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A B S T R A C T

The integrity of the human genome is constantly threatened by genotoxic agents that

cause DNA damage. Inefficient or inaccurate repair of DNA lesions triggers genome insta-

bility and can lead to cancer development or even cell death. Cells counteract the adverse

effects of DNA lesions by activating the DNA damage response (DDR), which entails a coor-

dinated series of events that regulates cell cycle progression and repair of DNA lesions. Ef-

ficient DNA repair in living cells is complicated by the packaging of genomic DNA into a

condensed, often inaccessible structure called chromatin. Cells utilize post-translational

histone modifications and ATP-dependent chromatin remodeling to modulate chromatin

structure and increase the accessibility of the repair machinery to lesions embedded in

chromatin. Here we review and discuss our current knowledge and recent advances on

DNA damage-induced chromatin changes and their implications for the mammalian

DNA damage response, genome stability and carcinogenesis. Exploiting our improving un-

derstanding of how modulators of chromatin structure orchestrate the DDR may provide

new avenues to improve cancer management.

ª 2011 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction the formation of chromosomal double-strand DNA breaks
Maintaining genomic stability is of vital importance to protect

cells against the harmful consequences of DNA damage,

which, if not properly dealt with, can lead to genomic insta-

bilty, cancer or cell death (Negrini et al., 2010; Jackson and

Bartek, 2009). Exposure to solar ultra-violet (UV) light triggers

the formation of tens of thousands of DNA lesions per cell

per hour in the form of DNA intra-strand cross-links in geno-

mic DNA (Jackson and Bartek, 2009). These lesions are either

cytotoxic and can trigger cell death or accelerated ageing, or

they are mutagenic and can lead to the onset of skin cancer

(Mitchell et al., 2003). Genomic integrity is also threatened by
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(DSBs), which arise after exposure of cells to ionizing radiation

or chemotherapeutical agents, or through the collapse of rep-

lication forks when replication blocks at DNA intra-strand

cross-links induced by solar UV light (Hoeijmakers, 2001). To

protect against the adverse effects of these DNA lesions, cells

activate a coordinated series of events that regulate cell cycle

progression and repair of these lesions (Hoeijmakers, 2001;

Polo and Jackson, 2011; Bekker-Jensen and Mailand, 2011; Cic-

cia and Elledge, 2010). This cellular response to DNAdamage is

highly relevant to counteract tumor development, which is

underscored by the fact that several cancer-prone human

disorders, including Xeroderma pigmentosum, Nijmegen
mical Societies. Published by Elsevier B.V. All rights reserved.
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breakage syndrome and Ataxia telangiectasia, are caused by

defects in DNA repair genes (reviewed in Ciccia and Elledge,

2010).

Cells utilize an impressive arsenal of DNA repair enzymes

to remove a variety of lesions from their genome. No single re-

pair pathway can cope with all kinds of lesions and cells have

evolved several different repair pathways that are highly con-

served throughout the kingdoms of life (Hoeijmakers, 2001;

Polo and Jackson, 2011). Damages that affect only one of the

two DNA strands are removed by excision repair, in which

the injury and a flanking DNA region is removed and the

resulting gap is re-synthesized using the complementary

DNA strand as a template (Giglia-Mari et al., 2010). Oxidative

lesions (usually of endogenous origin) are mainly removed

by base excision repair (BER), whereas nucleotide excision re-

pair (NER) removes a variety of helix-distorting lesions includ-

ing UV-induced damage and bulky adducts from the genome

(Giglia-Mari et al., 2010; de Laat et al., 1999). Damages that af-

fect both DNA strand, such as double-strand breaks (DSB) are

acted upon by homologous recombination (HR) which, follow-

ing resection of the DNA ends, utilizes the sister-chromatid

that is present after DNA replication as a template to direct

the error-free repair of DSBs. Alternatively, cells can fuse the

broken ends together in the absence of a second copy by

a mechanism termed non-homologous end-joining (NHEJ).

NHEJ repairs DSBs in an error-free or error-prone manner

and is the dominant repair pathway in mammalian cells

(Polo and Jackson, 2011; Wyman and Kanaar, 2006).

DNA repair is tightly interwoven with cell cycle progres-

sion and unrepaired DNA lesions in the mammalian genome

trigger signaling pathways that delay or impede the cell cycle

before DNA replication (G1/S arrest) or cell division (G2/M ar-

rest) occurs (Polo and Jackson, 2011; Warmerdam and

Kanaar, 2010). DNA damage-induced signaling critically de-

pends on the activity of the ATM and ATR kinases, which co-

ordinate the assembly of repair and checkpoint proteins at

damaged sites (Warmerdam and Kanaar, 2010; Huen and

Chen, 2010). While ATM is activated by DSBs (Lee and Paull,

2005), activation of ATR is brought about by single-stranded

DNA regions, which arise due to stalled replication forks, or

due to the processing of DSBs or UV-induced DNA lesions

into ssDNA repair intermediates (Shiotani and Zou, 2009;

Zou and Elledge, 2003; Vrouwe et al., 2011). Ultimately, these

signaling pathways, through activation of the CHK1 and

CHK2 kinases, tumor suppressor protein p53 and many other

factors, regulate the activity of key cell cycle regulators and

DNA repair enzymes to tightly coordinate DNA repair with

cell cycle progression (Warmerdam and Kanaar, 2010; Huen

and Chen, 2010).

Genetic, biochemical and cellular studies have uncovered

much of the molecular mechanisms underlying the signaling

and repair of DNA lesions in mammalian cells (Polo and

Jackson, 2011; Ciccia and Elledge, 2010; Giglia-Mari et al.,

2010). Efficient repair of DNA damage, however, is compli-

cated by the fact that genomic DNA is packaged, through his-

tone and non-histone proteins, into a condensed structure

called chromatin. The DNA repair machinery has to overcome

this physical barrier to gain access to damagedDNA and repair

DNA lesions (Misteli and Soutoglou, 2009; Dinant et al.,

2008; van Attikum and Gasser, 2009). Post-translational
modifications of chromatin as well as ATP-dependent chro-

matin remodeling factors help to overcome this barrier and fa-

cilitate access to damaged DNA by altering chromatin

structure at sites of DNA damage. It is becoming clear that

modulating chromatin structure is essential for the regulation

of DNA damage-induced signaling and repair pathways

(Misteli and Soutoglou, 2009; van Attikum and Gasser, 2009).

Here we review and discuss our current knowledge and recent

advances on DNA damage-induced chromatin changes and

their implications for the mammalian DNA damage response,

genome stability and carcinogenesis.
2. Histone modifications

Numerous covalent modifications of core histones that are

tightly linked to gene activity and DNA repair have been iden-

tified. These modifications include the acetylation, methyla-

tion, phosphorylation and ubiquitylation of several different

histone tails (Jenuwein and Allis, 2001; Turner, 2002). In the

following section, we discuss how these histonemodifications

orchestrate the mammalian DDR in the context of chromatin.

2.1. Histone phosphorylation

Phosphorylation plays a central role in the DNA damage re-

sponse (DDR) and several hundreds of proteins are phosphor-

ylated in response to DNA damage by the ATM, ATR and DNA-

PK kinases (Matsuoka et al., 2007). Phosphorylation of DDR

proteins often provides a means for phospho-specific interac-

tions andmanyDDR factors harbor phospho-binding domains

such as BRCT (breast cancer C-terminal) or FHA (forkhead-as-

sociated) domains (Mohammad and Yaffe, 2009).

Histones are also subject to DNA damage-induced phos-

phorylation of which the archetypical example is the phos-

phorylation of histone variant H2AX at S139 (gH2AX). This

phosphorylation is a prerequisite for the binding of MDC1

(through its BRCT domain) and the subsequent accumulation

of many different DDR factors at DNA lesions (Figure 2), which

can be visualized by the formation of structures known as ion-

izing radiation-induced foci (IRIF) (Stucki et al., 2005). H2AX-

deficient mice exhibit genomic instability and increased risk

of developing tumors (Celeste et al., 2002), underscoring the

importance of this modification. Phosphorylation of H2AX

has several distinct roles in the DDR. Firstly, gH2AX is required

for checkpoint activation in response to ionizing radiation (IR).

Cells lacking H2AX manifest a G2/M checkpoint defect after

exposure to low doses of IR (Fernandez-Capetillo et al.,

2002). Secondly, gH2AX is required for the accumulation of

the ubiquitin ligases RNF8 and RNF168, which, through exten-

sive ubiquitylation (discussed below), mediate the subsequent

recruitment of BRCA1 and 53BP1 into IRIF (Figure 2) (Doil et al.,

2009; Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007;

Stewart et al., 2009; Wang and Elledge, 2007). The

RNF8eRNF168 pathway, through 53BP1 recruitment, mediates

the phosphorylation and subsequent dissociation of the

heterochromatin-associated KAP1 protein (Ziv et al., 2006;

Goodarzi et al., 2008; Noon et al., 2010; Lee et al., 2010b). This

pathway promotes repair of heterochromatic DSBs (w15% of

all DSBs) by either NHEJ in G1 (Goodarzi et al., 2008) or HR in
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Figure 1 e Histone acetylation acts synergistically with SWI/SNF

chromatin remodeling to mediate efficient H2AX phosphorylation

and assembly of MDC1. DSB-flanking chromatin is modified by

ATM and GCN5, which phosphorylate H2AX (to form gH2AX), and

acetylate H3 (at low levels), respectively. The bromodomain-

containing SWI/SNF ATPase BRG1 binds to acetylated histones and

presumably increases the accessibility of DSB-flanking chromatin.

