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12.1            Introduction 

 The genetic information encoded in enormous length of DNA is packaged and com-
partmentalized into the nucleus of eukaryotes as chromatin. Chromatin consists of 
nucleosomes as the fundamental unit, where ~146 bp of DNA is wrapped around an 
octamer of histones in nearly two superhelical turns. Within the histone octamer, two 
copies of H2A-H2B and H3-H4 dimer pairs form the core histones, whereas, histone 
H1, also called as linker histone, locks the DNA at the either end of the nucleosome 
and, along with other architectural proteins, folds the chromatin into more condensed 
and yet poorly defi ned higher order structures (see Chap.   1    ). In almost all nuclear 
processes involving DNA as a substrate, such as transcription, replication, recombi-
nation, and repair, the packaging of the genome in chromatin presents inherent bar-
riers that restrict the access of DNA to processing enzymes. Therefore, to access 
DNA within a chromatin context, the chromatin is reversibly and locally unfolded by 
counteracting these chromatin constraints during the nuclear process and refolded 
back after the process is completed. In this regard, the eukaryotic cell has developed 
two fundamental chromatin modifi cation strategies that includes: (1) Covalent modi-
fi cation of histones catalyzed by histone-modifying enzyme complexes and (2) ATP-
dependent perturbations of histone–DNA interactions catalyzed by the SWI/SNF 
family of ATP-dependent chromatin remodeling complexes. The covalent modifi ca-
tion of histone residues that primarily occurs at the N-terminal region of histones can 
disrupt histone interaction with DNA or alternatively serve as the binding sites for 
chromatin-associated factors (Jenuwein and Allis  2001 ). However, the mechanism 
employed by ATP-dependent chromatin remodeling complexes uses the energy of 
ATP hydrolysis to alter the positions or composition of nucleosomes in chromatin 
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(Eberharter and Becker  2004 ). Much of what we currently know about the biological 
roles of these two classes of chromatin- modifying factors has come from research on 
the transcriptional regulatory mechanisms that occur during gene activation, whereas 
studies from the past decade have also shown the link between chromatin modifi ca-
tions and other nuclear events such as DNA repair and replication. Both covalent 
modifi cation of histones and ATP- dependent chromatin remodeling have been shown 
to maintain genome integrity and transmit the genetic and epigenetic information to 
the next generation. This chapter elaborates how the ATP-dependent chromatin 
remodeling complexes employ mechanisms that work in concert with the DNA 
repair and replication processes.  

12.2     Chromatin Remodeling During DNA Double 
Strand Break Repair 

 Double Strand Breaks (DSBs) caused by genotoxic stress are particularly dangerous 
lesions that can result in mutations owing to error-prone repair or cell death if left 
unrepaired. The cell has evolved two highly conserved pathways to detect and repair 
DSBs, namely homologous recombination (HR) and nonhomologous end-joining 
(NHEJ) (Valerie and Povirk  2003 ). In HR, an undamaged homologous sequence is 
used as a template for repair, whereas in NHEJ, the broken ends are religated with-
out the use of a template, resulting in a more error-prone repair mechanism. In 
yeast, HR is preferred over NHEJ whereas NHEJ is far more common in mamma-
lian cells (Kim et al.  2005 ). 

12.2.1     The Process of DNA Double Strand Break Repair 

 Upon DSB formation, the Mre11-Rad50-Xrs2 (MRX) complex, which contains exo-
nuclease activity, collaborates with other factors to promote the production of single-
stranded DNA, a process known as resection (Mimitou and Symington  2008 ). Repair 
and checkpoint factors then assemble to the break sites. During HR,  RAD52  epistasis 
group proteins (Rad50, Rad51, Rad52, Rad54, Rad55, and Rad57) play major roles 
in promoting the homology search, strand invasion, and synapsis between the invad-
ing recipient strand and donor DNA, leading to the formation of Holliday junctions. 
Briefl y, the HR pathway is initiated by the binding of the trimeric ssDNA-binding 
factor RPA (replication protein A) to 5′–3′ resected DNA, followed by the replace-
ment of RPA with a second ssDNA binding protein, Rad51, with the assistance of 
Rad52. Rad51, in turn, is followed by the recruitment of another set of HR proteins 
(Rad54, Rad55, Rad57), all of which participate in strand invasion and annealing 
steps to form the synaptic fi lament (Symington  2002 ). DNA repair is complete once 
DNA synthesis has fi nished and Holliday junctions have been resolved. Alternatively 
NHEJ, which is facilitated by the tethering and ligation of the broken DNA ends, 
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is initiated by the binding of the Ku70–Ku80 heterodimer to broken DNA ends, fol-
lowed by MRX (Mre11– Rad50–Xrs2)-mediated “cleaning up” of ends, and then by 
Dnl4 (DNA ligase IV)-dependent ligation through an associated factor Lif1 (XRCC4) 
(Cahill et al.  2006 ; Daley et al.  2005 ; Lewis and Resnick  2000 ) (Fig.  12.1 ).

   The pathway of factor recruitment during HR has been revealed through genetic 
and cytological analysis, and more recently by chromatin immunoprecipitation 
(ChIP) assays using antibodies against native or epitope-tagged HR proteins 
(Lisby et al.  2004 ; Shroff et al.  2004 ; Sugawara et al.  2003 ; Wolner et al.  2003 ). 
These assays have taken advantage of a genetic system generated by Haber’s 
group in which a unique DSB can be created at the MAT locus of yeast at almost 
100 % effi ciency by the galactose-regulated induction of the homothallic switch-
ing (HO) endonuclease (Lee et al.  1998 ). HR can repair the MAT DSB from one 
of two silent copies of MAT DNA (HMRa or HMLa) present on the same chromo-
some and representing donor sequences. The system comes in two forms. When 
the HM loci are deleted, the DSB can only be repaired by NHEJ as in the haploid 
yeast there are no other copies of MAT DNA to copy. However, even in this 
instance HR factors involved in strand invasion and annealing are still recruited to 
the broken ends, and this particular version of the system thus offers a powerful 
way to monitor the kinetics, extent, and genetic dependency of factor recruitment 
to the recipient DSB during the initial stages of HR. When the donor loci are pres-
ent, the system can be used to follow the assembly and distribution of the same 
HR factors at both donor and recipient loci, in addition to the completion of indi-
vidual steps in the HR pathway. This system has also provided a mechanism to 
monitor the chromatin changes that occur at a DSB. 

  Fig. 12.1    NHEJ and HR pathways: A DSB can be repaired by either NHEJ or HR. In the NHEJ 
pathway the broken ends are directly rejoined under the control of the end-binding proteins Ku70 
and Ku80, the MRX (Mre11–Rad50–Xrs2) complex, and DNA ligase IV and its associated cofac-
tor Lif1. The HR pathway is initiated by the 5′–3′ resection of the broken ends of the recipient 
chromosome to form ssDNA. Resection is under control of the MRX complex and other factors       
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 The MAT locus has a well-defi ned chromatin structure in which a series of posi-
tioned nucleosomes fl ank the promoter of the regulatory genes present at this locus 
(Weiss and Simpson  1998 ). Upon formation of the DSB, the fi rst chromatin remod-
eling event that occurs is the rapid and extensive phosphorylation of the histone 
H2A C-terminus (phospho-H2A) (Rogakou et al.  1998 ). In higher eukaryotes, this 
phosphorylation motif occurs not on the core histone H2A but on the histone variant 
H2AX (Rogakou et al.  1998 ), which constitutes approximately 10 % of the total 
H2A (Redon et al.  2002 ). Yeast containing mutant H2A that is not able to be phos-
phorylated have a defect in NHEJ and are mildly sensitive to DNA-damaging agents 
(Downs et al.  2000 ), while mouse cells lacking H2AX are sensitive to IR and the 
animals are predisposed to cancer in the absence of p53 (Bassing et al.  2002 ,  2003 ; 
Celeste et al.  2002 ,  2003a ). H2A phosphorylation is carried out by the damage- 
response phosphatidyl-3-OH-kinase-like kinases Tel1 and Mec1 in  S. cerevisiae  
(Rogakou et al.  1998 ) (homologous to ataxia telangiectasia-mutated (ATM) and 
ATM- and Rad3-related (ATR), respectively, in mammals). These kinases also phos-
phorylate many other targets on SQ/TQ motifs in response to DNA damage (Chen 
et al.  2010 ; Matsuoka et al.  2007 ; Smolka et al.  2007 ). H2A phosphorylation spreads 
over a large region of ~50 kb in budding yeast (Shroff et al.  2004 ) or megabases in 
higher eukaryotes (Rogakou et al.  1999 ), with the levels of phosphorylation greatest 
at 3–5 kb from the break site, but low in the 1 kb immediately adjacent to the break 
(Chen et al.  2000 ). Tel1, in conjunction with the nuclease MRX (Mre11-Rad50- 
Xrs2), is primarily recruited to unprocessed DSBs. In contrast, Mec1 and its partner 
protein Ddc1 are recruited to tracts of RPA bound single-stranded DNA. Single-
stranded DNA is generated via processing of DSBs through exonucleolytic resec-
tion by several nucleases including MRX and Exo1 to initiate HR (Shim et al.  2010 ). 

 Activation of Mec1 and Tel1 results in amplifi cation of the DNA damage signal 
cascade and leads to recruitment and retention of many repair and checkpoint pro-
teins near the site of the lesion. One of the consequences is arrest of the cell cycle 
by activation of checkpoints, permitting repair of DNA damage before cell division 
or DNA replication. In  S. cerevisiae , the major checkpoint activated in response to 
DNA damage is at the G2/M boundary and involves the upregulation of the ribo-
nucleotide reductase (RNR) genes and phosphorylation of Rad53 in a Mec1- 
dependent manner. Any of the steps of the DNA damage response including damage 
recognition, resection, H2A phosphorylation, checkpoint activation, or binding and 
retention of downstream effectors could conceivably be affected by chromatin 
structure and hence requires the action of chromatin remodeling complexes.  

12.2.2     Chromatin Remodeling Complexes During 
DNA DSB Repair 

 Members of the SWI2/SNF2 (switching/sucrose non-fermenting) superfamily of 
conserved ATPases have initially been shown to play key roles in regulating tran-
scription, where they function as multi-subunit complexes. Based on signature 
motifs/domains in the primary sequence of their core ATPase, they can be classifi ed 
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into four distinct subfamilies (Fig.  12.2 ). The chromatin remodeling complexes that 
contain these ATPases, like INO80, SWR1, SWI/SNF and RSC, were also found to 
accumulate at MAT DSB in  S. cerevisiae  where they have been shown to have roles 
associated with both NHEJ and HR. However, each of these factors seems to have a 
different role at different stages of DSB repair. Moreover, ATP-dependent chroma-
tin remodeling is postulated to have a mechanistically similar role in transcription 
and DNA damage repair by disrupting chromatin to give regulatory and repair fac-
tors direct access to DNA. Recent advances suggested that the activity of chromatin- 
modifying complexes in areas around DSBs occurs in a specifi c interdependent 
sequential order. Moreover, as discussed later in this chapter, ATP-dependent chro-
matin remodeling complexes like INO80 also regulate the cell cycle checkpoint by 
modulating the activity of effector proteins.

