac in the DSB repair

pathway needs further investigation. The global role of

H3K18ac in the regulation of transcription is known.

However, fine tuning the levels of this acetylation at a

particular DSB in different cell cycle stages is crucial to

mediate the repair.

Histone H3K56ac and DSB repair

Acetylation of the globular domain residue, histone

H3K56 in the alpha N helix that is strategically positioned at

the DNA entry and exit site in the nucleosome, was first

discovered in budding yeast by mass spectrometry (Masumoto

et al., 2005; Xu et al., 2005). Structurally, H3K56 faces the major

groove of the nucleosomal DNA providing an excellent position

to affect histone/DNA interactions when acetylated (Davey and

Richmond, 2002; Gershon and Kupiec, 2021). The histone

H3K56 is acetylated in the S-phase of the cell cycle specifically

behind the replication forks and is deacetylated by the sirtuins at

G2/M phase. In yeast, all newly synthesized histone H3 in S phase

are acetylated at H3K56 residue (Hyland et al., 2005; Masumoto

et al., 2005; Ozdemir et al., 2005; Xu et al., 2005; Xhemalce et al.,

2007; Haldar and Kamakaka, 2008). The histone H3K56ac is

conserved in mammals and is associated with human cancers

(Das et al., 2009). Acetylation of H3K56 leads to increased DNA

accessibility by facilitating spontaneous unwrapping at the entry

and exit points of the nucleosome. This is supported by many

biophysical studies (Neumann et al., 2009; Kim et al., 2015).

H3K56ac is regulated by CBP/p300 in humans along with histone

chaperone Asf1a and is deacetylated by HDAC1/2, sirtuins,

SIRT1, SIRT2, SIRT3, and SIRT6 (Das et al., 2009; Yuan

et al., 2009; Vempati et al., 2010).
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Role of H3K56ac in yeast DSB repair

The yeast acetyltransferase Rtt109 acetylates H3K56 in

collaboration with the chaperones, Asf1 (a H3-H4

chaperone) and Vps75 (Celic et al., 2006; Schneider et al.,

2006; Driscoll et al., 2007; Han et al., 2007; Tsubota et al.,

2007). Asf1, in complex with H3K14ac-H4, alters the selectivity

of Rtt109-Vps75 significantly towards H3K56ac, indicating

crosstalk among different H3 acetylations (Cote et al., 2019).

The sirtuins ScHst4 and ScHst3 in S. cerevisiae and the

SpHst4 in S. pombe regulate cell cycle progression and

heterochromatin silencing and assembly (Brachmann et al.,

1995; Freeman-Cook et al., 1999; Haldar and Kamakaka, 2008;

Konada et al., 2018). These deacetylases remove and thus,

negatively regulate H3K56ac levels during the cell cycle as

well as post DNA damage. Several studies showed this

modification is required for maintenance of genome integrity

(Celic et al., 2006; Maas et al., 2006; Miller et al., 2006; Xhemalce

et al., 2007; Haldar and Kamakaka, 2008). The acetylated

histone H3K56 promotes replication-coupled nucleosome

assembly as well as assembly of nucleosomes following

repair by increasing interaction between histone chaperon

CAF1, Rtt106 and Asf1 and histones (Chen et al., 2008; Li

et al., 2008). This is required for restoration of chromatin

structure following DNA replication or repair, as has been

depicted by several studies and proposed in the access-

repair-restore model, a necessary step for maintenance of

genome integrity (Green and Almouzni, 2002). Interestingly,

the levels of H3K56ac are maintained in response to DNA

damage during S-phase in the checkpoint dependent manner

(Masumoto et al., 2005; Thaminy et al., 2007). The tight

regulation of this modification is via the downregulation of

sirtuins Hst3 and Hst4 in S-phase and post-DNA damage in

S-phase (Celic et al., 2006; Haldar and Kamakaka, 2008).

Budding yeast Hst3 is regulated by CDK dependent

phosphorylation and degradation via SCF (Cdc4)

ubiquitination pathway (Delgoshaie et al., 2014; Edenberg

et al., 2014). Checkpoint sensor kinase Mec1 regulates

Hst3 levels in an intra-S-phase checkpoint kinase

Rad53 dependent mechanism (Thaminy et al., 2007). In

fission yeast, S. pombe, SpHst4 which is the functional

homolog of budding yeast hst3, hst4, has also been recently

shown by our lab to be degraded in an ubiquitin dependent

manner (Aricthota and Haldar, 2021). Notably, the DDK kinase

Hsk1 phosphorylates Hst4 at the C-terminus in response to

DNA damage caused by methylmethane sulfonate treatment,

which thereby is recognized by the SCF (Pof3) complex and

ubiquitinated. Hst4 is then targeted for degradation via

proteasome. In response to DNA damage caused by

methylmethane sulfonate (MMS) treatment.

Deletion of sirtuins Hst3 and Hst4 induces several genome

instability phenotypes, including spontaneous DNA double-

strand breaks, increased chromosomal loss, impairment of

break-induced replication, and increased sensitivity to

genotoxic agents (Brachmann et al., 1995; Freeman-Cook

et al., 1999; Che et al., 2015). Notably, these phenotypes are

suppressed by deletion of histone chaperone Asf1 which is

essential for the activity of Rtt109 histone acetyltransferase

(HAT) complex or by a non-acetylatable H3K56R mutant,

suggesting that constitutive H3K56 hyperacetylation results in

genomic instability (Celic et al., 2006; Maas et al., 2006;

Driscoll et al., 2007). The absence of H3K56ac is equally

harmful for the genome stability as expression of

hypoacetylated H3K56R mutant or the absence of

Asf1 leads to severe sensitivity in the presence of genotoxic

agents such as, methylmethane sulfonate (MMS),

campthotecin (CPT), and hydroxyurea (HU), etc., (Lewis

et al., 2005; Maas et al., 2006; Haldar and Kamakaka, 2008).

Inability to downregulate Hst4 of S. pombe, in a

phosphorylation defective mutant of Hst4, 4SA-hst4 leads

to hypoacetylated H3K56 and this mutant suffers sensitivity

and defective recovery from replication stress (Aricthota and

Haldar, 2021).

The genome stability defects observed upon perturbation

of H3K56ac pathway indicates the role of H3K56ac in the

regulation of DDR signalling or repair. Absence of sirtuins

Hst3 and Hst4 leads to activation of checkpoint without any

exogenous treatment indicating spontaneous and persistent

DNA damage. Similar results were obtained in the absence of

rtt109 deletion indicating that dynamic regulation of H3K56ac

functions in the DDR pathway (Driscoll et al., 2007). Studies

have indicated that rtt109, asf1 functions in the same pathway

as asf1 in the response to genotoxic drug treatments (Recht

et al., 2006; Driscoll et al., 2007). High levels of H2A

phosphorylation was seen in cells with hyperacetylated as

well as hypoacetylated genome (Simoneau et al., 2015;

Aricthota and Haldar, 2021). Also, high recombination foci

(Rad52 foci) were observed in the absence of exogenous

damage in these cells, indicating cells with deregulated

H3K56ac pathway face spontaneous DNA damage possibly

due to defects in repairing the replicative DNA damage

(Wurtele et al., 2012; Konada et al., 2018). The absence of

H3K56ac in rtt109 and h3K56R conditions leads to persistent

Rad51 foci which could be due to inability to resolve the

damage downstream of Rad51. The DNA damage checkpoint

gets deactivated once the damage is repaired i.e., during

recovery. The absence of H3K56ac by deletion of Rtt109 or

Asf1, leads to activated checkpoint post damage removal and

due to this, cells are unable to re-enter cell cycle (Chen et al.,

2008; Tsabar et al., 2016). This cell cycle re-entry mechanism is

conserved in S. pombe, as the non-degradable phospho-

mutant of hst4 (4SA-hst4) shows hypoacetylation of

H3K56ac and defective recovery from replication stress

(Aricthota and Haldar, 2021). These defects could be due to

the role of chromatin reassembly functions of H3K56ac in

deactivating the checkpoint.
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The role of H3K56ac inHR in yeast is not established due to the

absence of sensitivity of the mutants of this pathway in response to

acute IR treatment. Also, it was observed that acute exposure to IR

did not induce H3K56ac in S. cerevisiae (Masumoto et al., 2005).

Further, cells lacking Rtt109 or Asf1 are capable of repairing a single

HO-induced DSB. The genetic interaction data of hst3hst4mutants

with the HR pathway genes in yeast suggests that Rad51 is not

required for the survival of these mutants. However, the survival

depends on the Rad52 and MRN complex (Munoz-Galvan et al.,

2013). These data suggest that H3K56ac pathway is specifically

required in a branch of HR repair which is not dependent on

Rad51. One such example is the repair by break induced replication

(BIR), which is needed to repair single ended DSBs (Che et al.,

2015). Since, H3K56ac only occurs during S-phase of the cell cycle,

it is assumed that it is not required for DNA repair activities outside

S-phase. However, the H3K56R mutants were found to be sensitive

to prolonged bleomycin treatment which induces DSBs and is

repaired by Rad51 pathway, indicating that H3K56ac role in DSB

repair still needs to be studied. In S. cerevisaie, H3K56ac has been

implicated in the formation of meiotic breaks (Karanyi et al., 2019).

Further supporting the possible role of H3K56ac in HR, the

downregulation of Hst4 was also observed in response to MMS

and HU but not in bleomycin treatment (which induce DSBs),

indicating that only early S-phase fork stalling leads to induction of

H3K56ac. The molecular role of Hst3/Hst4 and H3K56ac pathway

in the DNA repair mechanisms induced by these damaging agents

warrants further investigation. Also, it was shown in the fungus

Neurospora, the role of H3K56ac and rtt109 in the regulation of

Quelling and DNA damage-induced small RNA (qiRNA)

production via homologous recombination. The H3K56ac was

found at the site specific DSB break site in this study (Zhang

et al., 2014).