GCN5 binds to gH2AX leading to further acetylation, while

acetylation-dependent BRG1 recruitment, in turn, further stimulates

ATM-mediated H2AX phosphorylation. This creates a chromatin

micro-environment that is rich in gH2AX and acetylated H3.

gH2AX, together with MOF1-mediated acetylation of H4K16,

mediates efficient recruitment of MDC1, which in turn facilitates

recruitment of BRCA1 and 53BP1. Reversal of histone acetylation,

particularly H4K16ac and H3K56ac, occurs by HDAC1 and HDAC2

and promotes DSB repair by NHEJ.
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G2 (Beucher et al., 2009). Thirdly, the interaction between

MDC1 and gH2AX is required for homologous recombination

(HR), a function which is independent of the gH2AX-depen-

dent accumulation of BRCA1 and 53BP1 in IRIF (Xie et al.,
2007). Exactly how gH2AX-bound MDC1 promotes HR is cur-

rently unclear. Fourthly, gH2AX has an essential role in gener-

ating DNA ends which can be efficiently joined by NHEJ during

V(D)J recombinant in lymphocytes. This is achieved by pre-

venting CtIP-dependent DNA end resection, which would

lead to aberrant end-joining, and by favoring processing of

DNA ends by the Artemis nuclease, which is essential for effi-

cient joining during V(D)J recombination (Zha et al., 2010;

Helmink et al., 2010). This role of gH2AXwas only recently rec-

ognized due to functional redundancy with the XRCC4-like

factor XLF (Zha et al., 2010). Interestingly, the binding of

MDC1 to gH2AX is modulated by another residue in the

same histone tail. The phosphorylation of H2AX at T142 by

the tyrosine kinase WSTF and its dephosphorylation by

EYA1/3 regulates the binding of MDC1 to phosphorylated

S139 (Xiao et al., 2009; Cook et al., 2009). H2AX is constitutively

phosphorylated at T142 and this acts as a switch by regulating

the recruitment of repair factors (when dephosphorylated) or

apoptotic factors (when it remains phosphorylated), providing

a regulatory mechanism to activate the DDR or trigger cell

death (Cook et al., 2009).

Other histones are also subject to phosphorylation and de-

phosphorylation in response to DNA damage. For instance,

H2B isphosphorylatedatS14 inamanner that requiresprior in-

duction of gH2AX (Fernandez-Capetillo et al., 2004) However,

its function is currently not clear. H3 is constitutively phos-

phorylated on T11 by the CHK1 kinase, which triggers H3K9

acetylation (by histone acetyltransferase GCN5) and transcrip-

tional activation. The induction of DNA damage by UV irradia-

tion triggers the dissociation of CHK1 from chromatin,

followed by the dephosphorylation of H3T11P by phosphatase

PP1g, which results in the DNA damage-induced repression of

genes such as cyclin B1 and Cdk1 (Shimada et al., 2008, 2010).
2.2. Histone acetylation

Histone acetylation is a well-known modulator of higher-

order chromatin structure and often functions to promote

the accessibility of proteins to chromatin. It is becoming in-

creasingly clear that the acetylation and deacetylation of his-

tone tails are also tightly controlled at sites of DSBs, which is

underscored by the finding that several histone

http://dx.doi.org/10.1016/j.molonc.2011.06.001
http://dx.doi.org/10.1016/j.molonc.2011.06.001
http://dx.doi.org/10.1016/j.molonc.2011.06.001


M O L E C U L A R O N C O L O G Y 5 ( 2 0 1 1 ) 3 4 9e3 6 7352
acetyltransferases (HATs), as well as histone deacetylases

(HDACs), assemble and operate at DSBs.

For example, H2AX is acetylated at K5 by the HAT TIP60 in

response to IR. This acetylation is required for the mono- and

poly-ubiquitylation of H2AX at K119, which is regulated by

TIP60 and UBC13 (see also section on ubiquitylation) (Ikura

et al., 2007). Both acetylation and ubiquitylation of H2AX trig-

ger the DNA damage-induced dissociation of H2AX from nu-

cleosomes, an event that occurs independently of S139

phosphorylation (Ikura et al., 2007). On the other hand,

H2AX is also constitutively acetylated at K36 by the p300/

CBP HATs (Jiang et al., 2010a). This mark is required for cells

to survive exposure to ionizing radiation. It operates indepen-

dently of gH2AX (Jiang et al., 2010a), yet through an unknown

mechanism.

Several examples of DNA damage-induced acetylation and

deacetylation of core histones have also been described. For

example, The nucleosome acetyltransferase of H4 (NuA4)

complex, which contains the TIP60 and TRRAP subunits

(Doyon and Cote, 2004), mediates acetylation of H4 in re-

sponse to DSBs, which is required for efficient recruitment

of repair proteins 53BP1, BRCA1, MDC1 and RAD51 and HR

(Murr et al., 2006). The need for TIP60-TRRAP recruitment

and HR could be partially overcome by forced chromatin re-

laxation using various drugs, suggesting that the function of

TIP60-TRRAP in this context is to promote access of HR pro-

teins to DNA that is wrapped in chromatin. Besides HR, his-

tone acetylation also significantly stimulates NHEJ through

the actions of the homologous HATs p300 and CBP, which

are both recruited to DSBs, where they mediate acetylation

of several sites on H3 and H4 (Ogiwara et al., 2011). Indeed,

HAT inhibitor treatment and depletion of p300/CBP renders

cells highly sensitive to IR, suppresses efficient recruitment

of the KU complex to DSBs, and significantly impairs DSB re-

pair by NHEJ (Ogiwara et al., 2011).

Another example of histone acetylation involved in pro-

moting chromatin accessibility is the acetylation of H3K14,
Figure 2 e The RNF8- and RNF168-dependent ubiquitin signaling

pathway at DSBs is stimulated by CHD4- and p400-mediated

chromatin remodeling. ATM phosphorylates H2AX (to form

gH2AX) in DSB-flanking chromatin to trigger MDC1 assembly and

subsequent binding of ubiquitin ligase RNF8. The ensuing

ubiquitylation by RNF8 (here indicated as mono-ubiquitylation) and

the subsequent downstream events are enhanced by the chromatin

remodeling activities of p400 and CHD4, which presumably create

a more open and accessible chromatin state that is amendable for

ubiquitylation. While p400 is recruited to DSBs in an MDC1-

dependent manner, the mechanistic basis of CHD4 stimulation of the

RNF8 pathways is not clear. Upon binding, MDC1 also mediates

recruitment of the MMSET methyltransferase, which mediates the de

novo formation of di-methylated H4K20 at DSBs. What follows is the

association of RNF168 with RNF8-catalyzed ubiquitin, poly-

ubiquitin chain conjugation (here indicated as H2A poly-

ubiquitylation) by RNF168, and subsequently efficient recruitment of

BRCA1 through its ubiquitin-binding partner RAP80. Likewise,

RNF8- and RNF168-mediated ubiquitylation, together with

MMSET-induced H4K20 methylation, synergistically promote

efficient 53BP1 assembly, which in turn triggers the recruitment of

the EXPAND1 chromatin modulator.

http://dx.doi.org/10.1016/j.molonc.2011.06.001
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which increases after IR in amanner that depends on HMGN1.

This acetylation indirectly regulates the activation of ATM ki-

nase (Kim et al., 2009a). In agreement, loss of HMGN1 not only

reduces IR-induced phosphorylation of ATM substrates, but

also renders human cells sensitive to IR and UV, and increases

tumorigenesis in mice (Birger et al., 2005). The need for

HMGN1 in ATM activation can by bypassed by forced chroma-

tin relaxation using histone deacetylase inhibitors (Kim et al.,

2009a), suggesting that HMNG indeed regulates the DDR by

promoting chromatin structural changes at sites of DNA

lesions.

The acetylation (and deacetylation; see below) of H4K16

plays a key role in the regulation of the DDR and the acetyla-

tion of this mark is directly linked to the unfolding of

higher-order chromatin structure (Shogren-Knaak et al.,

2006). The steady-state levels of acetylated H4K16 increase

in response to DSBs, an event that requires the activity of

the HATMOF1 (Li et al., 2010;Miller et al., 2010).While deletion

of MOF1 does not affect gH2AX, it severely impairs the recruit-

ment of MDC1 as well as that of BRCA1 and 53BP1 (Figure 1) (Li

et al., 2010; Sharma et al., 2010). Furthermore, loss of MOF1

leads to defects in DNA repair, resulting in a persistent DNA

damage-induced G2/M arrest and the formation chromosome

aberrations (Li et al., 2010; Sharma et al., 2010). The binding of

MDC1 to gH2AX requires H4K16 acetylation and an acidic

pocket on H2AX, suggesting that the interaction between the

H2AX-H4 tails in the same nucleosome or between different

nucleosomes is required to establish a chromatin configura-

tion required for MDC1 to associate with gH2AX (Li et al.,

2010). MOF1 was also found to interact with DNA-PK and to

promote NHEJ and HR (Sharma et al., 2010).

In addition to acetylation, also deacetylation plays an im-

portant role in the DDR. The steady-state levels of H3K9,

H3K56 and H4K16 acetylation reversibly decrease following

DNA damage induction (Tjeertes et al., 2009), which in case

of H3K56 and H4K16 deacetylation is mediated by HDAC1

and HDAC2 (Figure 1) (Miller et al., 2010). An HDAC-mediated

decrease of H4K16ac occurs rapidly following DSB induction

(Miller et al., 2010), while the H4K16ac levels increase by the

activity of MOF1 at later time-points after DNA damage (Li

et al., 2010; Miller et al., 2010). Recruitment of HDAC1/2 e sub-

units of the Nucleosome Remodeling and Histone Deacatylase

(NuRD) complex e is mediated by the CHD4 ATPase subunit of

this complex, which is partly recruited by PARP (Polo et al.,

2010; Chou et al., 2010). To what extent HDAC1/2 activity

and H3K56 hypo-acetylation depends on PARP or chromatin

remodeling driven by CHD4 remains to be seen. Histone

deacetylation by HDAC1 and HDAC2 regulates efficient disas-

sembly of repair factors Artemis and KU and, thus, plays an

important role in promoting DSB repair by NHEJ (Miller et al.,

2010). However, the underlying mechanism is currently not

understood. In contrast to the reported deacetylation of

H3K56 (Miller et al., 2010; Tjeertes et al., 2009), an increase in

H3K56 levels in response to DNA damage has also been

reported (Das et al., 2009; Vempati et al., 2010). It may be

that H3K56ac, like H4K16ac, is a reversible and highly dynamic

mark during the DDR. In human cells, the HATs p300 and CBP

were found to mediate H3K56 acetylation and histones bear-

ing this mark are incorporated at sites of DNA repair (Das

et al., 2009; Vempati et al., 2010). Interestingly, increased levels
of H3K56 acetylation were found to correlate with tumorige-

nicity, suggesting a link between this mark and cancer devel-

opment (Das et al., 2009). Whether this reflects increased

acetylation or defects in deacteylation is currently not clear.

