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Abstract

The integrity of a eukaryotic genome is often challenged by DNA double-strand breaks (DSBs). Even
asingle, unrepaired DSB can be a lethal event, or such unrepaired damage can result in chromosomal
instability and loss of genetic information. Furthermore, defects in the pathways that respond to and
repair DSBs can lead to the onset of several human pathologic disorders with pleiotropic clinical
features, including age-related diseases and cancer. For decades, studies have focused on elucidating
the enzymatic mechanisms involved in recognizing, signaling and repairing DSBs within eukaryotic
cells. The majority of biochemical and genetic studies have used simple, DNA substrates, whereas
only recently efforts have been geared towards understanding how the repair machinery deals with
DSBs within chromatin fibers, the nucleoprotein complex that packages DNA within the eukaryotic
nucleus. The aim of this review is to discuss our recent understanding of the relationship between
chromatin structure and the repair of DSBs by homologous recombination. In particular, we discuss
recent studies implicating specialized roles for several, distinct ATP-dependent chromatin
remodeling enzymes in facilitating multiple steps within the homologous recombination process.
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Cell viability and genomic stability are frequently threatened by chromosomal DNA double-
strand breaks (DSBs) [1-3] (for recent reviews, see [4-9]). Indeed, this type of DNA damage
is a natural consequence of basic cell metabolism. DSBs are induced by endogenous free
oxygen radicals, collapsed replication forks or by the physical stress generated when dicentric
or catenated chromosomes are pulled to opposite poles during mitosis [10]. Several cellular
processes also employ DSBs as key steps for programmed genomic rearrangements, such as
yeast mating type switching [11], variable (diversity) joining (V[D]J) recombination [12],
class-switch recombination [13] and meiotic recombination [14]. In addition to these
endogenous sources, DSBs are also produced exogenously when cells are exposed to DNA-
damaging agents, such as ionizing radiation (IR), chemicals, chemotherapeutics that poison
topoisomerase | or topoisomerase 11 [15], or UV light that creates alkyl adducts, pyrimidine
dimers and crosslinks [16,17]. The failure or improper repair of DSBs can result in cell death
or gross chromosomal changes, including deletions, translocations and fusions that promote
genome instability and tumorigenesis. Consequently, cells have developed complex signaling
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networks that sense DSBs, arrest the cell cycle and activate repair pathways. Moreover,
extensive DNA damage can activate overlapping signaling pathways that trigger apoptosis and
prevent propagation of cells with highly unstable genomes [18].

Repair pathways: nonhomologous end-joining & homologous recombination

Eukaryotic cells have evolved two major mechanisms that repair chromosomal DSBs: nhon-
homologous end-joining (NHEJ) and homologous recombination (HR). NHEJ is the
predominant DSB repair mechanism in the G1 phase of the cell cycle, although NHEJ can take
place throughout the cell cycle. In this pathway, the broken DNA ends are recognized and
bound by the Ku70/Ku80 heterodimer, a complex which is conserved throughout the
eukaryotes. In Saccharomyces cerevisiae, the Mre11/Rad50/Xrs2 (MRX) complex is also
involved in the processing of DSBs for NHEJ; whereas in mammals NHEJ is associated with
a complex of DNA-dependent protein kinase (DNA-PK) and the nuclease, artemis [19]. Both
the MRX complex (in S. cerevisiae; Mrel1-Rad50-Nbs1 [MRN] in mammals) and the DNA-
PK are also important for keeping the two broken DNA ends together. Finally, the ligation of
the broken DNA ends is accomplished by the Lig4/Lifl complex in S. cerevisiae and Lig4/
XRCC4 and XLF/Cernunnos factors in mammals [20-22]. Owing to nucleolytic processing
of DNA ends to make them compatible for subsequent ligation, NHEJ can result in short
deletions, and thus this process is typically error-prone [19].

Homologous recombination functions primarily in late S—-G2 phase of the cell cycle, and relies
on sequence homology from an undamaged sister chromatid or a homologous DNA sequence
to use as a template for copying the missing information [23]. Therefore, in contrast to NHEJ,
the HR pathway is essentially error-free. Genetic analyses in S. cerevisiae revealed that the
proteins coded by the RAD52 epistasis group — RAD50, RAD51, RAD52, RAD54, RAD5S5,
RAD57, RAD59, MRE11 and XRS2 — mediate HR [11]. The basic HR pathway is highly
conserved throughout eukaryotes, as most of the known gene products involved in yeast HR
have functional homologs in higher eukaryotes [24,25].

Much of what we know about the HR process is owing to in vivo studies that have exploited
the HR event that governs mating type switching in S. cerevisiae [26]. Haploid budding yeast
can exist as either a or a. mating type, and the mating type is controlled by transcription factors
encoded within the MAT locus on chromosome I11. On the opposite arms of chromosome Il1,
there also exist two donor loci, HMLo and HMRa, which contain the genes that determine a
or a mating type, respectively. The HM loci are organized into transcriptionally silent
heterochromatin, and thus only the genes at the MAT locus are expressed. In wild-type yeast
cells, expression of the site-specific endonuclease, HO, initiates a mating type switching event
by introducing a unique DSB at the MAT locus. This DSB is then repaired by HR, using one
of the two HM loci as a homologous donor. The completion of this HR event leads to
replacement of the information at MAT with HM sequences, but the silent donor locus remains
unchanged. Strains that express the HO endonuclease from the galactose-dependent GAL10
promoter have provided a powerful tool to control DSB formation and to synchronize the HR
process [27]. Furthermore, PCR, Southern blot and chromatin immunoprecipitation (ChIP)
assays have been developed to identify HR intermediates and to follow the sequence of events
during HR (Figure 1) [28].

