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Abstract 

DNA damage occurs within the chromatin environment, which ultimately 

participates in regulating DNA damage response (DDR) pathways and repair of 

the lesion. DNA damage activates a cascade of signaling events that extensively 

modulates chromatin structure and organization to coordinate DDR factor 

recruitment to the break and repair whilst also promoting the maintenance of 

normal chromatin functions within the damaged region. For example, DDR 

pathways must avoid conflicts between other DNA-based processes that function 

within the context of chromatin including transcription and replication. The 

molecular mechanisms governing the recognition, target specificity and 

recruitment of DDR factors and enzymes to the fundamental repeating unit of 

chromatin, i.e., the nucleosome, are poorly understood. Here, we present our 

current view for how chromatin recognition by DDR factors is achieved at the 

level of the nucleosome. Emerging evidence suggests that the nucleosome 

surface, including the nucleosome acidic patch, promotes the binding and activity 

of several DNA damage factors on chromatin. Thus, in addition to interactions 

with damaged DNA and histone modifications, nucleosome recognition by DDR 

factors plays a key role in orchestrating the requisite chromatin response to 

maintain both genome and epigenome integrity. 
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1. Introduction  

Maintenance of genomic integrity through the preservation of genetic 

information is crucial for organismal survival and homeostasis. Genomic 

instability can be caused by high incidences of DNA damage that occur 

frequently in cells as a consequence of recurrent exposure to genotoxic cellular 

processes and agents including replication stress, reactions involving metabolic 

by-products, transcription-associated damage and exposure to external factors 

including UV radiation, environmental agents and clinical treatments like 

radiotherapy and chemotherapeutics (Ciccia and Elledge 2010; Jackson and 

Bartek 2009). DNA damage must be detected and repaired in a timely and 

efficient manner to avert genomic and cellular alterations that can cause 

diseases including cancer (Jackson and Bartek 2009). To combat the harmful 

effects posed by DNA damage, cells use a highly coordinated network of DNA 

damage response (DDR) pathways to detect the damaged DNA lesion, signal its 

presence to downstream effector proteins, which orchestrate the appropriate 

cellular responses and DDR pathways to repair the lesion (Ciccia and Elledge 

2010; Jackson and Bartek 2009). Nuclear eukaryotic DNA is bound by histone 

proteins and structurally organized into chromatin through the formation of 

nucleosomes, the basic unit of chromatin that contains 2 copies each of the 4 

core histones and ~146 bp of DNA. Chromatin therefore constitutes the 

legitimate in vivo substrate in which all processes involving DNA occur including 

DNA replication, transcription and DNA repair. Thus, the DNA damage response 

and repair machinery that operates at the sites of DNA damage must function 

Page 4 of 58

https://mc06.manuscriptcentral.com/bcb-pubs

Biochemistry and Cell Biology



D
raft

 5 

within the context of chromatin. It is well-established that a multitude of DNA 

repair factors are recruited to chromatin upon DNA damage and that chromatin 

features including chromatin architecture, histone modifications, histone variants 

and chromatin remodeling complexes shape the epigenetic landscape to 

orchestrate DNA repair reactions within the chromatin environment (Miller and 

Jackson 2012; Polo and Jackson 2011; Smeenk and van Attikum 2013; Soria et 

al. 2012). What is less clear however is how specificity for chromatin binding and 

modification of histones by DDR factors is achieved within chromatin to promote 

DNA damage signaling and repair. In this review, we will summarize our current 

understanding of the interplay between chromatin dynamics and DNA repair with 

a focus on DNA double-strand break (DSB) repair in mammalian cells. We will 

also discuss recent findings that suggest that the topology and interaction 

surfaces of the nucleosome, including the nucleosome acidic patch, act as 

chromatin interaction platforms that govern the site-specific modification of 

histones and chromatin dynamics involved in the DDR. We aim to provide a 

comprehensive examination of DDR factor interactions that occur at the level of 

the nucleosome so as to explore mechanistically how the fundamental unit of 

chromatin, the nucleosome, initiates DNA damage signaling to coordinate DDR 

activities including DNA repair.  

 

2. Chromatin dynamics and DNA repair  

 

DNA double-strand break repair (DSBR) 
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DNA double-strand breaks (DSB) are considered a particularly dangerous 

DNA lesion as failure to repair the broken ends accurately can promote genomic 

instability through chromosome loss, rearrangements and/or mutations. DSBs 

are repaired by two prominent repair pathways in mammalian cells, namely, 

homologous recombination (HR) or non-homologous end-joining (NHEJ) 

(Huertas 2010). The two repair pathways differ in their requirement for a 

homologous template DNA and in the fidelity of DSB repair. HR uses an 

undamaged sister chromatid sequence as a template to faithfully repair the DSB 

while NHEJ is a potentially more error-prone pathway that repairs the break 

through ligating the broken ends together. In mammalian cells, NHEJ is the 

predominant repair pathway active throughout the cell cycle while HR is 

restricted to S/G2 phases, cell cycle stages in which a sister chromatid is 

available for repair (Beucher et al. 2009; Lieber 2010; San Filippo et al. 2008). 

Control of these two pathways necessitates the regulation of 

chromatin/nucleosome modifications that take place surrounding the break. 

Histone post-translational modifications (PTMs), histones exchange and 

nucleosome remodelling complexes participate in altering the chromatin 

landscape to facilitate DDR activities, which ultimately lead to the repair of the 

damaged DNA. Whether the damaged lesion is repaired by NHEJ or HR 

pathway, detection of the damaged DNA and initiation of either of these DSB 

repair processes requires recruitment of chromatin modifying enzymes for 

remodeling of the damaged chromatin. Histone modifications serve as one 

mechanism that opens or condenses the chromatin structure by changing the 
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nucleosome-DNA, nucleosome-nucleosome and/or nucleosome/chromatin 

protein interactions. ATP-dependent chromatin remodelers alter the chromatin 

landscape by either sliding, evicting or exchanging histones including variants or 

modulating nucleosome-DNA interactions to promote DNA damage signaling and 

repair (Kouzarides 2007; Luijsterburg and van Attikum 2011; Miller and Jackson 

2012; Misteli and Soutoglou 2009; Price and D'andrea 2013; Seeber et al. 2013). 

The collective utilization of these pathways is essential for maintaining genome 

integrity and averting diseases including cancer.  

 

Histone PTMs  

Histone PTMs can impact chromatin structure to provide DNA accessibility 

to DDR factors to facilitate repair. Histone PTMs including phosphorylation, 

ubiquitylation, methylation and acetylation can also serve as molecular DSB 

recognition signals for PTM “reader” proteins that selectively recognize and bind 

to these modifications on chromatin (Kouzarides 2007; Miller and Jackson 2012; 

Musselman et al. 2012; Ruthenburg et al. 2007; van Attikum and Gasser 2005). 