H3K56ac is also required for the stability of advancing

replication forks. Impairment of nucleosome assembly pathways

through deletion of Asf1 or Caf1 leads to defective DSB repair

during DNA replication (Lewis et al., 2005). Absence of asf1,

rtt109 leads to increased recombination, as sister chromatid

exchanges increase (Prado et al., 2004). The balance of

acetylation and deacetylation of H3K56 during DNA replication

is required to help the recombination machinery in choosing the

right sister chromatid for the recombination during HR (Munoz-

Galvan et al., 2013). Since, sister chromatid recombination is the

major pathway for repair of replication induced DSBs, this could

explain the sensitivity of H3K56ac pathway mutants to HU, CPT,

etc., replicative stress causing agents. Overall, the accurate, timely

and dynamic regulation of histone H3 lysine 56ac is the key to cell

survival upon DNA damage.

Role of H3K56ac in human DSB repair

The core domain modification, histone H3K56ac is conserved

in mammals and is associated with human cancers (Das et al.,

2009). It is regulated by CBP/p300 in humans along with histone

chaperone Asf1a and is deacetylated by HDAC1/2, Sirtuins, SIRT1,

SIRT2, SIRT3, and SIRT6 (Das et al., 2009; Yuan et al., 2009;

Vempati et al., 2010). The role of H3K56ac in human DSB repair is

a long studied question and still elusive. It is a DNA damage

responsive modification as its level alter upon exposure to DNA

damage. However, there are conflicting reports on the H3K56ac

levels upon treatment of specific cell lines with same DNA

damaging agents and therefore, the function and regulation of

H3K56ac in DSB repair has been controversial in human. Some

studies have shown that the level ofH3K6ac increases in response to

DNA damage (Das et al., 2009; Yuan et al., 2009; Vempati et al.,

2010). However, other studies have shown that H3K56 is actively

deacetylated at sites of DNA breaks (Tjeertes et al., 2009; Miller

et al., 2010). Treatment of cells with PIKK inhibitors such as

wortmanin leads to reduced H3K9ac and H3K56ac without any

exogenousDNA damage (Tjeertes et al., 2009). This could be due to

endogenous DNA damage induced by the inhibition of ATM/ATR

kinases. The kinetics of reduction of H3K56ac is very fast and

corresponds with the appearance of γH2AX upon treatment with

Phleomycin. These seemingly contrasting results could be due to

the non-specific signal by the different commercial antibodies

available against H3K56ac or speculatively, could be due to

difference cellular microenvironment i.e. the cell culture

conditions which varied between these laboratories ad (Pal et al.,

2016). The other reason for these contrasting results could be the

growth conditions of the cell and its effect on the dynamicity of

H3K56ac, where the initial level or the pre-exiting modification

code/level would determine how the levels of this modification

would alter. Recent results indicate that the cellular

microenvironment plays a role in controlling the dynamics of

HK56ac upon DNA damage in mammalian cells (Vadla et al.,

2020). Specifically, the cell density changes and accumulation of

metabolites and pH alterations affect the global levels of H3K56ac.

Upon DNA damage, H3K56ac increases in low density cells with

low initial acetylation, while acetylation decreases in high cell

density cells. The gradual increase in H3K56ac from low to high

cell density medium was coincident with decreasing levels of

SIRT1 and SIRT6 (Vadla et al., 2020). Interestingly, unlike yeast,

the global reduction of H3K56ac in response to DNA damage in

humans is not dependent on cell cycle effects (Tjeertes et al., 2009).

There are instances of similar changes in acetylation in response to

damage due to the complex dynamics of DNA damage repair at the

chromatin due to differences in DNA repair code generated due to

subtle changes in cellularmicroenvironment.UV treatment leads to

rapid hyperacetylation of all histones followed by a hypoacetylated

state (Ramanathan and Smerdon, 1986). More recent studies have

suggested this biphasic mode of H3K56ac where it decreases

immediately upon DNA damage (UVR) and subsequently

restored. Additionally, HDAC1 and HDAC2 act at DSBs to

deacetylate H3K56ac to promote repair by NHEJ (Miller et al.,

2010). The sirtuin, SIRT3 localizes to nucleus and deacetylates

H3K56ac immediately to regulate NHEJ pathway via regulating
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recruitment of NHEJ protein 53BP1 (Sengupta and Haldar, 2018).

This biphasic mode of post-translational modifications is

interesting and has been observed for histone H4K16ac as well.

Similar to H3K56ac, the linker histone H1K85ac is decreased

immediately in response to IR treatment as well as at the site

specific DSB to promote chromatin compaction, but increase at

later timepoints (Li et al., 2018). H1K85ac promotes

Heterochromatin protein 1 (HP1) recruitment at the chromatin

which facilitates chromatin compaction. Reducing H1K85ac

immediately post DNA damage by HDAC1 leads to chromatin

decompaction. However, the role of H1K85ac in DSB repair is

dynamic as both H1K85Q and H1K85Rmutants are sensitive to IR

treatments. HATs and HDACs function in regulating these

dynamic modifications in order to remodel chromatin via

recruitment of specific remodelers. Various chromatin

remodelers, including INO80, the NURD complex,

SMARCAD1, p400, CHD4, etc. were shown to be recruited to

sites of damage, suggesting the need of chromatin remodeling in

order to allow repair (Papamichos-Chronakis and Peterson, 2013;

Price and D’Andrea, 2013; Xu and Price, 2011). Previous studies

have shown that defects in DNA damage repair in SNF2H

knockdown cells could be rescued with chloroquine treatment, a

drug that causes chromatin relaxation (Murr et al., 2006; Nakamura

et al., 2011). The NAD + dependent sirtuin, SIRT6 is required for

the localization of SNF2H to the sites of DSB (Toiber et al., 2013).

SIRT6 deacetylates H3K56ac at DSB to regulate SNF2H binding. It

was observed that in the absence of SIRT6 and inH3K56Qmutants,

SNF2H is unable to open chromatin leading to defective DSB repair

signaling by inhibiting recruitment of repair proteins such as RPA,

53BP1, and BRCA1 (Toiber et al., 2013). Subsequent studies have

linked SNF2H functioning downstream of RNF168- H2A

ubiquitination pathway which regulates key steps in NHEJ at

heterochromatic regions (Kato and Komatsu, 2015).

Interestingly, SIRT6 also functions in regulating recruitment of

another chromatin remodeler, CHD4 at the sites of DNAdamage at

G2 phase of the cell cycle, specifically at compacted DSB regions.

SIRT6-CHD4 competitively binds H3K9me3 which helps in

evicting the heterochromatin protein HP1 from the chromatin

leading to chromatin decompaction to promote HR (Hou et al.,

2020). Earlier reports have suggested that PARP dependent

accumulation of CHD4 further recruits HDAC1/2 (Chou et al.,

2010; Polo et al., 2010). Whether any other histone acetylation has

function in this CHD4-HDAC1/2 pathway forming a repair code to

regulate HR is not known. A study has however, shown that knock

down of HAT p300 leads to reduced recruitment of CHD4 and

their knock down independently lead to reduced HR while

NHEJ was not affected. The fact that knock-down of both HATs

like p300 and HDACs like sirtuins leads to defective DSB repair

suggests the complex role of post-translational modifications in

DSB repair. The histone chaperone Asf1 has been shown to

regulate homologous recombination via enabling loading of

Rad51 to the sites of DSBs (Figure 3) (Huang et al., 2018a). Also,

similar to yeast, studies in mammalian cells have shown the role

of H3K56ac in recovering from DNA damage via inactivating

checkpoint, promoting chromatin reassembly and thus

regulating cell-cycle progression (Chen et al., 2008; Battu

et al., 2011). Since, Asf1, p300 and SIRT6 regulates

H3K56ac, it is plausible to think that H3K56ac function in

HR needs further detailed studies where cell cycle effects and

time points are accounted for.

Concluding remarks

DNA damage triggers a network of intricate signaling and

repair mechanisms which take place in the chromatin context.

Starting from detection of the lesion till the restoration of

chromatin following repair, proteins involved in all steps of

DNA damage response work in close coordination with the

regulators of chromatin for making chromatin structure

conducive for DDR and DNA repair. Histone modifications

and modifiers alter chromatin by loosening contact with DNA

thereby relaxing chromatin and recruiting DNA remodeling

and repair factors via interaction with their bromodomain.

Histones are acetylated on several residues and defect in

acetylation of specific residue results in definite phenotypes.

However, the molecular functions of these acetylation in DSB

repair are not well understood. Further, crosstalk between

several modifications are known and it has been proposed

that these may form specific repair codes to determine

downstream steps of repair pathways. Further research will

through light on these mechanisms which will be crucial for

understanding the complexities of DSB repair pathways and

contribute to development of new therapeutics of diseases

resulting from defective DSB repair.

Author contributions

SA, PR, and DH discussed concepts, planned, and wrote the

manuscript.