The first step of HR involves processing of the DSB so that the 5’-ends of the DNA duplex
that flank the DSB are nucleolytically processed to generate long, 3'-single-stranded tails
(Figure 1). This resection reaction requires a myriad of proteins, including the MRX complex,
the Sgs1 helicase and several other nucleases, such as Sae2, Dna2 and Ex01[29-32]. The
processed DSB ends are initially bound by the single strand DNA-binding protein, replication
protein A (RPA), which is subsequently replaced by the key recombinase, Rad51. The Rad51
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protein has a highly conserved structure among eukaryotes, and it can assemble onto single-
stranded DNA (ssDNA) as well as double-stranded DNA (dsDNA) to form a right-handed
helical filament in which approximately six protein monomers span approximately 18-19 bases
(bp) of DNA per helical turn, with a pitch of approximately 10 nm [33,34]. Although Rad51
can bind and hydrolyze ATP, only the binding of ATP is required for the assembly of the
presynaptic filament [35-37], and ATP hydrolysis promotes dissociation of Rad51 from DNA,
resulting in high turnover and recycling of the recombinase [38-41]. Formation of the Rad51-
presynaptic filament is facilitated by several ‘mediator’ proteins. Amongst them, Rad52 and
Rad54 stimulate the catalytic activity of Rad51 through a direct interaction. In addition, other
mediators include Rad55 and Rad57 in yeast [42], and at least five proteins in higher
eukaryotes, including several Rad51 paralogs (Rad51B, Rad51C and Rad51D). Likewise, in
higher eukaryotes, the BRCAL and BRCA2 tumor suppressors interact and mediate the
function of Rad51 in HR [43,44].

The primary role of the Rad51 nucleoprotein filament is to perform a search for a homologous
duplex DNA and catalyze formation of a DNA joint molecule (Figure 1). A common source
for this duplex DNA ‘donor’ is the undamaged sister chromatid, but homologous sequences
on either the same or a different chromosome can be captured by the presynaptic filament. In
fact, studies in both yeast and mammalian cells have suggested that this homology search
process may occur on a genome-wide level [45-47]. After the initial synapsis of the Rad51
nucleoprotein filament with a duplex donor locus, an initial, transient joint molecule is formed,
called a paranemic joint, whose stability depends on DNA-Rad51 interactions. In a paranemic
joint, the 3’-end of the invading presynaptic filament is not engaged with the duplex donor.
Subsequently, the paranemic joint is converted into a plectonemic joint, whose stability no
longer depends on DNA—protein interactions, and the 3'-end of the invading presynaptic
filament forms Watson—Crick bps with the complementary strand of the duplex donor. The
characteristic structure of this stable DNA joint led to it being termed the displacement loop
(D-loop) [43]. Conversion of the initial paranemic joint to the stable D-loop requires the Rad54
ATPase which appears to use the energy from ATP hydrolysis to alter DNA topology [48].
The 3'-end of the presynaptic filament within the D-loop serves as a primer for new DNA
synthesis by DNA polymerase. HR intermediates are further extended by branch migration,
changing the D-loop to a more prominently cruciform structure known as a Holliday junction.
Finally, Holliday junctions are resolved by cleavage and ligation, or by dissociation of the
extended strand from the donor and re-annealing to sSDNA on the opposite side of the DSB
(termed synthesis-dependent strand annealing [SDSA]) [43].

Cellular response to DSBs

The cellular response to DSBs is mediated by several different classes of proteins, which are
commonly known as sensors, mediators and effectors of checkpoint control pathways. The
cellular response to DSBs is initiated by rapid recruitment of the highly conserved MRX (S.
cerevisiae) or MRN (mammals) complex that contains Mrell, Rad50 and Xrs2 (MRX in S.
cerevisiae) or Nbs1l (MRN in mammals). The MRN(X) complex has an integral role in the
initial recognition of the DSB, cell-cycle checkpoint activation, signal amplification, as well
as bridging the two ends of a DSB and facilitating DSB resection [49]. MRN(X) also activates
the ataxia telengiectasia mutated (JATM], Tell in yeast) kinase in vivo and in vitro, which is
one of the key checkpoint cascade kinases. Once recruited to the DSB, MRN(X) and ATM can
in turn activate another sensor kinase, ATM-related [ATR] Mec1 in yeast [50]. Long stretches
of ssSDNA generated by resection, as well as the binding of RPA, provide a critical signal in
the damage repair signaling cascade. RPA recruitment at the DSB is necessary for recruitment
of sensor kinases like ATR and ATR interacting partner ([ATRIP], Ddc2 in S. cerevisiae)
[51]. The subclass of downstream substrates that act as either recruiters or activators of a
plethora of additional complexes (‘effectors’) or scaffolds on which complexes can be
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assembled [52] are known as mediators. Finally, in mammals, checkpoint kinases (Chk1 and
Chk?2) work downstream of the signaling cascade and inactivate CDC25 phosphatases,
culminating in cell-cycle arrest [53]. In contrast, arrest of cell-cycle progression through
anaphase in S. cerevisiae takes place via inhibition of cohesin degradation, a step that is
necessary for separation of sister chromatids [54].