For example, the first histone signaling event identified upon DSB induction was 

the phosphorylation on serine-139 of the histone variant H2AX (called γH2AX) 

(Rogakou et al. 1998). This modification is triggered by the activation of the DDR 

kinases, including ATM and DNA-PK, that are themselves recruited to and 

activated by signaling processes that include DNA ends of the DSB. Although 

initiated at the DSB, the γH2AX modification spreads over a megabase of 

chromatin flanking the DSB site by an amplification loop involving the binding of 
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γH2AX by the phospho-reader MDC1, which interacts with MRN complex to 

recruit and further stimulate ATM activity on chromatin (Fig. 1A) (Burma et al. 

2001; Chapman and Jackson 2008; Lukas et al. 2004; Rogakou et al. 1999; 

Rogakou et al. 1998; Savic et al. 2009; Scully and Xie 2013; Sedelnikova et al. 

2002; Stucki et al. 2005). Focal accumulation of γH2AX promotes the 

accumulation of DSB factors to the break site, thereby promoting chromatin 

responses to DNA damage (Celeste et al. 2002; Fernandez-Capetillo et al. 2003; 

Furuta et al. 2003; Paull et al. 2000; Pilch et al. 2003; Polo and Jackson 2011; 

Scully and Xie 2013). In addition to γH2AX, modification of nucleosomes by other 

DDR factors act to coordinate the complex signaling events of the DDR network 

that are involved in DNA repair of DSBs (Table 1).  

Several E3 ubiquitin ligases including RNF8, RNF168, BRCA1, RNF20/40, 

RING1B and BMI1 are recruited to DNA lesions and ubiquitylate histones and 

chromatin factors to promote the DDR (Jackson and Durocher 2013; Panier and 

Durocher 2009). For example, phosphorylation of mediator of DNA-damage 

checkpoint1 (MDC1) protein by ATM recruits RNF8, which has recently been 

shown to ubiquitylate the linker histone H1 (Thorslund et al. 2015). RNF168 is 

recruited to damage sites through ubiquitin-dependent interactions to promote 

further ubiquitylation of histones by this E3 ligase, which are required to regulate 

DSB repair by 53BP1 and BRCA1 (Chapman and Jackson 2008; Doil et al. 2009; 

Panier and Durocher 2009; Polo and Jackson 2011; Stewart et al. 2009) (Fig. 

1A). Interestingly, recruitment of 53BP1, which promotes NHEJ and represses 

HR through antagonizing BRCA1, relies not only on this ubiquitin-dependent 
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pathway but also on histone methylation. Indeed, recognition of damaged 

chromatin by 53BP1 requires binding to H4K20 methylation as well as histone 

H2A/H2AX K15 ubiquitylation (Botuyan et al. 2006; Fradet-Turcotte et al. 2013). 

53BP1 recruitment to chromatin upon DNA damage is also regulated by histone 

acetylation. Histones are acetylated by histone acetyltransferases (HATs) and 

deacetylated by histone deacetylases (HDACs). Many of these enzymes are 

recruited to DSBs to regulate specific acetylated residues on histones to promote 

either HR or NHEJ (Gong and Miller 2013). For 53BP1, acetylation of H4K16 at 

DSBs by the TIP60 HAT occludes the ability of the tudor domain within 53BP1 to 

recognize H4K20 methylation. When H4K16 is acetylated, this inhibits 53BP1 

binding, which promotes BRCA1 binding and HR (Hsiao and Mizzen 2013; Tang 

et al. 2013). This pathway is negatively regulated by deacetylation of H4K16 by 

HDAC1/2. Indeed, recruitment of these HDACs to damage sites promotes 53BP1 

binding and NHEJ (Miller et al. 2010; Tang et al. 2013).  

In addition to 53BP1 and BRCA1 pathways, histone methylation and 

acetylation regulate additional pathways that participate in DSB repair. For 

example, transcription-associated H3K36 trimethylation (H3K36me3) by SETD2 

promotes DNA repair by homologous recombination (Aymard et al. 2014; 

Carvalho et al. 2014; Pfister et al. 2014).  Another histone PTM, H3K9 

trimethylation (H3K9me3) is required for the activation of the HAT TIP60, which 

acetylates ATM and histone H4. ATM acetylation stimulates the kinase activity of 

ATM, which in turn promotes DSB repair (Sun et al. 2009). Additional work 

showed that de novo H3K9 trimethylation occuring at DSBs is mediated by a 
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repressive protein complex containing the methyltransferase Suv39h1, KAP1 and 

HP1 (Ayrapetov et al. 2014). For acetylation, many readers of this mark, 

including proteins that contain the acetyl-lysine binding bromodomain, are 

recruited to DNA damage sites (Gong et al. 2015). For example, the 

bromodomain-containing protein ZMYND8 is recruited to DSBs in a pathway 

dependent on the HAT TIP60. ZMYND8 represses transcription within damaged 

chromatin to promote DSB repair by HR. Collectively, these examples illustrate 

how DDR chromatin-binding proteins and site-specific histone PTMs mediate 

critical signaling events that promote the sensing and repair of DSBs in 

mammalian cells within the chromatin environment.  

Although the primary function of many histone PTMs in DSB repair 

signaling are well characterized, it is still unclear how writers of these marks, 

including Ubiquitin E3 ligases and HATs, recognize their histone substrates 

within the nucleosome to promote site-specific modifications of their target lysine 

residues (Fig. 1B). Recent studies are beginning to provide mechanistic insights 

into how nucleosome recognition is achieved to promote chromatin-based DDR 

events. Accumulating evidence suggests that key structural features of the 

nucleosome serve to mediate chromatin targeting by DDR factors to promote 

DNA damage signaling within chromatin (Chen et al. 2013; Gursoy-Yuzugullu et 

al. 2015b; Leung et al. 2014; Mattiroli et al. 2014; Wyrick et al. 2012). This 

information is starting to reveal important new ideas for how the “histone code” is 

encoded and read at DSB sites by DDR factors.  
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In addition to histones, other non-histone chromatin factors are also 

modified by DDR factors. The DDR kinase ATM phosphorylates hundreds of 

non-histone proteins in response to DSBs, which include many target proteins 

that reside on chromatin (Matsuoka et al. 2007; Shiloh and Ziv 2013).  As one 

example, the transcriptional co-repressor KAP1 is phosphorylated by ATM to 

promote HR (Ziv et al. 2006). Phosphorylated KAP1 leads to the decompaction 

of chromatin to allow DNA repair factors access to the damaged DNA.  

Remodeling chromatin, including by KAP1, may be particularly important in 

heterochromatic regions containing DSBs due to the increased packaging of the 

chromatin, which can act as a barrier to DSB recognition, processing and repair 

(Goodarzi et al. 2010; Lemaitre and Soutoglou 2014). ATM also phosphorylates 

MDC1 to promote the binding of E3 ubiquitin ligase RNF8, which promotes key 

ubiquitin signaling events at DSB sites (Huen et al. 2007; Kolas et al. 2007; Luo 

et al. 2011; Mailand et al. 2007).  