12.2.2.1       RSC and SWI/SNF Chromatin Remodeling Complexes 

   RSC 

 The RSC (remodels structure of chromatin) complex is a highly abundant ATP- 
dependent chromatin remodeling complex in budding yeast (~1,000–2,000 mole-
cules per cell) (Cairns et al.  1996a ) and is comprised of around 16 subunits 
(Table  12.1 ). Sth1 is the core catalytic subunit, which has been found to be essential 
for cell survival. Its ATPase domain is closely related to that of the Swi2/Snf2 sub-
unit of the SWI/SNF complex. RSC complex shares three other subunits, Rtt102, 
Arp7, and Arp9, with SWI/SNF complex (Table  12.1 ). Two isoforms of the RSC 
complex exist based on the presence of Rsc1 or highly similar Rsc2 subunit. Rsc2 
is approximately tenfold more abundant than Rsc1. However, they share similar 
domain organization that includes two bromodomains separated by a weak 

  Fig. 12.2    Classifi cation of chromatin remodeling complexes: Chromatin remodeling complexes 
contain conserved core ATPase subunit and on the basis of signature domains/motifs in their core 
ATPase subunit, can be classifi ed into four major categories: SANT domain containing ISWI com-
plex, CHROMO domain containing Mi2, BROMO domain containing SWI/SNF, and split ATPase 
being the characteristic feature of INO80 family of chromatin remodeling complexes       
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nonspecifi c DNA binding motif (AT hook), followed by a Bromo-Adjacent 
Homology (BAH) domain (important for nucleosome binding) (Cairns et al.  1999 ; 
Chambers et al.  2012 ). Simultaneous deletion of both rsc1 and rsc2 is lethal, whereas 
single deletion of either is viable, suggesting that there is functional redundancy 
between the two RSC isoforms.

   The DNA-dependent ATPase activity of the RSC complex is coupled to 3′–5′ 
translocase activity (Saha et al.  2002 ,  2005 ), and this activity of the RSC complex 
has been shown to be utilized for nucleosome remodeling, repositioning, disassem-
bly, and histone octamer transfer. Nucleosomes containing tetra-acetylated H3 were 
remodeled ~16-fold faster than unmodifi ed nucleosomes due to the preferential 
binding of RSC complex to acetylated nucleosomes (Ferreira et al.  2007 ). In addi-
tion, RSC has been shown to have increased affi nity for nucleosomes acetylated by 
the NuA4 histone acetyl transferase complex (Ferreira et al.  2007 ), suggesting a role 
for the bromodomain containing subunits (Rsc1, Rsc2, Rsc4, and Sth1) in recruit-
ment to chromatin and maximum remodeling activity. Mechanistically, it has 
recently been shown that nucleosome remodeling by RSC complex may occur by 
formation of a bulge of DNA on the surface of the nucleosome that can be extended 
by translocation to form a larger loop. Dissipation of the loop to the other side of the 
nucleosome can result in reverse translocation, a jump in the position of the nucleo-
some referred to as nucleosome sliding. ChIP on chip analysis of the genome-wide 
localization of the RSC complex in  S. cerevisiae  identifi ed RSC binding at ~700 
promoters (~11 % of genes). No difference was seen in the Rsc1 and Rsc2 profi les 

    Table 12.1       Subunit 
comparison of RSC and SWI/
SNF chromatin remodeling 
complexes from  S. cerevisiae   

 RSC  SWI/SNF 

 Sth1  Snf2 
 Arp7  Arp7 
 Arp9  Arp9 
 Rsc1/Rsc2  Swp73 
 Rsc3  Swp82 
 Rsc4  Swp29/Anc1/Taf30 
 Rsc6  Swi1 
 Rsc7  Swi3 
 Rsc8  Snf1 
 Rsc9  Snf5 
 Rsc30  Snf6 
 Rsc58  Rtt102 
 Rtt102 
 Ldb7 
 Htl1 

   S. cerevisiae  RSC and SWI/SNF complexes 
share Arp7, Arp9, and Rtt102 subunits  
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(Ng et al.  2002 ). Furthermore, around 12 % of RNA polymerase II-transcribed 
genes were up- or downregulated at least twofold in a  rsc4  mutant strain (Soutourina 
et al.  2006 ). More recently, a putative Rsc3 sequence-specifi c binding site has been 
identifi ed approximately 100 bp upstream of the transcription start site of 708 genes 
(169 of which are essential), and Rsc3 has been connected with nucleosome exclu-
sion from the promoters of these genes (Badis et al.  2008 ). In vitro, RSC was also 
able to facilitate passage of RNA polymerase II through acetylated nucleosomes 
(Carey et al.  2006 ). Although, RSC has been observed in the transcriptional regula-
tion of many essential and redundant genes, to date, none of the known DNA repair 
genes have been identifi ed as being transcriptionally controlled by RSC.  

   SWI/SNF 

    The SWI/SNF complex is a highly conserved multi-subunit complex that plays a 
key role in the regulation of transcription. The components of the SWI/SNF 
chromatin- remodeling complex were initially identifi ed in screens for genes that 
regulate mating-type switching (SWI) and sucrose non-fermenting (SNF) pheno-
types in yeast (Abrams et al.  1986 ; Carlson and Laurent  1994 ; Carlson et al.  1981 ; 
Nasmyth and Shore  1987 ; Neigeborn and Carlson  1984 ,  1987 ; Stern et al.  1984 ). 
It was recognized that a subset of the SWI genes are identical to those identifi ed in 
the SNF screen, and those genes that are involved both in mating-type switching 
and sucrose fermentation have come to be known as SWI/SNF genes (Peterson 
et al.  1994 ; Wolffe  1994 ). Although SWI/SNF is a relatively rare enzyme in yeast, 
present at only ~100–500 copies per nucleus (Cote et al.  1994 ), it has been esti-
mated that 5–7 % of all yeast genes require SWI/SNF activity for expression 
(Monahan et al.  2008 ; Sudarsanam et al.  2000 ; Zraly et al.  2006 ). In yeast, the 
SWI/SNF complex can both promote and suppress gene expression and about a 
third of the yeast genes regulated by SWI/SNF are suppressed (Sudarsanam et al. 
 2000 ). The yeast SWI/SNF complex consists of ~11 different subunits (Table  12.1 ) 
and is required in vivo for the transcriptional induction of a large subset of yeast 
genes and for the functioning of a variety of sequence-specifi c transcriptional acti-
vators. Moreover, a  Drosophila  homologue of the SWI2/SNF2 subunit is required 
for activation of homeotic genes (Tamkun et al.  1992 ), and human SWI/SNF homo-
logs facilitate the functioning of mammalian steroid receptors in cultured human 
cells (Chiba et al.  1994 ; Muchardt and Yaniv  1993 ). The mammalian SWI/SNF 
complexes are structurally and, perhaps functionally, more diverse than those of 
yeast or fl ies. The yeast SWI/SNF complex exhibits an apparent molecular mass of 
~1.14 MDa (Smith et al.  2003 ), whereas the mammalian SWI/SNF complex has an 
apparent molecular mass of ~2 MDa. The stoichiometry of the SWI/SNF com-
plexes has not been unambiguously resolved, but it is most likely that no single 
complex contains all of the subunits listed in Table  12.1 .   

   In  S. cerevisiae  the purifi ed SWI/SNF complex possesses similar biochemical 
activity as identifi ed in RSC complex and contains several subunits homologous to 
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RSC subunits. A similar subunit composition is also present in SWI/SNF complexes 
in  Drosophila melanogaster  (BAP and PBAP) and multiple SWI/SNF complexes in 
mammals, including the BRG1-associated factor (BAF; also known as SWI/SNF- 
A) and the polybromo BRG1-associated factor (PBAF; also known as SWI/SNF-B) 
complexes (Cairns et al.  1996a ; Imbalzano et al.  1994 ; Kwon et al.  1994 ; Mohrmann 
et al.  2004 ; Mohrmann and Verrijzer  2005 ; Papoulas et al.  1998 ). The mammalian 
complexes are comprised of one of two mutually exclusive catalytic ATPase sub-
units, either brahma homologue (BRM; also known as SMARCA2) or BRM/SWI2- 
related gene 1 (BRG1; also known as SMARCA4). These complexes also contain a 
set of highly conserved “core” subunits including SNF5 (also known as SMARCB1, 
INI1, and BAF47) and BAF155 and BAF170. In addition they contain variant sub-
units that are thought to contribute to the targeting, assembly, and the regulation of 
lineage-specifi c functions of the complexes (Phelan et al.  1999 ; Wang et al.  1996 ). 
The AT-rich DNA interactive domain-containing protein 1A,ARID1A (also known 
as BAF250A and SMARCF1) and ARID1B subunits are mutually exclusive and are 
present only in BAF complexes, whereas the BAF180 (also known as PBRM1), 
BAF200, and bromodomain-containing 7 (BRD7) subunits are exclusively present 
in PBAF complexes (Mohrmann and Verrijzer  2005 ; Wang et al.  1996 ,  2004 ; Kaeser 
et al.  2008 ). It has been suggested that BAF is similar to the yeast SWI/SNF com-
plex and that PBAF is more likely similar to  S. cerevisiae  RSC (Xue et al.  2000 ). As 
several subunits that are common to both BAF and PBAF are encoded by gene fami-
lies that often display differential lineage-restricted expression, a large number of 
variant SWI/SNF complexes probably exist in mammals and contribute to regulat-
ing lineage- and tissue-specifi c gene expression (Kaeser et al.  2008 ; Lessard et al. 
 2007 ; Lickert et al.  2004 ; Wu et al.  2009 ; Yan et al.  2008 ). 

 SWI/SNF complexes remodel nucleosome structure and are capable of mobiliz-
ing nucleosomes both by sliding and by catalyzing the ejection and insertion of his-
tone octamers (Saha et al.  2006 ). Nucleosome sliding has been proposed to include 
the following steps: binding of SWI/SNF complexes to a fi xed position on nucleoso-
mal DNA, disruption of histone–DNA contacts, translocation of DNA that is initi-
ated via the ATPase subunit and DNA loop formation that can then propagate around 
the nucleosome and generate sites that are more accessible to DNA binding factors 
(Saha et al.  2006 ; Lorch et al.  2010 ). The mechanism by which nucleosome ejection 
and insertion occurs is less well understood. However, it has been observed that his-
tone chaperones may assist in this process and histone ejection may occur not at 
nucleosomes that are directly bound by SWI/SNF complexes but at adjacent nucleo-
somes following the repositioning of the bound nucleosome (Dechassa et al.  2010 ). 
Importantly, although nucleosome remodeling is the most studied effect of SWI/SNF 
activity, the complexes interact with numerous other chromatin proteins, and it is 
conceivable that they have additional effects on higher order chromatin structure. 