DNA double-strand break repair & chromatin

In eukaryotes, the recognition, processing and repair of DSBs must occur within the
nucleoprotein complex of chromatin. How this complex process functions within the chromatin
environment has been an area of intense research within the past 5 years [55]. Below we provide
a general overview of chromatin structure, introduce three mechanisms for regulating
chromatin dynamics, and then focus on the role of ATP-dependent chromatin remodeling
enzymes in controlling discrete steps in the HR process.

The basic unit of chromatin is the nucleosome core particle, which consists of 147 bp of DNA
wrapped in left-handed superhelical turns approximately 1.7-times around an octamer of
histone proteins [56]. The histone octamer is composed of one tetramer of histones H3 and H4
that is flanked by two heterodimers of H2A and H2B. The histone proteins have a low molecular
weight, are very basic in nature and highly conserved across all eukaryotes. They each harbor
a structured, three-helix bundle called a histone fold motif, which mediates histone-histone
and histone—-DNA interactions. The structured histone fold domains are flanked by short,
flexible N-terminal and C-terminal domains or tails, which protrude from the nucleosome core
particle [56]. Although the histone tails are not required for assembly of either the octamer or
a nucleosome, they are essential for regulation of many biological processes. Numerous post-
translational modifications occur at different amino acid residues of the tails [57], regulating
key biological processes. The tails are also important for both intramolecular and
intermolecular folding of nucleosomal arrays in vitro to mediate different levels of compaction
[58-60].

The primary structure of chromatin is a linear array of nucleosomes, forming the 10-nm fiber
or ‘beads on a string’ structure as seen by electron microscopy [61]. This linear array is folded
into a 3D secondary structure, called a 30-nm fiber, via internucleosomal interactions and
stabilized by the association of linker histones, such as H1 or H5 [60,62]. The linker histones
bind nucleosomes at the DNA entry/exit point, forming a particle called a chromatosome that
stabilizes an additional 20 bp of DNA within the nucleosome. Chromatin fibers are also
organized into enormous tertiary structures due to self-association of the 30 nm fibers into 100-
400 nm thick filaments, called chromonema filaments, which are visualized by electron
microscopy in interphase cells and detected by biophysical methods [58,63].

Eukaryotic chromosomes are organized into specialized domains that can regulate nuclear
functions. Early cytological studies defined regions of the genome that underwent
decondensation as the cells progressed from metaphase to interphase as euchromatin [64]. On
the other hand, the regions that remained visibly condensed and deeply stained throughout the
cell cycle were defined as heterochromatin. These latter regions are mainly found at
centromeres and telomeres, and they play key roles in maintaining chromosome structure,
stability and integrity. This type of heterochromatin is often referred to as constitutive
heterochromatin. In some cases, the state of heterochromatin can change in response to cellular
signals and revert back to that of euchromatin [65]. Reversible heterochromatin is termed
facultative heterochromatin, and it may provide a means of controlling DNA metabolism, such
as replication and transcription. Structural features that characterize heterochromatin include
the presence of predominantly repetitive DNA sequences, low or absent gene density, late S-
phase replication timing, regular nucleosome spacing, decreased accessibility to nucleases,
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loss of nuclease hypersensitive sites and hypoacetylation of histones [65-67]. These structural
features distinguish heterochromatin from euchromatin and are conserved throughout
eukaryotes. In addition, except for budding yeast, methylation of histone H3 at position K9
and its associated chromo-domain-containing protein, HP1, are also hallmarks of
heterochromatin, conserved from fission yeast to mammals. Moreover, in vertebrates and
plants, heterochromatin is supplemented with cytosine hypermethylation and associated
proteins.

Chromatin dynamics: histone variants, histone modifications & chromatin
remodeling enzymes

DNA double-strand breaks occur within both euchromatic and heterochromatic regions of the
genome, and in both cases, the various steps of HR require that chromatin structure is disrupted,
at least transiently. For instance, processing of the DNA ends to generate the 3'-ssDNA tails
requires that the resection machinery navigate through nucleosomal DNA. Likewise, the
genome-wide search for homology will involve scanning for Watson—Crick basepairing within
duplex DNA that is wrapped around histone octamers and nucleosomal arrays that are folded
into thick, condensed fibers. Extension of joint molecules requires that DNA synthesis progress
through adjacent nucleosomes, and final resolution of the repair event will require restoration
of chromatin structure, possibly accompanied by deposition of new nucleosomes. This myriad
of events requires the chromatin structure to be dynamic in nature — capable of rapid unfolding,
disassembly, assembly and refolding. Currently, we know of three distinct mechanisms that
control the dynamics of chromatin structure:

e Histone variants
*  Histone modifications

»  ATP-dependent chromatin remodeling enzymes.