 

Nucleosome remodeling  

DSB induction triggers dynamic chromatin reorganization including the 

transition between compact and relaxed states of chromatin. Chromatin 

dynamics in the DDR are thought to serve many functions including to regulate 

transcription, reposition nucleosomes at sites of DNA damage, regulate DDR 

factor binding and remove chromatin obstacles to allow DNA signaling and 

processing at breaks including DNA end resection. Chromatin remodeling at the 

DSB site acts at the level of the nucleosome and is mediated by several ATP-
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dependent chromatin remodeling complexes including SWI/SNF, ISWI, NuRD 

and INO80. Each of these remodeling complexes have the potential to mediate 

ATP-dependent nucleosome dynamics in cis to regulate different aspects of the 

DDR (Clapier and Cairns 2009; Fyodorov and Kadonaga 2001; Price and 

D'andrea 2013; Smeenk and van Attikum 2013).  

The SWI/SNF remodeling complex functions in the initial steps of DSB 

repair to promote the phosphorylation of H2AX (Park et al. 2006). The chromatin 

remodeling complex, INO80, regulates DSB repair by promoting the recruitment 

of 53BP1 and DNA end resection of DSB ends (Gospodinov et al. 2012). In 

mammalian cells, it has been shown that the TIP60/p400 members of the NuA4 

remodeling complex catalyze the exchange of H2AZ histone variant onto 

damaged chromatin through the removal of H2A/H2B dimers from the 

nucleosome (Xu et al. 2012b; Xu et al. 2010). These actions are thought to 

create an altered chromatin structure for recruitment of DDR factors including the 

writer proteins that produce histone PTMs at the sites of damage to promote 

NHEJ repair. Moreover, H2AZ exchange is also indicated in regulating HR repair 

pathway as H2AZ depletion results in impaired BRCA1 recruitment at DSBs (Xu 

et al. 2012b), although repair defects in H2AZ depleted cells were not observed 

in a different study (Taty-Taty et al. 2014).  

The nucleosome remodeling and histone deacetylase (NuRD) complex is 

also recruited to DSBs to promote checkpoint activation (Smeenk et al. 2010). 

The recruitment of this complex to DNA damage sites requires interactions with 

the bromodomain-containing protein ZMYND8, which assists in silencing 
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transcription at damage sites (Gong et al. 2015). Recruitment of ZMYND8 and 

NURD required active transcription and depletion of these factors resulted in 

specific defects in HR repair. Interestingly, HR-prone sites are associated with 

active transcription (Aymard et al. 2014). Collectively, these findings suggest a 

need to repress transcription at damage sites to selectively promote HR within 

this chromatin context. In addition, chromatin remodelers could directly interact 

with DDR factors to enhance their access to sites of damage. For example, 

CHD4, which is the catalytic subunit of NuRD complex accumulates at DSB sites 

to promote RNF168 mediated ubiquitin signaling (Chou et al. 2010; Larsen et al. 

2010; Polo et al. 2010; Smeenk et al. 2010). CHD4 is recruited to DSB sites in a 

PARP-dependent manner and controls G1/S cell-cycle transition by regulating 

p53 deacetylation (Chou et al. 2010; Polo et al. 2010). CHD4 recruitment to 

DSBs also relies on RNF8 independent of its E3 Ub ligase activity to promote 

chromatin decondensation at break sites (Luijsterburg et al. 2012). The ISW1 

family chromatin remodelers SMARCA1 and SMARCA5 accumulate rapidly to 

DSBs to regulate both NHEJ and HR (Lan et al. 2010; Smeenk et al. 2013; 

Toiber et al. 2013; Vidi et al. 2014). Thus, chromatin remodeling complexes that 

are vital for transcriptional regulation are also important in promoting the DDR 

within chromatin. As is true for regulating sets of genes by specific remodeling 

complexes, it is tempting to speculate that these complexes will also show 

preferences for DNA damage signaling and repair functions that are dependent 

on the epigenomic environment of where the damage occurs. Histone 

modifications, chromatin structure, chromatin factor binding as well as DNA 
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repair pathway choice are likely coordinated by various chromatin remodeling 

complexes to promote multiple functions of the DDR across diverse genome and 

epigenome regions. 

 

3. The Nucleosome  

In the mammalian genome, billions of bases of DNA are organized by 

chromatin into the nuclear volume of the cell. Within this environment, specific 

gene regulatory networks must be highly regulated to maintain cellular function 

and identity. Dynamic transitions from compact and inaccessible chromatin 

states to decompacted and accessible structures allows control of gene 

expression. The presence of DNA damage within these environments 

necessitate the use of similar chromatin dynamics to coordinate DNA damage 

signaling and repair. The basic unit of chromatin is the nucleosome, which forms 

linear arrays of DNA-protein complexes that resemble an extended “beads on a 

string” structure in its most relaxed state. The nucleosome core particle (NCP), 

the name given to the structure consisting of a core histone octamer is composed 

of two copies of each core histone protein H2A, H2B, H3 and H4 containing 

around 146 bp of DNA (Campos and Reinberg 2009; Davey et al. 2002; Luger et 

al. 1997). The NCP is the principal packaging element for DNA within the nucleus 

and therefore the primary determinant of DNA accessibility during fundamental 

cellular processes that require access to DNA within chromatin, which includes 

DNA damage sensing and repair. The overall sequence of histones and structure 

of NCPs containing the canonical histones is highly conserved from yeast to 
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mammals, suggesting resistance to structural alterations, implying significant 

functionality for the NCP across different species (Chakravarthy et al. 2005). 

The basic histone N-terminal tails extend out from the core nucleosome 

structure and contain conserved lysine residues that are highly modified by 

PTMs. These PTMs regulate chromatin structure and function by controlling 

protein-nucleosome and PTM-protein interactions during chromatin-regulated 

processes such as transcription, replication, chromosome segregation, DNA 

replication and repair (Peterson and Almouzni 2013; Price and D'andrea 2013; 

Wang et al. 2007). Studies on DSB repair have established the critical 

importance of various modifications including phosphorylation, acetylation, 

methylation or ubiquitylation that occur on specific target residues within 

histones. For instance, histones H2A, H2B, H4 and histone variant H2AX have 

been shown to be ubiquitylated at distinct lysine residues upon damage induction 

in order to signal and activate DSB repair (Gatti et al. 2012; Ginjala et al. 2011; 

Ismail et al. 2010; Mattiroli et al. 2012; Moyal et al. 2011; Nakamura et al. 2011; 

Yan et al. 2009) (Fig. 1B). However, a mechanistic understanding of how site-

specific epigenetic marks on these histone residues is achieved by writer 

enzymes and how these marks are recognized by their reader proteins within the 

context of the nucleosome is poorly understood. While most studies have 

focused on chromatin DDR factors and histone modifications involved in the 

DDR, very few studies have asked how these pathways are regulated at the level 

of the starting template, the nucleosome. While many of these protein-

nucleosome interactions are mediated by histone PTMs, some regulatory 
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proteins, including writers of these histone PTMs interact with specific residues, 

surface domains or structured regions of the nucleosome. One such structured 

domain is the nucleosome acidic patch present in the histone H2A-H2B dimer 

(Chodaparambil et al. 2007; Kalashnikova et al. 2013; McGinty and Tan 2015; 

Tremethick 2007). This indicates that the nucleosome does not merely act as a 

static packaging mechanism for DNA within cells, but rather serves as a dynamic 

interface for chromatin-mediated processes that regulate the chromatin 

landscape to orchestrate DNA damage signaling and repair within specialized 

chromatin surroundings. 