 Although  S. cerevisiae  SWI/SNF complexes were identifi ed on the basis of their 
roles in the activation of transcription, evidence indicates that mammalian SWI/
SNF complexes contribute to both repression and activation. During mammalian T 
lymphocyte development, BRG1 and BAF57 are required to both silence CD4 and 
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activate CD8 expression (Chi et al.  2002 ). In embryonic stem (ES) cells, BRG1 not 
only acts as a repressor to inhibit programs that are associated with differentiation, 
but it also facilitates the expression of core pluripotency programs (Ho et al.  2009 ). 
Similarly, deletion of Snf5 in murine fi broblasts results in more genes being acti-
vated than repressed (Isakoff et al.  2005 ). Contributing to the mechanism of repres-
sion, SWI/SNF complexes are capable of recruiting histone deacetylases (HDACs), 
which remove activating acetyl marks from histone tails. For example, SNF5 
represses cyclin D1 (CCND1) in an HDAC1-dependent manner (Zhang et al.  2002 ). 
These seemingly opposing activities may actually be similarly achieved, by posi-
tioning nucleosomes away from binding sites to facilitate factor binding or by mov-
ing nucleosomes over sites to prevent binding. Collectively, dynamic activities of 
mammalian SWI/SNF complexes have essential roles in regulating both the activa-
tion and the repression of gene expression programs.   

12.2.2.2     RSC and SWI/SNF in DNA DSB Repair 

 These two ATP-dependent chromatin remodeling factors have been intensely stud-
ied with respect to their roles in transcriptional regulation and chromosome trans-
mission (Sudarsanam et al.  2000 ; Cao et al.  1997 ). Recent evidence indicates that 
these factors also directly participate in DSB repair. Both  swi/snf  and  rsc  mutants 
are hypersensitive to a broad spectrum of agents that cause DSBs, and several lines 
of evidence indicate that RSC in particular acts in DSB repair by NHEJ (Shim et al. 
 2005 ). Two  rsc  mutants were isolated in a genetic screen for mutants defective for 
NHEJ of an HO-endonuclease-induced DSB at MAT in a strain lacking donor tem-
plate. These mutants showed defects in both imprecise and precise DNA end- joining 
(Shim et al.  2005 ). Genetic epistasis studies also revealed that  rsc  mutants exhibit 
enhanced hypersensitivity to DSB-inducing agents when combined with a  rad52Δ  
mutation, which eliminates repair by HR (Shim et al.  2005 ; Chai et al.  2005 ). An 
important study has also linked RSC, and SWI/SNF, to DSB repair specifi cally by 
the HR pathway (Chai et al.  2005 ). Both  swi/snf  and  rsc  mutants are defective for 
HR repair by single-strand annealing in a plasmid-based assay. More importantly, 
analysis of these mutants shows that SWI/SNF and RSC act at distinct steps in HR 
repair of a MAT DSB in strains that contain homologous donor sequences. Both 
remodelers seem to regulate HR in the context of donor loci, after initial recruitment 
of strand invasion proteins to the recipient MAT locus (Chai et al.  2005 ). 

 SWI/SNF acts specifi cally during formation of the synaptic fi lament, and in its 
absence, the levels of Rad52 and Rad51 are reduced at the HML donor locus. By 
contrast, RSC regulates a postsynaptic step of HR following DNA synthesis primed 
from the invading 3′ strand, as revealed by the low level of donor-recipient DNA 
ligation products in a  rsc2Δ  mutant (Chai et al.  2005 ). Although SWI/SNF and RSC 
function as transcriptional regulators in yeast, they seem to have direct roles in DSB 
repair. Both complexes are physically present at the MAT DSB after HO induction, 
although they are recruited to MAT with different kinetics (Shim et al.  2005 ; Chai 
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et al.  2005 ). The RSC catalytic subunit, Sth1, is recruited to the DSB rapidly and 
reaches maximal levels within 20 min after the break is formed. By contrast, the 
Snf2 and Snf5 subunits of SWI/SNF are recruited to the DSB later, on a time scale 
similar to the recruitment of the strand invasion-annealing proteins Rad52 and 
Rad54, and they continue to accumulate at the break for 4 h. 

 Recently, it has been shown that Fun30, a Snf2 family member, ATP-dependent 
chromatin remodeling factor in  S. cerevisiae , facilitates nucleosomal eviction near 
DSBs, which promotes both Exo1- and Sgs1-dependent activities, and thus enhances 
long range end resection for effi cient HR at DSBs (Chen et al.  2012 ; Costelloe et al. 
 2012 ; Eapen et al.  2012 ). Both SWI/SNF and RSC also associate with the HML 
donor locus, consistent with a direct role for the remodeling factors in the interac-
tions between recipient and donor DNA strands during repair by HR. Although the 
timing of SWI/SNF recruitment to MAT-HML is consistent with its postulated role 
in strand annealing, the much earlier recruitment of RSC to the MAT DSB is puz-
zling in light of its later role in the completion of HR. One possibility is that the 
remodeling activity of RSC is required early to set up a suitable chromatin environ-
ment for a later, postsynaptic step. A second is that the early recruitment of RSC, 
which coincides with the recruitment of NHEJ factors in a donor less strain (Shim 
et al.  2005 ), is related to the choice between NHEJ and HR upon DSB formation. 
Thus, in the presence of donor sequences, RSC could facilitate the HR pathway 
rather than the NHEJ pathway. One of the earliest events at a DSB is the phosphory-
lation of S129 of H2A by Mec1/Tel1. Recruitment of RSC and its remodeling of the 
surrounding chromatin occur on a similar timescale to H2A phosphorylation, rais-
ing the possibility that the two events are connected. Rsc1 enrichment to a DSB is 
unaffected in a mutant in which H2A S129 cannot be phosphorylated, but H2A 
S129 phosphorylation is defective in  rsc  mutants, placing RSC upstream of phos-
phorylation in the DNA damage response (Kent et al.  2007 ; Liang et al.  2007 ; Shim 
et al.  2007 ). Additionally, enrichment of Mec1 and Tel1 were decreased approxi-
mately twofold in  rsc2  strains, consistent with a defect in H2A phosphorylation 
(Liang et al.  2007 ). 

 Following DSB formation, a small amount of Mre11 or Ku rapidly binds to the 
ends of the break, which facilitates recruitment of RSC, either directly or indirectly, 
which in turn remodels the chromatin in the region of the break. The remodeled 
chromatin is more accessible and permissive for the accumulation of more Mre11 
and Ku, acting in a positive feedback loop to recruit further RSC. The presence of 
Mre11 stimulates resection and consequently recruitment of Mec1- to RPA-coated 
single-stranded DNA and phosphorylation of H2A. This amplifi cation cascade 
means that although resection and H2A phosphorylation still occur in the absence 
of RSC, they occur more effi ciently in its presence. 

 Mre11 is a subunit of the evolutionarily conserved MRX and is itself rapidly 
recruited to DSBs, where it regulates strand resection during HR, cell cycle check-
point activation, and interactions between broken ends (Lisby et al.  2004 ; Shroff et al. 
 2004 ; D’Amours and Jackson  2002 ; Petrini and Stracker  2003 ; Stracker et al.  2004 ). 
Importantly, this complex has been implicated in both NHEJ- and HR-mediated DSB 
repair (Symington  2002 ; Lewis and Resnick  2000 ; Haber  1998 ), and thus might 
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mediate the association of both SWI/SNF and RSC with a DSB. One of the key unanswered 
questions is why two factors with such similar chromatin remodeling activities should 
be required during repair by HR at MAT. Part of the answer could lie in the observa-
tion that the two factors act at distinct points in the HR pathway where different chro-
matin structures occur. The HML and HMR donor loci are assembled into a 
heterochromatin-like structure, and SWI/SNF remodeling might specifi cally disrupt 
this structure to reveal donor DNA to the factors involved in homology searching and 
synapsis. The remodeling activity of RSC, by contrast, has been suggested to regulate 
the postsynaptic dissociation of invading MAT DNA from donor DNA (Chai et al. 
 2005 ), and thus might refl ect a role for RSC on DNA rather than chromatin.  

12.2.2.3     INO80 and SWR1 Chromatin Remodeling Complexes 

   INO80 

 The INO80 chromatin remodeling complex was fi rst identifi ed as a coactivator of 
genes involved in inositol metabolism, and like SWI/SNF and RSC, it is also linked 
to DNA repair (Morrison et al.  2004 ; Shen et al.  2000 ,  2003a ; Tsukuda et al.  2005 ; 
van Attikum et al.  2004 ). The INO80 complex was initially purifi ed from  S. cerevi-
siae  and was shown to have a molecular mass of ~1.5 MDa. The purifi ed INO80 
complex contains 15 subunits with roughly equivalent stoichiometry except for 
Rvb1 and Rvb2, which shows 6:1 stoichiometry compared to rest of the subunits 
(Shen et al.  2000 ) (Fig.  12.3 ). The INO80 complex is highly conserved, and the 
purifi ed human INO80 complex (hINO80) contains orthologs of Ino80, Rvb1, 

  Fig. 12.3    The INO80 
ATP-dependent chromatin 
remodeling complex: 
SDS-PAGE and  silver stain  
showing the identity of 
subunits of the INO80 
complex (INO80.com), 
purifi ed by single step 
FLAG-immunoaffi nity 
chromatography from yeast 
whole cell extract. Adapted 
from X. Shen, G. Mizuguchi, 
A. Hamiche, and C. Wu, 
 Nature  406, 541 (2000) with 
permission       
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Rvb2, Arp4, Arp5, Arp8, Ies2, and Ies6, as well as fi ve unique subunits (Jin et al. 
 2005 ). Similar to its yeast counterpart, hINO80 complex exhibits DNA- and 
nucleosome- activated ATPase activity and ATP-dependent nucleosome remodeling 
activity (Shen et al.  2000 ; Jin et al.  2005 ). The ATPase subunits of the INO80 
subfamily are distinguished from other ATPases in the ISWI, SWI/SNF, and CHD 
subfamilies owing to the presence of a spacer region (1018–1299) that splits the 
conserved ATPase domain (698–1450) (Ebbert et al.  1999 ). Alteration of the lysine 
to arginine (K737R) in the conserved GXGKT motif for nucleotide binding results 
in a nonfunctional Ino80, which is unable to complement the corresponding null 
allele (Ebbert et al.  1999 ). Moreover, INO80 complex purifi ed from a strain carry-
ing a K737A substitution also failed to show ATPase activity, DNA helicase activ-
ity, and the ability to rescue the  ino80Δ  mutant phenotypes (Shen et al.  2000 ). These 
results indicate that ATP binding is essential for Ino80 function in vivo.

