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Abstract

Eukaryotic cells have developed mechanisms to prevent genomic instability, such as DNA damage detection and re-
pair, control of cell cycle progression and cell death induction. The bifunctional compound furocumarin 8-methoxy-
psoralen (8-MOP) is widely used in the treatment of various inflammatory skin diseases. In this review, we
summarize recent data about the role of chromatin remodeling in the repair of DNA damage induced by treatment
with 8-methoxypsoralen plus UVA (8-MOP+UVA), focusing on repair proteins in budding yeast Saccharomyces
cerevisiae, an established model system for studying DNA repair pathways. The interstrand crosslinks (ICL) formed
by the 8-MOP+UVA treatment are detrimental lesions that can block transcription and replication, leading to cell
death if not repaired. Current data show the involvement of different pathways in ICL processing, such as nucleotide
excision repair (NER), base excision repair (BER), translesion repair (TLS) and double-strand break repair.
8-MOP+UVA treatment in yeast enhances the expression of genes involved in the DNA damage response, double
strand break repair by homologous replication, as well as genes related to cell cycle regulation. Moreover, alterations
in the expression of subtelomeric genes and genes related to chromatin remodeling are consistent with structural
modifications of chromatin relevant to DNA repair. Taken together, these findings indicate a specific profile in
8-MOP+UVA responses related to chromatin remodeling and DNA repair.

Keywords: DNA repair, psoralen, chromatin remodeling, histones, DNA interstrand cross-links.

Introduction

Eukaryotic cells have developed mechanisms to pre-

vent genomic instability, such as DNA damage detection

and repair, control of cell cycle progression and cell death

induction (Lobrich and Jeggo, 2007). Recent studies have

revealed the importance of histone modification in the re-

cruitment of proteins involved in the cellular response to

DNA damage (Escargueil et al., 2008; van Attikum and

Gasser, 2009; Lu et al., 2009). In this review, we compile

recent data about the role of chromatin remodeling in the

repair of DNA damage induced by treatment with 8-metho-

xypsoralen plus UVA (8-MOP+UVA), focusing on the re-

spective repair proteins in budding yeast Saccharomyces

cerevisiae, a proven excellent model system for studying

DNA repair pathways (Henriques et al., 1997; Noll et al.,

2006).

8-Methoxypsoralen: DNA Damage and Repair

The bifunctional furocumarin 8-methoxypsoralen

(8-MOP) is widely used in the treatment of various inflam-

matory skin diseases (Dardalhon et al., 2007). The cellular

effects of 8-MOP are due to its ability to bind to pyrimidine

bases in DNA upon UVA irradiation. This binding occurs

in a specific and covalent manner, resulting in the forma-

tion of both monoadducts and interstrand cross-links

(ICLs) (Brendel and Henriques, 2001; Brendel et al., 2003;

Noll et al., 2006). ICL caused by 8-MOP has specific struc-

tural characteristics which distinguish them from ICLs

caused by other alkylating agents such as nitrogen mustard,
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mitomycin C, cisplatin, carmustine and malondialdehyde

(reviewed by Guainazzi and Schärer, 2010). Moreover, the

psoralen-induced ICL can block transcription and inhibit

DNA replication, leading to cell death if not repaired

(Lehoczky et al., 2007). Furthermore, due to the chemical

stability of the cross-links and the facility of psoralen-DNA

ICL synthesis, many studies have addressed DNA repair

using psoralen ICL (Brendel et al., 2003; Noll et al., 2006

Vasquez, 2010; Le Breton et al., 2011).