Histone variants

In addition to the canonical histones H2A, H2B, H3 and H4, which are expressed during S
phase and incorporated into chromatin at the replication fork, eukaryotes also employ a variety
of histone variants that provide specialized structures and functions to the chromatin fiber. In
contrast to the canonical histones, the histone variants are expressed throughout the cell cycle,
and they are incorporated into chromatin independent of DNA replication [68]. Histone H2A
has the largest number of variants, including H2A. X, H2A.Z, macroH2A and H2ABbd.
Amongst these variants, H2A. X and H2A.Z have been well-characterized and linked to the
repair of DNA DSBs and regulation of transcription [4,60]. In the case of DSB repair, H2A.Z
facilitates the exonucleolytic resection of DSBs. Nucleosomal arrays that contain H2A.Z have
an increased propensity to form 30-nm fibers compared with arrays that contain canonical
H2A, suggesting that it may control fiber dynamics [69]. Interestingly, nucleosomes that harbor
H2A.Z flank most RNA polymerase Il promoters, and these nucleosomes tend to be inherently
dynamic and easily evicted during transcriptional induction [70]. Thus, H2A.Z may contribute
to both active and inactive chromatin states. This dynamic nature of H2A.Z provides one
explanation for how this histone variant might facilitate DSB resection. Other well-studied
histone variants are related to histone H3. For instance, Cse4/CENP-A, which is essential for
centromere function, is found in yeast and mammalian centromeres, respectively [71,72], and
H3.3 is a histone variant that replaces H3.1 during transcription [73].

Histone post-translational modifications

Each of the core histones are subject to a vast array of post-translational modifications,
including lysine acetylation, methylation, sumoylation and ubiquitylation, serine/threonine
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phosphorylation, proline isomerization and arginine methylation [74]. Most of the well-
characterized histone modifications occur within the extended N-terminal or C-terminal
histone tail regions, but there are a growing number of post-translational modifications within
the nucleosome core. Indeed, it may be that every solution-exposed histone residue may be
subject to a modification event. Histone modifications control chromatin dynamics by two
broad mechanisms. First, histone modifications can either create or eliminate binding sites for
nonhistone proteins that influence the structure and function of the chromatin fiber [75]. For
instance, methylation of histone H3 at lysine 9 promotes the binding of the HP1 protein, which
facilitates formation of condensed heterochromatin structures. Second, histone modifications
may directly impact either the stability of individual nucleosomes or influence the ability of
chromatin fibers to fold into higher order structures. Although most of the histone modifications
that occur on the N-terminal tail domains do not contribute to nucleosome stability, it is possible
that some of the modifications within the core domain may directly impact nucleosome
structure. To date, only one histone modification, acetylation of histone H4 at lysine 16, has
been shown to directly impact chromatin structure. In this case, acetylation of this one lysine
residue is sufficient to block formation of 30-nm fibers [76].

ATP-dependent chromatin remodeling enzymes

The ATP-dependent chromatin remodeling enzymes typically consist of multi-subunit
complexes that can use the energy from ATP hydrolysis to actively disrupt histone-DNA
contacts. Recent studies indicate that ATP hydrolysis is used to ‘pump’ or translocate DNA
over the histone octamer surface, changing nucleosome positioning [77]. This ATP-dependent
reaction can also catalyze the eviction of histone octamers or promote the exchange of histone
H2A-H2B dimers [78]. The hallmark of the ATP-dependent remodeling enzymes is the
presence of an ATPase subunit that is related to the SWI/SNF2 subfamily of the Asp-Glu-Ala-
Asp/His (DEAD/H) superfamily of nucleic acid-stimulated ATPases [79].

ATP-dependent remodeling enzymes from different organisms have been subdivided into
groups based on sequence homology within the catalytic subunit and the presence of unique
sequence motifs such as a bromodomain (Swi2/Snf2 family), SANT domain (ISWI family)
and chromo-domain (Mi-2 Family) [80]. So far, six distinct remodeling complexes have been
purified from S. cerevesiae: SWI/SNF [81], RSC [82], ISW1, ISW2 [83], INO80 [84] and
SWR1 [85]. With the exception of the SWR1 enzyme, each of these enzymes can catalyze
movements of histone octamers along DNA in cis [86-90]. The SWR1 enzyme is dedicated
to the ATP-dependent incorporation of the histone variant, H2A.Z [85].

An exciting theme has emerged that histone-modifying enzymes and ATP-dependent
chromatin remodeling enzymes do not necessarily function independently of each other in
regulating basic chromatin-mediated processes like replication, transcription and DNA damage
repair. Several lines of evidence indicate that modified histones facilitate recruitment of ATP-
dependent chromatin remodeling enzymes to target sites [91]. For instance, the bromodomain
within the Swi2 subunit of yeast SWI/SNF interacts with lysines acetylated by the Spt-Ada-
Gcenb acetyltransferase (SAGA) histone acetyltransferase complex, and this interaction
stabilizes SWI/SNF at target genes, like HO [92]. In contrast, chromodomains, tudor domains
and plant-homeodomain-finger domains bind distinct methylated lysine residues [93-96], and
these interactions may help target enzymes like Mi-2 to target loci. On the other hand, ATP-
dependent chromatin remodeling is also a prerequisite for recruitment of histone-modifying
enzymes at certain target sites [97].