   Other unique subunits of INO80 family of chromatin remodeling complexes 
(INO80 and SWR1) are Rvb1 and Rvb2, which are essential and highly conserved 
proteins from yeast to human (Tip49a and Tip49b in mammals) (Jonsson et al. 
 2004 ; Kanemaki et al.  1999 ; Qiu et al.  1998 ). Rvb proteins share limited homology 
to bacterial RuvB, the Holliday Junction DNA Helicase with a double hexamer 
composition (West  1996 ,  1997 ). Like bacterial RuvB, the yeast Rvb1 and Rvb2 
each show 6:1 stoichiometry with other subunits in the complex (Shen et al.  2000 ). 
The eukaryotic counterparts of the bacteria RuvA/B have been elusive. Thus, 
INO80 and/or SWR1 may represent candidates for RuvB, together with a yet to be 
identifi ed eukaryotic equivalent of RuvA, which may partially fulfi ll the function 
of eukaryotic Holliday Junction enzymes in the context of chromatin. This hypoth-
esis is consistent with the observations that the INO80 complex is required for 
DNA repair. It has been shown that the yeast Rvb proteins are essential for the 
chromatin remodeling activity of INO80 complex (Jonsson et al.  2004 ), and the 
loss of Rvb proteins leads to the loss of Arp5, a functionally important subunit of 
the INO80 complex (Shen et al.  2003a ). It is worth noting that Rvbs are subunits 
of the Swr1 complex as well, which does not contain Arp5, suggesting that one of 
the Swr1 subunits (such as Arp6) or another unknown subunit may associate with 
Rvbs and be required for the regulation of SWR1 complex. 

 Conventional actin and actin-related proteins (Arps) have been identifi ed as sub-
units in many chromatin-modifying complexes (Boyer and Peterson  2000 ). The 
INO80 complex contains actin, Arp4, Arp5, and Arp8 (Shen et al.  2000 ). Arp5 and 
Arp8 have so far only been found in the INO80 complex. Arp5 appears to associate 
with the complex independently of any other subunit, while Arp8 is necessary for 
the inclusion of Arp4 and actin (Shen et al.  2003a ). The functions of Arp5 and Arp8 
appear to be important for the process of chromatin remodeling, since it has been 
shown that the phenotypes of  arp5Δ  and  arp8Δ  are similar to that of  ino80Δ . In vitro 
DNA binding, nucleosome mobilization, and ATPase activities of the mutant INO80 
complexes lacking Arp5 or Arp8 are compromised (Shen et al.  2003a ). Like  rsc  
mutants, an  arp8Δ  mutant show enhanced sensitivity to DSB agents when the HR 
pathway is eliminated by mutation, suggesting a role for INO80 in NHEJ (Morrison 
et al.  2004 ; Tsukuda et al.  2005 ). The  arp5Δ  mutant and to a lesser extent  arp8Δ  
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mutants are also hypersensitive to an HO-induced DSB in a strain background lack-
ing donors for HR repair (Tsukuda et al.  2005 ; van Attikum et al.  2004 ); whether 
this difference in sensitivity refl ects a functional difference in the INO80 complex 
in the absence of the two subunits is not known. 

 Several lines of evidence indicate that INO80 is also associated with DSB repair 
by HR. Some of the strongest evidence comes from a study in Arabidopsis, which 
showed that the frequency of HR was reduced to 15 % of wild-type cells in a mutant 
defective for INO80 expression (Fritsch et al.  2004 ). Moreover, in budding yeast, 
HR frequencies are approximately fourfold lower in an  arp8Δ  mutant compared 
with a wild-type strain in both a mating type switching assay and in an allelic 
recombination assay in diploids. What is the role of INO80 in HR? Two opposing 
views have been put forward. First, it has been proposed that INO80 facilitates DNA 
end processing, which is a prerequisite for initiation of the HR pathway. This is 
based on the report that the formation of ssDNA at MAT is reduced in an  arp8Δ  
mutant in a quantitative PCR-based amplifi cation assay (van Attikum et al.  2004 ). 
However, a second report, using both a Southern blot assay to detect strand resec-
tion at MAT and a recruitment assay to measure the association and spreading of 
RPA with single-stranded MAT DNA concluded that strand resection occurs nor-
mally in an  arp8Δ  mutant. This study also revealed that recruitment of the Rad52 
and Rad51 strand invasion proteins to the MAT DSB is delayed in an  arp8Δ  mutant, 
with RPA being displaced more slowly than in wild-type cells (Tsukuda et al.  2005 ). 
Nonetheless, the picture that has emerged is that INO80 enhances the recruitment of 
strand annealing factors to broken DNA ends either by regulating strand resection 
or by promoting the displacement of RPA from ssDNA. 

 As a major component of the cell, actin performs many important functions in 
the cytoplasm, through its ability to polymerize in a dynamic fashion, as well as to 
interact with other proteins and lipids (Cooper and Schafer  2000 ; Olave et al.  2002 ; 
Pollard et al.  1994 ; Sheterline and Sparrow  1994 ). Despite increasing evidence sug-
gesting that actin is in the nucleus and may play roles in many nuclear functions, the 
research on nuclear actin was stalled by the lack of unambiguous demonstrations of 
an actin function in the nucleus both in vivo and in vitro. However, in a recent study, 
using temperature-sensitive actin mutants and employing biochemical approaches, 
it has been shown that actin participates as a monomer in INO80 chromatin remod-
eling by acting as an interacting surface/chaperone to facilitate the INO80 interac-
tion with chromatin (Kapoor et al.  2013 ). Since actin and Arp4 are consistently 
present in several chromatin-modifying complexes, such as INO80, SWR1, and 
NuA4 (Shen et al.  2000 ; Galarneau et al.  2000 ; Mizuguchi et al.  2004 ), and the loss 
of Arp8 in the INO80 complex results in the loss of actin and Arp4 (Shen et al. 
 2003a ), it can be argued that actin and Arp4 form a dimer and may represent a evo-
lutionarily conserved and basic module involving nuclear actin. This actin/Arp4 
module could be used repeatedly in combination with other Arps and proteins to 
suit specifi c functions in different chromatin modifying-complexes. 

 Nhp10, an HMG-1 like protein, has been revealed as a potential subunit of 
INO80 complex (Shen et al.  2003a ; Gavin et al.  2002 ; Uetz et al.  2000 ) that binds 
to structured DNA or nucleosomes. Deletion of Nhp10 results in the loss of Ies3, 
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indicating that Nhp10 is important for recruitment of Ies3 into the complex. 
Moreover, an INO80 complex that lacks Nhp10 has reduced DNA binding activity 
but was able to mobilize nucleosome, suggesting that Nhp10 (and Ies3) has a less 
important role in chromatin remodeling compared to actin and Arps (Shen et al. 
 2003a ). Recently, it was shown that Nhp10 (and/or Ies3) play an important role in 
recruitment of INO80 complex to DNA DSBs by mediating the interaction 
between the INO80 complex and the phosphorylated yeast H2A (γ-H2AX) 
(Morrison et al.  2004 ). Taken together, it seems that Nhp10, a unique subunit of 
the INO80 complex, mediates specifi c interactions with other factors, rather than 
playing an essential role in chromatin remodeling. Taf14 (also known as Swp29, 
Taf30, Tfg3, Anc1, and TafII30) is a subunit of Mediator, TFIID, TFIIF, SWI/
SNF, NuA3, NuA4, and INO80 complexes (Shen et al.  2003a ; Cairns et al.  1996b ; 
Henry et al.  1994 ; John et al.  2000 ; Kim et al.  1994 ; Poon et al.  1995 ). Using yeast 
two-hybrid screening, it has been shown that Taf14 interacts with the key or cata-
lytic subunits (such as Ino80 in the INO80 complex) of each complexes men-
tioned above, thereby suggesting that it plays a common regulatory role (Kabani 
et al.  2005 ). The Taf14 protein contains a conserved YEATS domain, which is 
also found in Yaf9, a component of NuA4 and SWR1 complexes (Bittner et al. 
 2004 ; Zhang et al.  2004 ), and in Sas5, a component of the SAS complex involved 
in chromatin silencing (Shia et al.  2005 ; Sutton et al.  2003 ). However, the func-
tion of this domain is still unclear.  taf14  null mutants display decreased transcrip-
tion, defects in actin organization and hypersensitivity to heat, caffeine, 
hydroxyurea, UV irradiation, and methyl methanesulfonate (Henry et al.  1994 ; 
Zhang et al.  2004 ; Welch and Drubin  1994 ; Welch et al.  1993 ). Moreover, it has 
also been shown that Taf14 is involved in actin function and cell cycle arrest 
through Rad53 and Mec1, which play important roles in DNA damage responses 
(Welch and Drubin  1994 ; Li and Reese  2000 ). 