The response to UV-induced DNA lesions also involves

histone acetylation and several studies have demonstrated

that histones H3 and H4 are hyper-acetylated in human cells

following UV irradiation to stimulate NER (Brand et al., 2001;

Ramanathan and Smerdon, 1986). For example, UV-induced

DNA lesions trigger acetylation of H3K9 and H4K16 (Guo

et al., 2010). While UV damage-induced H3K9ac requires the

activity of GCN5 in the TFTC and STAGA complexes (Brand

et al., 2001; Guo et al., 2010; Martinez et al., 2001; Rubbi and

Milner, 2003), it is not clear how increased levels of

H4K16ac are brought about, but this may involve MOF1 as

reported for DSBs (Li et al., 2010; Sharma et al., 2010). Consis-

tent with a role for histone acetylation in NER, depletion of

GCN5 significantly impairs the recruitment of repair proteins

and DNA repair by NER (Guo et al., 2010). An increase in H4

acetylation, which depends on the tumor suppressors p53

and p33ING2, was also reported upon UV irradiation (Wang

et al., 2006a). The underlying mechanism however remains

unclear as p33ING2 and p53 are not recruited to UV-induced

DNA lesions (Rubbi and Milner, 2003; Wang et al., 2006a). Fi-

nally, the repair factor CSB recruits acetyltransferase p300

to transcription-coupled repair complexes, suggesting that

histone acetylation plays a role in this repair pathway as

well (Fousteri et al., 2006). Future research will undoubtedly

unravel in more detail how this chromatin modification con-

tributes to NER.

2.3. Histone ubiquitylation

The conjugation of ubiquitin to a histone was the first exam-

ple of a post-translational histone modification (Goldknopf

et al., 1975). Around 10e15% of all H2A molecules in the hu-

man cell nucleus is ubiquitylated at K119 (uH2A) at any given

time, while the steady-state levels of ubiquitylated H2B (at

K120; uH2B) is considerably lower (w1%) (Jason et al., 2002).

While uH2A is linked to polycomb-mediated transcriptional

repression (Wang et al., 2004), uH2B, which is located on the

opposite face of the nucleosome, is primarily linked to tran-

scriptional activation (Kim et al., 2009b). Histones H3 and H4

are also ubiquitylated although at very low levels (w0.1%)

(Wang et al., 2006b). Histone ubiquitylation is emerging as

a key regulatory modification in the DDR, which is under-

scored by the plethora of ubiquitin ligases and ubiquitin-

specific proteases that are directly recruited to DSBs

(Messick and Greenberg, 2009).

The archetypical example of DNA damage-induced ubiqui-

tin conjugation is the ubiquitylation of histones H2A and

H2AX at K119 (uH2A), which is mediated by the RNF8 and

RNF168 ubiquitin ligases together with the E2-conjugating en-

zyme UBC13 (Huen et al., 2007; Mailand et al., 2007; Bergink

et al., 2006; Marteijn et al., 2009; Pinato et al., 2009). RNF8 is

recruited through phospho-specific interactions with MDC1

and histone ubiquitylation by RNF8, in concert with ubiquity-

lation mediated by RNF168, is required for efficient recruit-

ment of BRCA1 and 53BP1 in response to DSBs (Doil et al.,

2009; Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007;

http://dx.doi.org/10.1016/j.molonc.2011.06.001
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Stewart et al., 2009) and UV-induced DNA lesions (Figure 2)

(Marteijn et al., 2009). The BRCA1 complex involves the ubiqui-

tin interacting motif (UIM)-containing RAP80 subunit that

binds specifically to Lys63-linked ubiquitin chains catalyzed

by RNF8 and RNF168, providing a molecular basis for the

ubiquitin-dependent targeting of the BRCA1 complex to

DSBs (Doil et al., 2009; Sato et al., 2009; Sims and Cohen,

2009; Wang et al., 2007a). Induction of uH2A in response to

DSBs is dependent on ATM/DNA-PK and gH2AX (Mailand

et al., 2007), while UV-induced uH2A is mediated through

ATR and MDC1, but does not require H2AX (Bergink et al.,

2006; Marteijn et al., 2009). Histone ubiquitylation by RNF8

and RNF168 was recently implicated in transcriptional silenc-

ing at DSBs (Shanbhag et al., 2010). Several ubiquitin-specific

proteases, including BRCC36, USP3, and USP28 are required

for an efficient DDR (Nicassio et al., 2007; Shao et al., 2009;

Zhang et al., 2006), suggesting that the steady-state levels of

DNA damage-induced ubiquitylation substrates is tightly reg-

ulated. It is interesting to note that while most of these deubi-

quitylating enzymes directly reverse RNF8- and RNF168-

mediated ubiquitylation at DSBs (Doil et al., 2009; Nicassio

et al., 2007; Shao et al., 2009), the OTUB1 deubiquitylase in-

hibits RNF168-mediated ubiquitylation by the non-catalytic

inhibition of the E2 conjugase UBC13 (Nakada et al., 2010),

underscoring the multi-layered nature of DDR regulation.

In addition to RNF8 and RNF168, a protein complex con-

taining the canonical H2A ubiquitin ligase, RNF2, was recently

also implicated in DNA damage-induced H2A ubiquitylation

(Chou et al., 2010; Ismail et al., 2010; Ginjala et al., 2011). The

polycomb-repressive complex 1 (PRC1), which contains RNF2

and the proto-oncogene BMI1, is directly recruited to DSBs

by the FHA/BRCT domain of NBS1 (Ismail et al., 2010) and pos-

sibly partly regulated by PARP (Chou et al., 2010) although this

was not found in another study (Ginjala et al., 2011). While the

knock-down of RNF8 was shown to significantly reduce H2A

mono-ubiquitylation (Mailand et al., 2007), it was also

reported that RNF8 depletion significantly affects gH2AX

di-ubiquitylation, while a significant level of mono-

ubiquitylation remained (Huen et al., 2007). The PRC1 complex

is recruited to DSBs independently of PRC2 and carries out

mono-ubiquitylation of gH2AX. In agreement, depletion of

PRC1 in RNF8-deficient cells resulted in loss of the residual

gH2AX mono-ubiquitylation (Ismail et al., 2010), suggesting

a two-step mechanism in which RNF2-mediated mono-

ubiquitylation of H2AX occurs prior to RNF8-mediated di-

ubiquitylation. Similarly, depletion of BMI1 leads to impaired

DSB-induced mono-ubiquitylation of H2A, but not poly-

ubiquitin conjugation at DSBs (Ginjala et al., 2011). Loss of

PRC1 components delays, but not abolishes, the association

of BRCA1, RAP80 and 53BP1 to DSBs (Ismail et al., 2010;

Ginjala et al., 2011). In this model, RNF8-mediated di-

ubiquitylation of gH2AX requires prior mono-ubiquitylation

by either RNF8 itself (which seems to be insufficient) or

PRC1, which may explain the delayed recruitment of BRCA1

and 53BP1 due to loss of PRC1 recruitment. Given that several

other ubiquitin ligases, such as RAD18, HERC2 and BRCA1 also

accumulate at DSBs (Wang et al., 2007a; Bekker-Jensen et al.,

2010; Huang et al., 2009), it cannot be excluded, however,

that these or perhaps other unidentified ubiquitin ligases

may also contribute to ubiquitin-dependent signaling at DSB.
Towhat extent theRNF8eRNF168pathwayand thePRC1 re-

sponse overlap is currently unclear (Ismail et al., 2010; Ginjala

et al., 2011). While one study suggested that the RNF8 and the

RNF2/BMI1 pathways are mechanistically distinct and do not

affect each other (Ismail et al., 2010), another study found

that BMI1 recruitment is dependent on gH2AX and RNF8, sug-

gesting that BMI1 acts downstream of RNF8 (Ginjala et al.,

2011). To complicate things further, H2AX di- or poly-

ubiquitylation (but not mono-ubiquitylation) at K119 was

found to be mediated by TIP60 together with UBC13. In this

study, both H2AX acetylation and ubiquitylation were found

to be independent of H2AX phosphorylation, while another

study found H2AX di-ubiquitylation mediated by RNF8-

UBC13 to be dependent on the phosphorylation status of

H2AX (Huen et al., 2007). Thus, while the role of RNF8 in DSB-

induced H2A ubiquitylation is firmly established, understand-

ing exactly howBMI1/RNF2 and TIP60 are involved in the regu-

lation of this modification will require further studies.

