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Abstract

The ability of cells to detect and repair DNA double-strand breaks (DSBs) is dependent on 

reorganization of the surrounding chromatin structure by chromatin remodeling complexes. These 

complexes promote access to the site of DNA damage, facilitate processing of the damaged DNA 

and, importantly, are essential to repackage the repaired DNA. Here, we will review the chromatin 

remodeling steps which occur immediately after DSB production and which prepare the damaged 

chromatin template for processing by the DSB repair machinery. DSBs promote rapid 

accumulation of repressive complexes, including HP1, the NuRD complex, H2A.Z and histone 

methyltransferases at the DSB. This shift to a repressive chromatin organization may be important 

to inhibit local transcription and limit mobility of the break, and to maintain the DNA ends in 

close contact. Subsequently, the repressive chromatin is rapidly dismantled through a mechanism 

involving dynamic exchange of the histone variant H2A.Z. H2A.Z removal at DSBs alters the 

acidic patch on the nucleosome surface, promoting acetylation of the H4 tail (by the NuA4-Tip60 

complex) and shifting the chromatin to a more open structure. Further, H2A.Z removal promotes 

chromatin ubiquitination and recruitment of additional DSB repair proteins to the break. 

Modulation of the nucleosome surface and nucleosome function during DSB repair therefore plays 

a vital role in processing of DNA breaks. Further, the nucleosome surface may function as a 

central hub during DSB repair, directing specific patterns of histone modification, recruiting DNA 

repair proteins and modulating chromatin packing during processing of the damaged DNA 

template.
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Introduction

DNA is constantly exposed to genotoxic agents which can modify the sugar and base 

residues, create DNA adducts, cross-link the DNA strands or even cleave the phosphate 

backbone to create single or double-strand breaks (DSBs). To counter these potentially 

mutagenic events, mammalian cells possess multiple DNA repair pathways which detect and 

remove modified bases or process and religate DNA strand breaks. DNA repair pathways, 

referred to collectively as the DNA damage response1, function as a highly regulated signal 

transduction pathway which recruit specific DNA repair complexes to damaged DNA. 

Further, the DNA damage response is intimately linked with the activation of checkpoints at 

several points in the cell cycle. Checkpoint activation can temporarily block DNA 

replication and prevent further damage or mutagenesis which may arise when attempting 

replication on a damaged DNA template. In addition, the complexity of the chromatin 

architecture at the site of DNA damage also plays a critical role in regulating DNA repair. 

Chromatin organization was originally proposed to present a “barrier” to repair, so that 

remodeling was required to gain access to the site, followed by repair and restoration of the 

original chromatin structure (the “access-repair-restore” model2; 3). However, it is now clear 

that chromatin organization, chromatin remodeling complexes and histone modifications are 

active players in DNA repair4; 5; 6, and that dynamic changes in nucleosome organization are 

critical for efficient repair of DNA damage. In this review, we will focus on how nucleosome 

dynamics, coupled with changes in histone acetylation, work together to create open, 

flexible chromatin domains which are required for the processing and repair of DNA double-

strand breaks (DSBs).

DSB repair – signaling events

DSBs are lethal events which, if unrepaired, lead to chromosomal loss, translocations, 

genome instability and eventually cancer. DSBs can arise from many events, including 

collapse of replication forks or exposure to free radicals or ionizing radiation (IR). Many 

anti-cancer therapies, including radiation therapy and chemotherapy, specifically kill cancer 

cells by creating DSBs. Further, many tumors contain mutations in key DSB repair proteins, 

such as brca1 or p53. Consequently, there is significant clinical effort devoted to unraveling 

the mechanism of DSB repair in normal and tumor cell lines, and developing inhibitors of 

DNA repair which can target defective DNA repair in tumor cells.

The basic mechanism by which cells detect and repair DSBs is well-defined (figure 1). The 

mre11-rad50-nbs1 (MRN) complex binds directly to the DNA ends at DSBs. The MRN 

complex combines exo- and endo-nuclease activity (mre11), DNA binding functions 

(mre11) and ATPase activity (rad50) within a single complex7. A key function of MRN is to 

recruit the ATM kinase to the break site, activating ATM’s kinase activity and promoting the 

ATM-dependent phosphorylation of proteins required for DSB repair, checkpoint activation 
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and apoptotic responses to DNA damage8. In particular, ATM can phosphorylate the c-

terminal of histone H2AX (termed γH2AX;9), creating a binding site for the BRCT domain 

of the mdc1 platform protein10. Mdc1 recruits activated ATM, facilitating H2AX 

phosphorylation by ATM further from the break (figure 1). This, in turn, recruits additional 

mdc1 and active ATM, leading to spreading of phosphorylated H2AX for 100s of kb from 

the break4; 8; 9; 11. Mdc1 also serves to recruit additional DSB repair proteins to the site of 

damage. These include the ubiquitin ligases RNF8 and RNF168 (figure 1), which promote 

chromatin ubiquitination and ubiquitin dependent loading of the brca1 repair complex11. 

53BP1, a key regulator of DSB repair, is also recruited to DSBs through a dual interaction 

with ubiquitinated H2AK13/14Ub (created by RNF168) and H4K20me212. Finally, the 

NuA4-Tip60 remodeling complex4; 13 exchanges H2A.Z onto nucleosomes at the break and 

promotes acetylation of histone H4 (figure 1). Further, modulation of nucleosome dynamics 

by NuA4-Tip60 is important for H2A ubiquitination, H4 acetylation and the loading of 

brca1 and 53BP1 at the DSB, and will be discussed in more detail in later sections.