Chromatin dynamics that regulate HR

As discussed above, recombinational repair of a DSB requires extensive DNA ‘gymnastics’ —
exonucleolytic processing, a genome-wide homology search, D-loop formation, joint
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extension and so on. Every one of these steps has the potential to be regulated by the
organization of DNA into chromatin. Thus, it should come as no surprise that virtually every
ATP-dependent chromatin remodeling enzyme and nearly every type of histone modification
has been shown to be essential for, or be associated with, recombinational repair of a DSB. As
abroad generalization, histone modifications appear to modulate the early recruitment of repair
factors and checkpoint signaling molecules, whereas subsequent recruitment of ATP-
dependent remodeling enzymes play key roles in facilitating the enzymatic steps of HR.
However, remodeling enzymes also contribute to establishing and maintaining the cell-cycle
checkpoint response.

Histone modifications in response to a DSB

The first chromatin-associated event that occurs in response to a DSB is the rapid
phosphorylation of a serine residue (S129 in S. cerevisiae and S139 in the mammals) within
the Ser-GIn-Glu (SQE) motif of the C-terminal domain of the histone variant, H2AX. In
mammalian cells, H2AX is found within approximately 10% of nucleosomes, whereas in S.
cerevisiae, H2AX represents the bulk H2A. The phosphorylated version of H2AX is typically
referred to as y-H2AX, and this phosphorylation event encompasses megabases of chromatin
flanking a single DSB in mammalian cells [98], and approximately 50 kb in S. cerevisisae
[99]. y-H2AX is catalyzed by the ATM, ATR and DNA-PK kinases in mammalian cells,
whereas the Mec1 and Tell checkpoint kinases perform this role in budding yeast [100]. The
formation of y-H2AX nuclear foci, which are easily detectable by immunofluorescence
microscopy, has proven to be a useful experimental marker for DSB induction in mammalian
cells. Although y-H2AX is not essential for the initial recruitment of DSB response factors to
a DSB, this phosphorylation event does stabilize the binding of checkpoint factors, and it is
required for effective repair of DSBs by both the NHEJ and HR pathways [101-103].

Recent studies have suggested that y-H2AX leads to the recruitment of proteins that
ubiquitinate y-H2AX, which in turn can recruit downstream players of the DNA damage
response [104-106]. Another established role of y-H2AX is the recruitment of different
subunits of the cohesin complex in response to DSBs, specifically in S and G2 phases,
promoting HR using the sister chromatid [107,108]. Importantly, the other major role of y-
H2AX is to provide binding sites for ATP-dependent chromatin remodeling (INO80 and
SWR1) and histone modification enzymes (NuA4) at the site of a DSB [109-111]. In addition,
recent studies show that dephosphorylation of y-H2AX following DNA repair is necessary for
efficient recovery from the DNA damage checkpoint [112]. These studies indicate that a three-
protein complex, HTP-C (histone phosphatase H2A complex), containing the phosphoserine-
specific phosphatase Pph3 (in S. cerevisiae) and protein phosphatase 2A (in mammalian cells),
regulates the dephosphorylation of H2AX [113].

A second histone modification that plays a key role in the early recruitment of checkpoint
factors to a DSB is the methylation of histone H3 lysine 79 by the Dotl methyltransferase. In
mammalian cells, H3K79me provides a binding site for 53BP1 which functions in checkpoint
activation and rapidly co-localizes with y-H2AX [114]. 53BP1 is related to yeast Rad9, and
both 53BP1 and Rad9 bind to H3K79me in vitro [115]. In vivo, H3K79 is constitutively
methylated, and it has been hypothesized that H3K79me is exposed following DSB formation,
and that it subsequently recruits 53BP1 and promotes the checkpoint signal [114]. In mammals,
trimethylation of H4K20 also appears to enhance the recruitment of 53BP1 within both
pericentric heterochromatin and euchromatic locations [116,117].

Several other histone modifications have been implicated in the DSB response. Additional
residues in the C-terminal domain of H2A, S122 [118] and T126 [119] have been reported to
be essential for survival of S. cerevisiae after different types of DNA damage [120]. However,
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the precise roles of these residues have yet to be determined. Furthermore, phosphorylation of
S14 (in mammals) or S10 (in S. cerevisiae) at the N-terminal tail of H2B has also been
implicated in the DSB response, and immunofluorescence studies have shown that H2B
phosphorylation co-localizes with y-H2AX foci in response to DNA DSBs [121]. In addition,
ubiquitination of H2B lysine 123 by the Rad—Brel complex appears to be necessary for
activation of the DNA-damage checkpoint in budding yeast [122]. And finally, acetylation of
conserved lysine residues in the N-terminal domains of H3 and H4 is important for repair of
DSBs by both NHEJ and HR, and these modifications are mediated by a number of histone
acetyltransferases (HATS), such as NuA4, Gen5 and Hatl [123-125]. The levels of acetylation
of H3 lysines (K9, 14, 18, 23 and 27) and H4 lysines (K5, 8, 12 and 16) increase within
nucleosomes very close to the DSB, and decrease as the DSB is repaired. In mammalian
embryonic stem cells, the Tip60 HAT complex is recruited to DSBs, which induces acetylation
of H4 and facilitates HR [126]. How histone acetylation promotes DSB repair is not yet clear.