The repair of ICL in S. cerevisiae is initiated by rec-

ognition of the lesion by the Nucleotide Excision Repair

(NER, Rad4p/Rad23p) mechanism. Subsequently, Rad2p

nicks one of the DNA strands at 3’ to the ICL, while the

Rad1p/Rad10p complex cleaves the same strand at 5’ to the

damage. The incised ICL is flipped out and the opposite

strand serves as a template for the translesion polymerase

machinery that has the ability to bypass the ICL. Next,

cleavage occurs on the opposite strand to completely re-

move the ICL damage, leading to double strand breaks

(DSBs), which then can be repaired by the homologous re-

combination machinery (reviewed by Wood, 2010). In this

process, Pso3p/Rnr4p plays an important role in the regula-

tion of translesion polymerase � in error-prone repair of

psoralen ICL (Brendel et al., 2003). Curiously, genes in-

volved in the NER pathway (RAD2, RAD16 and RAD23)

and the post-replication repair (PRR) pathway (RAD18),

which participates in the repair of 8-MOP+UVA lesions

(Henriques and Moustacchi, 1981; Brendel and Henriques,

2001; Saffran et al., 2004), were not up-regulated by 8-

MOP+UVA treatment in yeast (Dardalhon et al., 2007).

It has been shown that DSBs, formed as repair inter-

mediates of 8-MOP photo-additions in DNA, are preferen-

tially located in intergenic regions, where the TATA boxes

and/or transcription termination consensus sequences are

also situated (Dardalhon et al., 1998). Furthermore it is

known that during the chromatin photoreaction with pso-

ralen, ICLs are preferentially made in the linker DNA be-

tween adjacent nucleosomes (Lucchini and Wellinger,

2001). Recently, Mace-Aime et al. (2010) showed that the

base excision repair (BER) pathway can provide an alterna-

tive pathway for the repair of psoralen-DNA photoadducts

in human cells by the DNA glycosylase NEIL1, which di-

rectly participates in the removal of ICLs.

More than 30 years ago, Henriques and Moustacchi

(1980) isolated a new class of S. cerevisiae mutants sensi-

tive to photo-activated psoralens, so-called pso mutants.

One of the mutant proteins, Pso2p, was shown to partici-

pate in the repair of DSBs induced by DNA inter-strand

cross-linking agents such as cisplatin, nitrogen mustard or

photo-activated bi-functional psoralens. The molecular

function of Pso2p in DNA repair has only partially been

characterized, but yeast and mammalian cell line mutants

for PSO2 show the same cellular responses as strains with

defects in NHEJ, viz. sensitivity to ICLs and apoptosis.

Pso2p/Snm1p is a member of the metallo-�-lactamase fam-

ily of proteins, it has DNA 5’-exonuclease activity in vitro,

and seems to have a specific role in repair of ICL (Magana-

Schwencke et al., 1982; Brendel and Henriques, 2001;

Bonatto et al., 2005).

Pso2p/Snm1p can be directed to incised cross-links to

resect repair intermediates, thus supplying substrates for

downstream repair, such as translesion synthesis (TLS, by

polymerases Rev1, Pol�, Pol�, Pol�, Pol� and Pol�) in G1

phase or homologous recombination (HR) in S- and G2-

phases (Figure 1) (Magana-Schwencke et al., 1982; Bonat-

to et al. 2005; Yan et al., 2010; Cattell et al., 2010).

Pso2p/Snm1p also showed an overlapping role with the

5’-3’ mismatch repair exonuclease Exo1 during HR repair

of collapsed replication forks (Sarkar et al., 2006; Yan et

al., 2010). Hazrati et al. (2008) suggested that hSnm1A is a

functional homologue of the yeast Pso2p/Snm1p. Although

Pso2p/Snm1p binds to the 5’-phosphate moiety, present in

both, DNA or RNA molecules, its activity on double-

stranded substrates is very low (Hejna et al., 2007). Fur-

thermore, Dudás et al. (2007) provided evidence that the

function of Pso2p/Snm1p in repair of ICL-associated DSB

can be individual, without crosstalk with DSB repair ma-

chinery.

DSB Damage Signaling: The Role of �-H2A

One of the first responses triggered by the cells as a

consequence of DSBs formed as intermediates during the
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Figure 1 - Main pathways involved in the repair of 8-MOP+UVA induced

ICL in yeast Saccharomyces cerevisiae. After treatment, ICL is formed

preferentially in linker DNA between adjacent nucleosomes. Initially,

psoralen ICL is recognized by NER machinery and subsequently incised

from one of the DNA strands. Pso2p can be directed to incised cross-links

in order to resect repair intermediates, thus supplying substrates for down-

stream repair such as translesion synthesis (TLS) in G1 phase or homolo-

gous recombination (HR) in S- and G2-phases.