DSB repair – HR vs NHEJ

Repair of DSBs can occur through 2 distinct mechanisms. In nonhomologous end-joining 

(NHEJ), the Ku70/80 DNA binding complex and several scaffold proteins are recruited to 

the break. Damaged bases may be removed and the DSB religated by DNA ligase IV14. 

Because processing during NHEJ can create short insertions/deletions, it is considered a low 

fidelity repair mechanism. In contrast, homologous recombination (HR) exploits the 

presence of sister chromatids in late S-phase and G2, which can provide a template for DSB 

repair. HR requires production of ssDNA at the break, a process referred to as end-resection. 

Resection is initiated by the CtIP-MRN complex, which then allows the exo1 and dna2 

nucleases to extend this to create 3’-ssDNA overhangs15; 16. The ssDNA, bound by the 

rad51 protein, is then used to locate homologous sequences on the sister chromatid which 

can serve as a template for repair. HR is therefore considered to be a high fidelity DNA 

repair mechanism, although HR may still potentially create mutations17. Importantly, while 

NHEJ can occur throughout the cell cycle, HR is largely restricted to S-phase and G2-M, 

when adjacent sister chromatids are present to provide the template for the HR machinery.

DSB repair – the need for remodeling

Processing of the DNA for repair by e.g. HR requires significant remodeling of both the 

damaged chromatin to allow production of ssDNA, as well as remodeling involved in 

homology search on the sister chromatid. In contrast, NHEJ relies on direct end-ligation of 

the damaged DNA and is therefore likely to involve less extensive remodeling. Nevertheless, 

the detection and repair of DSBs within the complex organization of the chromatin is 

critically dependent on chromatin remodeling to drive efficient DSB repair. Here, we will 

discuss the earliest events that occur during the initial detection and processing of the 

damaged chromatin template. In particular, we will focus on how members of the Ino80 

family promote progressive changes in nucleosome packing and structure, leading to 

increased histone acetylation and ubiquitination and promoting the formation of open 

chromatin structures which facilitate DSB repair.
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Nucleosome dynamics and DSB repair

DSB repair and acetylated chromatin

Early studies demonstrated that DNA damage led to a decrease in chromatin compaction 

during DNA repair18. DSBs increase both the sensitivity of the chromatin to nuclease 

digestion19; 20 and the salt solubility of histones13. Other studies, using microscopy 

approaches, indicate a rapid expansion of chromatin at sites of DNA damage21 and, 

importantly, that depletion of histone H1 limits the DNA damage response whereas HDAC 

inhibitors, which promote more open structures, facilitate repair22. Further, the presence of 

more open chromatin at DSBs was associated with an increase in histone acetylation, 

particularly of histone H423; 24; 25; 26; 27. Thus DSBs promote the formation of open, 

accessible acetylated chromatin structures at the site of damage. These open chromatin 

structures would then allow the DNA repair machinery to gain access to the damaged DNA 

and carry out repair.

Compaction precedes chromatin relaxation

Recent work has suggested that the shift to an open, acetylated chromatin structure at DSBs 

may be preceded by a transient (seconds-minutes) compaction of the chromatin. Several 

repressive complexes are rapidly, but transiently recruited to DSBs through a mechanism 

regulated by PolyADP-ribose polymerases (PARP)28; 29; 30; 31. PARP family members create 

poly ADP-ribose (PAR) chains on the chromatin, which serve as binding sites for 

transcriptional regulators and DNA repair proteins32. Complexes containing HP1 and 

KAP-133; 34; 35, the H3K9 methyltransferases SUV39H131 and PRDM236 and several 

macroH2A variants36; 37 are all transiently loaded at DSBs in a PARP-dependent manner. 

This leads to rapid spreading of HP1 and H3K9me2/3 along the chromatin from the DSB31. 

Further, NuRD, a multi-subunit repressor complex containing both HDAC activity and the 

CHD3/CHD4 remodeling ATPase38, is recruited to PAR chains at DSBs28; 29; 39; 40, where it 

may function to deacetylate the chromatin. Loading of these repressor complexes will create 

local chromatin domains with low histone acetylation, increased H3K9me2/3 and increased 

density of HP1 and KAP-1 repressors adjacent to the DSBs. However, a critical regulatory 

element is that these repressive structures are transient, and are rapidly dismantled a few 

minutes after the initial DSB is detected28; 31; 35; 41. Removal of these repressive structures 

may involve chromatin dePARylation (or inactivation of PARP), phosphorylation of KAP-1 

by the ATM kinase31 and demethylation of H3K9 by one or more of the histone 

demethylases which are recruited to DSBs42; 43.

The transient accumulation of repressive chromatin structures at DSBs may have several 

essential functions. They may be important for repressing local transcription to prevent 

passage of RNA Pol II through damaged regions44; 45; 46; 47. In addition, repressive 

structures may temporarily limit the mobility of the damaged chromatin template, reducing 

nucleosome mobility and forming structures which can keep the DNA ends at the break in 

close proximity during initial processing of the damage. Further, because many of these 

repressive proteins recruit essential activities, such as HDACs or remodeling 

ATPases28; 29; 38, this initial response may also serve to rewrite the local epigenetic code in 

preparation for repair.
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Heterochromatin – The special one

The transient loading of repressive proteins at DSBs has significant parallels with the unique 

mechanism of DSB repair within heterochromatin. DSB repair in heterochromatin is slower 

than other regions of the chromatin20; 48, and spreading of γH2AX (figure 1) in 

heterochromatin is limited compared to the unrestricted spreading of γH2AX in more open 

regions (e.g.49; 50 reviewed in51). Sequencing of tumor cells indicates an excess of mutations 

in regions with elevated levels of H3K9me2/352. Further, repair in heterochromatin-like 

regions with elevated H3K9me2/3 occurs preferentially through error-prone NHEJ44. 