Distinct roles for ATP-dependent chromatin remodeling enzymes

Chromatin immunoprecipitation studies have exploited the galactose-inducible HO
endonuclease to monitor the recruitment of ATP-dependent remodeling enzymes to the single
HO-induced DSB at the budding yeast MAT locus. These studies have demonstrated that five
different remodeling enzymes, SWI/SNF, RSC, INO80, SWR1 and Rad54, are rapidly
recruited to a HO DSB (Table 1). Although many of these enzymes show similar biochemical
activities, yeast genetic studies have demonstrated that each of these enzymes plays distinct
roles in the HR process (Figure 2).

RSC plays multiple roles during HR

Three different ATP-dependent remodeling enzymes, RSC, INO80 and SWR1, appear to
regulate early chromatin transitions that regulate the efficient processing of the DSB. Amongst
them, three functional roles have been attributed to the remodeling activities of the RSC
complex alone. RSC is rapidly recruited to the DSB [127], where it stimulates recruitment of
the Ku70/Ku80 and MRX complexes, and facilitates H2AX phosphorylation [128]. RSC is
required for changes in nuclease accessibility within chromatin adjacent to the DSB, suggesting
that RSC may mobilize a few nucleosomes flanking the break to enhance recruitment of repair
machinery to DSB chromatin [129,130]. In addition to these early steps, RSC is also required
for proper loading of cohesins during HR [129,131], and RSC is required for the final ligation
of the DSB [127].

Roles for INO80 & SWR1 during early steps in HR

The INO80 and SWR1 remodeling enzymes are also recruited to chromatin surrounding an
HO-induced DSB within an hour of DSB induction [109,111]. Recruitment of these complexes
requires H2AX phosphorylation, and the shared Arp4 subunit interacts directly with y-H2AX
in vitro [110]. Interaction with y-H2AX may also involve the INO80 subunit, Nhp10 [111].
SWR1 appears to function in concert with the NuA4 acetyltransferase to promote the exchange
of y-H2AX for the Htz1 (H2A.Z) histone variant [132]. Both INO80 and SWR1 are required
for efficient processing of the DSB, as mutations affecting the Arp8 subunit of INOS8O0, or loss
of the Htz1 histone variant (the product of SWR1 action) lead to significantly decreased kinetics
of ssDNA formation [109]. The decreased kinetics lead to a delay in the activation of the cell-
cycle checkpoint, but they do not significantly alter the kinetics of HR. Interestingly, both
INO80 and SWR1 are required for the optimal recruitment of the Ku70/Ku80 complex to the
DSB, but only the SWR1 enzyme is required for full levels of NHEJ. Thus, there is a
surprisingly large commitment of remodeling enzymes to the recruitment of Ku70/Ku80 to a
DSB (RSC, INO80 and SWR1). How these enzymes facilitate Ku70/80 recruitment is not clear,
though a simple model would posit that Ku70/80 binding to DSB ends is exquisitely sensitive
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to neighboring nucleosomes, more so than other proteins like MRX. The INO80 enzyme is
also required for cell-cycle checkpoint adaptation, a process that allows cells to turn off the
checkpoint and enter mitosis when a DSB persists. This role for INO8O is linked to the SWR1-
dependent incorporation of Htz1 [133].

Two reports have also suggested that the INO80 enzyme may facilitate removal of nucleosomes
during the exonucleolytic processing of DSBs [134,135]. Likewise, ChIP analyses by the
Gasser group demonstrated an approximately twofold loss of histone signal during DSB
resection. However, significant controversy does surround the fate of nucleosomes during this
early step of HR. Early ChlIP studies from Shroff and Haber indicated that histone H2B was
not lost from DSB proximal chromatin, even at timepoints where Rad51 was bound to at least
2 kb of ssDNA at the DSB [99]. Furthermore, in a recent study from the Tyler group, careful
normalization of ChIP signals to input DNA samples suggested that histones may not be
significantly lost from the DSB region during resection [136]. We have also observed variable
histone loss at DSBs during resection [Manisha Sinha & Craig L Peterson, University of
Massachusetts Medical School, MA, USA. Unpublished data]. Why have these different results
been found? If nucleosomes are retained on the ssDNA that results from resection, such
histone—-DNA complexes may exhibit altered formaldehyde cross-linking efficiency. Cross-
linking of histones to ssDNA may be less efficient, leading to the incorrect conclusion that
histones are lost during resection, or cross-linking may be highly favored, and if this is the case
then histone loss may be grossly underestimated. Variability in cross-linking efficiency among
different laboratories may have led to the current discrepancies. Notably, early biochemical
studies have demonstrated that nucleosome-like particles can form efficiently on ssDNA
[137,138]. Evenin cases where ChIP studies indicate histone loss, the change in histone density
is usually only two- to four-fold, whereas histone ChlIP signals are reduced at least five- to ten-
fold when nucleosomes are displaced during transcriptional activation. Thus, by all accounts,
the ssDNA that is adjacent to the DSB is unlikely to be histone free.