Funding

This study was supported by a grant from the Science and

Engineering Research Board (SERB), Ministry of Science and

Technology, India (Grant CRG/2020/005724). SA is supported

by SERB grant.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Frontiers in Genetics frontiersin.org12

Aricthota et al. 10.3389/fgene.2022.926577

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.926577


Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Aleksandrov, R., Hristova, R., Stoynov, S., and Gospodinov, A. (2020). The
chromatin response to double-strand DNA breaks and their repair. Cells 9(8):1853.
doi:10.3390/cells9081853

Aricthota, S., and Haldar, D. (2021). DDK/Hsk1 phosphorylates and targets
fission yeast histone deacetylase Hst4 for degradation to stabilize stalled DNA
replication forks. Elife 10, e70787. doi:10.7554/eLife.70787

Aymard, F., Bugler, B., Schmidt, C. K., Guillou, E., Caron, P., Briois, S., et al.
(2014). Transcriptionally active chromatin recruits homologous recombination at
DNA double-strand breaks. Nat. Struct. Mol. Biol. 21, 366–374. doi:10.1038/nsmb.
2796

Battu, A., Ray, A., and Wani, A. A. (2011). ASF1A and ATM regulate H3K56-
mediated cell-cycle checkpoint recovery in response to UV irradiation. Nucleic
Acids Res. 39, 7931–7945. doi:10.1093/nar/gkr523

Bird, A. W., Yu, D. Y., Pray-Grant, M. G., Qiu, Q., Harmon, K. E., Megee, P. C.,
et al. (2002). Acetylation of histone H4 by Esa1 is required for DNA double-strand
break repair. Nature 419, 411–415. doi:10.1038/nature01035

Bonner, W. M., Redon, C. E., Dickey, J. S., Nakamura, A. J., Sedelnikova, O. A.,
Solier, S., et al. (2008). GammaH2AX and cancer. Nat. Rev. Cancer 8, 957–967.
doi:10.1038/nrc2523

Brachmann, C. B., Sherman, J. M., Devine, S. E., Cameron, E. E., Pillus, L., and
Boeke, J. D. (1995). The SIR2 gene family, conserved from bacteria to humans,
functions in silencing, cell cycle progression, and chromosome stability. Genes Dev.
9, 2888–2902. doi:10.1101/gad.9.23.2888

Caridi, P. C., Delabaere, L., Zapotoczny, G., and Chiolo, I. (2017). And yet, it
moves: Nuclear and chromatin dynamics of a heterochromatic double-strand break.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 372, 20160291. doi:10.1098/rstb.2016.0291

Carrozza, M. J., Utley, R. T., Workman, J. L., and Cote, J. (2003). The diverse
functions of histone acetyltransferase complexes. Trends Genet. 19, 321–329. doi:10.
1016/S0168-9525(03)00115-X

Celic, I., Masumoto, H., Griffith, W. P., Meluh, P., Cotter, R. J., Boeke, J. D., et al.
(2006). The sirtuins hst3 and Hst4p preserve genome integrity by controlling
histone h3 lysine 56 deacetylation. Curr. Biol. 16, 1280–1289. doi:10.1016/j.cub.
2006.06.023

Chapman, J. R., Taylor, M. R., and Boulton, S. J. (2012). Playing the end game:
DNA double-strand break repair pathway choice. Mol. Cell 47, 497–510. doi:10.
1016/j.molcel.2012.07.029

Che, J., Smith, S., Kim, Y. J., Shim, E. Y., Myung, K., and Lee, S. E. (2015). Hyper-
acetylation of histone H3K56 limits break-induced replication by inhibiting
extensive repair synthesis. PLoS Genet. 11, e1004990. doi:10.1371/journal.pgen.
1004990

Chen, C. C., Carson, J. J., Feser, J., Tamburini, B., Zabaronick, S., Linger, J., et al.
(2008). Acetylated lysine 56 on histone H3 drives chromatin assembly after repair
and signals for the completion of repair. Cell 134, 231–243. doi:10.1016/j.cell.2008.
06.035

Chen, X., Li, W. F., Wu, X., Zhang, H. C., Chen, L., Zhang, P. Y., et al. (2017).
Dicer regulates non-homologous end joining and is associated with
chemosensitivity in colon cancer patients. Carcinogenesis 38, 873–882. doi:10.
1093/carcin/bgx059

Chiu, L. Y., Gong, F., and Miller, K. M. (2017). Bromodomain proteins: Repairing
DNA damage within chromatin. Philos. Trans. R. Soc. Lond. B Biol. Sci. 372,
20160286. doi:10.1098/rstb.2016.0286

Chou, D. M., Adamson, B., Dephoure, N. E., Tan, X., Nottke, A. C., Hurov, K. E.,
et al. (2010). A chromatin localization screen reveals poly (ADP ribose)-regulated
recruitment of the repressive polycomb and NuRD complexes to sites of DNA
damage. Proc. Natl. Acad. Sci. U. S. A. 107, 18475–18480. doi:10.1073/pnas.
1012946107

Choy, J. S., and Kron, S. J. (2002). NuA4 subunit Yng2 function in intra-S-phase
DNA damage response. Mol. Cell. Biol. 22, 8215–8225. doi:10.1128/MCB.22.23.
8215-8225.2002

Ciccia, A., and Elledge, S. J. (2010). The DNA damage response: Making it safe to
play with knives. Mol. Cell 40, 179–204. doi:10.1016/j.molcel.2010.09.019

Clouaire, T., Rocher, V., Lashgari, A., Arnould, C., Aguirrebengoa, M., Biernacka,
A., et al. (2018). Comprehensive mapping of histone modifications at DNA double-
strand breaks deciphers repair pathway chromatin signatures. Mol. Cell 72,
250–262. e256. doi:10.1016/j.molcel.2018.08.020

Cote, J. M., Kuo, Y. M., Henry, R. A., Scherman, H., Krzizike, D. D., and Andrews,
A. J. (2019). Two factor authentication: Asf1 mediates crosstalk between
H3 K14 and K56 acetylation. Nucleic Acids Res. 47, 7380–7391. doi:10.1093/nar/
gkz508

Das, C., Lucia, M. S., Hansen, K. C., and Tyler, J. K. (2009). CBP/p300-mediated
acetylation of histone H3 on lysine 56. Nature 459, 113–117. doi:10.1038/
nature07861

Davey, C. A., and Richmond, T. J. (2002). DNA-dependent divalent cation
binding in the nucleosome core particle. Proc. Natl. Acad. Sci. U. S. A. 99,
11169–11174. doi:10.1073/pnas.172271399

Delgoshaie, N., Tang, X., Kanshin, E. D., Williams, E. C., Rudner, A. D., Thibault,
P., et al. (2014). Regulation of the histone deacetylase Hst3 by cyclin-dependent
kinases and the ubiquitin ligase SCFCdc4. J. Biol. Chem. 289, 13186–13196. doi:10.
1074/jbc.M113.523530

Dhar, S., Gursoy-Yuzugullu, O., Parasuram, R., and Price, B. D. (2017). The tale of
a tail: Histone H4 acetylation and the repair of DNA breaks. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 372, 20160284. doi:10.1098/rstb.2016.0284

Downs, J. A., Allard, S., Jobin-Robitaille, O., Javaheri, A., Auger, A., Bouchard,
N., et al. (2004). Binding of chromatin-modifying activities to phosphorylated
histone H2A at DNA damage sites. Mol. Cell 16, 979–990. doi:10.1016/j.molcel.
2004.12.003

Driscoll, R., Hudson, A., and Jackson, S. P. (2007). Yeast Rtt109 promotes genome
stability by acetylating histone H3 on lysine 56. Science 315, 649–652. doi:10.1126/
science.1135862

Edenberg, E. R., Vashisht, A. A., Topacio, B. R., Wohlschlegel, J. A., and Toczyski,
D. P. (2014). Hst3 is turned over by a replication stress-responsive SCF(Cdc4)
phospho-degron. Proc. Natl. Acad. Sci. U. S. A. 111, 5962–5967. doi:10.1073/pnas.
1315325111

Fernandez-Capetillo, O., and Nussenzweig, A. (2004). Linking histone
deacetylation with the repair of DNA breaks. Proc. Natl. Acad. Sci. U. S. A. 101,
1427–1428. doi:10.1073/pnas.0307342101

Freeman-Cook, L. L., Sherman, J. M., Brachmann, C. B., Allshire, R. C., Boeke,
J. D., and Pillus, L. (1999). The Schizosaccharomyces pombe hst4(+) gene is a
SIR2 homologue with silencing and centromeric functions. Mol. Biol. Cell 10,
3171–3186. doi:10.1091/mbc.10.10.3171

Gershon, L., and Kupiec, M. (2021). The amazing acrobat: Yeast’s histone
H3K56 juggles several important roles while maintaining perfect balance. Genes
(Basel) 12, 342. doi:10.3390/genes12030342

Glozak, M. A., and Seto, E. (2007). Histone deacetylases and cancer. Oncogene 26,
5420–5432. doi:10.1038/sj.onc.1210610

Gong, F., Chiu, L. Y., and Miller, K. M. (2016). Acetylation reader proteins:
Linking acetylation signaling to genome maintenance and cancer. PLoS Genet. 12,
e1006272. doi:10.1371/journal.pgen.1006272

Gong, F., and Miller, K. M. (2018). Double duty: ZMYND8 in the DNA damage
response and cancer. Cell Cycle 17, 414–420. doi:10.1080/15384101.2017.1376150

Gong, F., and Miller, K. M. (2013). Mammalian DNA repair: HATs and HDACs
make their mark through histone acetylation.Mutat. Res. 750, 23–30. doi:10.1016/j.
mrfmmm.2013.07.002

Gorrini, C., Squatrito, M., Luise, C., Syed, N., Perna, D., Wark, L., et al. (2007).
Tip60 is a haplo-insufficient tumour suppressor required for an oncogene-induced
DNA damage response. Nature 448, 1063–1067. doi:10.1038/nature06055