Because heterochromatin contains an excess of repetitive DNA elements, suppressing HR in 

heterochromatin may be important to limit unregulated HR between adjacent repeats. In fact, 

DSBs in heterochromatin may be relocated to the heterochromatin periphery for repair by 

HR53. Heterochromatin may therefore present a barrier to efficient DSB repair by the cell. 

Consequently, DSB repair in heterochromatin involves a unique mechanism in which 

phosphorylation of the KAP-1 repressor by the ATM kinase19; 20 releases the CHD3 

remodeling ATPase from the damaged chromatin48; 54; 55. CHD3 may oppose the activity of 

an ISWI complex, comprised of the SNF2H catalytic sub-unit and the ACF1 protein54. 

Phosphorylation of KAP-1 and release of CHD3 at DSBs leads to significant relaxation of 

the chromatin19; 48; 54 and is required for efficient DSB repair in heterochromatin.

The rapid recruitment of repressor proteins to some DSBs indicates that, immediately after 

DNA damage, DSBs in heterochromatin and other more open regions share an overlapping 

set of repressive proteins. This includes increased H3K9me2/331; 36, repressive proteins such 

as HP1, KAP-1 and suv39h131; 33; 34; 35 and the CHD3 ATPase and HDACs (which are sub-

units of the NuRD complex20; 28; 29; 48; 55). Further, phosphorylation of KAP-1 by 

ATM19; 20; 31; 54; 55 and release of the CHD3/NuRD complex28; 29; 48 are required in both 

heterochromatin and other chromatin domains to facilitate transition to the more open, 

flexible chromatin structures required for DSB repair. DSBs in more open chromatin 

domains may therefore be initially remodeled to create a chromatin structure resembling that 

found in more repressive domains. This may allow cells to rewrite the diverse epigenetic and 

structural organization in different chromatin domains to create a common template for the 

DSB repair machinery.

Transitioning from repressive to open chromatin

As discussed in the earlier section, DSB repair requires rapid removal of repressive proteins 

and a shift to a more open, acetylated structure4. This transition from repressive to open 

chromatin involves several remodeling complexes (discussed in several excellent 

reviews3; 5; 45; 56; 57). For example, RSC contributes to nucleosome sliding and ejection at 

DSBs58; 59, while FUN30 can regulate resection of the DSB60; 61. Here, we will focus on the 

key role played by the NuA4-Tip60 complex in facilitating the shift from repressive to open, 

acetylated chromatin at DSBs.

NuA4-Tip60

Mammalian NuA4 contains at least 16 sub-units, including 3 with catalytic activity – p400, a 

member of the Ino80 family of SWI/SNF ATPases; the ruvbl1 and ruvbl2 AAA+ ATPases; 
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and the Tip60 (KAT5) acetyltransferase62. NuA4-Tip60 also contains multiple epigenetic 

readers containing chromodomains, PHD motifs and bromodomains, which may direct 

binding to specific epigenetic marks4; 63. Many of the sub-units of mammalian NuA4-Tip60, 

including Trrap26; 64, p40013; 65; 66, Tip6026; 27; 63; 67, DMAP168; 69 and ruvbl1/227; 70, are 

co-recruited to DSBs, implying that the intact NuA4-Tip60 is recruited to the 

DSB13; 26; 65; 71. Loss of functional NuA4-Tip60 leads to more compact chromatin at the 

DSB, defective DSB repair and increased sensitivity to DNA damaging agents26; 63; 66; 72. It 

is now clear that NuA4-Tip60 directs the shift from repressive to open chromatin through a 

mechanism dependent on 2 of its key sub-units – exchange of H2A.Z by the p400 SWI/SNF 

ATPase, coupled with rapid acetylation of histones H2A/H2AX and H4 by the Tip60 

acetyltransferase after DNA damage13; 25; 26; 63; 73; 74.

H2A.Z exchange

p400 is a member of the Ino80 family of SWI/SNF remodelers, which includes Swr1 and 

Ino80 in yeast, and Ino80, p400 and SRCAP in mammalian cells56; 75. Ino80 family 

members are nucleosome sliders and histone H2A.Z exchangers75. H2A.Z has 

approximately 60% homology to H2A/H2AX, and has an extended acidic domain compared 

to H2A76; 77. This extended acidic domain creates an altered acidic patch on the surface of 

H2A.Z-nucleosomes, which has important consequences for DSB repair (discussed below). 

Ino80, swr1 and H2A.Z are important for the repair of persistent DSB breaks78, movement 

and tethering of damaged chromatin to the nuclear membrane75; 79; 80, translesion 

synthesis81 and overall repair of DSBs73; 79; 82; 83; 84. In yeast, Ino80 and swr1 facilitate the 

dynamic exchange of H2A.Z at DSBs78; 79; 82; 83, indicating that H2A.Z exchange is 

important for DSB repair. H2A.Z is also rapidly exchanged at DSBs in drosophila71 and 

mammalian cells41; 74; 85; 86; 87 by the p400 ATPase sub-unit of NuA4-Tip6041; 74. When 

H2A.Z exchange is blocked, either by targeting H2A.Z or inactivation of p400’s ATPase 

activity74, acetylation of histone H4 by Tip60 is blocked, and chromatin retains a more 

compact conformation and cells exhibit increased sensitivity to DNA damage78; 88; 89. 

Dynamic exchange of H2A.Z by members of the Ino80 family at DSBs is therefore required 

to promote histone H4 acetylation and to facilitate repair of DSBs.

H2A.Z exchange regulates H4 acetylation by altering the acidic patch on the nucleosome 

surface. The acidic patch is a charged groove on the nucleosome surface formed by a 

conserved acidic domain in the c-terminal of H2A along with residues provided by H2B76. 