repair of 8-MOP/UVA induced ICL is the fast induction of

H2AX histone phosphorylation (in mammals at serine 139)

surrounding the DSB site. This reaction is catalyzed by

members of the phosphoinositide 3-kinase related protein

kinase (PIKK) family (ATM, ATR and DNA-PK in mam-

malian cells or Tel1p and Mec1p in yeast, Figure 2) (van

Attikum and Gasser, 2005a). In response to DNA damage,

H2A histone is also phosphorylated at serine 129, located

four residues from the carboxy terminus. The phosphoryl-

ated species, referred to as �-H2A (or �-H2AX), spreads up

to 50 kb around the DSB (Gangaraju and Bartholomew,

2007). In addition, H2A serine 122 (or threonine 119 in

mammals) was also shown to be involved in mediating cell

survival after many kinds of DNA damage, but its function

in repair is independent from that of S129 (Ataian and

Krebs, 2006).

The formation of �-H2A results in the recruitment of

several chromatin remodeling complexes at the site of

DNA damage promoting changes in chromatin structure, so

that the repair factors can gain access to the lesion. After

8-MOP+UVA treatment, the accumulation of DNA dam-

age repair proteins occurs in sub-nuclear foci called ioniz-

ing-radiation-induced foci (IRIF), and studies in mice show

that the histone variant H2AX is a core element in IRIF for-

mation, although it is still unclear how proteins are actually

recruited and retained as foci (van Attikum and Gasser,

2009). In yeast, mutations in H2A (Ser129) increase cell

sensitivity to DNA-damaging agents and impair DSB re-

pair. In mice, the mutation or deletion of H2AX impairs or

abolishes the accumulation of DNA damage response pro-

teins into IRIF, suggesting a role of �-H2AX as a key regu-

lator of checkpoint signaling or repair itself (Celeste et al.,

2002; Celeste et al., 2003). H2AX phosphorylation also re-

cruits cohesin complexes to DSBs, which may explain the

formation of a large domain of �-H2AX-containing chro-

matin around DSBs. This prevents the loss of entire chro-

mosome regions, as well as the progression of DNA breaks

to chromosome breaks and translocations, keeping the

DNA ends in close proximity for efficient repair (Altaf et

al., 2007).

The DNA end-binding Mre11-Rad50-Nbs1 (MRN)

complex, which is involved in recognition, signaling and

repair of DSBs in mammalian cells, specifically binds to

the �-H2AX by the Nbs1 subunit. This interaction between

Nbs1 and �-H2AX is required for retention of the MRN

complex at the damaged site, although recent work has

shown that the MRN complex can initiate DNA end resec-

tion and HR repair in an H2AX-independent pathway,

which also starts ATM activation and cell cycle check-

points (Yuan and Chen, 2010). Moreover, 53BP1 and its

yeast homologs Saccharomyces cerevisiae Rad9p and

Schizosaccharomyces pombe Crb2p act as adaptor proteins

between the sensing and effector kinases ATM and Chk1p,

respectively, operating in the checkpoint response to DNA

damage (Sweeney et al., 2005). 53BP1 also interacts with

�-H2AX and depends on it for the checkpoint function

(Altaf et al., 2007). Several studies have demonstrated the

recruitment of chromatin remodeling complexes to DSBs

by �-H2AX. Indeed, in yeast, the �-H2A binder list includes

the histone acetyltransferase (HAT) NuA4, as well as the

chromatin remodeling complex proteins INO80 and SWR1

(Table 1).