Green, C. M., and Almouzni, G. (2002). When repair meets chromatin. First in
series on chromatin dynamics. EMBO Rep. 3, 28–33. doi:10.1093/embo-reports/
kvf005

Greiss, S., and Gartner, A. (2009). Sirtuin/Sir2 phylogeny, evolutionary
considerations and structural conservation. Mol. Cells 28, 407–415. doi:10.1007/
s10059-009-0169-x

Frontiers in Genetics frontiersin.org13

Aricthota et al. 10.3389/fgene.2022.926577

https://doi.org/10.3390/cells9081853
https://doi.org/10.7554/eLife.70787
https://doi.org/10.1038/nsmb.2796
https://doi.org/10.1038/nsmb.2796
https://doi.org/10.1093/nar/gkr523
https://doi.org/10.1038/nature01035
https://doi.org/10.1038/nrc2523
https://doi.org/10.1101/gad.9.23.2888
https://doi.org/10.1098/rstb.2016.0291
https://doi.org/10.1016/S0168-9525(03)00115-X
https://doi.org/10.1016/S0168-9525(03)00115-X
https://doi.org/10.1016/j.cub.2006.06.023
https://doi.org/10.1016/j.cub.2006.06.023
https://doi.org/10.1016/j.molcel.2012.07.029
https://doi.org/10.1016/j.molcel.2012.07.029
https://doi.org/10.1371/journal.pgen.1004990
https://doi.org/10.1371/journal.pgen.1004990
https://doi.org/10.1016/j.cell.2008.06.035
https://doi.org/10.1016/j.cell.2008.06.035
https://doi.org/10.1093/carcin/bgx059
https://doi.org/10.1093/carcin/bgx059
https://doi.org/10.1098/rstb.2016.0286
https://doi.org/10.1073/pnas.1012946107
https://doi.org/10.1073/pnas.1012946107
https://doi.org/10.1128/MCB.22.23.8215-8225.2002
https://doi.org/10.1128/MCB.22.23.8215-8225.2002
https://doi.org/10.1016/j.molcel.2010.09.019
https://doi.org/10.1016/j.molcel.2018.08.020
https://doi.org/10.1093/nar/gkz508
https://doi.org/10.1093/nar/gkz508
https://doi.org/10.1038/nature07861
https://doi.org/10.1038/nature07861
https://doi.org/10.1073/pnas.172271399
https://doi.org/10.1074/jbc.M113.523530
https://doi.org/10.1074/jbc.M113.523530
https://doi.org/10.1098/rstb.2016.0284
https://doi.org/10.1016/j.molcel.2004.12.003
https://doi.org/10.1016/j.molcel.2004.12.003
https://doi.org/10.1126/science.1135862
https://doi.org/10.1126/science.1135862
https://doi.org/10.1073/pnas.1315325111
https://doi.org/10.1073/pnas.1315325111
https://doi.org/10.1073/pnas.0307342101
https://doi.org/10.1091/mbc.10.10.3171
https://doi.org/10.3390/genes12030342
https://doi.org/10.1038/sj.onc.1210610
https://doi.org/10.1371/journal.pgen.1006272
https://doi.org/10.1080/15384101.2017.1376150
https://doi.org/10.1016/j.mrfmmm.2013.07.002
https://doi.org/10.1016/j.mrfmmm.2013.07.002
https://doi.org/10.1038/nature06055
https://doi.org/10.1093/embo-reports/kvf005
https://doi.org/10.1093/embo-reports/kvf005
https://doi.org/10.1007/s10059-009-0169-x
https://doi.org/10.1007/s10059-009-0169-x
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.926577


Guarente, L. (2000). Sir2 links chromatin silencing, metabolism, and aging. Genes
Dev. 14, 1021–1026. doi:10.1101/gad.14.9.1021

Guo, R., Chen, J., Mitchell, D. L., and Johnson, D. G. (2011). GCN5 and
E2F1 stimulate nucleotide excision repair by promoting H3K9 acetylation at
sites of damage. Nucleic Acids Res. 39, 1390–1397. doi:10.1093/nar/gkq983

Gupta, A., Sharma, G. G., Young, C. S., Agarwal, M., Smith, E. R., Paull, T. T., et al.
(2005). Involvement of human MOF in ATM function. Mol. Cell. Biol. 25,
5292–5305. doi:10.1128/MCB.25.12.5292-5305.2005

Haldar, D., and Kamakaka, R. T. (2008). Schizosaccharomyces pombe
Hst4 functions in DNA damage response by regulating histone
H3 K56 acetylation. Eukaryot. Cell 7, 800–813. doi:10.1128/EC.00379-07

Han, J., Zhou, H., Li, Z., Xu, R. M., and Zhang, Z. (2007). Acetylation of lysine
56 of histone H3 catalyzed by RTT109 and regulated by ASF1 is required for
replisome integrity. J. Biol. Chem. 282, 28587–28596. doi:10.1074/jbc.M702496200

Hou, T., Cao, Z., Zhang, J., Tang, M., Tian, Y., Li, Y., et al. (2020).
SIRT6 coordinates with CHD4 to promote chromatin relaxation and DNA
repair. Nucleic Acids Res. 48, 2982–3000. doi:10.1093/nar/gkaa006

Huang, T. H., Fowler, F., Chen, C. C., Shen, Z. J., Sleckman, B., and Tyler, J. K.
(2018a). The histone chaperones ASF1 and CAF-1 promote mms22l-TONSL-
mediated Rad51 loading onto ssDNA during homologous recombination in human
cells. Mol. Cell 69, 879–892. doi:10.1016/j.molcel.2018.01.031

Huang, T. H., Shen, Z. J., Sleckman, B. P., and Tyler, J. K. (2018b). The histone
chaperone ASF1 regulates the activation of ATM and DNA-PKcs in response to
DNA double-strand breaks. Cell Cycle 17, 1413–1424. doi:10.1080/15384101.2018.
1486165

Hulin, J.-A., Nguyen, T. D. T., Cui, S., Marri, S., Yu, R. T., Downes, M., et al.
(2016). Barx2 and Pax7 regulate Axin2 expression in myoblasts by interaction with
β-catenin and chromatin remodelling. Stem Cells 34, 2169–2182. doi:10.1002/stem.
2396

Hustedt, N., and Durocher, D. (2016). The control of DNA repair by the cell cycle.
Nat. Cell Biol. 19, 1–9. doi:10.1038/ncb3452

Hyland, E. M., Cosgrove, M. S., Molina, H., Wang, D., Pandey, A., Cottee, R. J.,
et al. (2005). Insights into the role of histone H3 and histone H4 core modifiable
residues in Saccharomyces cerevisiae.Mol. Cell. Biol. 25, 10060–10070. doi:10.1128/
MCB.25.22.10060-10070.2005

Ikura, M., Furuya, K., Matsuda, S., Matsuda, R., Shima, H., Adachi, J., et al. (2015).
Acetylation of histone H2AX at lys 5 by the TIP60 histone acetyltransferase
complex is essential for the dynamic binding of NBS1 to damaged chromatin.
Mol. Cell. Biol. 35, 4147–4157. doi:10.1128/MCB.00757-15

Ikura, T., Ogryzko, V. V., Grigoriev, M., Groisman, R., Wang, J., Horikoshi, M.,
et al. (2000). Involvement of the TIP60 histone acetylase complex in DNA repair
and apoptosis. Cell 102, 463–473. doi:10.1016/s0092-8674(00)00051-9

Ikura, T., Tashiro, S., Kakino, A., Shima, H., Jacob, N., Amunugama, R., et al.
(2007). DNA damage-dependent acetylation and ubiquitination of H2AX enhances
chromatin dynamics. Mol. Cell. Biol. 27, 7028–7040. doi:10.1128/MCB.00579-07

Jackson, S. P., and Bartek, J. (2009). The DNA-damage response in human
biology and disease. Nature 461, 1071–1078. doi:10.1038/nature08467

Jacquet, K., Fradet-Turcotte, A., Avvakumov, N., Lambert, J. P., Roques, C.,
Pandita, R. K., et al. (2016). The TIP60 complex regulates bivalent chromatin
recognition by 53BP1 through direct H4K20me binding and H2AK15 acetylation.
Mol. Cell 62, 409–421. doi:10.1016/j.molcel.2016.03.031

Jazayeri, A., McAinsh, A. D., and Jackson, S. P. (2004). Saccharomyces cerevisiae
Sin3p facilitates DNA double-strand break repair. Proc. Natl. Acad. Sci. U. S. A. 101,
1644–1649. doi:10.1073/pnas.0304797101

Jenuwein, T., and Allis, C. D. (2001). Translating the histone code. Science 293,
1074–1080. doi:10.1126/science.1063127

Jha, S., Shibata, E., and Dutta, A. (2008). Human Rvb1/Tip49 is required for the
histone acetyltransferase activity of Tip60/NuA4 and for the downregulation of
phosphorylation on H2AX after DNA damage. Mol. Cell. Biol. 28, 2690–2700.
doi:10.1128/MCB.01983-07

Jiang, X., Xu, Y., and Price, B. D. (2010). Acetylation of H2AX on lysine 36 plays a
key role in the DNA double-strand break repair pathway. FEBS Lett. 584,
2926–2930. doi:10.1016/j.febslet.2010.05.017

Karanyi, Z., Hornyak, L., and Szekvolgyi, L. (2019). Histone H3 lysine
56 acetylation is required for formation of normal levels of meiotic DNA breaks
in S. cerevisiae. Front. Cell Dev. Biol. 7, 364. doi:10.3389/fcell.2019.00364