 Chromatin remodeling has also been linked to histone displacement in vivo dur-
ing transcription initiation, suggesting that remodeling “primes” nucleosomes for 
removal by factors such as histone chaperones (Adkins et al.  2004 ; Boeger et al. 
 2003 ; Lorch et al.  2006 ; Reinke and Horz  2003 ). Nucleosome loss is the most dra-
matic way to expose factor-binding sites and has emerged as a general mechanism 
to increase chromatin accessibility during both the initiation and elongation phases 
of transcription and now seems to apply at DSB sites as well. Nucleosome position-
ing is disrupted and core histones are lost in an ~5–6-kb region around the MAT 
DSB within 2 h after the break is formed, and these events are dependent on the 
remodeling activity of INO80 (Tsukuda et al.  2005 ). Because the kinetics of Rad51 
recruitment to the MAT DSB coincides with the kinetics of nucleosome loss, it has 
been proposed that a primary function of INO80 remodeling is removal of nucleo-
somes at the recipient broken chromosome to enable strand invasion proteins to 
bind to DNA (Tsukuda et al.  2005 ). A second consequence of INO80-mediated 
nucleosome loss is that it leads to removal of nucleosomes containing phospho- 
H2A. The dephosphorylation of phospho-H2A occurs before DNA repair is com-
pleted and is required for recovery from arrest at the DNA damage checkpoint 
(Keogh et al.  2006 ). 
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 It was recently suggested that the protein phosphatase Pph3 dephosphorylates 
phospho-H2A that is no longer chromatin associated (Keogh et al.  2006 ). Thus, 
nucleosome loss at the MAT DSB site could serve at least two roles: promoting HR 
factor assembly on ssDNA and displacing phospho-H2A–H2B dimers that could 
serve as a substrate for Pph3-dependent dephosphorylation. Even though INO80 
can move nucleosomes in  cis  along the chromatin fi ber, it is unlikely on its own to 
be responsible for the loss of large numbers of nucleosomes at the DSB (estimated 
to be at least ten nucleosomes on each side of the break). It is more likely that a 
histone chaperone cooperates with INO80 to displace nucleosomes around the 
DSB. A good candidate for such a chaperone is the evolutionarily conserved Asf1 
protein, which has global roles in chromatin disassembly in the cell and has also 
been implicated in DSB repair (Adkins and Tyler  2004 ; Prado et al.  2004 ). It is also 
possible that additional chromatin remodeling factors, working in concert with 
INO80, are able to displace nucleosomes around a DSB. Consistent with the idea 
that INO80, like SWI/SNF and RSC, directly participates in DSB repair. The Ino80 
catalytic subunit is recruited to the MAT locus after DSB formation. Its recruitment 
depends on phospho-H2A and the INO80 Nhp10 and Arp4 subunits, both of which 
interact with chromatin (Morrison et al.  2004 ; Tsukuda et al.  2005 ; van Attikum 
et al.  2004 ; Downs et al.  2004 ). Phospho-H2A is formed normally in an  arp8Δ  
mutant, indicating that the histone modifi cation is at the head of a pathway that 
signals INO80 recruitment. However, histone loss at the MAT DSB occurs normally 
in an H2A mutant that cannot be phosphorylated, and thus histone displacement is 
independent of newly recruited INO80 (Tsukuda et al.  2005 ). This apparent contra-
diction is partly explained by the observation that there is a pool of INO80 at MAT 
even before the DSB is formed. INO80 is reported to have a role in transcription of 
the MAT regulatory genes (Shen et al.  2003b ), and the DSB has been postulated to 
activate the nucleosome remodeling activity of this pool (Tsukuda et al.  2005 ). The 
additional recruitment of INO80 to the MAT locus after DSB formation could serve 
to regulate other aspects of NHEJ or HR. However, a preexisting pool of INO80 is 
unlikely to be present at every genomic location where a DSB is formed. Thus, at 
these locations, recruitment of INO80 by phospho-H2A is thought to be more 
important to provide nucleosome remodeling and/or eviction activities. 

 The recruitment and activation of INO80 seem to be regulated by different fac-
tors, and interestingly, the MRX complex again seems to be involved. MRX also 
regulates 5′–3′ strand resection at DSBs (Bressan et al.  1999 ; Usui et al.  2001 ). 
Importantly, an  mre11Δ  mutant shows a defect in nucleosome displacement at the 
MAT DSB that is even more severe than that of an  arp8Δ  mutant, and Rad51 recruit-
ment is also more delayed (Tsukuda et al.  2005 ). These results suggest that MRX 
has a novel role in nucleosome loss and that this role occurs through two path-
ways—one that activates the remodeling activity of INO80 and a second that regu-
lates strand resection. This additionally suggests that INO80 cannot effi ciently 
catalyze nucleosome displacement in the absence of substantial amounts of ssDNA. 
A key question is how MRX activates INO80; does it act directly or indirectly? So 
far there is no report for the direct activation of INO80 by MRX; however, INO80 
has been shown to be phosphorylated on the Ies4 subunit in a Mec1- and 
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Tel1- dependent manner after DNA damage to regulate the cell cycle checkpoint. 
Tel1 is a known binding partner for MRX, suggesting that MRX may activate 
INO80 indirectly by Tel1. It may also be possible that some subunits other than Ies4 
are posttranslationally modifi ed to regulate the activity of INO80.  

   SWR1 

 The SWR1 complex, a histone exchange factor, has been found to specifi cally 
exchange histone H2A in nucleosomes for its variant H2AZ (Mizuguchi et al.  2004 ; 
Kobor et al.  2004 ; Krogan et al.  2003 ). Histone variants are distinct nonallelic forms 
of major-type core histones, and in contrast to the canonical histones, which are 
expressed and deposited into chromatin during DNA replication, histone variants 
are often expressed throughout the cell cycle, and their incorporation is often repli-
cation independent (Henikoff and Ahmad  2005 ). Recently, genome-wide studies 
demonstrated that yeast H2AZ (Htz1) is globally localized to most of the gene pro-
moters in euchromatin and generally present in the single nucleosomes that fl anks a 
nucleosome-free region that contains the transcription initiation site (Guillemette 
et al.  2005 ; Raisner et al.  2005 ; Zhang et al.  2005 ). 

 The purifi ed yeast SWR1 complex contains 14 subunits (Fig.  12.4 ) (Mizuguchi 
et al.  2004 ; Wu et al.  2005 ), where actin, Arp4, Rvb1, and Rvb2 are shared subunits 
with INO80 complex, and actin, Arp4, Swc4, and Yaf9 are the shared subunits with 
NuA4 histone acetyltransferase complex (Shen et al.  2000 ; Doyon and Cote  2004 ). 
Interestingly, Htz1/H2AZ is associated with the purifi ed SWR1 complex, and it has 
been observed that  swr1  mutants and the  htz1  mutant share similar phenotypes in 

  Fig. 12.4    The SWR1 
chromatin remodeling 
complex: SDS-PAGE and 
Coomassie  Blue stain  
showing the identity of 
subunits of the SWR1 
(SWR1.com), purifi ed by 
single step FLAG- 
immunoaffi nity 
chromatography from yeast 
whole cell extract. Adapted 
from G. Mizuguchi, X. Shen, 
J. Landry, W. H. Wu, S. Sen, 
and C. Wu,  Science  303, 344 
(2004) with permission       
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budding yeast, thus suggesting a functional and genetic link between Htz1 and the 
SWR1 complex. Swr1 is a Swi2/Snf2-related ATPase and just like INO80 also con-
tains the core ATPase with a split conserved ATPase domain. Similar to the INO80 
complex, the SWR1 complex exhibits nucleosome-stimulated ATPase activity 
(Mizuguchi et al.  2004 ). Swr1 is the key catalytic subunit in the complex, which is 
crucial for its function since the catalytic site mutant (K727G) of Swr1 fails to res-
cue the  swr1  null phenotype, and the SWR1 complex containing the Swr1 K727G 
mutation fails to catalyze replacement of H2A with H2AZ in vitro (Mizuguchi et al. 
 2004 ). It was shown that an N-terminal region (N2) ending just before the ATPase 
domain of Swr1 is responsible for the binding of Arp4, Act1, Swc4, Swc5, and 
Yaf9; whereas the conserved ATPase domain, including the insert region, is crucial 
for the association of other components such as Swc2, Swc3, Rvb1, Rvb2, Arp6, 
and Swc6 (Wu et al.  2005 ). These results indicate that Swr1 is essential for the 
integrity of the complex and suggest that the INO80 and SWR1complexes share 
signifi cant structural similarities. Swc2 is the second largest subunit in the SWR1 
complex and is responsible for Swc3 association since removal of Swc2 results in 
the loss of Swc3 from the complex. However, Swc2 does not interact directly with 
Swr1, the scaffold of the complex, rather its association is bridged by Swc6 and 
Arp6 (Wu et al.  2005 ). The N-terminal region (1–281) of Swc2 displays strong 
binding affi nity with Htz1 and was identifi ed as the widely conserved H2AZ bind-
ing region because its metazoan counterpart, YL-1, is capable of binding to Htz1 
selectively over H2A. The M6 region of Htz1 (the C-terminal α-helix), an essential 
region for Htz1 function, was found to be necessary for the association between 
Htz1 and the SWR1 complex. The acidic nature of Swc2 (1–281) and its ability to 
bind histones suggest that Swc2 is a histone chaperone-like subunit in the complex. 
The function of Swc3 remains unclear since the loss of Swc3 has no effect on asso-
ciation of other subunits including histones in the SWR1 complex, and in vitro 
histone exchange activity of SWR1 is unaffected in  swc3  mutants (Wu et al.  2005 ).

   Swc5 is another subunit whose elimination does not infl uence the integrity of the 
SWR1 complex or Htz1 binding. However, it was found that Swc5 is necessary for 
functional replacement of Htz1. Interestingly, the purifi ed SWR1 complex lacking 
Swc5 exhibits increased nucleosome-binding ability (Wu et al.  2005 ), suggesting 
that Swc5 may regulate the interaction between the SWR1 complex and chromatin 
during the Htz1 replacement process in vivo. Swc4 (also called God1, Eaf2) is 
encoded by an essential gene, and its mammalian homolog is DNA methyltransferase- 
associated protein 1 (DMAP1) (Rountree et al.  2000 ). Swc4 bears a SANT domain, 
which is present in several chromatin remodeling and HAT complexes and is crucial 
for their functions (Boyer et al.  2002 ,  2004 ). However, the function of Swc4 is still 
unknown. It was shown by yeast two-hybrid screening that Swc4 binds directly to 
Yaf9, another subunit of the SWR1 complex (Bittner et al.  2004 ), and that removal 
of Yaf9 results in the loss of Swc4 from the complex. Thus, the association of Swc4 
is dependent on Yaf9 (Wu et al.  2005 ). Yaf9 is similar to, and was named after AF9, 
a human leukemogenic protein (Corral et al.  1996 ). Yaf9 is also similar to Taf14 
(a component of INO80 complex) and also contains a conserved YEATS (Yaf9-ENL- 
AF9-Taf14-Sas5) domain. The YEATS protein family is essential in  S. cerevisiae  as 
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a strain lacking all three family members (Yaf9, Taf14, and Sas5) is nonviable, 
although none are essential individually (Zhang et al.  2004 ). In vitro studies revealed 
that Yaf9/Swc4 are required for Htz1 transfer, but not for Htz1 and nucleosome 
binding (Wu et al.  2005 ).  yaf9Δ  strains display reduced Htz1 deposition at telomere 
proximal genes and transcriptional profi les and phenotypes similar to  htz1Δ  mutants 
(Zhang et al.  2004 ). Taken together, these data suggest that Yaf9 and/or Swc4 plays 
an important role in Htz1 deposition. 

 Swc6 and Arp6 are mutually responsible for Swc2 and Swc3 association, 
since removal of either Swc6 or Arp6 results in the loss of all four subunits from 
the SWR1 complex. However, in the absence of Swr1, Swc2 does not associate 
with either Swc6 or Arp6, although Swc6 and Arp6 still tightly associate with 
each other.. As for their functional role in the SWR1 complex, it was revealed 
that Swc6 and Arp6 are required for Htz1 and nucleosome binding, as well as 
Htz1 exchange (Wu et al.  2005 ). Arp6 has been found in budding yeast, fi ssion 
yeast,  Arabidopsis , fruit fl y, chicken, and humans (Kato et al.  2001 ; Martin-
Trillo et al.  2006 ), indicating that it is important for conserved biological func-
tions. Fission yeast Arp6 was found to be required for transcriptional silencing at 
telomeres (Ueno et al.  2004 ). Furthermore, both  Drosophila  and vertebrate Arp6 
have been found to interact with heterochromatin protein 1 (HP1) and co-localize 
with HP1 in the pericentric heterochromatin (Frankel et al.  1997 ; Ohfuchi et al. 
 2006 ). Interestingly, proper interaction of mammalian HP1α with chromatin is 
disrupted in the absence of H2AZ (Rangasamy et al.  2004 ) In vitro studies 
showed that HP1α had an approximately 2.5-fold higher affi nity for H2AZ-
containing chromatin (Fan et al.  2004 ). 