Why do we care about the fate of nucleosomes at processed DSBs? First, if nucleosomes remain
on ssSDNA, then such complexes will need to be ‘remodeled’ during later stages of HR when
Holliday junctions are resolved and DNA strands are exchanged. The presence of histones on
ssDNA may also impact the efficiency of the checkpoint response via inhibition of RPA
binding, imparting perhaps another role for remodeling enzymes. The presence of nucleosomes
onssDNA would also require a change in how we view the Rad51 presynaptic filament. Typical
views propose a continuous Rad51-ssDNA complex, whereas the presence of histones would
suggest some type of discontinous structure. Unfortunately, there are no easy methods to detect
and map the formation or position of histone—ssDNA complexes in vivo. Typical nucleases,
like DNase or micrococcal nuclease (MNase), that are often used for chromatin mapping, will
efficiently digest histone—ssDNA complexes [137,138]. Thus, a major technical challenge
awaits the field, and resolution of these issues may await biochemical studies where the fate
of histones can be directly followed during a resection reaction.

SWI/SNF facilitates the homology search within heterochromatin

Following DSB processing, the search for ahomologous DNA donor would seem to be a likely
step for involvement of chromatin remodeling enzymes. However, the INO80, SWR1, RSC
and Rad54 remodeling enzymes are not required for capture of the homologous duplex in
vivo, even when the donor is assembled into condensed heterochromatin [133,139,140;
Manisha Sinha and Craig L Peterson, University of Massachusetts Medical School, MA, USA.
Unpublished data]. Recently, we successfully reconstituted the homology search process in
vitro with recombinant nucleosomes and purified factors [141]. Surprisingly, the Rad51
nucleoprotein filament appears to be sufficient in vitro to search and capture homology, even
when the homologous sequences are located on the surface of a positioned nucleosome [141].
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Although capture of homology within euchromatin regions of the genome may not require
remodeling enzymes, the SWI/SNF remodeling enzyme plays an essential role when synapsis
occurs within condensed, heterochromatic loci. During HR, SWI/SNF is recruited to the DSB,
and it subsequently associates with the heterochromatic donor locus during joint formation
[127]. In the absence of the SWI2 ATPase or the Snf5 subunit, the invading MATa presynaptic
filament is unable to locate and synapse with the heterochromatic HMLa donor locus.
Paradoxically, yeast mutants that lack a functional SWI/SNF complex are not very sensitive
to DSB-inducing agents, questioning its general requirement for DSB repair by HR. Moreover,
our biochemical studies indicate that the chromatin remodeling activity of SWI/SNF does not
stimulate a Rad51-mediated homology search on a nucleosomal donor [141]. Thus, SWI/SNF
may only facilitate HR when donor sequences are assembled into heterochromatin. Recently,
we have reconstituted a heterochromatic chromatin donor using recombinant nucleosomes and
purified Sir2, Sir3 and Sir4 proteins [142]. Strikingly, assembly of the donor into
heterochromatin eliminates the ability of Rad51 to mediate a successful homology search.
However, addition of the SWI/SNF remodeling enzyme restores formation of a joint molecule,
and synapsis is associated with eviction of the Sir3 protein. In contrast, the INO80, SWR1,
RSC and Rad54 remodeling enzymes are unable to substitute for SWI/SNF, and they do not
promote synapsis with a heterochromatic donor [142]. Thus, both in vivo and in vitro studies
indicate that the SWI/SNF remodeling enzyme may specifically regulate HR when the donor
locus is located with condensed heterochromatin.

Roles for Rad54 & INO8O0 during late stages of HR

Following the formation of the initial DNA joint, two distinct chromatin transitions have been
described that require two different ATP-dependent remodeling enzymes. Following the initial
synapsis of the nucleoprotein filament and the donor, conversion to a joint that can be extended
by DNA polymerases requires the ATPase activity of the Rad54 enzyme, and Rad54 activity
is associated with disruption of a single nucleosome at the joint [139]. Thus, during HR between
MATa and HMLa, Rad54 remodels chromatin without large-scale rearrangement of
nucleosomes. In addition, joint formation leads to the loss of at least two nucleosomes from
chromatin surrounding the initial joint, and these nucleosome loss events require the Arp8
subunit of the INO80 remodeling enzyme. In this latter case, nucleosome loss that is catalyzed
by INO80 may regulate branch migration [135].

Future perspective

The role of chromatin in the regulation of the cellular response and repair of chromosomal
DSBs has only begun to be fully appreciated. Research in the last decade has identified an ever
growing number of chromatin modifications and chromatin remodeling enzymes that have
emerged as key regulators of recombinational repair. Great emphasis has fallen on the distinct
functions of ATP-dependent chromatin remodeling enzymes and their key roles in maintaining
genomic integrity. With the powerful combination of yeast genetics and in vitro HR reactions
with chromatin substrates, new insights into the mechanics and regulation of HR should be
realized.

Executive summary

e Successful completion of double strand break (DSB) repair by homologous
recombination requires quite a bit of DNA gymnastics that provide regulatory
possibilities for chromatin structure.

e Although it is generally assumed that nucleosomes are displaced from DSB
chromatin during exonucleolytic processing, most data indicate that processed
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single-stranded DNA (ssDNA) tails remain associated with significant levels of
histones that may impact checkpoint responses and subsequent steps.