Kasten, M., Szerlong, H., Erdjument-Bromage, H., Tempst, P., Werner, M., and
Cairns, B. R. (2004). Tandem bromodomains in the chromatin remodeler RSC
recognize acetylated histone H3 Lys14. EMBO J. 23, 1348–1359. doi:10.1038/sj.
emboj.7600143

Kato, A., and Komatsu, K. (2015). RNF20-SNF2H pathway of chromatin
relaxation in DNA double-strand break repair. Genes (Basel) 6, 592–606. doi:10.
3390/genes6030592

Khilji, S., Li, Y., Chen, J., and Li, Q. (2021). Multi-omics approach to dissect the
mechanisms of rexinoid signaling in myoblast differentiation. Front. Pharmacol. 12,
746513. doi:10.3389/fphar.2021.746513

Kieffer, S. R., and Lowndes, N. F. (2022). Immediate-early, early, and late
responses to DNA double stranded breaks. Front. Genet. 13, 793884. doi:10.
3389/fgene.2022.793884

Kim, J., Lee, J., and Lee, T. H. (2015). Lysine acetylation facilitates spontaneous
DNA dynamics in the nucleosome. J. Phys. Chem. B 119, 15001–15005. doi:10.1021/
acs.jpcb.5b09734

Kim, Y. C., Gerlitz, G., Furusawa, T., Catez, F., Nussenzweig, A., Oh, K. S., et al.
(2009). Activation of ATM depends on chromatin interactions occurring before
induction of DNA damage. Nat. Cell Biol. 11, 92–96. doi:10.1038/ncb1817

Kolas, N. K., Chapman, J. R., Nakada, S., Ylanko, J., Chahwan, R., Sweeney, F. D.,
et al. (2007). Orchestration of the DNA-damage response by the RNF8 ubiquitin
ligase. Science 318, 1637–1640. doi:10.1126/science.1150034

Konada, L., Aricthota, S., Vadla, R., and Haldar, D. (2018). Fission yeast sirtuin
Hst4 functions in preserving genomic integrity by regulating replisome component
Mcl1. Sci. Rep. 8, 8496. doi:10.1038/s41598-018-26476-4

Kouzarides, T. (2007). Chromatin modifications and their function. Cell 128,
693–705. doi:10.1016/j.cell.2007.02.005

Kusch, T., Florens, L., Macdonald, W. H., Swanson, S. K., Glaser, R. L., Yates,
J. R., 3rd, et al. (2004). Acetylation by Tip60 is required for selective histone
variant exchange at DNA lesions. Science 306, 2084–2087. doi:10.1126/science.
1103455

Lee, H. S., Park, J. H., Kim, S. J., Kwon, S. J., and Kwon, J. (2010). A cooperative
activation loop among SWI/SNF, gamma-H2AX and H3 acetylation for
DNA double-strand break repair. EMBO J. 29, 1434–1445. doi:10.1038/
emboj.2010.27

Lee, K. Y., Im, J. S., Shibata, E., and Dutta, A. (2017). ASF1a promotes non-
homologous end joining repair by facilitating phosphorylation of MDC1 by ATM at
double-strand breaks. Mol. Cell 68, 61–75. doi:10.1016/j.molcel.2017.08.021

Lewis, L. K., Karthikeyan, G., Cassiano, J., and Resnick, M. A. (2005). Reduction
of nucleosome assembly during new DNA synthesis impairs both major pathways
of double-strand break repair. Nucleic Acids Res. 33, 4928–4939. doi:10.1093/nar/
gki806

Li, N., Li, Y., Lv, J., Zheng, X., Wen, H., Shen, H., et al. (2016). ZMYND8 reads the
dual histone mark H3K4me1-H3K14ac to antagonize the expression of metastasis-
linked genes. Mol. Cell 63, 470–484. doi:10.1016/j.molcel.2016.06.035

Li, Q., Zhou, H., Wurtele, H., Davies, B., Horazdovsky, B., Verreault, A., et al.
(2008). Acetylation of histone H3 lysine 56 regulates replication-coupled
nucleosome assembly. Cell 134, 244–255. doi:10.1016/j.cell.2008.06.018

Li, X., Corsa, C. A., Pan, P. W., Wu, L., Ferguson, D., Yu, X., et al. (2010). MOF
and H4 K16 acetylation play important roles in DNA damage repair by modulating
recruitment of DNA damage repair protein Mdc1. Mol. Cell. Biol. 30, 5335–5347.
doi:10.1128/MCB.00350-10

Li, Y., Li, Z., Dong, L., Tang, M., Zhang, P., Zhang, C., et al. (2018). Histone
H1 acetylation at lysine 85 regulates chromatin condensation and genome
stability upon DNA damage. Nucleic Acids Res. 46, 7716–7730. doi:10.1093/
nar/gky568

Liang, B., Qiu, J., Ratnakumar, K., and Laurent, B. C. (2007). RSC functions as an
early double-strand-break sensor in the cell’s response to DNA damage. Curr. Biol.
17, 1432–1437. doi:10.1016/j.cub.2007.07.035

Lieber, M. R. (2010). The mechanism of double-strand DNA break repair by the
nonhomologous DNA end-joining pathway. Annu. Rev. Biochem. 79, 181–211.
doi:10.1146/annurev.biochem.052308.093131

Luger, K., Rechsteiner, T. J., Flaus, A. J., Waye, M. M., and Richmond, T. J. (1997).
Characterization of nucleosome core particles containing histone proteins made in
bacteria. J. Mol. Biol. 272, 301–311. doi:10.1006/jmbi.1997.1235

Lukas, J., Lukas, C., and Bartek, J. (2011). More than just a focus: The chromatin
response to DNA damage and its role in genome integrity maintenance. Nat. Cell
Biol. 13, 1161–1169. doi:10.1038/ncb2344

Ma, P., and Schultz, R. M. (2008). Histone deacetylase 1 (HDAC1) regulates
histone acetylation, development, and gene expression in preimplantation mouse
embryos. Dev. Biol. 319, 110–120. doi:10.1016/j.ydbio.2008.04.011

Maas, N. L., Miller, K. M., DeFazio, L. G., and Toczyski, D. P. (2006). Cell cycle
and checkpoint regulation of histone H3 K56 acetylation by Hst3 and Hst4. Mol.
Cell 23, 109–119. doi:10.1016/j.molcel.2006.06.006

Frontiers in Genetics frontiersin.org14

Aricthota et al. 10.3389/fgene.2022.926577

https://doi.org/10.1101/gad.14.9.1021
https://doi.org/10.1093/nar/gkq983
https://doi.org/10.1128/MCB.25.12.5292-5305.2005
https://doi.org/10.1128/EC.00379-07
https://doi.org/10.1074/jbc.M702496200
https://doi.org/10.1093/nar/gkaa006
https://doi.org/10.1016/j.molcel.2018.01.031
https://doi.org/10.1080/15384101.2018.1486165
https://doi.org/10.1080/15384101.2018.1486165
https://doi.org/10.1002/stem.2396
https://doi.org/10.1002/stem.2396
https://doi.org/10.1038/ncb3452
https://doi.org/10.1128/MCB.25.22.10060-10070.2005
https://doi.org/10.1128/MCB.25.22.10060-10070.2005
https://doi.org/10.1128/MCB.00757-15
https://doi.org/10.1016/s0092-8674(00)00051-9
https://doi.org/10.1128/MCB.00579-07
https://doi.org/10.1038/nature08467
https://doi.org/10.1016/j.molcel.2016.03.031
https://doi.org/10.1073/pnas.0304797101
https://doi.org/10.1126/science.1063127
https://doi.org/10.1128/MCB.01983-07
https://doi.org/10.1016/j.febslet.2010.05.017
https://doi.org/10.3389/fcell.2019.00364
https://doi.org/10.1038/sj.emboj.7600143
https://doi.org/10.1038/sj.emboj.7600143
https://doi.org/10.3390/genes6030592
https://doi.org/10.3390/genes6030592
https://doi.org/10.3389/fphar.2021.746513
https://doi.org/10.3389/fgene.2022.793884
https://doi.org/10.3389/fgene.2022.793884
https://doi.org/10.1021/acs.jpcb.5b09734
https://doi.org/10.1021/acs.jpcb.5b09734
https://doi.org/10.1038/ncb1817
https://doi.org/10.1126/science.1150034
https://doi.org/10.1038/s41598-018-26476-4
https://doi.org/10.1016/j.cell.2007.02.005
https://doi.org/10.1126/science.1103455
https://doi.org/10.1126/science.1103455
https://doi.org/10.1038/emboj.2010.27
https://doi.org/10.1038/emboj.2010.27
https://doi.org/10.1016/j.molcel.2017.08.021
https://doi.org/10.1093/nar/gki806
https://doi.org/10.1093/nar/gki806
https://doi.org/10.1016/j.molcel.2016.06.035
https://doi.org/10.1016/j.cell.2008.06.018
https://doi.org/10.1128/MCB.00350-10
https://doi.org/10.1093/nar/gky568
https://doi.org/10.1093/nar/gky568
https://doi.org/10.1016/j.cub.2007.07.035
https://doi.org/10.1146/annurev.biochem.052308.093131
https://doi.org/10.1006/jmbi.1997.1235
https://doi.org/10.1038/ncb2344
https://doi.org/10.1016/j.ydbio.2008.04.011
https://doi.org/10.1016/j.molcel.2006.06.006
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.926577


Mailand, N., Bekker-Jensen, S., Faustrup, H., Melander, F., Bartek, J., Lukas,
C., et al. (2007). RNF8 ubiquitylates histones at DNA double-strand breaks and
promotes assembly of repair proteins. Cell 131, 887–900. doi:10.1016/j.cell.2007.
09.040