 

The Nucleosome Acidic Patch  

Solving the x-ray crystal structure of the NCP using reconstituted Xenopus 

recombinant histones revealed for the first time that in contrast to the largely 

basic nature of the core histones, the H2A-H2B dimer in the NCP consists of a 

unique negatively charged region on the surface of the nucleosome called the 

acidic patch (Luger et al. 1997). A group of eight negatively charged residues 

constitute the acidic patch, six residues from histone H2A (E56, E61, E64, D90, 

E91, E92) and two from histone H2B (E102 and E110), all of which are localized 

on the nucleosome surface (Fig. 2A). Numerous studies suggest that the acidic 

patch serves as an interaction or recognition site for other chromatin proteins 

(Chodaparambil et al. 2007; Glatt et al. 2011; Kalashnikova et al. 2013; Wyrick et 

al. 2012). Although the overall structure of NCP is conserved among species, in 

higher eukaryotes, alternative H2A isoforms exist that can affect chromatin 
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structure and stability when incorporated into NCPs and in turn regulate the 

chromatin-association of various factors (Bonisch and Hake 2012; Fan et al. 

2002; Suto et al. 2000). With the exception of H2A.Bbd, the nucleosome acidic 

patch is conserved in other human H2A variants including H2AX, macroH2A and 

H2AZ (Fig. 2B). Interestingly, the acidic patch within H2AZ nucleosome is slightly 

extended as opposed to the other H2A and variant nucleosomes (Bonisch and 

Hake 2012; Chakravarthy et al. 2004; Suto et al. 2000), which may alter its 

functionality compared to other H2A species (discussed below). 

 

4. Nucleosome acidic patch and DSB repair  

Recent studies have identified the acidic patch of the nucleosome as a 

critical chromatin component for DSB sensing and repair. The involvement of the 

acidic patch in DSB repair was first identified in the Jackson and Miller labs by a 

systematic mutation screen for H2AX that analyzed over 70 mutations in H2AX 

and how they affected its PTMs, including phosphorylation, sumoylation and 

ubiquitylation (Chen et al. 2013).  Surprisingly, mutations within the acidic patch 

of H2AX or H2A abolished all detectable ubiquitylation modifications of the 

mutant histone protein. The functional consequences on the DDR were further 

studied by the reintroduction of H2AX acidic patch mutants into human H2AX 

knockout cells. Cells containing either H2AX mutated within the acidic patch or 

lysine-less mutant, both of which result in a loss of ubiquitylation, displayed 

normal DDR phenotypes compared to cells reconstituted with wt H2AX (Chen et 

al. 2013; Leung et al. 2014). Although these experiments identified the acidic 
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patch as an important nucleosome feature for promoting H2AX ubiquitylation, 

these data suggested that H2A or other H2A variants were able to compensate 

for the loss of H2AX ubiquitylation in the DDR. These genetic experiments 

however did not address whether mutations in the acidic patch directly affected 

the activity of E3 ligases on the NCP or if both PRC1 and RNF168 ubiquitylations 

that have been identified on H2A/H2AX required this nucleosome structural 

feature. Additional biochemical experiments identified the acidic patch on H2A 

and H2AX as a requisite structure for RNF168 mediated ubiquitylation on lysine 

residue K13/15 of H2A and H2AX both in cells and in vitro (Leung et al. 2014; 

Mattiroli et al. 2014). The interaction of RNF168 with the nucleosome was found 

not to be solely dependent on the acidic patch, suggesting that it might serve to 

orientate or promote the reaction independently from recruitment of RNF168 to 

chromatin (Mattiroli et al. 2014).  

Several E3 ubiquitin ligases and other DDR factors promote the 

recruitment of RNF168 to damage sites. For example, RNF8 recruitment 

generates K-63 linked ubiquitin chain on H1 linker histones that is recognized by 

RNF168 via its UDM1 module, thus recruiting RNF168 to DSBs (Thorslund et al. 

2015). Once on chromatin, RNF168 ubiquitylates histones, including H2A and 

H2AX on K13/15, which promotes the binding of the DDR factor 53BP1 to 

facilitate DSB repair by non-homologous end-joining (NHEJ, (Doil et al. 2009; 

Gatti et al. 2012; Mattiroli et al. 2012; Stewart et al. 2009). 53BP1 recruitment 

involves a bivalent histone modification interaction as it binds to RNF168-

dependent H2A-Ub and H4K20me2 through an ubiquitylation-dependent 
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recruitment (UDR) motif and a methyl-binding Tudor domain respectively (Fradet-

Turcotte et al. 2013) (Fig. 2C). RNF168 catalyzes K27 linked ubiquitin chains 

suggesting the involvement of these modifications in this pathway (Gatti et al. 

2015). In biochemical peptide inhibition studies, the addition of a peptide derived 

from the acidic patch interacting portion of LANA (latency-associated nuclear 

antigen), a chromatin-interacting Kaposi’s sarcoma-associated herpes virus 

(KSHV) protein that tethers the genome to host chromosomes, blocked the in 

vitro activity of RNF168 on H2A and H2AX (Leung et al. 2014; Mattiroli et al. 

2014). These results suggested that the addition of an acidic patch interacting 

peptide inhibited the ability of RNF168 to target the nucleosome. These findings 

were also extended into cells by studying how the expression of a LANA peptide 

that interacts with the acidic patch affected the DDR. Expression of the acidic 

patch interacting fragment of LANA (amino acids 1-32) resulted in the inhibition 

of 53BP1 recruitment to damage sites along with a concomitant loss of H2A and 

H2AX K15 ubiquitylation (Leung et al. 2014). These studies identified the 

nucleosome acidic patch as a key nucleosome feature that is utilized by the DDR 

factor RNF168 to promote DNA damage signaling and repair. Furthermore, the 

ability to interfere with this DDR signaling pathway through the introduction of an 

acidic patch interacting peptide in cells further highlights the potential feasibility of 

targeting this nucleosome structure and the pathways reliant on it for both 

research and therapeutic purposes.  

RING1B/BMI1 is another E3 ligase heterodimeric complex that catalyzes 

monoubiquitylation of H2A and H2AX on the C-terminal lysines, K118 and K119 
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(de Napoles et al. 2004; Wang et al. 2004) (Fig. 2D). The RING1B/BMI1 enzyme 

is part of the Polycomb repressive complex1 (PRC1), that compacts chromatin to 

promote transcriptional repression at various gene loci (Buchwald et al. 2006; 

Eskeland et al. 2010; Wang et al. 2004). In the DDR, several studies have shown 

that RING1B/BMI1 are recruited to sites of DNA damage (Chagraoui et al. 2011; 

Chou et al. 2010; Facchino et al. 2010; Ginjala et al. 2011; Ismail et al. 2010). 