Role of Chromatin Remodeling in DNA Damage
Repair

The recruitment of chromatin remodeling complexes

to the site of DNA damage is essential to allow changes in

chromatin structure, thus enabling the access and retention

of repair factors to the lesion. It is worthy of note that

changes in chromatin structure induced by the lesion itself

also play a role in their recognition. The chromatin struc-

ture can suffer post-translational modifications of histones,

incorporation of histone variants and ATP-dependent re-

modeling (Wang et al., 2009). The emerging concept is

“access-repair-restore”, in which changes in chromatin

structure modulate: a) the access of repair factors to the

damaged site, b) their retention until the end of the repair

process, and c) the restoration of chromatin to its initial

state. 8-MOP/UVA treatment in yeast enhances the expres-

sion of genes involved in the DNA damage response

(RNR2, DUN1), in DSB repair by HR (RAD54, RAD51) as

well as genes of the Mec1p/Rad53p kinase signaling cas-

cade (Dardalhon et al., 2007). Other induced genes are

NSE1 (encoding a protein component of the SMC5 SMC6-

complex), PAK1 (encoding an upstream kinase for the

SNF1 complex), YRF1-2 (a helicase that is highly ex-

pressed in mutants lacking the telomerase component

TLC1), CDC45 (encoding a DNA replication initiation fac-

tor), ESC8 (encoding a protein involved in telomeric and

1054 Chromatin remodeling and DNA repair in yeast

Figure 2 - DSB formation and �-H2AX signaling following ICL forma-

tion.



mating-type locus silencing) and genes related to cell cycle

regulation, including DUN1, SPO2, CTF19 and CDC27

(Dardalhon et al., 2007). In this scenario, we proposed a

model whereby Pso2p would act on DNA hairpin sub-

strates induced by ICLs during DNA replication, where the

potential endonucleolytic function of Pso2p would be acti-

vated via Pak1p-induced phosphorylation (Brendel et al.,

2003, Bonatto et al., 2005).

Furthermore, the induction of YRF1-2 and other sub-

telomeric genes, such as YFL061W, YFL065C and

YFL066C is consistent with the need for changes in chro-

matin structure to allow repair of DNA damage after treat-

ment with 8-MOP+UVA (Dardalhon et al., 2007). On the

other hand, the repression of genes related to chromatin re-

modeling by treatment with 8-MOP+UVA, such as RPD3

(encoding a histone deacetylase), IOC4 (implicated in

chromatin remodeling) and the histone genes HTA1, HTA2

and HTB2 may also result in structural modifications of

chromatin, relevant to DNA repair.

In general terms, DSB repair is related to local chan-

ges in chromatin structure, such as histone modifications,

chromatin remodeling and nucleosome disruption (Osley et

al., 2007). The NuA4 complex, which interacts with �-

H2AX via its Arp4p subunit, is the first complex that ap-

pears at the break site (van Attikum and Gasser, 2009). The

presence of NuA4 at the DSB site promotes the recruitment

of DNA repair factors and of other chromatin modifying

complexes, like SWR1-C and INO80 (Figure 3), perhaps

by increasing accessibility to chromatin structure promoted

by H4 acetylation (Altaf et al., 2007). In addition, the

H2A.Z acetylation by NuA4 may promote the replacement

of H2A with �-H2A, in an SWR1-dependent manner, con-

trolling the ratio of these two forms of H2A around the DSB

site. This affects a phenomenon called checkpoint adapta-

tion (Osley et al. 2007), in which cells can escape an ex-

tended checkpoint arrest and re-enter the cell cycle even

with unrepaired DSBs (Papamichos-Chronakis et al., 2006;

Osley et al., 2007).

A great deal of evidence connects INO80-dependent

chromatin remodeling to DSB repair (reviewed by van

Attikum and Gasser, 2009). The INO80 complex is re-

cruited to DSB by interaction with �-H2A, perhaps via its

Nhp10p and Arp4p subunits, and the Arp8p subunit influ-

ences the rate of Rad51p loading at breaks, possibly pro-

moting nucleosome displacement (Sarkar et al., 2010). On

the other hand, the INO80 complex may act as a nucleo-

some acceptor during remodeling for repair, either by tem-

porarily sequestering the displaced nucleosomes or by

stabilizing nucleosomes changed during repair and cooper-

ating with other assembly factors to restore chromatin

structure after the conclusion of repair (Sarkar et al., 2010).