Marmorstein, R., and Zhou, M. M. (2014). Writers and readers of histone
acetylation: Structure, mechanism, and inhibition. Cold Spring Harb. Perspect.
Biol. 6, a018762. doi:10.1101/cshperspect.a018762

Martin, S. G., Laroche, T., Suka, N., Grunstein, M., and Gasser, S. M. (1999).
Relocalization of telomeric Ku and SIR proteins in response to DNA strand breaks
in yeast. Cell 97, 621–633. doi:10.1016/s0092-8674(00)80773-4

Masumoto, H., Hawke, D., Kobayashi, R., and Verreault, A. (2005). A role for cell-
cycle-regulated histone H3 lysine 56 acetylation in the DNA damage response.
Nature 436, 294–298. doi:10.1038/nature03714

Matsuoka, S., Ballif, B. A., Smogorzewska, A., McDonald, E. R., 3rd, Hurov, K. E.,
Luo, J., et al. (2007). ATM and ATR substrate analysis reveals extensive protein
networks responsive to DNA damage. Science 316, 1160–1166. doi:10.1126/science.
1140321

Melander, F., Bekker-Jensen, S., Falck, J., Bartek, J., Mailand, N., and Lukas, J.
(2008). Phosphorylation of SDT repeats in the MDC1 N terminus triggers retention
of NBS1 at the DNA damage-modified chromatin. J. Cell Biol. 181, 213–226. doi:10.
1083/jcb.200708210

Meng, F., Qian, M., Peng, B., Peng, L., Wang, X., Zheng, K., et al. (2020). Synergy
between SIRT1 and SIRT6 helps recognize DNA breaks and potentiates the DNA
damage response and repair in humans and mice. Elife 9, e55828. doi:10.7554/eLife.
55828

Meyer, B., Fabbrizi, M. R., Raj, S., Zobel, C. L., Hallahan, D. E., and Sharma, G. G.
(2016). Histone H3 lysine 9 acetylation obstructs ATM activation and promotes
ionizing radiation sensitivity in normal stem cells. Stem Cell Rep. 7, 1013–1022.
doi:10.1016/j.stemcr.2016.11.004

Miller, K. M., and Jackson, S. P. (2012). Histone marks: Repairing DNA breaks
within the context of chromatin. Biochem. Soc. Trans. 40, 370–376. doi:10.1042/
BST20110747

Miller, K. M., Maas, N. L., and Toczyski, D. P. (2006). Taking it off: Regulation of
H3K56 acetylation byHst3 andHst4.Cell Cycle 5, 2561–2565. doi:10.4161/cc.5.22.3501

Miller, K. M., Tjeertes, J. V., Coates, J., Legube, G., Polo, S. E., Britton, S., et al.
(2010). Human HDAC1 and HDAC2 function in the DNA-damage response to
promote DNA nonhomologous end-joining. Nat. Struct. Mol. Biol. 17, 1144–1151.
doi:10.1038/nsmb.1899

Mills, K. D., Sinclair, D. A., and Guarente, L. (1999). MEC1-dependent
redistribution of the Sir3 silencing protein from telomeres to DNA double-
strand breaks. Cell 97, 609–620. doi:10.1016/s0092-8674(00)80772-2

Mohan, C., Das, C., and Tyler, J. (2021). Histone and chromatin dynamics facilitating
DNA repair. DNA Repair (Amst) 107, 103183. doi:10.1016/j.dnarep.2021.103183

Munoz-Galvan, S., Jimeno, S., Rothstein, R., and Aguilera, A. (2013). Histone
H3K56 acetylation, Rad52, and non-DNA repair factors control double-strand
break repair choice with the sister chromatid. PLoS Genet. 9, e1003237. doi:10.1371/
journal.pgen.1003237

Murr, R., Loizou, J. I., Yang, Y. G., Cuenin, C., Li, H., Wang, Z. Q., et al. (2006).
Histone acetylation by Trrap-Tip60 modulates loading of repair proteins and repair
of DNA double-strand breaks. Nat. Cell Biol. 8, 91–99. doi:10.1038/ncb1343

Nakamura, K., Kato, A., Kobayashi, J., Yanagihara, H., Sakamoto, S., Oliveira, D.
V., et al. (2011). Regulation of homologous recombination by RNF20-dependent
H2B ubiquitination. Mol. Cell 41, 515–528. doi:10.1016/j.molcel.2011.02.002

Neumann, H., Hancock, S. M., Buning, R., Routh, A., Chapman, L., Somers, J.,
et al. (2009). A method for genetically installing site-specific acetylation in
recombinant histones defines the effects of H3 K56 acetylation. Mol. Cell 36,
153–163. doi:10.1016/j.molcel.2009.07.027

North, B. J., and Verdin, E. (2004). Sirtuins: Sir2-related NAD-dependent protein
deacetylases. Genome Biol. 5, 224. doi:10.1186/gb-2004-5-5-224

Ogiwara, H., Ui, A., Otsuka, A., Satoh, H., Yokomi, I., Nakajima, S., et al. (2011).
Histone acetylation by CBP and p300 at double-strand break sites facilitates SWI/
SNF chromatin remodeling and the recruitment of non-homologous end joining
factors. Oncogene 30, 2135–2146. doi:10.1038/onc.2010.59210.1038/onc.2010.592

Onn, L., Portillo, M., Ilic, S., Cleitman, G., Stein, D., Kaluski, S., et al. (2020). SIRT6 is
a DNA double-strand break sensor. Elife 9, e51636. doi:10.7554/eLife.51636

Ozdemir, A., Spicuglia, S., Lasonder, E., Vermeulen, M., Campsteijn, C.,
Stunnenberg, H. G., et al. (2005). Characterization of lysine 56 of histone H3 as
an acetylation site in Saccharomyces cerevisiae. J. Biol. Chem. 280, 25949–25952.
doi:10.1074/jbc.C500181200

Pal, S., Graves, H., Ohsawa, R., Huang, T. H., Wang, P., Harmacek, L., et al.
(2016). The commercial antibodies widely used to measure H3 K56 acetylation are

non-specific in human and Drosophila cells. PLoS One 11, e0155409. doi:10.1371/
journal.pone.0155409

Panier, S., and Boulton, S. J. (2014). Double-strand break repair: 53BP1 comes
into focus. Nat. Rev. Mol. Cell Biol. 15, 7–18. doi:10.1038/nrm3719

Papamichos-Chronakis, M., and Peterson, C. L. (2013). Chromatin and the
genome integrity network. Nat. Rev. Genet. 14, 62–75. doi:10.1038/nrg3345

Plotnikov, A. N., Yang, S., Zhou, T. J., Rusinova, E., Frasca, A., and Zhou, M. M.
(2014). Structural insights into acetylated-histone H4 recognition by the
bromodomain-PHD finger module of human transcriptional coactivator CBP.
Structure 22, 353–360. doi:10.1016/j.str.2013.10.021

Polo, S. E., Kaidi, A., Baskcomb, L., Galanty, Y., and Jackson, S. P. (2010).
Regulation of DNA-damage responses and cell-cycle progression by the chromatin
remodelling factor CHD4. EMBO J. 29, 3130–3139. doi:10.1038/emboj.2010.188

Powell, S. N., and Kachnic, L. A. (2003). Roles of BRCA1 and BRCA2 in
homologous recombination, DNA replication fidelity and the cellular response
to ionizing radiation. Oncogene 22, 5784–5791. doi:10.1038/sj.onc.1206678

Prado, F., Cortes-Ledesma, F., and Aguilera, A. (2004). The absence of the yeast
chromatin assembly factor Asf1 increases genomic instability and sister chromatid
exchange. EMBO Rep. 5, 497–502. doi:10.1038/sj.embor.7400128

Price, B. D., and D’Andrea, A. D. (2013). Chromatin remodeling at DNA double-
strand breaks. Cell 152, 1344–1354. doi:10.1016/j.cell.2013.02.011

Qi,W., Chen, H., Xiao, T.,Wang, R., Li, T., Han, L., et al. (2016). Acetyltransferase
p300 collaborates with chromodomain helicase DNA-binding protein 4 (CHD4) to
facilitate DNA double-strand break repair. Mutagenesis 31, 193–203. doi:10.1093/
mutage/gev075

Qin, S., and Parthun, M. R. (2002). Histone H3 and the histone acetyltransferase
Hat1p contribute to DNA double-strand break repair. Mol. Cell. Biol. 22,
8353–8365. doi:10.1128/MCB.22.23.8353-8365.2002

Ramanathan, B., and Smerdon, M. J. (1986). Changes in nuclear protein acetylation
in u.v.-damaged human cells.Carcinogenesis 7, 1087–1094. doi:10.1093/carcin/7.7.1087

Recht, J., Tsubota, T., Tanny, J. C., Diaz, R. L., Berger, J. M., Zhang, X., et al.
(2006). Histone chaperone Asf1 is required for histone H3 lysine 56 acetylation, a
modification associated with S phase in mitosis andmeiosis. Proc. Natl. Acad. Sci. U.
S. A. 103, 6988–6993. doi:10.1073/pnas.0601676103

Rogakou, E. P., Boon, C., Redon, C., and Bonner, W. M. (1999). Megabase
chromatin domains involved in DNA double-strand breaks in vivo. J. Cell Biol. 146,
905–916. doi:10.1083/jcb.146.5.905