For example, BMI1 is enriched in chromatin following irradiation and copurifies 

with several NHEJ repair factors including Ku80, DNA-PK, PARP-1, hnRNP U 

(SAF-A) in glioblastoma mulltiforme brain tumor stem cells (Facchino et al. 

2010). However, another study points towards its role in HR repair and 

maintenance of chromosome integrity in both transformed and normal human 

cells (Chagraoui et al. 2011). At telomeres, RING1B/BMI1 promotes fusion of 

dysfunctional telomeres through NHEJ. The function of the PRC1 complex in 

NHEJ appears to occur independently from its ability to ubiquitylate H2A as 

expression of a catalytic-dead RING1B is able to promote normal NHEJ of 

uncapped telomeres (Bartocci et al. 2014).  The nucleosome acidic patch 

structure within H2A and H2AX has also been shown to mediate the activity of 

the E3 ligase complex, RING1B/BMI1 (Leung et al. 2014; McGinty et al. 2014). 

Mutation of the acidic patch on H2A and H2AX impedes ubiquitylation of 

K118/119 in cells (Leung et al. 2014). Importantly, using reconstituted NCPs and 

purified proteins acidic patch mutations also completely inhibited RING1B/BMI1 

activities on nucleosome substrates in vitro (Leung et al. 2014; McGinty et al. 

2014). Like RNF168, expression of the LANA peptide in cells interferes with 
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these reactions resulting in reduced H2A/H2AX ubiquitylation by RING1B/BMI1.  

Key mechanistic insights explaining these observations have been 

provided by the x-ray structure of the RING1B/BMI1-UbcH5c E3-E2 complex (the 

PRC1 ubiquitylation module) bound to the NCP. This enzyme-NCP co-crystal 

structure revealed that the basic residues of RING1B/BMI1 heterodimer interact 

with the histone surfaces on the NCP including amino acids within H2A-H2B 

acidic patch (McGinty et al. 2014). H2A-type histones residue E92 and RING1B 

residues K97, R98 and to a lesser extent K93 contribute to the RING1B-

nucleosomal interface. Validation of the structural predictions through 

mutagenesis experiments in solution confirmed that the RING1B residue R98 

inserts into the acidic pocket generated by H2A residues E61, D90 and E92; 

making charged hydrogen bonds with each of the amino acid side chain 

carboxylates within the acidic patch. Besides arginine R98, other positively 

charged RING1B residues also interact with the acidic patch extending the 

RING1B-nucleosome interaction surface. The BMI1 subunit of this E3 ubiquitin 

ligase heterodimer has weak nucleosome binding affinity but makes contact with 

the H3 N’-terminal tail which is crucial for binding and proper orientation of the 

PRC1 complex on the nucleosomal surface (Bentley et al. 2011; McGinty and 

Tan 2015). Collectively, like RNF168, exposure of the nucleosome surface is 

necessary for RING1B/BMI1 to make contacts with the nucleosome to promote 

its site-specific activity on H2A histones. Unlike RNF168, how RING1B/BMI1 are 

targeted to DNA damage sites is unclear. While RNF168 contains Ub binding 

domains that recognize damage-induced ubiquitylated targets, it is unclear how 
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the heterodimeric RING1B/BMI1 complex accumulates at damage sites. This 

question warrants further investigation as answers to this question could reveal 

additional mechanistic understanding of how this complex targets damaged 

chromatin to promote the DDR.  

The use of the acidic patch to mediate DDR-dependent E3 Ub ligase 

activities does not seem to be limited to RNF168 and RING1B/BMI1. Another E3 

Ub ligase involved in the DDR, BRCA1 (Li and Greenberg 2012) has recently 

been shown to ubiquitylate nucleosomal H2A K127/129 in an acidic patch-

dependent reaction (Kalb et al. 2014) (Fig. 2E). The functional significance of 

H2A ubiquitylation in the DDR by BRCA1 is still unclear. Previous work on mouse 

models of cancer has proposed that the E3 ligase activity of BRCA1 is 

dispensable for its tumor suppressive activity (Shakya et al. 2011). Similar to 

RING1B/BMI1 heterodimeric complex, the BRCA1/BARD1 forms a heterodimer 

to form a RING-type E3 ligase (Brzovic et al. 2001). Structural analysis and 

sequence alignment shows that the nucleosome-interacting region of Ring1B 

(including the lysine-arginine motif) and the corresponding region in BRCA1 are 

evolutionarily conserved. Furthermore, mutational disruption of this motif on 

BRCA1 or the nucleosome acidic patch eliminates H2A ubiquitylation by BRCA1 

in vitro (McGinty et al. 2014). Thus, like RNF168 and Ring1B, BRCA1 appears to 

utilize the acidic patch on the nucleosome to promote its activity. Despite the 

large number of lysine residues in the nucleosome, only a select few are 

ubiquitylated by RNF168, RING1B/BMI1 and BRCA1 E3 ubiquitin ligases and 

function within DSB signaling and repair (Fig. 1B).  
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It is remarkable that all of these ubiquitylation sites and their targeting 

enzymes require the nucleosome acidic patch. This raises an important question 

of how these enzymes are regulated at the level of the nucleosome to organize 

and promote the requisite activity at any given chromatin location without 

interference from a competing pathway. The nucleosome acidic patch on 

H2A/H2AX must therefore serve as a signaling hub that is able to accommodate 

and integrate a host of signals from different pathways that coordinate the 

chromatin activities that are essential for DSB signaling and repair (Chen et al. 

2013; Gursoy-Yuzugullu et al. 2015b; Leung et al. 2014; Mattiroli et al. 2014). 

Although structural and biochemical studies have provided key insights into 

enzyme-nucleosome interactions, additional experiments in cells are necessary 

to better understand mechanistically how the nucleosome acidic patch interacting 

network is set-up and regulated. For example, many of these pathways are 

implicated in diseases including cancer (Becker et al. 2009; Berezovska et al. 

2006; Lessard and Sauvageau 2003; Li et al. 2013). It will be interesting to know 

whether an imbalance of these, or other acidic patch interacting proteins, could 

negatively impact the function of other pathways reliant on this nucleosome 

surface motif. For example, cells infected with viruses or cancer cells that 

express high levels of acidic patch interacting proteins might impede the 

interactions of other factors that use the same interaction platform resulting in 

perturbation of these pathways. As more and more acidic patch interacting 

factors are identified, answers to these questions will be important to rationalize 

how chromatin functions to integrate these signals to promote genome stability 
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and cellular homeostasis. 

 

5. Nucleosome Acidic Patch and Chromatin Structure in DSB Repair  

Crystal structure of the H2AZ-containing nucleosome has revealed several 

unique properties of this H2A variant (Suto et al. 2000). Compared to other H2A-

containing NCPs, the extended acidic patch domain of H2AZ creates an altered 

acidic pocket on the H2AZ-nucleosomal surface.  Mutational studies have shown 

that this can be functionally significant for DSB repair. For instance, euchromatic 

H2AZ shows higher chromatin folding than H2A as a consequence of its 

extended acidic patch (Fan et al. 2004). Acetylation of histone H4 tail promotes 

chromatin relaxation by blocking the binding of H4 tail of one nucleosome to the 

acidic patch on the surface of an adjacent nucleosome (Chodaparambil et al. 