Mutants of the Arp subunits in the S. cerevisiae

INO80 complex have defects in NHEJ, as well as in the HR

pathway (Morrison and Shen, 2009). Recently, Sarkar et al

(2010) have shown that the INO80 complex operates in the

same way as the NER pathway, also contributing to the

removal of UV photoproducts in the regions of high inci-

dence of nucleosomes. In addition, these authors also

reported that the INO80 complex interacts with the Rad4p-

Rad23p complex, a damage recognition complex of the

NER pathway, after its recruitment to chromatin by Rad4p

in a UV damage-dependent manner. After DNA damage re-

sponse activation, the INO80 complex is phosphorylated at

its Ies4p subunit, by ataxia-telangiectasia mutated (ATM)

and A-T and RAD3-related (ATR) kinases, and it modu-

lates the cellular response to DNA-damaging agents. The

Ies4p subunit is also phosphorylated by the Tel1p and

Mec1p kinases, modulating DNA replication checkpoint

responses without altering DSB repair processes (Morrison

and Shen, 2009).

Curiously, Czaja et al. (2010) reported that ino80	

yeast mutants are hypersensitive to DNA lesions induced

by ultraviolet (UV) radiation and methyl methanesulfonate

(MMS), but are less sensitive to the DNA double-strand

break (DSB)-inducing agents ionizing radiation and

camptothecin. These data suggest that INO80 is involved in

DNA damage tolerance through a role in the stabilization

and recovery of broken replication forks, but not in the re-

pair of lesions leading to such events. In addition, only 5%

of the genes induced by 8-MOP+UVA treatment are also

affected in ino80	 mutants, showing that INO80 does not

appear to regulate the HR pathway at the transcriptional

level. Rather it may influence the NHEJ pathway, which is

believed to play a modest role in the repair of the photo ad-

ducts and DSBs that indirectly result from 8-MOP+UVA

treatment (Dardalhon et al., 2007). Furthermore, this study

Cruz et al. 1055

Table 1 - Summary of the main activities of chromatin remodeling in

yeast.

Chromatin remodeler Main activities

NuA4 complex Histone acetyltransferase acetylates H4 and

H2A histones, plays an important role in

DNA repair and interacts with �-H2AX

SWR1 complex Helicase modulates the replacement of

histone H2A with HTZ (or H2AZ)

RSC complex Member of SWI/SNF class of remodelers.

Acts in transcriptional activation and repres-

sion, maintenance of cell viability and plays a

role in DSB repair

SWI/SNF complex Nucleosome remodeling complex with

ATP-dependent activity, acts in gene tran-

scription and DSB repair

INO80 complex ATPase with chromatin remodeling activity

and 3’ to 5’ DNA helicase activity in vitro

Sin3/Rpd3 complex Histone deacetylase complex that regulates

gene transcription and silencing

Rdh54 DNA-dependent ATPase, stimulates strand

exchange, involved in recombinational repair

of DSBs

Dot1 Nucleossomal histone H3K79 methylase



also found an unexpected correlation between the trans-

criptional profiles caused by 8-MOP+UVA treatment and

histone H4 depletion, with about 62% of 8-MOP+UVA re-

sponse genes also being affected by the lack of this histone.

About 15% of the genes affected after 8-MOP+UVA

treatment in yeast are also modulated in swr1	, htz1	 and

sir2	 cells, suggesting that the replacement of histone H2A

with H2.Z in nucleosomes, as well as a Sir contribution to

telomeric silencing, may influence the repair of 8-

MOP+UVA induced damage (Dardalhon et al., 2007). The

biology of SWR1 and Htz1 has been intensely studied for

their roles in transcriptional regulation. SWR1 also acts in

DSB repair in an independent manner, controlling the �-

H2A levels at DSB sites (Osley et al., 2007; Escargueil et

al., 2008). In yeast strains lacking Htz1, the SWR1 com-

plex promotes an accumulation of recombinogenic DNA

damage by a mechanism dependent on �-H2A, suggesting

that the SWR1 complex hinders the repair of spontaneous

DNA damage in these mutants (Morillo-Huesca et al.

2010). In addition, the inactivation of Swr1p eliminates the

incorporation of histone variant Htz1 and restores the phos-

phorylation of H2A and checkpoint adaptation (Papami-

chos-Chronakis et al., 2006). The replacement of H2A with

Htz1 is an essential mechanism for the control of chromatin

dynamics, and also prevents the deleterious consequences

of incomplete nucleosome remodeling (Morillo-Huesca et

al., 2010).