The acidic patch plays a critical role in regulating nucleosome function, and provides a 

binding site for regulatory proteins such as HMGN290, the KSHV LANA protein91, and the 

PRC1 ubiquitin ligase complex92. Binding of the n-terminal tail of histone H4 to the acidic 

patch on adjacent nucleosomes can promote the formation of packed nucleosomal 

arrays93; 94. Acetylation of H4 on lysine 16 blocks this interaction4; 76; 93; 94; 95; 96, 

preventing 30nm fiber formation and shifting nucleosomes to a more open, flexible 

structure. Tip60 can acetylate H4 on chromatin domains which spread up to 50Kb from the 

DSB, decreasing nucleosome stability and favoring the formation of open, flexible 

chromatin domains4; 13; 23; 26; 65; 71. This suggests a simple model in which NuA4-Tip60 

drives acetylation of H4 at DSBs, blocking interaction of H4 with the acidic patch, and 

thereby creating open, flexible chromatin domains which promote DSB repair. However, it 
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now appears that H2A.Z exchange itself provides the key regulatory step which controls H4 

acetylation by Tip60 at DSBs4; 13; 74.

Dynamic H2A.Z removal by ANP32E

Recent work revealed that H2A.Z is only transiently retained at DSBs41; 85. H2A.Z is 

rapidly removed from the DSB through the combined action of ANP32E, an H2A.Z-specific 

histone chaperone41; 97; 98 and the Ino80 remodeling complex85. ANP32E is a member of 

the acidic, leucine rich phosphoprotein ANP32 family implicated in apoptosis, phosphatase 

inhibition, intracellular transport and many cancers99. ANP32E binds to a unique sequence 

in the c-terminal docking domain of H2A.Z, catalyzing the removal of the entire H2A.Z-

H2B dimer97; 98. Interestingly, the unique ANP32E binding site on H2A.Z is located directly 

adjacent to the acidic domain of H2A.Z76; 100. When the ANP32E binding domain of H2A.Z 

was swapped with the equivalent domain from H2A (which does not bind ANP32E), the 

chimeric H2A.Z protein was exchanged onto the nucleosomes at DSBs, but was not 

removed, and H2A.Z was retained at the site of DNA damage for an extended time41. 

Further, under this condition, H4 acetylation was blocked. This implies that H2A.Z 

exchange actually suppresses H4Ac, and that removal of H2A.Z by ANP32E is required to 

increase H4 acetylation at DSBs.

A potential explanation for this is that H2A.Z exchange at DSBs will increase the charged 

surface of the acidic patch, stabilizing binding of the H4 tail and promoting interaction 

between adjacent nucleosomes (figure 2). This is consistent with the observation that H2A.Z 

stabilizes nucleosomes101; 102 and favors binding of the H4 tail and packing of nucleosome 

fibers102; 103. DSBs also promote the rapid, but temporary recruitment of repressive 

complexes such as NuRD to DSBs with the same time course as the accumulation of 

H2A.Z28; 29; 35; 41; 85. The NuRD complex, which contains HDAC activity38, may 

potentially deacetylate H4, contributing to increased binding of the H4 tail to the acidic 

patch. The combination of transient loading of repressive factors coupled with transient 

exchange of H2A.Z may then favor H4 tail binding to the acidic patch (figure 2). This will 

tend to increase nucleosome packing, suppress local transcription and maintain the broken 

DNA ends in close proximity. H2A.Z exchange by NuA4-Tip60 therefore contributes to the 

formation of more compact chromatin by reinforcing binding of the H4 tail to the acidic 

patch immediately following DNA damage.

Promoting H4 acetylation through H2A.Z removal

H2A.Z exchange also creates a binding domain for the H2A.Z-specific histone chaperone 

ANP32E. Because the acidic domain and ANP32E-binding regions on H2A.Z are 

contiguous, ANP32E binding may simply displace the H4 tail and thereby facilitate 

acetylation by Tip60. However, ANP32E binding to H2A.Z actually removes the entire 

H2A.Z-H2B dimer from nucleosomes at the DSB41; 97; 98 (figure 2). Further, removal of 

H2A.Z-H2B at DSBs by ANP32E also requires the Ino80 ATPase85, which, like NuA4-

Tip60, is recruited to DSBs and is important for DSB repair104; 105. Although purified 

ANP32E can remove H2A.Z-H2B dimers from reconstituted nucleosomes97, Ino80 may 

provide the energy required for ANP32E to extract H2A.Z-H2B from intact nucleosomes in 
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cells. ANP32E/Ino80 removal of the entire H2A.Z-H2B dimer will effectively eliminate the 

acidic patch, thereby releasing the H4 tail for acetylation by Tip60 (figure 2).

How ANP32E is loaded onto the chromatin at DSBs and co-operates with Ino80 is unclear. 

Hamiche et al identified ANP32E as a sub-unit of NuA497, suggesting that it is co-recruited 

to DSBs with NuA4-Tip60. Previous purification of mammalian NuA4 did not reveal the 

presence of ANP32E106; 107, suggesting that interaction with NuA4 may be weak or require 

the presence of chromatin. Alternatively, ANP32E may be loosely associated with the Ino80 

complex, or ANP32E interactions with either NuA4-Tip60 or Ino80 may be regulated by 

DNA damage. Further, whereas H2A.Z is only transiently retained at DSBs41; 85, ANP32E 

remains at the break site for an extended period, even in the absence of H2A.Z41. This 

suggests that ANP32E may have additional functions during DSB repair. Of relevance to this 

is the observation that, of the 2 genes for H2A.Z, H2A.Z-1 and H2A.Z-2108, only H2A.Z-2 

was specifically exchanged onto the chromatin at DSBs86 and plays a key role in regulating 

sensitivity to chemotherapy109. Although these 2 H2A.Z variants differ by only 3 amino-

acids, it raises the possibility that H2A.Z-2 is specific for DSB repair, while H2A.Z-1 

participates in other H2A.Z driven events, such as transcription. Identifying specific 

remodeling factors which discriminate between H2A.Z variants, and understanding how 

small sequence differences between H2A.Z-1 and H2A.Z-2 impact their function during 

DSB repair are needed.