2007; Luger et al. 1997; Robinson et al. 2008; Shogren-Knaak et al. 2006). The 

histone variant H2AZ is transiently loaded into NCPs at DSB sites. This step is 

mediated by the p400 ATPase subunit of the NuA4 HAT complex in order to 

stabilize and maintain a compact chromatin state by increasing the interaction 

between the H4 tail and the extended acidic patch of H2AZ immediately after 

DSB induction (Gursoy-Yuzugullu et al. 2015a; Xu et al. 2012b). The H2AZ-

specific histone chaperone, ANP32E (Gursoy-Yuzugullu et al. 2015a; Mao et al. 

2014; Obri et al. 2014) along with the INO80 (Alatwi and Downs 2015) chromatin 

remodeling complex then interacts with H2AZ and rapidly removes the entire 

H2AZ–H2B dimer, eliminating H2AZ and the presence of its acidic patch from the 

DSB site. The removal of H2AZ allows for the freeing of the H4 tail, a state that 
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would allow accessibility and modification by another enzyme, TIP60, which 

acetylates H4. Since H4 acetylation blocks H4 tail binding to the acidic patch, the 

combination of H2AZ-H2B removal and H4 acetylation promotes switching of 

chromatin to a more flexible and open state to allow acetylation to facilitate DSB 

repair (Fig. 2F). This is validated by the observation that the acidic patch binding 

protein, LANA restores H4 acetylation in the absence of ANP32E (Gursoy-

Yuzugullu et al. 2015a). Dynamic H2AZ exchange can therefore regulate H4-

nucleosome interactions and modifications in several ways. The presence of 

H2AZ is able to increase chromatin compaction by interacting more strongly with 

the H4 tail compared to other H2A species. Occlusion of the H4 tail within the 

acidic patch of H2AZ should inhibit acetylation thereby promoting chromatin 

compaction. Removal of H2AZ upon DNA damage would result in the 

incorporation of a different H2A species, presumably displaying reduced 

interactions with H4, which would promote H4 acetylation and chromatin 

decompaction. The histone H2A variant macroH2A is also recruited to sites of 

DNA damage (Timinszky et al. 2009; Xu et al. 2012a). This histone variant is 

responsible for compacting chromatin to promote BRCA1-retention and HR 

repair (Khurana et al. 2014). The potential interplay between these pathways in 

DSB signaling and repair is not well understood. Additional experiments studying 

the dynamics and kinetics of histone exchange at DSB sites and how these 

variants and their associated factors interact with each other to promote the DDR 

could help further illuminate the function of these chromatin components in the 

DDR.  
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The regulation of chromatin-based DDR pathways is likely to be extensive 

with additional histone modifications and chromatin factors playing a part to fine-

tune these chromatin reactions to promote DSB signaling and repair.  Like other 

histones, H2AZ undergoes various posttranslational modifications, including 

acetylation, ubiquitylation, and sumoylation (Henikoff and Smith 2015; Weber et 

al. 2010). Using a novel technique called Ubiquitin-activated interaction traps 

(UBAITs), the Miller and Huibregtse labs identified H2AZ as a target of RNF168 

(O'Connor et al. 2015) (Fig. 2G). Ubiquitylation of H2AZ by RNF168 was also 

shown to be dependent on the nucleosome acidic patch suggesting that RNF168 

also utilizes this site on this histone variant to regulate its interactions and 

targeting of this substrate within the nucleosome. The role of H2AZ ubiquitylation 

by RNF168 in the DDR is unknown. Given the altered dynamics of H2AZ upon 

DNA damage and its divergent amino acid sequence compared to canonical 

H2A, it will be interesting to study the involvement of the nucleosome acidic 

patch and ubiquitylation on H2AZ in the DDR.  

 

6. Nucleosome acidic patch interacting factors  

In contrast to the prominent negatively charged surfaces of the NCP, the 

histone tails contain many arginine and lysine residues and carry a strong net 

positive charge. As discussed earlier, the acidic patch domain is involved in 

nucleosome–nucleosome interactions via the basic histone H4 tail, a critical step 

for chromatin folding and compaction (Luger et al. 1997). In addition, the acidic 

patch is implicated as a crucial interaction platform for many nucleosome-protein 
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complexes, some of which have been structurally demonstrated. For instance, 

the first complex structure of a nucleosome-peptide that was resolved and 

biochemically described was the viral peptide LANA from KSHV bound with the 

nucleosome (Barbera et al. 2006; da Silva et al. 2015; Kalashnikova et al. 2013). 

This pioneering work established how a viral protein interacted with the 

nucleosome through the acidic patch. Structural, computational modeling and 

experimental analyses of other nucleosome binding proteins including HMGN2, 

RCC1, CENP-C, Sir3, IL-33, H4-tail and the viral protein IE1 has revealed that 

these proteins interact with the acidic patch, which serves as the principal 

protein-docking region for these proteins with the nucleosome (Armache et al. 

2011; Fang et al. 2016; Kato et al. 2013; Kato et al. 2011; Luger et al. 1997; 

Makde et al. 2010; Mucke et al. 2014) (Fig. 3).  

It is intriguing that most of these proteins use a basic residue, generally an 

arginine or lysine, to make contact with one or more of the eight negatively 

charged residues that constitute the nucleosomal acidic patch (Armache et al. 

2011; Chodaparambil et al. 2007; Kalashnikova et al. 2013; Kato et al. 2013; 

Kato et al. 2011; Makde et al. 2010; Roussel et al. 2008) (Table 2). Song Tan 

and colleagues recently published the co-crystal structure of the nucleosome-

PRC1 ubiquitylation module, which has provided a detailed mechanistic view of 

how the enzyme RING1B/BMI1 interacts with the acidic patch to facilitate its 

substrate recognition on the nucleosome (McGinty et al. 2014). All six PCGF E3s 

of the PRC1 and PRC2 complexes including RING1B/BMI1 recognize the 

H2A/H2B acidic patch (Buchwald et al. 2006; McGinty et al. 2014; Taherbhoy et 
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al. 2015). Based on the identification of a host of nucleosome acidic patch 

interacting factors that we have reviewed here, it seems highly likely that 

additional proteins will be identified that rely on interactions with the nucleosome 

acidic patch for their function, including those involved in the DDR, on chromatin.  