 These fi ndings suggest that metazoan HP1 and H2AZ, which are deposited by a 
SWR1 complex that contains Arp6, function together to play an important role in 
heterochromatin formation. However, it remains uncertain whether the Arp6 pro-
teins in these studies function by themselves or as components of complexes 
similar to the SWR1 chromatin remodeling complex in budding yeast. Swc7 and 
Bdf1 (Bromodomain Factor 1) are the only two subunits whose assemblies have not 
been defi ned in the SWR1 complex. Bdf1 has two bromodomains (acetyl-lysine 
binding domains), a motif present in a number of proteins involved in transcription 
and chromatin modifi cation, and associates substoichiometricly with yeast TFIID. 
Bdf1 and its homolog, Bdf2, are genetically redundant (Matangkasombut et al. 
 2000 ). However, only Bdf1 preferentially binds to acetylated histone H3 and H4 
(Ladurner et al.  2003 ; Matangkasombut and Buratowski  2003 ) and associates with 
TFIID and SWR1 complex. Bdf1 was determined to be a subunit of Swr1 complex 
because it associates with several immuno-purifi ed Swr1 complex components 
(Kobor et al.  2004 ). To date, the most attractive recruitment model of the SWR1 
complex is that Bdf1 recognizes a specifi c H3 and H4 acetylation pattern and 
recruits the SWR1 complex, which deposits Htz1 at these chromatin loci (Raisner 
et al.  2005 ; Zhang et al.  2005 ). Interestingly, Bdf1 is known to be phosphorylated 
(Adkins et al.  2004 ). Therefore, the interaction between Bdf1 and acetylated histones 
and/or recruitment of TFIID and the SWR1 complex might be regulated by the 
phosphorylation status of Bdf1. 
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 The SWR1 complex is conserved among eukaryotes. In  Drosophila , histone 
variant H2Av is a bifunctional molecule since it harbors conserved sequences of 
both H2AZ and H2AX. It was demonstrated that phosphorylated H2Av in chro-
matin could be acetylated and replaced with an unmodifi ed H2Av by the Tip60 
complex, a  Drosophila  homolog of the SWR1 complex (Kusch et al.  2004 ). More 
interestingly, the Tip60 complex appears to be a fusion of yeast SWR1 and NuA4 
since most subunits of the Tip60 complex have yeast homologues present in 
either SWR1 or NuA4 complexes in yeast (Doyon and Cote  2004 ; Raisner and 
Madhani  2006 ). Similarly, the human Tip60 complex is also a fusion of SWR1 
and NuA4 complexes. The SRCAP (Snf2-related CREB-binding protein activa-
tor protein) complex is another SWR1 complex in human and was found to be 
able to replace preexisting nucleosomal H2A-H2B dimers with H2AZ-H2B 
dimers in an ATP- dependent manner (Raisner and Madhani  2006 ; Ruhl et al. 
 2006 ). Domino is the Swr1 ATPase homolog in  Drosophila , and the human Swr1 
orthologues are SRCAP and p400, primarily known for their roles in transcrip-
tion (Cai et al.  2005 ). The Tip60 acetyltransferase, which is the homolog of yeast 
Esa1, is the HAT in these complexes. Although yeast SWR1 complex does not 
co-purify with the NuA4 complex (the major HAT for histones H2A and H4), 
growing evidence suggests that they work together to regulate H2AZ deposition. 
Furthermore, genome-wide studies revealed that both the NuA4 complex and the 
Gcn5 acetyltransferase (the HAT for histones H2B and H3) are required for effi -
cient recruitment of Htz1, indicating that specifi c histone acetylation patterns 
play an important role in H2AZ deposition. 

 Similar to the INO80 complex, emerging evidence suggests that the SWR1 com-
plex may also play a role in DNA repair. First of all,  swr1  mutants are hypersensi-
tive to DNA damage-inducing agents (MMS and hydroxyurea) (Mizuguchi et al. 
 2004 ; Kobor et al.  2004 ). Second, it was demonstrated that the purifi ed SWR1 com-
plex specifi cally binds to H2A phosphoserine-129 peptides in vitro .  The NuA4 
complex and Rvb1-containing complexes, which may be INO80 and/or 
SWR1complexes, are recruited to DSB sites in vivo (Downs et al.  2004 ). The HAT 
activity of the human Tip60 complex, which is a fusion of NuA4 and SWR1 com-
plexes, has been implicated in ATM signal pathway activation and DNA repair 
(Ikura et al.  2000 ; Sun et al.  2005 ). In addition, the  Drosophila  Tip60 complex is 
required for acetylation of phospho-H2Av at DNA lesions and subsequent replace-
ment with unmodifi ed H2Av (Kusch et al.  2004 ). As previously mentioned, the 
INO80 subfamily prominently and specifi cally associates with γ-H2AX and H2AZ, 
which have important roles in specifying the functions of the INO80 and SWR1 
complexes in processes that maintain genome stability. The histone variant H2AX 
is phosphorylated on its C-terminus by ATM and ATR (or Tel1 and Mec1) in chro-
matin regions that surround damaged DNA (Burma et al.  2001 ; Ward et al.  2001 ) 
and is also a crucial component of DNA damage responses. Defects in the regula-
tion of H2AX phosphorylation lead to alterations in the DNA damage checkpoint, 
genomic instability, and cancer predisposition in mice (Downs et al.  2000 ; Bassing 
et al.  2003 ; Celeste et al.  2003a ; Keogh et al.  2006 ). γ-H2AX participates in the 
maintenance of genome integrity by serving as docking sites for several DNA 
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damage response components (Celeste et al.  2003b ; Nakamura et al.  2004 ; Paull 
et al.  2000 ; Unal et al.  2004 ), including the INO80 and SWR1 complexes, thereby 
focusing the activity of these factors to regions that are proximal to the damage site.   

12.2.2.4     INO80 and SWR1 in DNA DSB Repair 

 As previously mentioned, the  S. cerevisiae  INO80 and SWR1 complexes bind directly 
to sites of DNA DSBs through their association with γ-H2AX (Morrison et al.  2004 ; van 
Attikum et al.  2004 ,  2007 ). In particular, these complexes are required for proper pro-
cessing of the DNA ends that are involved in the DSB (Fig.  12.5 ). Specifi cally, the 
 S. cerevisiae  INO80 complex infl uences the proximal eviction of nucleosomes sur-
rounding DSBs, including nucleosomes that contain γ-H2AX and H2AZ. Deletion of 
 arp8 , which reduces the in vitro chromatin remodeling activity of the INO80 complex 
(Shen et al.  2003a ), or deletion of  nhp10 , which decreases the recruitment of the INO80 
complex to DSB, results in defective nucleosome eviction in regions proximal to the 
DSB (Tsukuda et al.  2005 ,  2009 ; van Attikum et al.  2007 ), and in chromatin of the 
homologous donor locus (Tsukuda et al.  2009 ). Impaired nucleosome eviction seems to 
alter the subsequent steps that facilitate the DNA damage response, owing to the reduced 
association of repair and checkpoint factors with the site of the DSB. Thus, this suggests 
that the presence of nucleosomes at repair sites impedes the association of proteins that 
facilitate these processes. For example, mutants of the INO80 complex in  S. cerevisiae  
have defects in the association of the Mre11 nuclease with DSBs, and defects in the 
Mre11- mediated promotion of single-stranded DNA, which is a prerequisite for repair 
through HR (van Attikum et al.  2004 ,  2007 ; Morrison et al.  2007 ).

   The fi nding that the INO80 complex directly infl uences single-stranded DNA 
resection is controversial—a separate study did not observe this defect in single- 
stranded DNA production (Tsukuda et al.  2005 ). Moreover, another study has ques-
tioned whether nucleosome eviction is a determinant or a consequence of single-stranded 
DNA production because these two events are tightly linked and are diffi cult to sepa-
rate experimentally (Chen et al.  2008 ). Nevertheless, a downstream event of DNA 
resection, namely the invasion of the single stranded DNA into the homologous donor 
locus, is impaired in an  arp8  mutant (Tsukuda et al.  2009 ). The association of other 
DNA damage response factors, such as Mec1 and Rad51, is also decreased in this  arp8 
Δ  mutant (Tsukuda et al.  2005 ,  2009 ; van Attikum et al.  2007 ). Conversely, the yeast 

Fig. 12.5 (continued) INO80 production of single-stranded DNA. During HR, the single-stranded 
DNA-binding protein replication protein A (RPA) and the Mec1 checkpoint kinase bind to resected 
DNA. The cohesin complex assists in holding the sister chromatids together. The Rad52 epistasis 
group, which includes Rad51, Rad52, and Rad54, facilitate the search for and synapsis of homolo-
gous DNA sequences. A Holliday junction is formed between the two DNA strands, followed by 
DNA synthesis and resolution of the junction. During NHEJ, the SWR1 complex promotes the 
association of Ku80 to the DNA ends, a component of the Ku70–Ku80 complex that is required for 
NHEJ. Repair is then completed following ligation of the DNA ends. Mutants of the INO80 com-
plex have defects in HR and NHEJ, whereas mutants of the SWR1 complex have defects in error-
free NHEJ (From  Nature Reviews Molecular Cell Biology  2009)       
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  Fig. 12.5    INO80 and SWR1 complexes regulate double-strand break repair: The  S. cerevisiae  
kinases Tel1 and Mec1 (ataxia telangiectasia (A-T) mutated (ATM) and A-T and RAD3-related 
(ATR) in mammals) phosphorylate H2AX after the creation of a double-strand break, which can 
be repaired by homologous recombination (HR) or nonhomologous end joining (NHEJ). During 
HR and NHEJ, the INO80 and SWR1 complexes bind to phosphorylated H2AX. The INO80 com-
plex is involved in nucleosome eviction proximal to the break site. The DNA ends are then recog-
nized by the Mre11–Rad50–Xrs2 (MRX) complex. The Mre11 nuclease is involved in the 
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SWR1 complex does not affect nucleosome eviction at DSBs (van Attikum et al. 
 2007 ). However, deletion of its chromatin substrate Htz1, which is transiently enriched 
at DSB sites, results in decreased production of single stranded DNA and reduced 
association of Rad51 to DSB proximal regions (Kalocsay et al.  2009 ). The SWR1 
complex is also needed for effi cient recruitment of Mec1 and Ku80 to DSBs, which are 
required for NHEJ (van Attikum et al.  2007 ). In addition, deletion of  htz1  results in the 
inability of a persistent DSB to localize to the nuclear periphery (Kalocsay et al.  2009 ), 
a rather enigmatic event that promotes DNA repair (Nagai et al.  2008 ). 