Rogakou, E. P., Pilch, D. R., Orr, A. H., Ivanova, V. S., and Bonner, W. M. (1998).
DNA double-stranded breaks induce histone H2AX phosphorylation on serine 139.
J. Biol. Chem. 273, 5858–5868. doi:10.1074/jbc.273.10.5858

Roos, W. P., and Krumm, A. (2016). The multifaceted influence of histone
deacetylases on DNA damage signalling and DNA repair. Nucleic Acids Res. 44,
10017–10030. doi:10.1093/nar/gkw922

Schiltz, R. L., Mizzen, C. A., Vassilev, A., Cook, R. G., Allis, C. D., and Nakatani, Y.
(1999). Overlapping but distinct patterns of histone acetylation by the human
coactivators p300 and PCAF within nucleosomal substrates. J. Biol. Chem. 274,
1189–1192. doi:10.1074/jbc.274.3.1189

Schneider, J., Bajwa, P., Johnson, F. C., Bhaumik, S. R., and Shilatifard, A. (2006).
Rtt109 is required for proper H3K56 acetylation: A chromatin mark associated with
the elongating RNA polymerase II. J. Biol. Chem. 281, 37270–37274. doi:10.1074/
jbc.C600265200

Sengupta, A., and Haldar, D. (2018). Human sirtuin 3 (SIRT3) deacetylates
histone H3 lysine 56 to promote nonhomologous end joining repair. DNA Repair
(Amst) 61, 1–16. doi:10.1016/j.dnarep.2017.11.003

Sharma, G. G., So, S., Gupta, A., Kumar, R., Cayrou, C., Avvakumov, N., et al.
(2010). MOF and histone H4 acetylation at lysine 16 are critical for DNA damage
response and double-strand break repair. Mol. Cell. Biol. 30, 3582–3595. doi:10.
1128/MCB.01476-09

Shim, E. Y., Hong, S. J., Oum, J. H., Yanez, Y., Zhang, Y., and Lee, S. E. (2007).
RSC mobilizes nucleosomes to improve accessibility of repair machinery to the
damaged chromatin. Mol. Cell. Biol. 27, 1602–1613. doi:10.1128/MCB.01956-06

Simoneau, A., Delgoshaie, N., Celic, I., Dai, J., Abshiru, N., Costantino, S., et al.
(2015). Interplay between histone H3 lysine 56 deacetylation and chromatin
modifiers in response to DNA damage. Genetics 200, 185–205. doi:10.1534/
genetics.115.175919

Sivanand, S., Rhoades, S., Jiang, Q., Lee, J. V., Benci, J., Zhang, J., et al. (2017).
Nuclear acetyl-CoA production by ACLY promotes homologous recombination.
Mol. Cell 67, 252–265. e256. doi:10.1016/j.molcel.2017.06.008

Smolka, M. B., Albuquerque, C. P., Chen, S. H., and Zhou, H. (2007). Proteome-
wide identification of in vivo targets of DNA damage checkpoint kinases. Proc. Natl.
Acad. Sci. U. S. A. 104, 10364–10369. doi:10.1073/pnas.0701622104

Frontiers in Genetics frontiersin.org15

Aricthota et al. 10.3389/fgene.2022.926577

https://doi.org/10.1016/j.cell.2007.09.040
https://doi.org/10.1016/j.cell.2007.09.040
https://doi.org/10.1101/cshperspect.a018762
https://doi.org/10.1016/s0092-8674(00)80773-4
https://doi.org/10.1038/nature03714
https://doi.org/10.1126/science.1140321
https://doi.org/10.1126/science.1140321
https://doi.org/10.1083/jcb.200708210
https://doi.org/10.1083/jcb.200708210
https://doi.org/10.7554/eLife.55828
https://doi.org/10.7554/eLife.55828
https://doi.org/10.1016/j.stemcr.2016.11.004
https://doi.org/10.1042/BST20110747
https://doi.org/10.1042/BST20110747
https://doi.org/10.4161/cc.5.22.3501
https://doi.org/10.1038/nsmb.1899
https://doi.org/10.1016/s0092-8674(00)80772-2
https://doi.org/10.1016/j.dnarep.2021.103183
https://doi.org/10.1371/journal.pgen.1003237
https://doi.org/10.1371/journal.pgen.1003237
https://doi.org/10.1038/ncb1343
https://doi.org/10.1016/j.molcel.2011.02.002
https://doi.org/10.1016/j.molcel.2009.07.027
https://doi.org/10.1186/gb-2004-5-5-224
https://doi.org/10.1038/onc.2010.59210.1038/onc.2010.592
https://doi.org/10.7554/eLife.51636
https://doi.org/10.1074/jbc.C500181200
https://doi.org/10.1371/journal.pone.0155409
https://doi.org/10.1371/journal.pone.0155409
https://doi.org/10.1038/nrm3719
https://doi.org/10.1038/nrg3345
https://doi.org/10.1016/j.str.2013.10.021
https://doi.org/10.1038/emboj.2010.188
https://doi.org/10.1038/sj.onc.1206678
https://doi.org/10.1038/sj.embor.7400128
https://doi.org/10.1016/j.cell.2013.02.011
https://doi.org/10.1093/mutage/gev075
https://doi.org/10.1093/mutage/gev075
https://doi.org/10.1128/MCB.22.23.8353-8365.2002
https://doi.org/10.1093/carcin/7.7.1087
https://doi.org/10.1073/pnas.0601676103
https://doi.org/10.1083/jcb.146.5.905
https://doi.org/10.1074/jbc.273.10.5858
https://doi.org/10.1093/nar/gkw922
https://doi.org/10.1074/jbc.274.3.1189
https://doi.org/10.1074/jbc.C600265200
https://doi.org/10.1074/jbc.C600265200
https://doi.org/10.1016/j.dnarep.2017.11.003
https://doi.org/10.1128/MCB.01476-09
https://doi.org/10.1128/MCB.01476-09
https://doi.org/10.1128/MCB.01956-06
https://doi.org/10.1534/genetics.115.175919
https://doi.org/10.1534/genetics.115.175919
https://doi.org/10.1016/j.molcel.2017.06.008
https://doi.org/10.1073/pnas.0701622104
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.926577


Song, Z., Yang, L., Hu, W., Yi, J., Feng, F., and Zhu, L. (2021). Effects of histone
H4 hyperacetylation on inhibiting MMP2 and MMP9 in human amniotic epithelial
cells and in premature rupture of fetal membranes. Exp. Ther. Med. 21, 515. doi:10.
3892/etm.2021.9946

Soria, G., Polo, S. E., and Almouzni, G. (2012). Prime, repair, restore: The active
role of chromatin in the DNA damage response.Mol. Cell 46, 722–734. doi:10.1016/
j.molcel.2012.06.002

Strahl, B. D., and Allis, C. D. (2000). The language of covalent histone
modifications. Nature 403, 41–45. doi:10.1038/47412

Stucki, M., Clapperton, J. A., Mohammad, D., Yaffe, M. B., Smerdon, S. J., and
Jackson, S. P. (2005). MDC1 directly binds phosphorylated histone H2AX to
regulate cellular responses to DNA double-strand breaks. Cell 123, 1213–1226.
doi:10.1016/j.cell.2005.09.038

Sun, Y., Jiang, X., Chen, S., Fernandes, N., and Price, B. D. (2005). A role for the
Tip60 histone acetyltransferase in the acetylation and activation of ATM. Proc. Natl.
Acad. Sci. U. S. A. 102, 13182–13187. doi:10.1073/pnas.0504211102

Sun, Y., Jiang, X., and Price, B. D. (2010). Tip60: Connecting chromatin to DNA
damage signaling. Cell Cycle 9, 930–936. doi:10.4161/cc.9.5.10931

Swift, M. L., Beishline, K., and Azizkhan-Clifford, J. (2021). Sp1-dependent
recruitment of the histone acetylase p300 to DSBs facilitates chromatin
remodeling and recruitment of the NHEJ repair factor Ku70. DNA Repair
(Amst) 105, 103171. doi:10.1016/j.dnarep.2021.103171

Tamburini, B. A., and Tyler, J. K. (2005). Localized histone acetylation and
deacetylation triggered by the homologous recombination pathway of double-
strand DNA repair. Mol. Cell. Biol. 25, 4903–4913. doi:10.1128/MCB.25.12.4903-
4913.2005

Tang, J., Cho, N. W., Cui, G., Manion, E. M., Shanbhag, N. M., Botuyan, M. V.,
et al. (2013). Acetylation limits 53BP1 association with damaged chromatin to
promote homologous recombination. Nat. Struct. Mol. Biol. 20, 317–325. doi:10.
1038/nsmb.2499

Telford, D. J., and Stewart, B. W. (1989). Micrococcal nuclease: Its specificity and use
for chromatin analysis. Int. J. Biochem. 21, 127–137. doi:10.1016/0020-711x(89)
90100-6

Thaminy, S., Newcomb, B., Kim, J., Gatbonton, T., Foss, E., Simon, J., et al.
(2007). Hst3 is regulated by Mec1-dependent proteolysis and controls the S
phase checkpoint and sister chromatid cohesion by deacetylating
histone H3 at lysine 56. J. Biol. Chem. 282, 37805–37814. doi:10.1074/jbc.
M706384200

Tjeertes, J. V., Miller, K. M., and Jackson, S. P. (2009). Screen for DNA-damage-
responsive histone modifications identifies H3K9Ac and H3K56Ac in human cells.
EMBO J. 28, 1878–1889. doi:10.1038/emboj.2009.119

Toiber, D., Erdel, F., Bouazoune, K., Silberman, D. M., Zhong, L., Mulligan, P.,
et al. (2013). SIRT6 recruits SNF2H to DNA break sites, preventing genomic
instability through chromatin remodeling. Mol. Cell 51, 454–468. doi:10.1016/j.
molcel.2013.06.018