A key question to address in the future is how do chromatin features, 

including the nucleosome acidic patch, regulate specific interactions with DDR 

and chromatin factors in the presence of other nucleosome binding proteins that 

target the same acidic pocket on the nucleosome. Chromatin is also highly 

modified and an understanding of how additional modifications regulate 

interactions with chromatin factors and the nucleosome acidic patch are 

unknown. Another level of complexity is offered by the fact that in addition to the 

interactions between proteins and the nucleosome surface; negatively charged 

DNA also interacts electrostatically with specific basic regions of the histones and 

non-histone proteins in various chromatin templated processes including DNA 

damage signaling. For example, the RING1B/BMI1-UbcH5c E3-E2 complex 

forming the ubiquitin signaling module that is activated upon DSB induction is 

known to interact with both the nucleosomal DNA and the acidic patch of the 

nucleosome (McGinty et al. 2014). Given the weak interactions of many proteins 

with the nucleosome acidic patch, including DDR factors, these additional 

interactions between nucleosomal DNA and the protein could also contribute to 

their productive interactions with the nucleosome. The presence of multivalent 

interaction domains in factors such as RNF168, which contains a MIU domain to 

recognize ubiquitin and also interacts with the nucleosome could collectively 
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modulate nucleosome interactions that allow them to write site-selective PTMs 

involved in the DDR to set up chromatin signals for their target proteins. Writing 

the histone-code involved in DSB signaling and repair thereby utilizes complex 

signaling events including those occurring on the surface of the nucleosome that 

aid in recognizing, sensing and repairing DSBs throughout the various chromatin 

environments that exist across the genome of mammalian cells.  

 

7. Nucleosome acidic patch as a therapeutic target   

Combining the above observations with the emerging paradigm that many 

proteins involved in DSB repair physically associate with the acidic patch to 

modulate chromatin dynamics, this unique chromatin interaction domain on the 

nucleosomal surface acts a central hub for DNA repair factor interactions with 

chromatin. Although cancer treatments have been “drugging” the DNA 

component of chromatin for over a half-century (i.e. cisplatin, ionizing radiation, 

(Jackson and Bartek 2009) or modifications of DNA or histones (i.e. FDA-

approved inhibitors of DNA methylation or histone deacetylases) (Baylin and 

Jones 2011; Rodriguez and Miller 2014; Rodriguez-Paredes and Esteller 2011), 

no therapy currently targets the unmodified histone protein component of 

chromatin within the nucleosome (Cheung-Ong et al. 2013). Given the 

tremendous success of DNA targeting drugs as therapeutic agents in cancer, the 

nucleosome surface represents a potentially attractive drug target (da Silva et al. 

2015; Rodriguez and Miller 2014).  
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It might be feasible to develop either peptide or small molecules that 

interact with the nucleosome acidic patch to inhibit the binding and activity of 

nucleosome interacting proteins. For instance, expression of the nucleosome 

acidic patch interacting domain within LANA results in chromosome 

condensation in cells (Chodaparambil et al. 2007). The use of a similar LANA 

peptide fragment in cells was shown to inhibit RING1B/BMI1 and RNF168 

ubiquitin ligase activity on nucleosomes (Leung et al. 2014). The inhibition of 

these enzymes by blocking their interactions with the nucleosome in cells led to 

perturbation of their DDR activities, resulting in a loss of 53BP1 binding to DSB 

sites with aberrant BRCA1 recruitment to damage sites in G1 cells, a function 

normally inhibited by 53BP1. Although both RING1B/BMI1 and RNF168 E3 

ubiquitin ligases are involved in DDR signaling, overexpression and 

hyperactivation of these enzymes have been implicated in cancer initiation and 

development (Becker et al. 2009; Berezovska et al. 2006; Bunting et al. 2010; 

Lessard and Sauvageau 2003; Li et al. 2013). Supporting the potential for these 

pathways as therapeutic targets, small molecule inhibitors degrading or inhibiting 

RING1B/BMI1 ubiquitin ligase complex have been developed and show promise 

in anti-tumor activity in colorectal cancer models (Cao et al. 2011; Ismail et al. 

2013; Kreso et al. 2014).  

The wealth of available structural and biochemical information on 

nucleosome and nucleosome acid patch-interacting proteins can be leveraged to 

design, synthesize and test small molecule or peptide-derived inhibitors of 

nucleosome acidic patch interaction factors including RING1B/BMI1 and 
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RNF168. Indeed, high-throughput screening of small molecule antagonists of the 

Kaposi’s Sarcoma-associated Herpes virus N-terminal LANA protein binding to 

the nucleosome have been performed and are being developed as a means to 

identify compounds that could interfere with KSHV latent infection (Beauchemin 

et al. 2014). The development of drugs that interact with the nucleosome, 

including within the acidic patch, could provide powerful drug leads and research 

tools for understanding how chromatin factors interact with the nucleosome to 

modulate their biological activities that are involved in both normal and disease 

states. Given the large number of nucleosome acidic patch interacting factors 

(Fig. 3), it could prove challenging to identify drugs that target specifically one 

protein over others that are reliant on this nucleosome surface for chromatin 

binding and their function. However, therapeutic drugs that broadly target the 

epigenome including DNA methylation and HDAC inhibitors are used 

successfully in the clinic for the treatment of various cancers. Thus, development 

of nucleosome targeting compounds and studies testing their drug properties 

have the potential to identify small molecules that could deliver new avenues for 

therapeutic interventions. 

 

8. Conclusion and Perspectives  

Although the acidic patch within H2A-H2B is the most notable interaction 

platform on the nucleosome, there are other potential structured regions on the 

nucleosome that may be of functional significance. Investigations of other 

structural domains on the nucleosomal surface have been performed, leading to 
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novel findings that include the presence of a structured and negatively charged 

region adjacent to the H2A-H2B acidic patch. This acidic pocket is composed of 

three residues within H3 and one residue from H4 residues (da Silva et al. 2015). 

In addition to the H2A-H2B acidic patch, several residues from histone H3 and 

H4 tail serve as an additional association site for the BAH domain of SIR3 in 

yeast including residue D77 of the H3-H4 acidic region (Armache et al. 2011). 

The four residues of the H3-H4 acidic groove are evolutionarily conserved in 

human H3 and H4, making it likely that this acidic region could serve as an 

interaction or regulatory site for other chromatin proteins. Recent genetic screens 

performed in S. cerevisiae have revealed that mutations in the nucleosome acidic 

patch residues result in impaired recruitment of the H2B K123 Ub machinery to 

active genes leading to altered transcription elongation efficiency in vivo 

(Cucinotta et al. 2015). By analogy, it is possible that the corresponding lysine 

residue in human H2B i.e., H2B K120, which is ubiquitylated by RNF20/RNF40, 

requires the acidic patch for its catalytic activity. RNF20/RNF40 are recruited to 

sites of DNA damage and are involved in DSB repair (Moyal et al. 2011; 

Nakamura et al. 2011). It is interesting to consider how H2A and H2B 

ubiquitylations, which are believed to have opposing effects on chromatin 

structure, are coordinated at DSB sites to promote the requisite response to 

repair the lesion. In addition, their genetic screen to identify the key histone 

residues required for H2B K123 Ub recognized two other residues in the vicinity 

of the acidic patch, i.e. in the docking domain of H2A that influences this H2B 

ubiquitylation cascade (Cucinotta et al. 2015).  
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Several other nucleosomal surface features/domains including the H2A 

docking domain, H2B α3-αC helices, HAR/HBR domains and the H3-H4 LRS 

domains exist that have been implicated as recognition modules for various 

regulatory proteins (Wyrick et al. 2012). Taken together, the combination of 

genetic screens and in vitro structural and biochemical analyses is providing 

additional novel insights into how diverse chromatin-associated machineries 

interact with the nucleosome, in addition to the nucleosome acidic patch, to 

promote chromatin-based DDR activities. Several topological features beyond 

the charged acidic pocket exists on the nucleosomal surface that control and 

regulate nuclear processes, which could include DNA damage signaling and 

repair. Future work is required to understand whether these factors are mutually 

exclusive or act combinatorially on the nucleosome surface to write the requisite 

code for the DDR within a specific chromatin context. Studies furthering our 

mechanistic understanding of how chromatin proteins interact with the 

nucleosome to promote the DDR are warranted. The nucleosome surface in 

combination with the presence of histone modifications and variants may play 

pivotal roles in coordinating the DDR within the chromatin environment. 