 Defects in the chromatin remodeling activity of INO80 subfamily complexes 
ultimately results in defi cient DNA repair. For instance, mutants of the Arp subunits 
in the  S. cerevisiae  INO80 complex have defects in NHEJ (van Attikum et al.  2004 , 
 2007 ) as well as the HR pathway (Kawashima et al.  2007 ). In  arp8  mutants, when 
HR repair does occur, gene conversion often consists of large and discontinuous 
DNA tracts that might result from unstable heteroduplex DNA that forms during 
strand invasion and branch migration (Tsukuda et al.  2009 ). Indeed, mutants of the 
INO80 complex in plants and mammals also display defects in DSB repair (Fritsch 
et al.  2004 ; Wu et al.  2007 ), suggesting conserved mechanisms for the INO80 com-
plex in this pathway. By contrast, the  S. cerevisiae  Swr1 ATPase subunit does not 
seem to function in HR, but rather participates in the error-free NHEJ pathway (van 
Attikum et al.  2007 ; Kawashima et al.  2007 ). These results show that different com-
plexes in the INO80 subfamily can contribute to distinct repair mechanisms, in part 
owing to the function of specialized subunits in each complex.  

12.2.2.5     INO80 and SWR1 Infl uence Checkpoint Pathways 

 Checkpoint pathways function cooperatively with DNA repair pathways by altering cell 
cycle kinetics, which allows repair of damaged DNA and reentry into the cell cycle 
(Branzei and Foiani  2008 ; Harrison and Haber  2006 ). For example, the production of 
single-stranded DNA during DNA repair is required for the recruitment and activation 
of the checkpoint Mec1 kinase (Lisby et al.  2004 ; Nakada et al.  2004 ; Zou and Elledge 
 2003 ). Mec1 then activates downstream effector kinases that target proteins to arrest the 
cell cycle (Sweeney et al.  2005 ). Additional checkpoint proteins, such as  S. cerevisiae  
Rad9 (53BP1 in mammals), bind to damage sites in a γ-H2AX-dependent manner and 
assist in the activation of downstream checkpoint signaling components (Ward et al. 
 2001 ; Celeste et al.  2003b ; Nakamura et al.  2004 ; Gilbert et al.  2001 ). The Ies4 subunit 
of the INO80 complex is phosphorylated by the Tel1 and Mec1 kinases to modulate 
DNA replication checkpoint responses without altering DSB repair processes (Morrison 
et al.  2007 ). Activation of the S-phase checkpoint delays replication origin fi ring, and 
cells carrying mutations that mimic phosphorylated Ies4 display inappropriately ele-
vated S-phase checkpoint activation. In cells with mutations that prevent Ies4 phos-
phorylation, deletion of the  tof1  checkpoint factor [which mediates the DNA damage 
checkpoint response during exposure to replication stress (Katou et al.  2003 ; Tourriere 
et al.  2005 )] causes dramatic defects in the ability to resume the progression of the cell 
cycle when the replication stress is removed. These results suggest redundant or 
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compensating roles between Tof1 and phosphorylated Ies4 in the cell cycle checkpoint 
pathway. Thus, the INO80 complex is capable of many distinct activities in DNA dam-
age response pathways, such as the repair of DSBs and the regulation of the replication 
checkpoint, in part by using specifi c subunits such as Nhp10 and Ies4. 

 Both INO80 and SWR1 complexes in  S. cerevisiae  regulate the abundance of 
H2A variants in chromatin following exposure to DNA-damaging agents 
(Papamichos-Chronakis et al.  2006 ). This infl uences checkpoint adaptation—a par-
ticularly rare occurrence in which the cell survives despite the presence of a persis-
tently unrepaired DSB (Papamichos-Chronakis et al.  2006 ). Moreover, a recent 
report shows that deletion of  swr1  or the  htz1  histone variant in  S. cerevisiae  results 
in delayed checkpoint activation in response to a single persistent DSB (Kalocsay 
et al.  2009 ). Chromatin remodeling activities that alter the levels of γ-H2AX might 
indirectly regulate the abundance of DNA damage proteins that bind to γ-H2AX 
and activate cell cycle checkpoints at sites of DNA damage as well as the subse-
quent dissociation of these proteins to facilitate checkpoint recovery. Alternatively, 
the chromatin remodeling activity of INO80 subfamily complexes might produce 
DNA substrates that activate checkpoint factors. Indeed, mutants of the INO80 sub-
family in  S. cerevisiae  that have reduced single-stranded DNA also have decreased 
recruitment of the checkpoint factor Mec1 to DSBs along with delayed checkpoint 
activation (van Attikum et al.  2007 ).    

12.3     Chromatin Remodeling During DNA Replication 

 DNA replication is a highly complex nuclear process involving the interdependent 
activity of many factors that function in all phases of the cell cycle. Evidence sug-
gests that, apart from high DNA sequence fi delity, the associated chromatin struc-
ture also has to transfer to the next generation to ensure that both the genetic and the 
epigenetic information remain unaltered over generations. Importantly, specifi c his-
tone–DNA interactions need to be disrupted and reestablished during the cell cycle 
in order to allow faithful and rapid duplication of DNA, as well as associated chro-
matin structures. To achieve this, it is plausible that ATP-dependent chromatin 
remodeling may play important regulatory roles in facilitating many steps of the 
replication process. In this section, we summarize recent fi ndings linking chromatin 
remodeling to DNA replication and address the potential roles of ATP-dependent 
chromatin remodeling in the key stages of DNA replication. 

12.3.1     Before S-Phase 

 DNA replication starts before the S-phase transition with the ordered assembly 
of a multiprotein pre-replicative complex (pre-RC). Formation of the pre-RC 
begins with ORC (origin recognition complex) binding to replication origins. 
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Although the mechanism of ORC recruitment differs among eukaryotes, the 
assembly of pre-RC is conserved. ORC recruits the initiation factors Cdc6 and 
Cdt1 to origins. Cdc6 and Cdt1 are required for loading of the Mcm2-7 proteins 
that function as the replicative helicase during S-phase (Takeda and Dutta  2005 ). 
In  S. cerevisiae , ORC recruitment depends on the recognition of an 11 base pair 
element in the autonomously replicating sequences (ARS) (Bell and Stillman 
 1992 ). In the fi ssion yeast  S. pombe , AT-rich elements appear to be suffi cient for 
specifying a functional origin (Okuno et al.  1999 ; Segurado et al.  2003 ). 
However, in higher eukaryotes, the organization of origins is more complex and 
diffi cult to defi ne, but it seems that epigenetic factors and chromatin structure 
might be important in defi ning origins in higher eukaryotes. Given that ORC 
binding may occur in the context of chromatin, the question arises whether 
chromatin remodeling has a role during DNA replication initiation. Based on 
nucleosome mapping, plasmid stability measurement, and 2D gel analyses, it 
was shown that a plasmid with an altered nucleosome structure next to the ORC 
binding site showed a reduction in DNA replication initiation effi ciency, while 
the ORC binding pattern remained unaltered. Furthermore, alteration of the 
ORC- dependent nucleosome confi guration of a yeast origin compromised ori-
gin function by disrupting pre-RC formation, supporting a positive role for 
nucleosomes at the origin (Lipford and Bell  2001 ). 

 It was shown that the SWI/SNF remodeling complex was required for replica-
tion initiation in a yeast minichromosome assay (Flanagan and Peterson  1999 ). 
Here, the stability of minichromosomes was assessed as a measurement of origin 
of replication function, and it was observed that minichromosomes containing 
ARS1, ARS307, or ARS309 were not signifi cantly altered by inactivation of the 
SWI/SNF complex. In contrast, the stability of a minichromosome that contained 
ARS121 was dramatically reduced in the  swi/snf  mutant compared to the wild 
type. Together, these studies provide indirect evidence that chromatin remodeling 
may be required to move nucleosomes around the replication origin either to 
unmask the ORC binding site, or to confi gure the nucleosomes around the ORC-
binding site to precise positions, allowing ORC to bind and function effi ciently. 
ATP-dependent chromatin remodeling complexes are candidates for achieving 
such nucleosomal movements (Fig.  12.6 ).

   If indeed chromatin remodeling complexes are needed to enhance ORC-
binding or function, these complexes themselves need to be recruited to the rep-
lication origin. One mechanism could be through binding to ORC directly or by 
interacting with other replication initiating factors such as Cdc6 and Cdt1. 
Another potential mechanism could be the direct binding of chromatin remodel-
ing complexes to replication origins, which could be mediated either through 
DNA binding or by recognition of a specifi c DNA replication histone code. The 
INO80 class of ATP-dependent chromatin remodeling complexes is of particular 
interest, since these complexes contain hexameric helicases, Rvb1 and Rvb2, 
which can potentially be used to unwind DNA during replication initiation. 
However, to date no such fi ndings correlate the activity of INO80 chromatin 
remodeling complex to replication initiation.  
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12.3.2     The G1/S Transition 

 During S-phase, pre-RCs initiate replication by promoting origin unwinding and 
facilitating the recruitment of replicative DNA polymerases. This process is regu-
lated by a set of replication factors, the activities of cyclin-dependent kinases 
(CDKs), and the Dbf-dependent kinase (DDK). Cell cycle regulation of DNA repli-
cation ensures that DNA replicates just once during S-phase of each cell cycle. 
Several replication factors must be loaded in order to pass through the G1/S transi-
tion. The MCM complex is thought to be the replicative helicase, and its loading 
correlates with the licensing and activation of a replication origin (Zhou et al.  2005 ). 