Histone H2A was shown to be ubiquitylated following ex-

posure to UV light and this not only requires ATR and NER,

but also several other DDR factors (Bergink et al., 2006). The

CUL4A-DDB2 complex was found to increase the levels of

ubiquitylated H2A following UV irradiation after these levels

are initially decreased (Kapetanaki et al., 2006). However, an-

other report did not observe DDB2-dependent ubiquitylation

of H2A (Wang et al., 2006a). Furthermore, H2A ubiquitylation

following UV exposure was also shown to depend on the

H3eH4 chaperone CAF1. It was proposed that H2A is ubiquity-

lated in the cytoplasm and that this uH2A is incorporated at

sites of UV-induced DNA damage following DNA repair (Zhu

et al., 2009). It was unclear however whether and how UV-

induced uH2Awould be translocated into the nucleus and tar-

geted to UV lesions. However, a recent study solved this issue

by demonstrating that the RNF8 ubiquitin ligase is recruited to

UV-induced DNA lesions to mediate H2A ubiquitylation in

concert with UBC13 (Marteijn et al., 2009). In parallel to the re-

sponse to DSBs, RNF8 recruitment to UV-induced lesions re-

quires a phospho-specific interaction with MDC1 and is

required for the accumulation of BRCA1 and 53BP1 to photo-

lesions (Marteijn et al., 2009). Interestingly, depletion of

RNF2 also impairs UV-induced H2A ubiquitylation (Bergink

et al., 2006; Marteijn et al., 2009). How RNF2 affects uH2A for-

mation in response to UV remains unclear. It may be that its

depletion leads to a decrease in nuclear ubiquitin levels. Alter-

natively, RNF2may be directly involved in the H2A ubiquityla-

tion process at UV-induced lesions, by analogy to its role in the

formation of DSB-associated uH2A (Ismail et al., 2010; Ginjala

et al., 2011).

In addition to H2A ubiquitylation, also H2B ubiquitylation

(at K120) was recently recognized to play a role in the DDR

(Moyal et al., 2011; Nakamura et al., 2011). During transcrip-

tion, H2B ubiquitylation (uH2B) is carried out by the RNF20/

RNF40 complex (Pavri et al., 2006). Likewise, RNF20/40-

induced uH2B is directly involved in the DDR and promotes

DNA repair by both HR and NHEJ (Moyal et al., 2011;

Nakamura et al., 2011). RNF20/40 is directly recruited to DSBs

and damage-induced uH2B requires ATM-mediated phos-

phorylation of RNF20/40 (Moyal et al., 2011). The recruitment

mechanism of RNF20/40 to DSBs remains to be established

as recruitment required neither ATM nor NBS1 (Moyal et al.,

http://dx.doi.org/10.1016/j.molonc.2011.06.001
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2011; Nakamura et al., 2011). At present, it seems that the

MDC1eRNF8euH2A pathway is not affected by, nor does it af-

fect, the RNF20/40euH2B pathway, suggesting that ATM-

dependent uH2A and uH2B pathways may be mechanistically

distinct. Interferingwith RNF20/40-mediated uH2B leads to re-

duced accumulation of NHEJ (XRCC4 and KU) and HR proteins

(BRCA1/2 and RAD51), reduced DNA end resection, defects in

the repair of DSBs and, accordingly, delayed disappearance

of gH2AX (Moyal et al., 2011; Nakamura et al., 2011). As a result,

depletion of RNF20/40 renders cells sensitive to IR and radio-

metric drugs (Moyal et al., 2011; Nakamura et al., 2011;

Chernikova et al., 2010). Significant crosstalk has been

reported between uH2B and histone methylation at H3K4

and H3K79 during transcription (Kim et al., 2009b). While

one study reported no difference in H3K4me or K79me follow-

ing DNA damage (Moyal et al., 2011), another study reported

elevated H3K4me at DSBs (Nakamura et al., 2011). Depletion

of RNF20 triggers transformation and tumorigenesis in cul-

tured cells, and cancers were found to often have decreased

levels of RNF20, identifying this gene as a potential tumor sup-

pressor. As depletion of RNF20 results in lower levels of p53

and 53BP1 expression (Shema et al., 2008), it may be that not

only its function in the DDR (Moyal et al., 2011; Nakamura

et al., 2011), but also its role in the regulation of gene expres-

sion contributes to carcinogenesis.

Also H3 and H4 ubiquitylation is induced in response to UV

irradiation, which is mediated by the CUL4A-DDB1eDDB2

complex (Wang et al., 2006a). The DDB2 subunit of this com-

plex has high affinity to photo-lesions and, thus, targets the

activity of the CUL4A ubiquitin ligase complex to UV-

damaged chromatin (Groisman et al., 2003). The DDB2-

CUL4A-mediated ubiquitylation of H3 and H4 following UV ir-

radiation results in the destabilization of nucleosomes and

may contribute to enhanced recruitment of NER factors to

DNA lesions (Wang et al., 2006a).

Although not induced by DNA damage, H4 is constitutively

ubiquitylated at K91 by BBAP, a protein which is over-

expressed in chemotherapy-resistant lymphomas. Disruption

of BBAP results in impaired mono- and di-methylation of

H4K20, due to lower chromatin-bound levels of mono-

methylase PR-SET7 (see also below), which, in turn, results

in compromised accumulation of 53BP1 at DSBs (Yan et al.,

2009).

2.4. Methylation

The methylation of histones plays an import role in the DDR

and histone lysine residues are found in vivo in mono-, di-,

and tri-methylated states, which are brought about by the ac-

tivity of various histone methyltransferases. Several repair

factors harbormethyl-binding pockets such as the chromodo-

main (CD) and tudor domain (Taverna et al., 2007), which tar-

get such proteins to methylated histone tails.

The tri-methylation of H3K9 is a hallmark of condensed

heterochromatin, which is considered inhibitory to DNA re-

pair. The heterochromatin 1 proteins (HP1a, b, g) directly

bind to H3K9me3 through their CDs, which is thought to con-

tribute to heterochromatinmaintenance (Cheutin et al., 2003).

HP1b was found to dissociate from H3K9me3 in response to

DSBs as a result of its casein kinase 2-mediated
phosphorylation (Ayoub et al., 2008). Dissociation of HP1b

was suggested to promote induction of gH2AX in response

to DNA damage (Ayoub et al., 2008). Compatible with such as

scenario, the CD of TIP60 interacts directly with H3K9me3
and this interaction is stimulated by depletion of HP1b (Sun

et al., 2009). Recruitment of TIP60 is mediated by the MRN

complex, but its HAT activity requires binding to H3K9 meth-

ylation. Indeed, genetic deletion of Suv3-9H1/H2 (the enzymes

that mediate H3K9me3) impairs activation of TIP60 (Sun et al.,

2009). The need to re-organize heterochromatin to promote ef-

ficient DSB repair is underscored by the finding that w15% of

the DSBs that are associated with heterochromatin require

ATM-dependent phosphorylation of KAP1 to be efficiently

repaired (Goodarzi et al., 2008). Depletion of the three HP1 iso-

forms, however, overcomes the need for ATM signaling to re-

pair heterochromatin-associated DSBs (Goodarzi et al., 2008),

possibly due to a more accessible organization of heterochro-

matin in cells lacking HP1 proteins. Although it may appear

that the binding of HP1 proteins is inhibitory to repair, all

three isoforms of HP1 are actually recruited to DSBs, oxidative

DNA lesions and UV-induced DNA lesions independently of

their ability to bind to H3K9me3, suggesting additional roles

in the DDR (Dinant and Luijsterburg, 2009; Luijsterburg et al.,

2009; Zarebski et al., 2009). Genetic deletion studies in nema-

todes show that the Caenorhabditis elegans HP1 isoforms

(HPL1 and HPL2) have redundant roles in the UV-DDR as dele-

tion of both isoforms lead to extreme sensitivity to UV. In con-

trast, loss of HPL1 confers IR resistance to nematodes, while

loss of HPL2 results in extreme IR sensitivity (Luijsterburg

et al., 2009). In agreement with differential roles for HP1 pro-

teins in the DDR, human cells over-expressing HP1a and

HP1b, but not HP1g, display higher levels of chromosomal ab-

errations, show increased sensitivity to IR and promote tu-

morigenicity upon injection into mice in a CD-dependent

manner (Sharma et al., 2003). In addition, over-expression of

HP1a has been found in several carcinomas (De Koning

et al., 2009). However, reduced levels of H3K9me2 and

H3K9me3 have been linked to several human cancers (Wang

et al., 2007b; Cloos et al., 2006), and deletion of HP1b, but not

HP1a, in mice lead to genomic instability (Aucott et al., 2008).

Interestingly, genetic ablation of HP1b in mice has amore pro-

found impact on genomic instability than loss of the enzymes

that mediate H3K9me3, suggesting that HP1 proteins have ad-

ditional roles in the DDR that do not require their methyl-

binding properties (Aucott et al., 2008; Billur et al., 2010;

Peters et al., 2001). Compatible with such a scenario, recent ev-

idence suggests a role for HP1a in promoting HR, possibly by

stimulating DNA end resection and the subsequent recruit-

ment of RAD51 (Baldeyron et al., 2011). Although more re-

search is required to fully understand HP1 function in the

DDR, it is becoming clear that proper regulation of HP1 and

H3K9me levels are crucial to trigger the DDR and prevent

carcinogenesis.

Another example of histone methylation that occurs dur-

ing the DDR is the di-methylation of H3K36, which is induced

following DNA damage in a manner that requires the activity

of the Metnase/SETMAR methyltransferase. H3K36me2 pro-

motes the association of NBS1 and the KU complex and di-

rectly stimulates repair by NHEJ (Fnu et al., 2010) through an

unknown mechanism.
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The variable domain of antigen receptors is generated by

the assembly of V, D and J gene segments in B lymphocytes,

which requires the formation of DSBs by the RAG1eRAG2

complex followed by joining of the DNA ends by NHEJ. The

methylation of H3 at K4 plays a key role in this process, which

is brought about by the direct binding of the RAG2 PHD finger

to H3K4me3 (Matthews et al., 2007). Reduced H3K4me3 levels

and impaired binding of RAG2 to this modifications result in

impaired V(D)J recombination and is linked to human immu-

nodeficiency syndromes (Matthews et al., 2007). H3K4me3 is

not only essential to target the RAG complex to V, D and J

gene segments, but is also crucial to stimulate the catalytic ac-

tivity of the RAG complex (Shimazaki et al., 2009), which is

mediated by the methyl-binding-dependent alleviation of

auto-inhibition by the RAG complex (Grundy et al., 2010).