Nucleosome dynamics at the DSB

Dynamic H2A.Z exchange and removal by ANP32E therefore creates hyperacetylated 

chromatin domains at the break. Interestingly, nucleosome organization at DSBs has 

similarity to that seen at Transcriptional Starts Sites (TSSs). The TSS of many poised genes 

contain well positioned H2A.Z-nucleosomes at the +1 positon, adjacent to the nucleosome 

free region77; 110. H2A.Z may reduce the stability of the +1 nucleosome, promoting ejection 

of H2A.Z-H2B and allowing progression of RNA polymerase II. Similar to TSSs, DSBs are 

a nucleosome depleted region111; 112; 113; 114. H2A.Z exchange will position H2A.Z-

nucleosomes either side of the break, providing positional stability to the damaged 

chromatin. The presence of H2A.Z-nucleosomes may then facilitate removal of H2A.Z-H2B 

dimers by ANP32E (figure 2). However, removal of H2A.Z-H2B dimers would create 

extended chromatin domains containing only tetrasomes (comprised of H3–H4 dimers 

(figure 2)). In both yeast and mammalian cells, histones are significantly depleted around 

DSBs111; 112; 113; 114. However, these nucleosome depleted regions are generally limited to 

1000–2000bp from the DSB in mammalian cells74; 111, whereas H2A.Z exchange can 

spread up to 20kb from the break74. This implies that removal of H2A.Z by ANP32E/Ino80 

must be coupled to an additional exchange reaction in which H2A.Z-H2B dimers are 

actively replaced with e.g. H2A-H2B dimers (figure 2). This may be carried out by Ino8085 

or other remodeling complexes, which may function to restore intact nucleosomes at the 

DSB. Acetylation of the H4 tail would then prevent H4 from re-binding to the acidic patch 

on these newly formed nucleosomes. H2A.Z exchange by NuA4-Tip60 is therefore tightly 

coupled to H2A.Z removal, and it is H2A.Z removal that promotes both acetylation of H4 

(by Tip60) and the shift to more open chromatin structures at DSBs (figure 2).
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Transitioning from repressive to relaxed chromatin - a model

We propose a model in which the earliest events after DSB production involve rapid 

PARylation of the chromatin by PARP family members (figure 3). PARylation functions to 

recruit multiple repressive complexes, including NuRD and HDACs, the suv39h1/

KAP-1/HP1 methyltransferase complex and several lysine demethylases onto the chromatin 

at the break. This leads to rapid histone deacetylation and increased H3K9me2/3. Further, 

NuA4-Tip60 rapidly exchanges H2A.Z onto nucleosomes at the DSB, further limiting 

nucleosome mobility by promoting interaction of the H4 tail with the acidic patch. This 

creates temporary repressive chromatin structures which can stabilize the break and limit 

local transcription. However, as repair proceeds, these repressive complexes must be rapidly 

disassembled. This is particularly important since repressive chromatin tends to inhibit DSB 

repair20; 51; 56. First, because PARylation is transient after DNA damage32; 115, rapid 

dePARylation leads to loss of NuRD and other complexes from the DSB. Further, activation 

of the ATM kinase (driven by H3K9me2 mediated activation of Tip6063), leads to 

phosphorylation of KAP-1 and release of the suv39h1/KAP-1/HP1 complex from the 

chromatin31. Finally, recruitment of ANP32E promotes removal of H2A.Z, potentially 

increasing nucleosome mobility as well as making the H4 tail available for acetylation by 

Tip60. This combination of events serves to promote the shift from repressive to more open, 

acetylated chromatin at the DSB. This rapid transition is critical for efficient DSB repair, 

since failure to remove H2A.Z or complexes such as the suv39h1/KAP-1/HP1 from the DSB 

significantly impairs DSB repair28; 31; 41.

Several key points remain to be addressed in this model. NuA4-Tip60 recruitment does not 

require PARP4; 13. However, recent work suggests that NuA4-Tip60 can promote 

PARylation116, suggesting potential cross-regulation between NuA4-Tip60 and other 

repressor complexes during DSB repair. This may indicate that certain functions of NuA4-

Tip60, such as H2A.Z exchange, may be influenced by chromatin PARylation immediately 

after DNA damage. In addition, how lysine demethylases such as KDM4A and 

KDM4D42; 117, which are recruited to DSBs, contribute to chromatin organization during 

DSB repair is unclear. It is possible that they are required to remove H3K9me2/3 generated 

by suv39h131 (figure 3), or to remove other methylation sites which may block DNA repair.

Finally, it is important to note that the model in figure 3 represents a generalized view of 

how DSB repair promotes chromatin reorganization. Many of the repressive complexes in 

figure 3 are already associated with heterochromatin, implying that DSB repair in 

heterochromatin only requires the removal (relaxation) step to transition to open 

chromatin48; 55; 118. Thus DSBs in transcribed genes may require transient repression to 

block transcription, while silent compact regions require shifting to more open structures. 