Knowledge gained from having a better understanding of chromatin-based DDR 

pathways can be used to improve the development and application of DNA 

damaging agents and epigenetic drugs for the improved treatment of human 

diseases.  
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H2A 

Acetylation K5 TIP60 
Involved in early 
DSB response 

(Beck et al. 2006) 

Ubiquitylation K13/15 
RNF8/RNF1

68 
53BP1, BRCA1 

recruitment 

(Huen et al. 2007; Kolas et 
al. 2007; Doil et al. 2009; 

Gatti et al. 2012; Mattiroli et 
al. 2012) 

Ubiquitylation K118/119 
RING1B/BMI

1 
Transcriptional 

silencing at DSBs 

(de Napoles et al. 2004; 
Wang et al. 2004; Huen et 
al. 2007; Ismail et al. 2010; 

Ginjala et al. 2011; Leung et 
al. 2014) 

Ubiquitylation K127/129 BRCA1 N.D. (Kalb et al. 2014) 

H2AX 

Acetylation K5 TIP60 
Regulation of H2AX;

Ub, HR repair 
(Ikura et al. 2007) 

Acetylation K36 CBP/p300 
Ku recruitment for 

NHEJ, regulation of 
IR sensitivity 

(Jiang et al. 2010) 

Phosphorylation S139 
ATM, ATR, 
DNA;PKcs 

Check point 
activation, HR, 
NHEJ proteins 

recruitment 

(Rogakou et al. 1998; Paull 
et al. 2000; Fernandez;

Capetillo et al. 2002; Stiff et 
al. 2004) 

Phosphorylation Y142 WSTF 
Switch between 
DNA repair and 

apoptosis 
(Xiao et al. 2009) 

Ubiquitylation K13/15 
RNF8/RNF1

68 
53BP1, BRCA1 

recruitment 

(Huen et al. 2007; Gatti et al. 
2012; Mattiroli et al. 2012; 

Fradet;Turcotte et al. 2013) 

Ubiquitylation K118/119 
RING1B/BMI

1 

Transcription 
repression at DSB 

sites, HR and NHEJ 
repair 

(Huen et al. 2007; Facchino 
et al. 2010; Chagraoui et al. 

2011; Ginjala et al. 2011; 
Leung et al. 2014) 

Sumoylation N.D. N.D.� N.D. (Chen et al. 2013) 

H2A.Z Ubiquitylation N.D. RNF168 N.D. (O'Connor et al. 2015) 

H2B 

Phosphorylation S14 Mst1 kinase 

Chromatin 
stabilization and 
restoration post 

repair 

(Fernandez;Capetillo et al. 
2004; Rossetto et al. 2010) 

Ubiquitylation K120 
RNF 

20/RNF40 

NHEJ and HR 
proteins recruitment, 

Chromatin 
decompaction for 

repair 

(Moyal et al. 2011; 
Nakamura et al. 2011) 

H3 Acetylation K14 
GCN5, 
requires 
HMGN 

Promotes BRG1 
binding to γH2AX 

NCPs, ATM binding 
to damaged 

chromatin, regulates 
activity of ATM 

kinase 

(Kim et al. 2009; Lee et al. 
2010) 
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Acetylation K18 CBP, p300 
NHEJ repair factor 
Ku accumulation 

(Ogiwara et al. 2011) 

Acetylation K23 HAT1 Promotes HR repair (Yang et al. 2013) 

Acetylation K56 CBP, p300 
Promotes NHEJ 

repair 

(Tjeertes et al. 2009; Miller 
et al. 2010; Vempati et al. 

2010) 

Methylation 
(me3) 

K9 
Suv39h1/Suv

39h2 

ATM activation, 
Stimulation of TIP60 

activity 

(Ayoub et al. 2008; Sun et 
al. 2009; Bao 2011; Xu and 
Price 2011; Ayrapetov et al. 

2014) 

Methylation 
(me2) 

K36 
Metnase/SE

TMAR 

NBS1 and Ku 
accumulation, 

promotes NHEJ 
repair 

(Fnu et al. 2011) 

Methylation 
(me3) 

K36 SETD2 

HR repair of DSBs 
within 

transcriptionally 
active sites 

 (Aymard et al. 2014; 
Carvalho et al. 2014; Pfister 

et al. 2014) 

Methylation 
(me2) 

K79 Dot1L 
Recruits 53BP1 to 

DSB site 
(Huyen et al. 2004; 

Wakeman et al. 2012) 

H4 

Acetylation 
K5, K8, 

K12 

CBP/p300, 
TIP60 (NuA4 

complex) 

Ku proteins 
recruitment for 
NHEJ repair, 

chromatin relaxation 

(Ogiwara et al. 2011) 

Acetylation K16 
MOF, TIP60 

(NuA4 
complex) 

MDC1 binding to 
γH2AX, reduced 
53BP1 binding to 

chromatin, BRCA1 
recruitment, H2A.Z 

exchange, 
transcriptional 

repression, 
chromatin 

condensation, 
ZMYND8 binding 

(Gupta et al. 2005; Chailleux 
et al. 2010; Li et al. 2010; 
Sharma et al. 2010; Hsiao 
and Mizzen 2013; Tang et 
al. 2013; Gong et al. 2015) 

Methylation(me1
/2) 

K20 
PRSET7/Set
8, MMSET 

53BP1 recruitment 

(Botuyan et al. 2006; Oda et 
al. 2010; Hartlerode et al. 
2012; Hsiao and Mizzen 

2013) 

Neddylation N;tail RNF111 RNF168 recruitment (Ma et al. 2013) 

Ubiquitylation K91 BBAP 

Required for 
induction of 
H4K20me to 

promote 53BP1 
recruitment 

(Yan et al. 2009) 

H1 Ubiquitylation N.D. RNF8 
Forms K;63 linked 

Ub chains for 
RNF168 recruitment 

(Thorslund et al. 2015) 

 

Table 1. Histone PTMs associated with DSB repair in mammalian cells. N.D.= Not determined. 
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