The 53BP1 protein, which harbors tandem tudor domains,

is probably themost well-known example of a DNA repair fac-

tor that binds to a methylated histone lysine residue (Taverna

et al., 2007). The 53BP1 tudor domains were initially reported

to bind to H3K79me2, the formation of which is mediated by

Dot1L. Depletion of this enzymewas found to impair 53BP1 re-

cruitment to DSBs (Huyen et al., 2004). However, subsequent

studies showed that 53BP1 has a rather low affinity to

H3K79me2 (KD w2 mM). Moreover, depletion of Dot1L by siR-

NAs or genetic deletion of Dot1L did not affect 53BP1 accumu-

lation after IR (Botuyan et al., 2006), suggesting that the

contribution of H3K79me2 to 53BP1 recruitment is limited.

The 53BP1 tudors bind considerably better to H4K20me1 (KD

w50 mM), but have the highest affinity for H4K20me2 (KD

w20 mM). They do not bind to H4K20me3 in vitro. Accordingly,

the crystal structure of the 53BP1 tudor domains revealed

a binding pocket that accommodates H4K20me2, but excludes

H4K20me3 (Botuyan et al., 2006). The methyltransferase

MMSET was recently shown to induce de novo H4K20me2 at

sites of DSBs, and this event appeared to be essential for the

recruitment of 53BP1 in vivo (Pei et al., 2011). The activity of

MMSET is targeted to DSBs by direct phospho-specific interac-

tions with MDC1 (Pei et al., 2011), but does not require RNF8 or

RNF168 (Figure 2). Consistent with a role for MMSET in DNA

damage-induced di-methylation of H4K20 (Pei et al., 2011), ge-

netic deletion of the canonical H4K20 di- and tri-

methyltransferases, Suv4-20H1 and H2, did not abolish

53BP1 recruitment to DSBs (Schotta et al., 2008). However, de-

pletion of the H4K20 mono-methylase PR-Set7 did abolish

53BP1 recruitment (Botuyan et al., 2006; Oda et al., 2010), likely

due to the fact that H4K20me2 induction by MMSET requires

priormono-methylation by PR-SET7. The 53BP1eH4K20me in-

teraction plays a role in suppressing HR and promoting

XRCC4-dependent NHEJ (Xie et al., 2007). Notably, the NHEJ

function of 53BP1 seems largely independent of H2AX (Xie

et al., 2007), which may explain the transient recruitment of

53BP1 in H2AX-deficient cells (Celeste et al., 2003). The accu-

mulation of 53BP1 in IRIF does depend on gH2AX and the

MDC1eRNF8eRNF168 pathway (Doil et al., 2009; Mailand

et al., 2007) and this pathway mediates efficient 53BP1-

dependent repair through local phosphorylation of KAP1 in

heterochromatin (Noon et al., 2010), which is required for

w15% of the DSBs that are associated with dense chromatin

and are repaired in an ATM-dependent manner (Goodarzi

et al., 2008). This pathway involves the 53BP1-dependent
recruitment of the MRN complex (through the BRCT domains

of 53BP1) to locally enrich ATM kinase activity, which explains

the requirement for 53BP1 to phosphorylate KAP1 at hetero-

chromatic DSBs (Lee et al., 2010b). In this context, 53BP1 re-

cruitment depends on ubiquitylation by RNF8eRNF168

through an unknown mechanism since no ubiquitin-binding

domains have been identified in 53BP1.Whether this pathway

involves binding to H4K20me2 and how this is mediated

through ubiquitylation by RNF8eRNF168 remains to be estab-

lished. It is interesting to note that recent evidence linked

chromatin remodeling activity to 53BP1. The PWWP domain-

containing protein EXPAND1 interacts with 53BP1 through

its BRCT domain and is stably associated with chromatin in

undamaged cells (Huen et al., 2010). EXPAND1 accumulation

in IRIF depends on H2AX,MDC1, RNF8 and 53BP1 (Figure 2). In-

terestingly, EXPAND1 promotes increased chromatin accessi-

bility and depletion of EXPAND1 leads to a delay in

disappearance of gH2AX and sensitivity to IR (Huen et al.,

2010). However, loss of EXPAND1 did not seem to affect the

ATMeKAP1 pathway to facilitate heterochromatic DSBs,

which does require 53BP1 (Goodarzi et al., 2008; Noon et al.,

2010). Elucidating the precise role of EXPAND1 in the DDR

will require further studies.
3. Chromatin remodeling

A number of large multi-protein complexes (200 kDae2 MDa)

can enzymatically modulate chromatin structure at the ex-

pense of ATP hydrolysis (Varga-Weisz and Becker, 2006;

Becker and Horz, 2002). These nucleosome remodeling factors

contain an ATPase of the SWI2/SNF2 (Switch/Sucrose non-fer-

mentable) family, as well as several targeting and regulatory

subunits (Varga-Weisz and Becker, 2006). It is becoming in-

creasingly clear that ATP-dependent chromatin remodeling

factors play an essential role in the DDR. In the following sec-

tionwe discuss the involvement of chromatin remodeling fac-

tors in the DDR and outline how these factors promote access

for DNA repair proteins to DNA lesions buried in chromatin

(Tables 1 and 2).

3.1. SWI/SNF

Mammalian chromatin remodeling complexes of the SWI/SNF

family contain either the BRM or BRG1 ATPase, which slide

and eject nucleosomes (Clapier and Cairns, 2009). A role for

SWI/SNF complexes in DSB repair has recently been estab-

lished. BRM and BRG1 are recruited to DSBs, where they di-

rectly interact with gH2AX-containing nucleosomes (Lee

et al., 2010a). This interaction involves binding of the bromo-

domain of BRG1 to H3 acetylation, which induces additional

H3 acetylation (at K9, K14, K18, and K23) in gH2AX-containing

nucleosomes, but not in bulk chromatin, through recruitment

of the acetyltransferase GCN5 (Figure 1). This feedback mech-

anism promotes efficient induction of gH2AX after IR, perhaps

due to increased accessibility of the ATM kinase (Lee et al.,

2010a). Depletion of BRG1 renders cells sensitive to IR, impairs

induction of gH2AX and leads to defects in DSB repair (Park

et al., 2006). In analogy to this mechanism, BRM and BRG1

are also required for efficient NHEJ in a manner that depends

http://dx.doi.org/10.1016/j.molonc.2011.06.001
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Table 1 e Histone modification in the DDR.

Histone
modification

Catalyzed by Role in DDR Reference

H2AX S139ph

(gH2AX)

ATM, ATR, DNA-PKcs Checkpoint activation, accumulation

of numerous proteins in IRIF, HR,

NHEJ during V(D)J recombination

(Fernandez-Capetillo

et al., 2002; Doil et al.,

2009; Huen et al., 2007;

Kolas et al., 2007;

Mailand et al., 2007;

Stewart et al., 2009; W

ang and Elledge, 2007;

Xie et al., 2007;

Zha et al., 2010;

Helmink et al., 2010)

H2AX T142ph WSTF (reversed by EYA1/3) Switch between DNA repair and apoptosis (Xiao et al., 2009;

Cook et al., 2009)

H2B S14ph Unknown Unknown (Fernandez-

Capetillo et al., 2004)

H3 T11ph CHK1 (reversed by PP1g) Constitutive mark that is lost after UV

exposure resulting in gene repression

(Shimada et al., 2008,

2010)

H2AX K5ac TIP60 Required for mono- and poly-ub and subsequent

dissociation of H2AX from chromatin

(Ikura et al., 2007)

H2AX K36ac p300/CBP Promotes IR survival independently of gH2AX (Jiang et al., 2010a)

H4 K5ac, K8ac,

K12ac, K16ac

TIP60-TRRAP (NuA4 complex) Recruitment of MDC1, BRCA1. 53BP1,

RAD51 and repair by HR

(Murr et al., 2006)

H3 K18ac, H4 K5ac,

K8ac, K12ac,

K16ac

p300/CBP Recruitment of SWI/SNF complex, KU

accumulation and repair by NHEJ

(Ogiwara et al., 2011)

H3 K9ac, K14ac,

K18ac, K23ac

GCN5 Recruitment of SWI/SNF complex

through binding to H3K14ac and

spreading of gH2AX

(Lee et al., 2010a)

H3 K14ac Requires HMGN Regulates activity of ATM kinase (Kim et al., 2009b)

H4 K16ac MOF1 (reversed by HDAC1/2) Levels transiently decrease (reversal

by HDACs) after IR and then increase

(by MOF1). Decrease promotes retention of

NHEJ factors, while subsequent increase

regulates MDC1, BRCA1 and 53BP1

accumulation, and repair by HR and NHEJ.