Further, recent work has shown that, while DNA damage promotes an initial chromatin 

decompaction, this is followed by loading of macroH2A1 and subsequent chromatin 

condensation at later times36; 119. This indicates that chromatin reorganization during repair 

is dynamic, with rapid transition between open and more compact structures occurring as 

repair progresses. DSBs in different chromatin structures are therefore unlikely to be 

processed by a common, undirectional chromatin remodeling pathway. Instead, chromatin 

reorganization during DSB repair will be dependent on the pre-existing chromatin 
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architecture, the nature and extent of the damage and the choice of DSB repair pathway 

(NHEJ vs HR). For example, monitoring changes in chromatin structure after damage in live 

cells is complex, relying on expansion of micro-irradiated regions21; 36 or the mobility of 

tagged proteins at enzymatic breaks53; 120. Such approaches monitor changes occurring over 

large, megabase domains of chromatin, as opposed to approaches based on enzymatically 

generated DSBs and ChIP, which tend to focus on changes occurring directly at, or within a 

few 10s of kilobases, of the DSB13; 74. It would not difficult to envision that DNA damage 

can promote chromatin decompaction, extending over megabase/whole chromosome 

domains, while simultaneously loading repressive factors at the DSB, which compact 

nucleosomes for a few kilobases either side of the break. This may allow cells to compact 

and stabilize the local nucleosome organization directly at the DSB, while simultaneously 

relaxing the surrounding higher order chromatin structure to allow for large scale chromatin 

mobility and access to the DSB itself. Thus chromatin dynamics during DSB repair are 

likely to be highly fluid119, transitioning between open and condensed conformations both at 

the break and in the surrounding chromatin neighborhood. Given the recent advances in our 

understanding of higher chromatin structure, chromatin looping and the proteins which 

maintain this fluid structure, it should be possible to unravel how DNA breaks impact 

chromatin organization at all levels.

H2A.Z turnover and DSB repair

In addition to regulating nucleosome dynamics at DSBs, it is now clear that H2A.Z and 

acetylation of histone H4 are also important for promoting additional histone modifications 

and for the recruitment of several bromodomain proteins to the H4 tail. Here, we will 

examine how H2A.Z and NuA4-Tip60: (i) regulate the processing of the damaged DNA 

ends; (ii) direct further histone modification, including ubiquitination; and (iii) promote 

recruitment of proteins to the acetylated H4 tail at DSBs.

Nucleosome dynamics, H2A.Z and end resection

Nucleosomes can be barriers to end processing of DNA breaks and require remodeling to 

promote repair16. DSB repair can occur through 2 pathways. In NHEJ, the DNA ends are 

minimally processed and then religated16. HR requires the production of ssDNA 

intermediates, which become coated with the ssDNA binding complex RPA, through a 

mechanism regulated by MRN-CtIP and the EXO1/SGS1 nucleases16. In mammalian cells, 

failure to remove H2A.Z13; 41; 65; 74 leads to defects in end processing of the break, 

consistent with a direct role for NuA4-Tip60 in DSB repair by HR. In particular, depletion 

of ANP32E, which leads to H2A.Z retention on the chromatin41, tends to increase ssDNA at 

the break41; 74; 85. This, in turn prevents loading of the Ku70/80 complex (which requires 

dsDNA ends to bind), thereby reducing NHEJ activity4; 87. The increase in end resection 

when H2A.Z is retained can be blocked by depletion of CtIP13; 74, which acts to initiate end 

resection. Further, EXO1-dependent ssDNA production is increased on H2A.Z-nucleosomes 

or tetrasomes lacking H2A-H2B dimers121. Together, this suggests that the presence of 

H2A.Z on nucleosomes facilitates ssDNA production by EXO1 and related nucleases. Rapid 

exchange and removal of H2A.Z-H2B dimers may therefore be tightly coupled with 

processivity of the MRN-CtIP and EXO1 nucleases along the chromatin.
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However, H2A.Z may also indirectly regulate end resection. For example, depletion of Ino80 

leads to a decrease in ssDNA at DSBs85; 104; 105, despite the retention of H2A.Z at the DSB 

in these cells85. This may reflect an active role for Ino80 in end resection or the influence of 

Ino80 on nucleosome dynamics at DSBs. However, it is also possible that the presence of 

H2A.Z on the nucleosome does not directly promote end-resection. H2A.Z can promote H4 

acetylation, chromatin ubiquitination and loading of e.g. 53BP113; 41; 74. H2A.Z may 

therefore indirectly influence end-resection by directing specific patterns of histone and 

chromatin modification which favor end-resection. How the positioning of nucleosomes and 

H2A.Z at the DSB impacts ssDNA production therefore remains unclear. Further, it is 

unclear if nucleosomes/tetrasomes must be displaced to allow DNA end-resection and 

ssDNA production, nor is it clear if the resulting ssDNA, which is coated with ssDNA 

binding protein RPA, can associate with the nucleosome. How H2A.Z impacts these 

processes also requires clarification. An additional consideration is that regions of the 

chromatin with high density of H2A.Z may be less dependent on NuA4-Tip60 to increase 

H2A.Z at the DSB. Instead, ANP32E and Ino80 may be important to actively remove 

H2A.Z in these regions. Clearly, a better understanding of how nucleosome dynamics and 

histone variants such as H2A.Z are linked to the process of end resection is needed. Further, 

how pre-existing levels of H2A.Z, and indeed other chromatin binding factors, influence end 

resection also require further investigation.

Nucleosome dynamics and ubiquitination

Chromatin ubiquitination in response to DSBs is complex (reviewed in11), and is required to 

load DSB repair proteins such as brca1 and 53BP1 (figure 1) onto the chromatin. 53BP1 

recruitment requires dual binding of its tudor domain to H4K20me2 and Ubiquitin 

Interaction Motif (UIM) to H2A ubiquitinated on K13/15Ub12. Inducible ubiquitination of 

H2A at DSBs is carried out by the combined action of the RNF8 and RNF168 ligases12; 122. 