*  Many of the chromatin remodeling enzymes and histone modifying enzymes that
were initially characterized for their roles in gene transcription are now known to
play roles in recombinational repair of DSBs.

» Histone modifications that are associated with DSB repair, including y-H2AX, H3
K79 methylation and H4 K20 methylation, facilitate repair by enhancing the
binding of repair and/or checkpoint factors to DSB chromatin.

* The Rad51-ssDNA presynaptic filament is sufficient to search for and capture
DNA sequence homology, even when the homology is present on the nucleosomal
surface.

*  When the donor sequences are embedded within heterochromatin, such as Sir-
containing heterochromatin of budding yeast, a successful homology search and
joint capture requires the SWI/SNF chromatin remodeling enzyme.

*  The RSC remodeling enzyme remodels nucleosomes adjacent to the DSB,
facilitating nonhomologous end-joining (NHEJ) and homologous recombination
(HR) by stimulating recruitment of Ku70/Ku80, MRX and cohesins.

*  The INO80 remodeling enzyme facilitates exonucleolytic resection, promotes
Ku70/80 recruitment and displaces nucleosomes during a successful strand
invasion event. INO8O also contributes to the cell-cycle checkpoint response.

» The SWR1 remodeling enzyme catalyzes the deposition of the yeast H2A.Z
histone variant (also called Htz1), which stimulates exonucleolytic processing.

* The Rad54 ATPase (also a chromatin remodeling enzyme) stimulates formation
of the Rad51 presynaptic filament, promotes formation of a stable plectonemic
joint molecule and displaces Rad51 from recombination intermediates. Rad54 may
also disrupt nucleosomes during stable joint formation.
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Figure 1. Biochemical steps of homologous recombination

The presynapsis stage includes nucleolytic processing of the 5’-ends of DNA that flank a
double-strand break to generate long 3’ single-stranded DNA tails, following assembly of the
Rad51 presynaptic filament (yellow balls). The synapsis stage includes search for homology,
followed by formation of paranemic and plectonemic joints. The post-synapsis stage involves
extension of the joints, new DNA synthesis, formation of Holliday junctions, resolution of
joints and ligation of broken DNA ends. The 5'-3' orientation of DNA strands in the duplexes
are marked by bold lines.
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Figure 2. ATP-remodeling enzymes are implicated in different steps of the recombinational repair
process of a chromosomal DNA DSB

Following the rapid phosphorylation of H2AX, the RSC remodeling enzyme is recruited to
DSB chromatin. RSC is then believed to mobilize a few nucleosomes flanking the break. RSC
action helps to load subunits of the cohesin complex, Ku70/80 and MRX. INO8O is recruited
by y-H2AX and facilitates MRX-dependent nucleolytic processing of the DSB. INO80 and
SWR1 also facilitate Ku70/80 recruitment. Next, Rad51 assembles onto ssDNA tails to
generate functional presynaptic filament (yellow balls). ATP-dependent remodeling activity
of SWI/SNF, Rad54 and INOB8O are involved in formation of stable recombination
intermediates during the strand invasion event by remodeling the donor nucleosomes. Finally,
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RSC is required for the final ligation of the newly synthesized DNA strand, and CKII and
HDAC:s are believed to function in restoration of chromatin structure following homologous
recombination.

Ac: Acetylation; CKII: Casein kinase 11; DSB: Double-strand break; HDAC: Histone
deacetylase; P: Phosphorylation; RPA: Replication protein A.
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Chromatin remodeling enzymes and double-strand break repair

Page 22

Mizuguchi et al. (2004)

Study Chromatin remodeling enzymes ~ Time of Proposed functions in pathway Ref.
recruitment  of homologous recombinational
ata DSB repair
Chai et al. (2005), Liang et RSC 20 min Induced nucleosome mobility [127-131]
al. (2007), Shim et al. (2007), immediately after DSB formation
Kent et al. (2007), Shim et .
al. (2005) Recruitment of Ku70/80 and MRX
ata DSB
Recruitment of cohesins
Enhancement of final ligation step
Sinha et al. (2009) SWI/SNF 40 min Homlogy search and joint [142]
formation on heterochromatic
donor
Mazin et al. (2003), Bugreev  Rad54 40 min Stabilization of Rad51- [139,140,143-146]
et al. (2006), Wolner et al. presynaptic filament
(2005), Bugreev et al. (2007), . .
Sinha et al. (2008), Sugawara Conversion of paranemic to
et al. (2003) plectonemic joints
Branch migration of joint
intermediates
Dissociation of Rad51 from
presynaptic filament
Papamichos-Chronakis etal. ~ INO80 1h Processing of a DSB to generate [133-135,147]
(2006), Tsukuda et al. (2005), ssDNA tail
Tsukuda et al. (2009), van i
Attikum et al. (2007 Recruitment of Ku70/80 at a DSB
Cell-cycle checkpoint adaptation
Nucleosome loss from donor
chromatin after synapsis/joint
formation
van Attikum et al. (2007), SWR1 1h Recruitment of Ku70/80 at a DSB [85,147]

Deposition of Htz1 within cellular
chromatin

DSB: Double strand break; ssDNA: single-stranded DNA.
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