(Li et al., 2010;

Miller et al., 2010;

Sharma et al., 2010)

H3 K56ac p300/CBP (reversed by

HDAC1/2)

Levels decrease (reversal by HDACs) after IR,

which promotes NHEJ. Conversely, incorporation

of new H3K56ac-bearing histones at repair sites

has also been reported

(Miller et al., 2010;

Tjeertes et al., 2009;

Das et al., 2009;

Vempati et al., 2010)

H3 K9ac GCN5 in TFTC and STAGA

complexes

Increased following UV exposure, stimulates XPC

recruitment and repair by NER

(Brand et al., 2001;

Guo et al., 2010;

Martinez et al., 2001)

H2A K119ub RNF8 (mono/di-ub), RNF168

(poly-ub) possibly assisted by

RNF2 (mono-ub) (reversed by

USP3 and BRCC36, and

inhibited by OTUB1)

Accumulation of BRCA1, RAD18 and 53BP1 after IR

and UV, checkpoint activation and repair of DSBs

in heterochromatin, transcriptional silencing at DSBs

(Doil et al., 2009;

Huen et al., 2007;

Kolas et al., 2007;

Mailand et al., 2007;

Stewart et al., 2009;

Wang and Elledge,

2007; Noon et al., 2010;

Bergink et al., 2006;

Marteijn et al., 2009;

Shanbhag et al., 2010;

Nicassio et al., 2007;

Shao et al., 2009;

Ginjala et al., 2011;

Bekker-Jensen et al.,

2010; Huang et al., 2009)

(continued on next page)
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Table 1 e (continued )

Histone
modification

Catalyzed by Role in DDR Reference

H2AX K119ub RNF2 (mono-ub), RNF8 (di-ub)

and TIP60-UBC13 (di-

and poly-ub)

Presumably similar to ubi H2A at K119 (Huen et al., 2007;

Ikura et al., 2007;

Ismail et al., 2010)

H2B K120ub RNF20-RNF40 Accumulation of KU, XRCC4, BRCA1 and RAD51,

stimulates repair by NHEJ and HR

(Moyal et al., 2011;

Nakamura et al., 2011)

H3 and H4 ub

(residues

unknown)

DDB2-DDB1-CUL4A Destabilize nucleosomes after UV exposure to

stimulate NER

(Wang et al., 2006a)

H4 K91ub BBAP Constitutive mark required for induction of

H4K20me and 53BP1 recruitment to DSBs

(Yan et al., 2009)

H3 K9me3 Suv3-9H1/Suv3-9H2

(recognized by

chromodomains of

HP1 and TIP60 proteins)

DNA damage-induced phosphorylation of HP1b leads

to its dissociation from H3K9me and stimulates TIP60

activation. HP1 proteins are also recruited to DSBs

(independently of H3K9me) to promote repair

(Ayoub et al., 2008;

Sun et al., 2009;

Dinant and

Luijsterburg, 2009;

Luijsterburg et al.,

2009; Zarebski et al.,

2009; Sharma et al.,

2003; Baldeyron

et al., 2011)

H3 K36me2 Metnase/SETMAR Promotes accumulation of NBS1 and KU and stimulates

repair by NHEJ

(Fnu et al., 2010)

H3 K4me3 SET1 (recognized by

the PHD finger of RAG2)

Targets and stimulates the RAG complex involved in

V(D)J recombination

(Matthews et al., 2007;

Shimazaki et al., 2009;

Grundy et al., 2010)

H4 K20me2 Suv4-20H1/Suv4-20H2

or MMSET

Mediated by MMSET which is recruited to DSBs by MDC1.

Required for recruitment of 53BP1 through its tandem

tudor domain. The 53BP1-H4K20me-interaction suppresses

HR, but promotes NHEJ independently of gH2AX

(Xie et al., 2007;

Botuyan et al., 2006;

Pei et al., 2011)
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on the acetyltransferase activity of the CBP and p300 enzymes

(Ogiwara et al., 2011). Indeed, depletion of these HATs impairs

the recruitment of BRM, and depletion of BRM, in turn, impairs

the efficient recruitment of the KU complex at DSBs and leads

to considerable defects in repair by NHEJ (Ogiwara et al., 2011).

Thus, histone acetylation by CBP/p300 mediates recruitment

of SWI/SNF, which is required for KU binding and efficient

NHEJ.

A SWI/SNF complex containing BRG1eBRMeBAF170e

BAF155eSNF5 is recruited to DSBs by BRIT1, which accumu-

lates in IRIF (Rai et al., 2006; Peng et al., 2009). Several human

cancers display decreased levels of BRIT1 and their tumorige-

nicity is inversely correlated with BRIT1 levels (Rai et al., 2006).

The interaction between BRIT1 and the SWI/SNF complex is

regulated by the ATM/ATR-dependent phosphorylation of

BAF170, which is essential for proper DSB repair through

NHEJ and HR (Peng et al., 2009). In agreement, depletion of

BRIT1 impairs the accumulation of several repair factors in-

cluding KU70, RPA, RAD51, NBS1, MDC1, and BRCA1 (Rai

et al., 2006; Peng et al., 2009; Lin et al., 2005). Surprisingly,

while gH2AX formation seems not to be affected by BRIT1 de-

pletion (Rai et al., 2006), accumulation of BRM/BRG1 is mainly

BRIT1-dependent (Peng et al., 2009), which seems to be at odds

with the finding that gH2AX induction is impaired by deple-

tion of BRM/BRG1 (Lee et al., 2010a; Park et al., 2006). Further

studies will be needed to address whether the BRG1-
dependent feedback loop, which induces gH2AX spreading,

and the BRIT-dependent recruitment of BRG1, which pro-

motes the recruitment of numerous repair factors, constitute

mechanistically distinct pathways.

SWI/SNF ATPases are often inactivated in human cancers

suggesting that they may function as tumor suppressor pro-

teins (Varela et al., 2011). In addition, their loss in mamma-

lian cells confers high sensitivity to UV irradiation,

suggesting a possible role for SWI/SNF in the repair of UV-

induced DNA damage. Indeed, several studies agree that

loss of BRM/BRG1 selectively leads to impaired CPD (but not

6-4 PP) repair following UV irradiation. However, the underly-

ing mechanism is at present unclear mainly due to conflict-

ing reports. The repair defect has been attributed to an

indirect apoptotic response that is suppressed by SWI/SNF

(Gong et al., 2008), or impaired accumulation of XPG/PCNA,

but not of XPC and DDB2, at UV-induced DNA lesions (Zhao

et al., 2009). This latter observation was not in agreement

with another report, which suggested that loss of SWI/SNF

impairs recruitment of XPC to DNA lesions (Zhang et al.,

2009). Given that XPC and XPG are essential for 6-4PP and

CPD repair, scenarios in which BRG1 is required for the re-

cruitment of XPG and/or XPC seem incompatible with effi-

cient removal of 6-4PP following BRG1 depletion. Future

studies are required to solve this riddle and elucidate how

SWI/SNF affects NER.

http://dx.doi.org/10.1016/j.molonc.2011.06.001
http://dx.doi.org/10.1016/j.molonc.2011.06.001
http://dx.doi.org/10.1016/j.molonc.2011.06.001


Table 2 e Chromatin remodeling factors in the DDR.

Chromatin
remodeling
complex

Recruitment by Role in DDR Reference

BRM and BRG1

(SWI/SNF)

H3 acetylation (by GCN5 or p300/CBP),

recognized by the bromodomains of BRG1

Spreading of gH2AX and

subsequent IRIF formation,

accumulation of KU and

repair by NHEJ

(Ogiwara et al., 2011;

Lee et al., 2010a)

BRIT-BRM/BRG1

(SWI/SNF)

BRIT1 recruits SWI/SNF complex

through phosphorylated BAF170 to DSBs

Accumulation of NHEJ, HR

and signaling proteins and

repair by NHEJ and HR.

(Peng et al., 2009; Rai et al., 2006)

BRG1 (SWI/SNF) Unknown Required for CPD repair by

NER (mechanism is currently

unclear)

(Gong et al., 2008;

Zhao et al., 2009;

Zhang et al., 2009)

SNF2H (ISWI) RNF20-RNF40, and possibly ACF1 Accumulation of HR proteins,

repair by HR and NHEJ

(Nakamura et al., 2011;

Lan et al., 2010)

INO80 ARP5 and ARP8 to DSBs and DDB1 to UV

damage

Involved in repair by HR (YY1

subunit binds to holidays

junctions), stimulates repair of

UV damage by NER through

enhanced recruitment of XPC

and XPA

(Kashiwaba et al., 2010;

Kitayama et al., 2009;

Wu et al., 2007;

Jiang et al., 2010b)

p400 (NuA4

complex)

MDC1 Regulates nucleosome

destabilization in concert with

TIP60-mediated acetylation,

stimulates RNF8-mediated

ubiquitylation and BRCA1,

53BP1 recruitment to DSBs

(Xu et al., 2010)

ALC1 (CHD1-

like protein)

PARP (the macrodomain of ALC1

recognizes PAR)

Stimulates repair of ssDNA

breaks and DSB, interacts with

KU, XRCC1 and APLF (requires

poly-ADP-ribosylation (PAR)). APLF

stimulates ligation during NHEJ, but

whether this requires ALC1 is unclear

(Ahel et al., 2009;

Gottschalk et al., 2009;

Rulten et al., 2011)

CHD2 Unknown Unknown, but loss of CHD2 leads to

higher and persistent levels of gH2AX

in mice

(Nagarajan et al., 2009)

CHD4 PARP and possibly components of

the RNF8 pathway

Prevents accumulation of spontaneous

DNA damage, cell cycle progression

through p53 deacetylation, mediates

recruitment of HDACs to promote NHEJ,

stimulates RNF8-mediated ubiquitylation

and RNF168 and BRCA1 recruitment to DSBs

(Polo et al., 2010;

Chou et al., 2010;

Larsen et al., 2010;

Smeenk et al., 2010;

Pegoraro et al., 2009)

EXPAND 53BP1 (requires its BRCT domain) Increased chromatin accessibility and

survival after IR, although the underlying

mechanism are currently unclear

(Huen et al., 2010)
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Screens for UV sensitivity in C. elegans revealed that loss of

the nematode orthologues of BRM, SNF5 and BAF155 result in

UV sensitivity (Lans et al., 2010). Loss of SNF5 e especially

when combined with loss of p53 e is linked to malignant tu-

mor formation (Isakoff et al., 2005; Versteege et al., 1998),

which does not result from genomic instability, but rather

from transcriptional changes in genes that regulate cell cycle

progression (Isakoff et al., 2005; Klochendler-Yeivin et al.,

2006;McKenna et al., 2008). For instance, loss of SNF5 activates

genes regulated by polycomb factor EZH2 (required for

H3K27me), and inactivation of EZH2 blocks tumor formation

driven by loss of SNF5 (Wilson et al., 2010).Whether SNF5 is di-

rectly involved in the DDR is currently unclear. Conflicting re-

sults concerning the DNA damage sensitivity of SNF5-

deficient cells have been reported (Klochendler-Yeivin et al.,

2006; McKenna et al., 2008). Recent studies suggested a role
for SNF5 in UV-induced gH2AX formation, which was sug-

gested to be due to defective ATM, but not ATR recruitment

(Ray et al., 2009). The significance of these findings awaits fur-

ther studies as the formation of gH2AX as well as phospho-

ATM following UV irradiation was previously shown to be

strictly ATR-dependent and did not require ATM activity

(Vrouwe et al., 2011; Marti et al., 2006; Hanasoge and

Ljungman, 2007; O’Driscoll et al., 2003; Stiff et al., 2006). Like

BRG1 depletion, SNF5 knock-down was shown to selectively

affect CPD repair following UV irradiation, which was attrib-

uted to loss of p21 and GAD45a expression (Gong et al., 2008).