Tsabar,M.,Waterman,D. P., Aguilar, F., Katsnelson, L., Eapen,V.V.,Memisoglu, G.,
et al. (2016). Asf1 facilitates dephosphorylation of Rad53 after DNA double-strand
break repair. Genes Dev. 30, 1211–1224. doi:10.1101/gad.280685.116

Tsubota, T., Berndsen, C. E., Erkmann, J. A., Smith, C. L., Yang, L., Freitas, M. A.,
et al. (2007). Histone H3-K56 acetylation is catalyzed by histone chaperone-
dependent complexes. Mol. Cell 25, 703–712. doi:10.1016/j.molcel.2007.02.006

Tsukamoto, Y., Kato, J., and Ikeda, H. (1997). Silencing factors participate in DNA
repair and recombination in Saccharomyces cerevisiae. Nature 388, 900–903. doi:10.
1038/42288

Umehara, T., Nakamura, Y., Jang, M. K., Nakano, K., Tanaka, A., Ozato, K., et al.
(2010). Structural basis for acetylated histone H4 recognition by the human
BRD2 bromodomain. J. Biol. Chem. 285, 7610–7618. doi:10.1074/jbc.M109.062422

Utley, R. T., and Cote, J. (2003). The MYST family of histone acetyltransferases.
Curr. Top. Microbiol. Immunol. 274, 203–236. doi:10.1007/978-3-642-55747-7_8

Vadla, R., Chatterjee, N., and Haldar, D. (2020). Cellular environment controls
the dynamics of histone H3 lysine 56 acetylation in response to DNA damage in
mammalian cells. J. Biosci. 45, 19. doi:10.1007/s12038-019-9986-z

van Attikum, H., Fritsch, O., Hohn, B., and Gasser, S. M. (2004). Recruitment of
the INO80 complex by H2A phosphorylation links ATP-dependent chromatin
remodeling with DNA double-strand break repair. Cell 119, 777–788. doi:10.1016/j.
cell.2004.11.033

Van, H. T., and Santos, M. A. (2018). Histone modifications and the DNA double-
strand break response. Cell Cycle 17, 2399–2410. doi:10.1080/15384101.2018.1542899

Vazquez, B. N., Thackray, J. K., Simonet, N. G., Kane-Goldsmith, N., Martinez-
Redondo, P., Nguyen, T., et al. (2016). SIRT7 promotes genome integrity and
modulates non-homologous end joining DNA repair. EMBO J. 35, 1488–1503.
doi:10.15252/embj.201593499

Vempati, R. K., Jayani, R. S., Notani, D., Sengupta, A., Galande, S., and Haldar, D.
(2010). p300-mediated acetylation of histone H3 lysine 56 functions in DNA
damage response in mammals. J. Biol. Chem. 285, 28553–28564. doi:10.1074/jbc.
M110.149393

Wang, F., Kou, Z., Zhang, Y., and Gao, S. (2007). Dynamic reprogramming of
histone acetylation and methylation in the first cell cycle of cloned mouse embryos.
Biol. Reprod. 77, 1007–1016. doi:10.1095/biolreprod.107.063149

Wang, Y., Kallgren, S. P., Reddy, B. D., Kuntz, K., Lopez-Maury, L., Thompson, J.,
et al. (2012). Histone H3 lysine 14 acetylation is required for activation of a DNA
damage checkpoint in fission yeast. J. Biol. Chem. 287, 4386–4393. doi:10.1074/jbc.
M111.329417

Wang, Z., Zang, C., Rosenfeld, J. A., Schones, D. E., Barski, A., Cuddapah, S., et al.
(2008). Combinatorial patterns of histone acetylations and methylations in the
human genome. Nat. Genet. 40, 897–903. doi:10.1038/ng.154

Wilson, M. D., and Durocher, D. (2017). Reading chromatin signatures after
DNA double-strand breaks. Philos. Trans. R. Soc. Lond. B Biol. Sci. 372, 20160280.
doi:10.1098/rstb.2016.0280

Wu, F., Xu, L., Tu, Y., Cheung, O. K., Szeto, L. L., Mok, M. T., et al. (2022). Sirtuin
7 super-enhancer drives epigenomic reprogramming in hepatocarcinogenesis.
Cancer Lett. 525, 115–130. doi:10.1016/j.canlet.2021.10.039

Wurtele, H., Kaiser, G. S., Bacal, J., St-Hilaire, E., Lee, E. H., Tsao, S., et al. (2012).
Histone H3 lysine 56 acetylation and the response to DNA replication fork damage.
Mol. Cell. Biol. 32, 154–172. doi:10.1128/MCB.05415-11

Xhemalce, B.,Miller, K.M., Driscoll, R., Masumoto, H., Jackson, S. P., Kouzarides, T.,
et al. (2007). Regulation of histone H3 lysine 56 acetylation in Schizosaccharomyces
pombe. J. Biol. Chem. 282, 15040–15047. doi:10.1074/jbc.M701197200

Xu, F., Zhang, K., and Grunstein, M. (2005). Acetylation in histone H3 globular
domain regulates gene expression in yeast. Cell 121, 375–385. doi:10.1016/j.cell.
2005.03.011

Xu, Y., and Price, B. D. (2011). Chromatin dynamics and the repair of DNA
double strand breaks. Cell Cycle 10, 261–267. doi:10.4161/cc.10.2.14543

Yuan, J., Pu, M., Zhang, Z., and Lou, Z. (2009). Histone H3-K56 acetylation is
important for genomic stability in mammals. Cell Cycle 8, 1747–1753. doi:10.4161/
cc.8.11.8620

Zhang, P. Y., Li, G., Deng, Z. J., Liu, L. Y., Chen, L., Tang, J. Z., et al. (2016). Dicer
interacts with SIRT7 and regulates H3K18 deacetylation in response to DNA
damaging agents. Nucleic Acids Res. 44, 3629–3642. doi:10.1093/nar/gkv1504

Zhang, Z., Yang, Q., Sun, G., Chen, S., He, Q., Li, S., et al. (2014). Histone
H3K56 acetylation is required for quelling-induced small RNA production through
its role in homologous recombination. J. Biol. Chem. 289, 9365–9371. doi:10.1074/
jbc.M113.528521

Frontiers in Genetics frontiersin.org16

Aricthota et al. 10.3389/fgene.2022.926577

https://doi.org/10.3892/etm.2021.9946
https://doi.org/10.3892/etm.2021.9946
https://doi.org/10.1016/j.molcel.2012.06.002
https://doi.org/10.1016/j.molcel.2012.06.002
https://doi.org/10.1038/47412
https://doi.org/10.1016/j.cell.2005.09.038
https://doi.org/10.1073/pnas.0504211102
https://doi.org/10.4161/cc.9.5.10931
https://doi.org/10.1016/j.dnarep.2021.103171
https://doi.org/10.1128/MCB.25.12.4903-4913.2005
https://doi.org/10.1128/MCB.25.12.4903-4913.2005
https://doi.org/10.1038/nsmb.2499
https://doi.org/10.1038/nsmb.2499
https://doi.org/10.1016/0020-711x(89)90100-6
https://doi.org/10.1016/0020-711x(89)90100-6
https://doi.org/10.1074/jbc.M706384200
https://doi.org/10.1074/jbc.M706384200
https://doi.org/10.1038/emboj.2009.119
https://doi.org/10.1016/j.molcel.2013.06.018
https://doi.org/10.1016/j.molcel.2013.06.018
https://doi.org/10.1101/gad.280685.116
https://doi.org/10.1016/j.molcel.2007.02.006
https://doi.org/10.1038/42288
https://doi.org/10.1038/42288
https://doi.org/10.1074/jbc.M109.062422
https://doi.org/10.1007/978-3-642-55747-7_8
https://doi.org/10.1007/s12038-019-9986-z
https://doi.org/10.1016/j.cell.2004.11.033
https://doi.org/10.1016/j.cell.2004.11.033
https://doi.org/10.1080/15384101.2018.1542899
https://doi.org/10.15252/embj.201593499
https://doi.org/10.1074/jbc.M110.149393
https://doi.org/10.1074/jbc.M110.149393
https://doi.org/10.1095/biolreprod.107.063149
https://doi.org/10.1074/jbc.M111.329417
https://doi.org/10.1074/jbc.M111.329417
https://doi.org/10.1038/ng.154
https://doi.org/10.1098/rstb.2016.0280
https://doi.org/10.1016/j.canlet.2021.10.039
https://doi.org/10.1128/MCB.05415-11
https://doi.org/10.1074/jbc.M701197200
https://doi.org/10.1016/j.cell.2005.03.011
https://doi.org/10.1016/j.cell.2005.03.011
https://doi.org/10.4161/cc.10.2.14543
https://doi.org/10.4161/cc.8.11.8620
https://doi.org/10.4161/cc.8.11.8620
https://doi.org/10.1093/nar/gkv1504
https://doi.org/10.1074/jbc.M113.528521
https://doi.org/10.1074/jbc.M113.528521
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.926577

	Histone acetylation dynamics in repair of DNA double-strand breaks
	Introduction
	DNA damage response
	Histone acetylation and DSB repair
	Histone H4 acetylation and DSB repair
	Histone H3 acetylation and DSB repair
	Histone H3K14ac and DSB Repair
	Histone H3K18ac and DSB repair
	Histone H3K56ac and DSB repair
	Role of H3K56ac in yeast DSB repair
	Role of H3K56ac in human DSB repair

	Concluding remarks
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