Mutations in the yeast RSC chromatin remodeling

complex (Table 1) cause hypersensitivity to DNA break-

inducing agents (van Attikum and Gasser, 2005a). RSC has

homologs in other eukaryotes and acts in transcriptional ac-

tivation and repression, maintenance of cell viability and in

DSB repair (Osley et al., 2007). The RSC complex subunit

Rsc8p and the catalytic subunit Sth1p are recruited to

DSBs, where the latter rapidly binds to the lesion and accu-

mulates in regions immediately adjacent to the damage

(van Attikum and Gasser, 2005b). Defects in RSC complex

activity cause hypersensitivity to DSBs, which can be at-

tributed to defects in NHEJ and HR repair pathways. Fur-

thermore, the RSC complex is recruited to the DSB break at

the same time as the MRX (Mre11p/Rad50p/Xrs2p) com-

plex (Figure 3), involved in NHEJ, HR and checkpoint sig-

naling, both of which can lead to remodeling of chromatin

near the break site and facilitate the access of NHEJ factors

(Osley et al., 2007). The RSC complex can also load cohe-

sin onto chromosome arms, maintaining the sister chro-

matids close, and during DSB repair it may promote the

binding of proximal ends during NHEJ and of distal ends

during HR (Osley et al., 2007). The importance of this

cohesin loading reflects the fact that defects in the estab-

lishment of cohesion during S-phase or de novo loading of

cohesin at DSBs in the G2 phase reduce the efficiency of

post-replication repair (PRR) (van Attikum and Gasser,

2005a).

The histone methyltransferase Dot1p is responsible

for methylation of histone H3 on lysine 79, and this process

is dependent on the ubiquitylation of H2B lysine 123 by

Rad6p-Bre1p (Giannattasio et al., 2005). It is possible that

these reactions work together, activating checkpoint re-

1056 Chromatin remodeling and DNA repair in yeast

Figure 3 - Main factors involved in chromatin remodeling after 8-

MOP+UVA induced DNA damage. After ICL incision, MRX complex

and Yku-proteins bind to DSB. RSC complex interacts with Mre11p, pro-

moting loading of cohesin at DSB site. The kinases Tel1p and Mec1p are

recruited and phosphorylate the histone H2AX. The �-H2AX recruits

NuA4 HAT complex that acetylates H2AX and H4 tails, promoting the

binding of SWR1 complex that exchange �-H2AX with H2AZ. The

INO80 complex interacts with �-H2AX and alters the position of nucleo-

somes, facilitating the MRX-dependent formation of single-stranded

DNA. For more details, see the text.



sponses to DNA damage (van Attikum and Gasser, 2005b).

The activity of Dot1p also prevents DSB repair of meiotic

cells in the absence of Dmc1p, using the sister chromatid as

a template (San-Segundo and Roeder, 2000). Dot1p also

acts in the DNA damage response by activating Rad53p.

This is mediated by Rad9p during the G1/S and intra-S

DNA damage checkpoints (Conde et al., 2009). In this sce-

nario, Cardone et al. (2006) proposed a model for yeast

checkpoint activation after 8-MOP+UVA treatment in

which the checkpoint is activated by means of Rad9p phos-

phorylation in a process dependent on the recruitment of

the Ddc1p/Mec3p/Rad17p complex. The latter can regulate

Chk1p and Rad53p, suggesting that PSO9/MEC3 is crucial

for sensing DNA lesions generated by photo-induced pso-

ralens or other mutagens. A recent study suggests that

histone H3 methylation and Rad9p act together, enabling

transmission of the damage signal to checkpoint kinases

and keeping resection of damaged DNA under control

(Lazzaro et al. 2008). This would affect checkpoint cas-

cades and contribute to the DNA damage response. Inter-

estingly, the dot1	 mutant shows increased resistance to

the alkylating agent MMS. Accordingly, the reduced sensi-

tivity of some mutants deficient in DNA repair has also

been attributed to an increase in TLS repair pathway activ-

ity in the absence of Dot1p (Conde and San-Segundo,

2008).