  Fig. 12.6    The INO80 complex promotes recovery of stalled replication forks: During replication, 
DNA synthesis is catalyzed by the replisome, which contains polymerases, primases, and heli-
cases. Histone chaperones deposit histones on to newly synthesized DNA. Replication forks stall 
when exposed to replication stress, such as depleted dNTP pools. When this happens, the repli-
some is stabilized by DNA damage response factors, such as the  S. cerevisiae  INO80 complex and 
the Tof1 and Mrc1 checkpoint factors, which activate the intra-S-phase checkpoint to prevent 
replication origin fi ring. On the removal of replication stress, the replication fork recovers and 
DNA synthesis resumes. In the absence of the INO80 complex, fork stability defects occur as the 
replisome is destabilized and some of its components dissociate, leaving others, such as proliferat-
ing cell nuclear antigen (PCNA), at the replication fork. In this case, replication does not restart 
following the removal of replication stress. Accordingly, checkpoint recovery is delayed and DNA 
damage accumulates (From  Nature Reviews Molecular Cell Biology  2009)       
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As mentioned above, ATP-dependent chromatin remodeling is thought to be impor-
tant for the repositioning of nucleosomes preceding the binding of DNA replication 
factors. Therefore, cell cycle changes in chromatin remodeling and histone modifi -
cations at eukaryotic origins might also be important regulatory features controlling 
replication and licensing factors access to DNA. Interestingly, in a recent study, it 
was found that the dyad symmetry (DS) region of origin of plasmid replication 
(OriP) was fl anked by nucleosomes that undergo chromatin remodeling and histone 
deacetylation at the G1/S border of the cell cycle (Zhou et al.  2005 ). These changes 
correlated with MCM3 binding in the G1/S-phase of the cell cycle, suggesting that 
cell cycle changes in chromatin are coordinated with replication licensing at OriP. 
In this study, it was also found that SNF2h (a member of the Swi/Snf family) was 
enriched at DS in G1/S arrested cells. Moreover, depletion of SNF2h inhibited OriP 
replication and decreased G1/S associated binding of MCM3. These results are con-
sistent with a role of SNF2h in the remodeling of nucleosomes, which facilitates the 
loading of MCM3. 

 ATP-dependent chromatin remodeling could potentially play several roles 
during the G1/S transition. As suggested by the SNF2h study, chromatin remod-
eling may be needed to reconfi gure nucleosomes once the pre-RC is formed and 
to facilitate the loading of MCM proteins. Subsequently, the reconfi gured chro-
matin structure may not be conducive to initiation events such as ORC binding. 
The reconfi guration of chromatin at the G1/S transition would therefore be an 
important way to ensure that initiation only happens once at a given origin. 
Similarly, the recruitment of ATP-dependent chromatin remodeling complexes 
at the G1/S transition can be achieved either by interactions with G1/S specifi c 
replication factors or by recognition of a particular pattern of histone modifi ca-
tions at the G1/S transition. Another potential mechanism to achieve tight regu-
lation of chromatin remodeling during the cell cycle could be through cell 
cycle-dependent expression or posttranslational modifi cations of subunits of 
chromatin remodeling complexes.  

12.3.3     Moving Along with the Replication Fork 

 The fi nal step in replication initiation is the loading of the replicative polymerases. 
DNA polymerase alpha (Pol α) is recruited to origins and synthesizes short RNA 
primers for leading and lagging strand synthesis. DNA Pol α is the only polymerase 
that can initiate synthesis de novo on single stranded DNA. After primer synthesis, 
polymerase switching occurs, which replaces DNA Pol α with DNA polymerase 
delta (Pol δ) and/or DNA polymerase epsilon (Pol ε). Processive DNA synthesis 
requires DNA Pol δ and DNA Pol ε to associate with the ring-shaped processivity 
factor, proliferating cell nuclear antigen (PCNA), which encircles DNA and topo-
logically links the polymerase to DNA. PCNA is loaded onto the DNA template by 
the clamp loader, replication factor C (RFC) (Takeda and Dutta  2005 ). 
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 After loading of polymerase, the replication fork is established and it starts moving 
through euchromatin and heterochromatin. There are several ways in which ATP-
dependent chromatin remodeling can potentially contribute at this stage. The load-
ing of DNA polymerases and PCNA may be facilitated by local reconfi guration of 
nucleosomes. In this case, interactions between chromatin remodeling complexes 
and subunits of DNA polymerases, PCNA, or RFC may provide the necessary 
recruitment mechanism. Perhaps more importantly, in order for replication to pro-
ceed through chromatin, it might be necessary to pave the way for the replication 
fork to move without obstacles. In this regard, chromatin remodeling complexes 
might have an important role during fork movement. Interestingly, two remodeling 
complexes have been implicated in heterochromatin replication. RNAi mediated 
depletion of ACF1-ISWI (ATP utilizing chromatin assembly and remodeling factor 
1) has been showed to impair the replication of heterochromatin in HeLa cells 
(Collins et al.  2002 ). It has been demonstrated that ACF1 in a complex with SNF2h 
was required for effi cient DNA replication through highly condensed chromatin. It 
was proposed that ACF1-SNF2h complex might facilitate this process by remodel-
ing chromatin structure to allow movement of the replication fork. Moreover, it has 
also been shown that WSTF (Williams syndrome transcription factor) interacts with 
PCNA directly to target chromatin remodeling by SNF2h to replication foci (Poot 
et al.  2004 ). RNAi depletion of WSTF or SNF2h caused a compaction of newly 
replicated chromatin and increased the amount of heterochromatin markers. 
Furthermore, it has been proposed that the WSTF-SNF2h complex could have a role 
in chromatin maturation and the maintenance of epigenetic patterns through DNA 
replication (Poot et al.  2005 ). Chromatin remodeling by WSTF-SNF2h might keep 
the chromatin open after the replication fork passes, thus creating a window of 
opportunity for the epigenetic machinery to copy all the epigenetic marks, passing 
them on to the next generation with high fi delity. Although it seems that the WSTF- 
SNF2h complex has a direct role in replication, its precise function during elonga-
tion remains to be investigated. Nonetheless, these studies suggest that 
ATP-dependent chromatin remodeling plays important roles during the progression 
of DNA replication, either by clearing the path for the replication fork, or by allow-
ing effi cient transmission of epigenetic memory. 

 Strikingly, in a recent study, it has been shown that the Okazaki fragments during 
replication elongation are sized according to the nucleosome repeat, thereby suggest-
ing a role for nascent chromatin assembly immediately after the passage of replication 
fork (Smith and Whitehouse  2012 ). However, the precise mechanism and the regu-
lated coordination of the factors with the replication fork governing this mechanism 
are still needed to be described. Since chromatin is quickly reassembled after DNA 
replication, mostly through replication-coupled chromatin assembly pathways such as 
the CAF1 and ASF1 pathways, it is also possible that ATP- dependent chromatin 
remodeling complexes facilitate replication-coupled chromatin assembly by enhanc-
ing the movements of histones in and out of the nucleosomes. The involvement of 
ATP-dependent chromatin remodeling in fork progression and its relationship with 
replication-coupled chromatin assembly should be further investigated.  
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12.3.4     Stalled Replication Forks 

 In general, a replication fork pauses after it encounters DNA lesions or when nucle-
otide pools are depleted. Replication forks appear to be able to sense these condi-
tions since checkpoints are activated during S-phase. In this regard, it is of interest 
to highlight the involvement of chromatin remodeling activities in response to DNA 
damage. As discussed in a previous section, several recent studies have directly 
implicated chromatin remodeling activities in DNA repair (Morrison et al.  2004 ; 
van Attikum et al.  2004 ). It is thought that chromatin remodeling might affect DNA 
repair by providing the repair machinery with an exposed or open chromatin envi-
ronment that might facilitate the recruitment of DNA repair proteins. However, it 
can also be argued that chromatin remodeling is needed to form a compact chroma-
tin structure that would hold broken DNA ends close to each other (Fig.  12.5 ). 

 Chromatin remodeling might also assist in the restoration of the chromatin structure 
after DNA damage has been repaired. Interestingly, it was shown that the histone chap-
erone CAF1, important for replication-coupled chromatin assembly, deposits histones 
onto DNA after repair. CAF1 is recruited to sites of NER (nucleotide excision repair) 
and single-strand break repair, probably through interaction with PCNA, an essential 
molecule in the replication fork (Ehrenhofer-Murray  2004 ). Because of the intimate 
links between DNA replication and repair, chromatin remodeling complexes that assist 
DNA repair might also play a role in DNA replication, particularly at stalled replication 
forks. Regulation of DNA replication forks is tightly linked to DNA damage and DNA 
replication checkpoint controls. When replicative polymerases encounter a lesion dur-
ing DNA replication, the replication fork stalls. Then, DNA polymerases capable of 
bypass synthesis have to be loaded. Recent observations have led to the conclusion that 
PCNA, due to its interaction with Pol δ, could be located at the point of polymerase 
stalling and play a role as a recruiting platform. This could promote the switch from 
replicative to trans- lesion polymerases required to re-start the replication fork. This 
observation suggests a window in which chromatin remodeling complexes may play a 
role during replication fork stalling. PCNA or other components, which already move 
with the replication fork, might be able to recruit chromatin remodeling complexes in 
order to assist with replication fork reestablishment after the stall. 

 The roles of chromatin remodeling complexes at the stalled replication forks might 
be similar to those proposed above for sites of DNA repair. Another mechanism by 
which ATP-dependent chromatin remodeling complexes may affect stalled replica-
tion forks is through the checkpoint responses. Recent studies have implicated several 
DNA replication factors in mediating the checkpoint response, such as PCNA, RFC, 
and RPA. It is possible that chromatin remodeling complexes may interact with these 
replication proteins at the stalled replication forks in order to effi ciently activate 
checkpoints, either by facilitating the access of checkpoint proteins to stalled replica-
tion fork, or though direct activation of checkpoints. It is also possible that chromatin 
remodeling complexes exert their function after checkpoint activation by assisting the 
downstream DNA repair process or the loading of alternative polymerases. Finally, 
stability of the replication fork after the stall is important to avoid a collapse of the 
fork, and chromatin remodeling complexes might play an important role at stabilizing 
chromatin structure during the stall and the reestablishment of the fork. Given the 
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multiple potential roles of chromatin remodeling at stalled replication forks and in 
other steps of replication discussed above, it is important to begin investigating the 
involvement of a specifi c chromatin remodeling complex in a systematic way to reveal 
the contribution of ATP- dependent chromatin remodeling to DNA replication.   

12.4     Concluding Remarks 

 Chromatin remodeling is the indispensable requirement of eukaryotic genome during 
almost all kinds of DNA transactions. The ATP-dependent chromatin remodeling 
complexes are the major players to remodel chromatin in context of DNA repair and 
replication. Mechanisms related to some chromatin remodeling complexes, which are 
required during these processes, have been thoroughly studied. However, mecha-
nisms related to some conserved complexes are still vague. Our understanding of 
DNA repair and replication in context of chromatin suggest that chromatin has to be 
relaxed both temporally and spatially to get repair and replication machinery access 
to DNA. Importantly, during these processes, the eviction and repositioning of nucleo-
somes seems to be tightly regulated, which is essential for the maintenance of genome 
integrity over generations. Thus, ATP-dependent chromatin remodeling complexes 
are needed at both the initiation and completion of these processes. How might chro-
matin remodeling complexes work in concert with each other? Is there any mecha-
nism, which keeps these remodeling complexes initially in check and further activates 
when they are required? Or is there any other factor, which helps to cross talk these 
complexes with each other during different stages of DNA repair and replication? 

 Further investigations are necessarily required to address these unanswered 
questions, which may help to clear the fuzzy picture of eukaryotic DNA repair and 
replication in context of chromatin remodeling.     
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