Further, RNF168 requires the acidic patch on the nucleosome surface to ubiquitinate 

H2A123; 124. RNF168 does not bind directly to the acidic patch; instead, it provides 

specificity to allow RNF168 to ubiquitinate K13/K15 of H2A123. When NuA4-Tip60 or 

H2A.Z exchange are inhibited, the H4 tail remains bound to the acidic patch on the 

nucleosome surface41 and there is a loss of both chromatin ubiquitination and 53BP1 

loading13; 23; 26; 65. H2A.Z exchange and H4 acetylation may therefore also function to 

expose the acidic patch41 and facilitate H2A ubiquitination by RNF168 and recruitment of 

53BP1123; 124. Further, because 53BP1 inhibits ssDNA production125, the increase in 

ssDNA seen when H2A.Z removal is blocked may reflect failure to increase H2AK13/15Ub 

and load 53BP141; 85. However, it is not known if the ability of RNF168 to ubiquitinate 

H2A122; 123; 124 is influenced by the unique acidic patch present on the surface of H2A.Z-

nucleosomes. H2A.Z lacks one of the lysine residues ubiquitinated by RNF168 on H2A100, 

suggesting that H2A.Z itself may not be a substrate for RNF168 during DSB repair. Finally, 

exchange of H2A or H2A.Z may provide a mechanism for controlling overall H2AUb levels 

(by removing H2AUb), or H2AUb may itself regulate the exchange and removal of H2A.Z. 

Addressing these issues will help to elucidate the link between nucleosome dynamics, 

histone modifications and DSB repair.
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The acidic patch and the nucleosome surface may therefore be an important hub for 

regulating DNA damage mediated histone modifications. In fact, recent work indicates that 

H2A.Z exchange can recruit fumarase to the nucleosome surface, leading to localized 

increases in fumarate, which in turn inhibits the KDM2B demethylase87. The acidic patch 

on the nucleosome surface may therefore provide a critical landing pad for many of the 

chromatin modifiers involved in DSB repair. We note that RNF168 ubiquitinates other 

proteins in addition to H2A during DSB repair, indicating that only a sub-set of RNF168 

targets may be dependent on H2A.Z removal. Further, there are several other ubiquitin ligase 

complexes which ubiquitinate chromatin during DSB repair and which are not directly 

regulated by the acidic patch11.

Nucleosome dynamics and the H4 tail

The acetylated H4 tail is emerging as a crowded hub of activity for controlling DSB repair. 

At least 5 different protein complexes are known to be associated with 3 different histone 

modifications of H4 during DNA repair (figure 4). 53BP1 loading requires bivalent binding 

of 53BP1 to both H2AK13/15Ub and H4K20me212. However, the majority of H4K20 is 

constitutively methylated and associated with proteins including L3MBTL1126 and the 

JMJD2A demethylase117. DNA damage promotes removal of L3MBTL1 by the VCP/p97 

ATPase (figure 4)126 and degradation of JMJD2A117 (reviewed in depth in127) creating 

unbound H4K20me2 to which 53BP1 can then bind. However, elegant work has shown that 

53BP1 binding to H4K20me2 is inhibited when H4K16 is also acetylated23, indicating that 

NuA4-Tip60 may oppose 53BP1 loading. H4K16Ac blocked 53BP1 loading at DSBs and 

promoted HR23, indicating that fine tuning of 53BP1 loading via Tip60 regulates end 

processing of the DNA (figure 4). This is consistent with the idea that NuA4-Tip60 favors 

HR mediated repair over NHEJ. Further, it suggests that some of the HDACs recruited to 

DSBs28; 29; 128; 129 may be important for fine tuning H4K16 acetylation during DSB repair.

However, recent work has revealed that the H4 tail is a much more crowded place than 

previously thought. Several bromodomain proteins, including BRD4130 and ZMYND8131, 

bind to the acetylated H4 tail after DNA damage (figure 4). BRD4 is proposed to function as 

a repressor, limiting chromatin expansion at DSBs and favoring a more compact structure 

adjacent to the DSB130. ZMYND8 recruits the repressive NuRD complex to DSBs131. 

Further, ZMYND8-NuRD was preferentially recruited to DSBs in transcribed regions and 

was associated with a general repression of transcription131. This provides an important link 

to other studies demonstrating that transcriptionally active regions with high levels of 

H3K36me2 are preferentially repaired by HR44. However, how loading of ZMYD8-NuRD 

and BRD4 impact 53BP1 loading and the choice between HR and NHEJ remains unclear. 

Some potential interactions among these proteins are highlighted in figure 4. ZMYND8-

NuRD contains HDAC activity, indicating that it may deacetylate the H4 tail131. For 

example, deacetylation of H4K16Ac by ZMYND8-NuRD may facilitate 53BP1 binding23 

(figure 4) and favor NHEJ over HR repair131. In this case, ZMYND8 binding to the H4 tail 

may protect lysines 5, 8 and 12 from deacetylation. Alternatively, ZMYND8 binding to 

acetylated H4131 may block access of 53BP1 to H4K20me2 even in the absence of 

H4K16Ac (figure 4), leading to increased HR. Fine tuning of the acetylation code on H4 

may allow cells to regulate binding of e.g. 53BP1 and therefore control choice of DSB repair 
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pathway. Future studies aimed at understanding how 53BP1 and bromodomain proteins, 

including ZMYND8, compete for binding to the H4 tail are needed to fully understand how 

H4 tail acetylation contributes to choice of DSB repair pathway. A further complexity is the 

potential interaction between the acid patch and the H4 tail, which may be heavily 

influenced by the presence of bromodomain proteins bound to the acetylated tail. Unraveling 

the complexities of these interactions in different chromatin domains during DSB repair 

remains an outstanding challenge.