A recent study by Faucher and Wellinger (2010)

shows that monoubiquitylation of histone H2B and trime-

thylation of histone H3 at lysin 4 (H3K4me3) are important

for both the response to DNA damaging agents and the pas-

sage through S-phase in budding yeast. The recruitment of

the methyltransferase Set1p to the DSB is dependent on the

presence of the RSC complex, thus contributing to DNA

damage repair. In this context, yeast mutants lacking Set1p

show impaired ability to recruit the Yku-proteins to DSB

sites, leading to reduced efficiency of the NHEJ pathway.

In addition, H2BK123ub is also required for H3K79

methylation by Dot1p. The loss of NHEJ-efficiency and the

synthetic interactions with MRX are specific to a lack of

H3K4me3 and not H3K79me3, showing that the roles of

Set1p in genome stability are different from those of Dot1p

methyltransferase.

The analysis of global transcriptional responses after

treatment with 8-MOP+UVA in yeast shows that 25% of

the genes modified by this treatment were also changed in

snf2 and/or swi1 deletion mutants, indicating that the S.

cerevisiae SWI/SNF complex is implicated in gene expres-

sion following 8-MOP+UVA exposure (Dardalhon et al.,

2007). The yeast SWI/SNF complex acts in gene transcrip-

tion and DSB repair (Osley et al., 2007). SWI/SNF in-

creases accessibility to DNA in the nucleosome core, even

though the NER repair proteins also increase their remodel-

ing activity. This suggests a cooperative relationship be-

tween DNA damage repair and chromatin remodeling. The

chromatin remodeling activity of the SWI/SNF complex

changes the histone-DNA contacts, slides or remodels

nucleosomes or transfers histone dimers in vitro (Osley et

al., 2007). Yeast mutants lacking SWI/SNF activity are

sensitive to DNA damage agents that cause DSBs, and

there is strong evidence that suggests the role of this com-

plex in the HR repair pathway.

The up-regulation of the genes RAD51, RAD54,

RNR2, RNR4, DIN7 and RNR3 in response to treatment

with 8-MOP+UVA, MMS and ionizing radiation (Dar-

dalhon et al., 2007) is also consistent with the importance

of recombination pathways in the repair of ICLs. Rad54

protein and its homolog Rdh54p in S. cerevisiae are present

in yeast and higher eukaryotes. They belong to the Swi/Snf

family of ATPase chromatin remodeling factors. In vitro,

Rdh54p acts like Rad54p, promoting Rad51p D-loop for-

mation through the induction of negative supercoiling of

the DNA duplex. The product of the RDH54 gene acts in

the control of damage repair and Rdh54p is involved in the

regulation of many DNA repair pathways like BER, NER

or recombinational and mutagenic repair pathways. This

function is possibly mediated by changes in chromatin

structure in DNA damage sites, probably by alleviation of

DNA-histone bonds, making the DNA accessible to the re-

pair proteins (Latypov et al., 2010).

Final Considerations

DNA repair is a critical cellular function that main-

tains genomic stability and prevents mutations. Current

data support the i.e. that histone modifications are essential

for cell survival in response to DNA damage through in-

duction of cell cycle checkpoints and DNA repair. The

interstrand crosslinks formed by 8-MOP+UVA are highly

detrimental lesions that are too complex to be processed by

a single repair pathway. The existing data show the invol-

vement of NER, BER, TLS and double-strand break repair

(HR and NHEJ) in ICL processing. As described above, the

repair of 8-MOP+UVA lesions in Saccharomyces

cerevisiae can result in the transient formation of DSBs,

and both NER and a Pso2p/Msh2p/Exo1p-dependent path-

way are required to process ICLs in S-phase cells prior to

DSB repair. Moreover, 8-MOP+UVA treatment leads to

up-regulation of genes related to cell cycle regulation and

repression of genes related to chromatin remodeling, which

is consistent with changes in chromatin structure relevant

to DNA repair. Taken together, these findings indicate a

specific profile of 8-MOP+UVA responses related to chro-

matin remodeling and DNA repair. Further studies are cer-

tainly required to clarify the relationships between the

DNA damage response to psoralen, cell cycle checkpoint

induction and chromatin remodeling.
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