3.2. ISWI

Mammalian ISWI remodeling complexes, such as CHRAC,

WICH and NURF, contain either the SNF2H or SNF2L ATPase,

http://dx.doi.org/10.1016/j.molonc.2011.06.001
http://dx.doi.org/10.1016/j.molonc.2011.06.001
http://dx.doi.org/10.1016/j.molonc.2011.06.001
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which can mediate nucleosome sliding and histone displace-

ment (Clapier and Cairns, 2009). Micro-irradiation of mamma-

lian cells recently revealed that SNF2H and SNF2L are directly

recruited to DSBs (Erdel et al., 2010). Indeed, SNF2H and ACF1,

a subunit of the CHRAC complex (Poot et al., 2000), are also

recruited to DSBs, in a manner depending on the SLIDE do-

main of SNF2H, which is required for the interaction with

ACF1 (Lan et al., 2010). Depletion of ACF1 or SNF2H renders hu-

man cells sensitive to DSBs and knock-down of ACF1, SNF2H

and the other CHRAC subunits CHRAC15 and CHRAC17 im-

pairs both NHEJ and HR. Repair by NHEJ is stimulated by direct

and DNA damage-independent interactions between ACF1

and KU70/80, which are required for KU recruitment to DSBs

(Figure 3). In the presence of DSBs, ACF1 recruits other compo-

nents of CHRAC complex, and the ATPase activity of SNF2H

promotes efficient NHEJ (Lan et al., 2010). Whether CHRAC

activity is required to recruit other NHEJ proteins remains to

be established. SNF2H also promotes HR and its depletion

impairs RPA, BRCA1 and RAD51 foci formation and inhibits

HR (Nakamura et al., 2011). Although it was suggested that

SNF2H promotes HR as a downstream effector of RNF20/40-

mediated H2B ubiquitylation (Nakamura et al., 2011), this pro-

posed mechanism remains to be tested experimentally. Si-

multaneous depletion of SNF2H and RNF20 indeed impairs

HR to the same extent as depletion of either one of the pro-

teins (Nakamura et al., 2011), but whether SNF2H recruitment

depends on uH2B is currently not clear.

A recent screen in C. elegans revealed that loss of the

nematode orthologues of SNF2H results in UV sensitivity

(Lans et al., 2010). Knock-down of ACF1 or SNF2H in human

cells indeed led to a mild sensitivity to UV light (Lan et al.,

2010). Repair by NER in di-nucleosomes is enhanced by ACF1

in vitro (Ura et al., 2001), and ACF1 appears to be recruited to

UV-induced DNA lesions in vivo (Luijsterburg et al., 2009).

Whether SNF2H is recruited to photo-lesions and stimulates

NER in vivo awaits further studies.

3.3. INO80

Mammalian INO80 chromatin remodeling factors contain ei-

ther the INO80 ATPase or related SWR1-like factors such as
Figure 3 e PARP-dependent recruitment of chromatin remodelers

ALC1 and CHD4 and ACF1-dependent recruitment of chromatin

remodeler SNF2H promotes efficient repair by NHEJ. Single-

stranded breaks and/or DSBs are recognized by PARP and chromatin

surrounding these sites is subsequently poly-ADP-ribosylated. The

KU complex binds to broken DNA ends in an ACF1-dependent

manner. Whether ACF1 recruitment also requires KU is not clear.

ACF1 recruits the SNF2H remodeling complex to promote NHEJ

and HR. Poly-ADP-ribosylation mediates recruitment of remodeling

factor ALC1 through its macrodomain. ALC1 interacts with KU and

APLF in an ADP-ribose-dependent manner and as such may

stimulate single-stranded break repair and (most likely NHEJ-

dependent) DSB repair. The CHD4 ATPase is also recruited in

a PARP-dependent manner and this may lead to the assembly of

other NuRD components, including HDAC1 and HDAC2, to

promote NHEJ. The recruitment of APLF by PARP3 promotes

XRCC4/LIG4-dependent ligation during NHEJ. Whether this

requires ALC1-mediated chromatin remodeling remains unanswered.

http://dx.doi.org/10.1016/j.molonc.2011.06.001
http://dx.doi.org/10.1016/j.molonc.2011.06.001
http://dx.doi.org/10.1016/j.molonc.2011.06.001


M O L E C U L A R O N C O L O G Y 5 ( 2 0 1 1 ) 3 4 9e3 6 7 361
the p400 ATPase. A defining feature among INO80-like remod-

elers is a long insertion in themiddle of the conserved ATPase

domain (Clapier and Cairns, 2009).

The polycomb transcription factor YY1 forms a complex

with several INO80 components, including the INO80 ATPase

and TIP49A/B, as well as the actin-related proteins ARP4,

ARP5, and ARP8. The YY1eINO80 complex has been shown to

play an important role in the mammalian DDR. INO80 is

recruited to sites of laser-generated DSBs in a yH2AX- and

YY1-independent, but ARP8- and ARP5-dependent manner

(Kashiwaba et al., 2010; Kitayamaet al., 2009). Loss ofYY1 leads

to chromosome aberrations and depletion of YY1 or INO80

conferred a defect in HR repair (Wu et al., 2007). In vitro exper-

iments indeed suggest that YY1 binds to recombination inter-

mediates (holiday-junctions), which may be important for its

role in HR (Wu et al., 2007). In addition to the YY1 complex,

INO80 was also found in a complex containing DNA-PK, sug-

gesting it may have additional roles in NHEJ (Wu et al., 2007).

INO80 has also been implicated in DNA repair by NER. In-

deed, loss of INO80 or ARP5 leads to a marked reduction in

the removal of UV-induced 6-4PPs and CPDs (Jiang et al.,

2010b). INO80 is recruited to DNA lesions independently of

XPC and XPA, suggesting an early role in NER. Consistent with

this, cells deficient in INO80 have a markedly reduced recruit-

ment of NER factors XPC and XPA to DNA lesions. INO80 inter-

acts with the DDB1 subunit of UV-DDB (Jiang et al.,2010b), and

this interaction may play a role in its recruitment to lesions.

Whether INO80 is recruited by DDB1eDDB2 awaits analysis of

its assembly at photo-lesions in DDB2-deficient XP-E cells. In

agreement with a role in NER, depletion of YY1, INO80 or

TIP49B renders cells sensitive to UV irradiation and impairs re-

moval of UV-induced DNA lesions (Wu et al., 2007).

The TIP60 acetyltransferase is part of the nucleosome ace-

tyltransferase of H4 (NuA4) complex together with TRRAP

and the INO80-related p400ATPase (DoyonandCote, 2004). Ex-

pression of a catalytically inactive, dominant-negative version

of p400 renders cells sensitive to IR and leads to increased

levels of chromosomeaberrations. Furthermore, p400 is essen-

tial for bleomycin-induced nucleosome destabilization, which

also requires the HAT activity of TIP60 (Xu et al., 2010). The

p400-mediated nucleosome destabilization requires H2AX

phosphorylation (by either ATM or DNA-PKcs) and MDC1 (Xu

et al., 2010). Interestingly, while p400 is not required for RNF8

recruitment to DSBs, it is essential for efficient DNA damage-

induced ubiquitin conjugation, as well as BRCA1 and 53BP1 ac-

cumulation at DSBs (Figure 2) (Xu et al., 2010). Together, these

results suggest that MDC1 targets the chromatin-remodeling

activity of p400 to DSBs,which results in a chromatin structure

that is amendable to RNF8-dependent ubiquitylation and

BRCA1 and 53BP1 recruitment (Xu et al., 2010). Although these

results seem to imply that the NuA4 complex is recruited to

DSBs by MDC1, these results seem inconsistent with the find-

ings that MDC1 recruitment is impaired in cells deficient in

NuA4 subunit TRRAP (Murr et al., 2006). Based on the finding

that KAP1 phosphorylation, which is part of an ATM-depen-

dent pathway to regulate access to DNA lesions in heterochro-

matin (Ziv et al., 2006; Goodarzi et al., 2008; Noon et al., 2010),

was not involved in p400-dependent chromatin changes, it

was suggested that the ATMeKAP1 pathwaymay promote ac-

cess to lesions in heterochromatin, while the TIP60/p400
pathway may regulate access to lesions in euchromatin (Xu

and Price, 2011). Although this is an intriguing scenario, it

seems at present incompatible with the finding that the HAT

activity of TIP60 requires its binding to H3K9me3 (Sun et al.,

2009), a histone modification found exclusively in

heterochromatin.

3.4. CHD

Mammalian CHD family members contain two tandemly

arranged CDs on theN-terminus of their ATPase, which are in-

volved in bindingmethylated histone tails as well as DNA. The

CHD remodeling complexes, including the NuRD complex, can

slide or eject histones and have both activatory and inhibitory

roles in transcription regulation (Clapier and Cairns, 2009; Hall

and Georgel, 2007). Several CHD family members have been

implicated in the DDR.