Conclusion

The interaction between chromatin organization and the DNA repair machinery is complex. 

The initial cellular response to a DSB is the rapid recruitment of repressive complexes onto 

the chromatin. This repressive chromatin environment is then further processed to create a 

more open structure associated with increased histone acetylation, loading of bromodomain 

proteins and specific patterns of histone ubiquitination. DNA damage therefore initiates 

rapid rewriting of the pre-existing epigenetic signatures on the chromatin at the break site. 

This rapid change in histone modification signatures likely serves to create a common 

chromatin structure which can function as a template for the DNA repair machinery. The 

correct sequential ordering of these changes, including dynamic changes in histone 

modifications, allows for fine tuning of the repair mechanism. Further, these processes are 

dynamic, with rapid recruitment and release of various factors occurring during the initial 

processing of the DSB. Finally, it is not unreasonable to infer that the mechanism of DSB 

repair will vary greatly depending on the pre-existing chromatin environment, requiring the 

deployment of distinct remodeling complexes dictated by the underlying chromatin 

architecture. Of particular importance is the emerging role that the acidic patch on the 

nucleosome surface plays in DSB repair. The nucleosome surface may function as a central 

hub during repair, serving to control nucleosome interactions through binding to the H4 tail, 

providing specificity for the RNF168 ubiquitin ligase as it modifies H2A as well as 

potentially providing a landing pad for other repair factors. The ability of NuA4-Tip60 and 

H2A.Z exchange to directly impact the properties and function of the acidic patch may 

underlie the central remodeling activity of NuA4-Tip60 during DSB repair.
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Highlights

• DNA repair requires rapid chromatin remodeling.

• Repair of DNA breaks involves transient accumulation of repressive complexes.

• Subsequent H2A.Z exchange by NuA4 promotes rapid release of repressors.

• Shift to open chromatin at breaks requires H4 acetylation by Tip60.

• Transition from repressive to open, acetylated chromatin required for DNA 

repair.

• Dynamic changes in nucleosome organization required to prepare damaged 

DNA for repair.
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Figure 1. DSB repair and chromatin organization
The MRN (mre11-rad50-nbs1) complex is recruited to DSBs. MRN recruits the ATM 

kinase, which then phosphorylates the c-terminal region of H2AX (γH2AX). Subsequent 

loading of the mdc1 protein promotes spreading of γH2AX along the chromatin from the 

DSB. The RNF8 and RNF168 ubiquitin ligase complexes promote ubiquitination of 

chromatin proteins, including H2A. The NuA4-Tip60 complex promotes exchange of 

H2A.Z onto nucleosomes at the break as well as facilitating acetylation of histone H4. These 

modifications facilitate recruitment of brca1 (via chromatin ubiquitination) and 53BP1 (via 
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dual interaction with H2AK13/15Ub and H4K20me2). P = phosphorylation; Ac = 

acetylation; Ub = ubiquitination.
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Figure 2. Dynamic H2A.Z exchange at DSBs by NuA4-Tip60
The p400 ATPase sub-unit of NuA4-Tip60 exchanges H2A-H2B dimers for H2A.Z-H2B. 

This increases the charge density of the acidic patch on the nucleosome surface and favors 

binding of the H4 tail. Subsequent binding of ANP32E/Ino80 to H2A.Z leads to removal of 

the entire H2A.Z-H2B dimer. H2A.Z removal disrupts the acidic patch, releasing the H4 tail 

and promoting its acetylation by Tip60. Intact nucleosomes are then reformed by addition of 

H2A-H2B, although the remodeling complex involved in this is not known. Whether p400 
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creates homotypic (H2A.Z-H2B dimers) or heterotypic (H2A.Z-H2B /H2A-H2B) 

nucleosomes has not been established.
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Figure 3. A model for chromatin dynamics during DSB repair
Loading of repressive complexes and H2A.Z exchange by NuA4-Tip60 leads to the rapid 

spread of repressive chromatin away from the DSB. DePARylation and H2A.Z removal (by 

ANP32E) results in removal of repressive chromatin, releasing the H4 tail and allowing 

rapid H4 acetylation by the Tip60 sub-unit of NuA4-Tip60.
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Figure 4. Potential impact of nucleosome dynamics on ubiquitination and acetylation during 
DSB repair
In compact nucleosome arrays, the H4 tail is unacetylated and bound to the acidic patch 

(omitted for clarity). H4K20me2 is largely bound to the L3MBTL1 repressor, which is 

removed by the VCP/p97 ATPase during DSB repair. Following H2A.Z exchange and 

removal, the n-terminal tail of H4 is extensively acetylated on lysines 5, 8, 12 and 16. 

Several bromodomain proteins, including the ZMYND8-NuRD complex and BRD4 are then 

recruited to the H4 tail. Note that, because Brd4 and ZMYND8 may bind to multiple 

acetylated lysines in the H4 tail, each H4 tail is likely to be associated with only one 

bromodomain protein. Several potential outcomes are proposed. NHEJ: ZMYND8-NuRD 

may deacetylate H4K16Ac, allowing 53BP1 to access and bind H4K20me2/H2AUb. It is 

also possible that loading of ZMYND8-NuRD deacetylates the entire H4 tail, leading to loss 

of ZYMND8 (not shown). HR: Binding of ZMYND8 may shelter H4Ac sites from HDAC 

activity, so that ZYMND8 may block access of 53BP1 to H4K20me2, even if H4K16Ac is 

deacetylated.
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