The CHD1-like protein ALC1, whose gene is often amplified

in liver cancer, is a SNF2-like chromatin remodeling factor

that contains a macrodomain, which binds ADP-ribose. ALC1

was recently found to accumulate at sites of DNA damage in

a Poly(ADP-ribose) polymerase (PARP)- and macrodomain-

dependent manner (Figure 3) (Ahel et al., 2009; Gottschalk

et al., 2009). The ALC1 ATPase activity requires the N-terminal

tail of H4 for chromatin remodeling and is stimulated by pol-

y(ADP ribosyl)ation (Ahel et al., 2009). ALC1 interacts with the

KU complex, XRCC1 and APLF in a PARP-dependent manner

(Ahel et al., 2009), suggesting roles in single- and double-

strand break repair. Indeed, APLF was shown to enhance

DNA ligation during NHEJ by promoting the retention of

XRCC4-DNA Ligase IV complex after its recruitment to DNA

breaks in a PARP3-dependent manner (Figure 3) (Rulten

et al., 2011). Accordingly, depletion of APLF or ALC1 renders

cells sensitive to single- and double-strand breaks (Ahel

et al., 2009; Mehrotra et al., 2011; Bekker-Jensen et al., 2007).

Recent work showed that APLF is a histone chaperone that

may deposit or exchange histones, such as macroH2A1.1, at

sites of DNA repair (Mehrotra et al., 2011; Timinszky et al.,

2009). Whether it cooperates with ALC1 to fulfill this function

during NHEJ is not clear.

Mice heterozygous for a truncated allele of CHD2 showed

a significant susceptibility to developing lymphomas

(Nagarajan et al., 2009). At the cellular levels, CHD2 homozy-

gote mutant cells showed increased accumulation of sponta-

neous DNA damage, higher and persistent levels of DNA

damage-induced gH2AX, and increased sensitivity to DNA

damage (Nagarajan et al., 2009). However, the underlying mo-

lecular mechanisms and the exact role of CHD2 in the DDR re-

main to be solved.

The CHD4 ATPase has recently been implicated in the DDR

through several, distinct mechanisms (Polo et al., 2010; Chou

et al., 2010; Larsen et al., 2010; Smeenk et al., 2010; Pegoraro

et al., 2009). Firstly, loss of CHD4 and other NuRD components

leads to chromatin structural defects (such as reduced

H3K9me3), increased accumulation of spontaneous DNA dam-

age (Pegoraro et al., 2009), and perturbed cell cycle progression

(G1 arrest) caused by p53/p21 induction, the latter of which is

likely due to a loss of p53 deacetylation by the NuRD complex

(Polo et al., 2010; Larsen et al., 2010; Smeenk et al., 2010). Sec-

ondly, CHD4 was shown to be recruited to DSBs in a PARP-

http://dx.doi.org/10.1016/j.molonc.2011.06.001
http://dx.doi.org/10.1016/j.molonc.2011.06.001
http://dx.doi.org/10.1016/j.molonc.2011.06.001
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dependent manner (Figure 3) (Polo et al., 2010; Chou et al.,

2010). Recruitment of CHD4 is required for the accumulation

of HDAC1 and HDAC2 at DSBs (Polo et al., 2010), which stimu-

late NHEJ (Miller et al., 2010). It is tempting to speculate that

PARP-dependent recruitment of the NuRD complex stimulates

repair by NHEJ, but whether this involves chromatin remodel-

ing by CHD4 or only the HDAC1 activity of the NuRD complex

remains to be established. Thirdly, depletion of CHD4 leads

to amarked reduction in DNA damage-induced ubiquitin con-

jugation and impaired recruitment of RNF168 and BRCA1 to

DSBs (Larsen et al., 2010; Smeenk et al., 2010) in a manner

depending on the ATPase activity of CHD4 (Figure 2) (Smeenk

et al., 2010). Thesefindingare consistentwith amodel inwhich

CHD4 creates a local chromatin environment that is amend-

able to chromatin ubiquitylation, which, in turn, promotes

the recruitment of RNF168 and BRCA1 (Larsen et al., 2010;

Smeenk et al., 2010). However, the mechanistic basis for

CHD4-dependent stimulation of histone ubiquitylation is cur-

rently not understood. Thus, the NuRD complex acts through

distinct mechanisms and operates genome-wide as well as di-

rectly at DSBs to maintain genome stability. Its importance in

the DDR is underscored by the fact that it protects cells against

the cytotoxic effects of IR (Miller et al., 2010; Polo et al., 2010;

Chou et al., 2010; Larsen et al., 2010; Smeenk et al., 2010).
4. Conclusions and future directions

In the recentyears, greatprogresshasbeenmade in identifying

new ATP-dependent chromatin remodeling factors and his-

tone modifications that play a role in the orchestration of

DDR. Based on these recent findings, it is anticipated that

manymore new chromatinmodulators in theDDR await iden-

tification. Intuitively, it may be expected that once an accessi-

ble chromatin micro-environment has been establish early in

the DDR, such an environment is also amendable to the later

stages of the DDR. However, a picture is now emerging in

which the various steps in the DDR are tightly regulated by

structural chromatin changes mediated by distinct chromatin

remodeling factors and histone modifications. It is feasible

that the distinct stages in the DDR require a specific chromatin

configuration that can then be acted upon by repair factors.

Such a scenario necessitates the continual re-configuration

of chromatin throughout the different stages of the DDR and

could explain why somany different ATP-dependent chroma-

tin remodeling factors and histone modifications have

emerged as regulators of distinct events during the DDR.

A major challenge in this field will be to unravel how the

combinatorial action of numerous chromatin modulators

shapes the chromatin landscape during the DDR, which will

require an interdisciplinary approach using cell biological,

biochemical and biophysical techniques. Understanding the

precise interplay between DNA repair pathways, chromatin

modulators and histone modifications will require further de-

velopment of technical advances in super-resolution micros-

copy, quantitative proteomics approaches and genetic

screening methodologies (Meerbrey et al., 2011; Huang et al.,

2010; Walther and Mann, 2010).

Many if not all cancer cells have defects in one or more as-

pects of the DDR and, as a result, this may make such cells
more vulnerable to cancer therapies that aim at targeting

tumor-related DDR defects (Jackson and Bartek, 2009). In this

respect, targeting chromatin modulators in the DDR may pro-

vide new avenues to improve cancer therapies. For example,

inhibitors of PARP are non-toxic to normal cells but highly

toxic to HR-defective cells, such as BRCA1- or BRCA2-

deficient tumor cells (see also the contribution of T. Helleday,

in this issue) (Bryant et al., 2005; Farmer et al., 2005). Several

studies have implicated a role for chromatin modulators in

HR (e.g. TIP60, BRIT1, INO80 and SNF2H (Murr et al., 2006;

Nakamura et al., 2011; Peng et al., 2009; Wu et al., 2007)), sug-

gesting that tumors in which the genes encoding such factors

aremutated or epigenetically silencedmay be subject to treat-

ment with PARP inhibitors. Likewise, histone deacetylase

(HDAC) inhibitors are promising drugs that selectively kill

cancer cells (Ropero and Esteller, 2007). Although the toxicity

of HDAC inhibitors may be caused by changes in the expres-

sion level of certain proteins, recent results have also directly

implicated histone deacetylation by HDACs in repair by NHEJ

(Miller et al., 2010). Accordingly, HDAC inhibitors selectively

sensitize tumor cells to radiomimetic drugs and IR (Munshi

et al., 2005). Given the strong links between histone lysine

methylation and the DDR, it is interesting to note that a few

pharmacological inhibitors of histone methylation have now

also been developed (Tan et al., 2007; Kubicek et al., 2007).

However, further identification and characterization of selec-

tive histone methylation inhibitors as anti-cancer drugs is

currently in its infancies.

In summary, improving our understanding of the interplay

betweenDNA repair pathways and chromatinmodulatorswill

not only lead to more comprehensive insights into the molec-

ular mechanism of the mammalian DDR in normal cells, but

will undoubtedly also provide new avenues for improving

cancer therapies.
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Abbreviations and acronyms

ADP Adenosine diphosphate

53BP1 p53-binding protein 1

6-4PP pyrimidine-pyrimidone (6-4) photoproducts

ACF1 ATP-utilizing chromatin assembly and

remodeling factor

ALC1 amplified in liver cancer 1

APLF aprataxin-PNK-like factor

ARP actin-related protein

ATM ataxia telangiectasia mutated

ATR ataxia telangiectasia and Rad3-related

BER base excision repair

BRCA breast cancer susceptibility gene
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BRCT breast cancer C-terminal

BRG1 brahma-related gene 1

BRIT1 BRCT-repeat inhibitor of hTERT expression

BRM brahma

CBP Creb-binding protein

CD chromodomain

CHD chromodomain helicase DNA-binding protein

CHK checkpoint kinase 1

CHRAC chromatin accessibility complex

CPD cyclobutane pyrimidine dimers

CtIP C-terminal binding protein interacting protein

DDR DNA damage response

DNA-PK DNA-dependent protein kinase

DSB DNA double-strand break

FHA forkhead-associated

GCN5 general control nonderepressible 5

HAT histone acetyltransferase

HDAC histone deacetylase

HMG high mobility group

HP1 heterochromatin protein 1

HR homologous recombination

INO80 inositol requiring 80

IR ionizing radiation

ISWI imitation switch

MDC1 mediator of DNA damage checkpoint protein 1

MMSET multiple-myeloma-related WHSC1

MOF males absent on the first

NBS1 Nijmegen breakage syndrome

NER nucleotide excision repair

NHEJ non-homologous end-joining

NuA4 nucleosome acetyltransferase of H4

NuRD nucleosome remodeling and histone

deacetylation

PARP poly(ADP-ribosyl) polymerase

PRC polycomb-recessive comlplex

RAG recombination activating gene 1

RNF really interesting new gene

RPA replication protein A

SWI/SNF switch/sucrose non-fermentable

TIP60 TAT-interactive protein 60

UBC ubiquitin conjugase

USP ubiquitin-specific protease

UV ultra-violet

XP xeroderma pigmentosum

XRCC X-ray cross-complementation group

YY1 Yin Yang 1
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