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Abstract

Cockayne Syndrome (CS) is a rare human genetic disorder characterized by progressive multisystem
degeneration and segmental premature aging. The CS complementation group B (CSB) protein is
engaged in transcription coupled and global nucleotide excision repair, base excision repair and
general transcription. However, the precise molecular function of the CSB protein is still unclear. In
the current review we discuss the involvement of CSB in some of these processes, with focus on the
role of CSB in repair of oxidative damage, as deficiencies in the repair of these lesions may be an
important aspect of the premature aging phenotype of CS.

1. Premature aging syndromes as model systems for studying human aging

Genome instability is an important component of aging in all eukaryotes; but how age-related
genome instability develops, remains an important question. Most human progeroid disorders
are linked to defects in genome maintenance (Kyng and Bohr, 2005). Altered transcription
seems to be involved in the pathology of most if not all progeroid syndromes and is thought
to play a causative role in aging (Kyng and Bohr, 2005). Almost all cases of progeroid
syndromes are caused by mutation of a single gene (Martin, 1978). Most of the genes are
cloned, and their function can be investigated in isogenic cell lines, where the cellular defects
in deficient cell lines can be complemented by transfection with the functional or a mutated
version of the otherwise deficient gene. Thus, segmental premature aging syndromes are
valuable model systems for studying human aging. CS is such a genetic disease, which in most
cases is due to a mutated CSB gene (Licht et al., 2003).

2.1 Clinical manifestations of CS

CS is a rare inherited autosomal recessive disease with diverse clinical symptoms including
severe impairment of physical development, cachectic dwarfism, progressive neurological
degeneration, white matter hypomyelination, central nervous system (CNS) calcification,
sensorineural hearing loss, lack of subcutaneous fat, cataracts and hypersensitivity to sunlight.
Interestingly, CS patients appear to lack cancer predisposition, however variant forms of the
CSB gene have been associated with increased risk of lung cancer (Lin et al., 2008) and mice
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disrupted in the CSB gene (also called ERCC6) have increased susceptibility to skin cancer
(van der Horst et al., 1997). The life expectancy of patients with CS is approximately 12 years
(for extensive reviews on clinical characteristics of CS see (Nance and Berry, 1992) and (Licht
et al., 2003). Several of the traits are reminiscent of normal aging, and CS has therefore been
classified as a segmental premature aging syndrome. Interestingly, some of the clinical features
of CSsuch as hearing loss, neuronal demyelination and myopathy are reminiscent of syndromes
that involve mitochondrial dysfunction (Wallace et al., 1998).

2.2 Mutations causing CS

Eighty percent of the CS cases are caused by a defect in the CSB gene (Mallery et al., 1998),
while most of the remaining cases are caused by mutations in the CSA gene (also called
CNK1 or ERCC8). Symptoms of CS-A are indistinguishable from CS-B. In addition, rare
examples of Xeroderma Pigmentosum (XP) complementation group B (XP-B) patients and
certain XP-D and XP-G patients display features of CS in addition to the XP phenotype
(Vermeulen et al., 1994). The CSA gene (cloned in 1995) is located on chromosome 5q12—
g13, and the gene product, which consists of 396 amino acids, belongs to the “WD repeat”
family of structural and regulatory proteins that lack enzymatic activity by itself (Henning et
al., 1995). The CSA protein is part of a multisubunit ubiquitin ligase complex, containing Cullin
4A, Roc 1 (Rbx1) and DNA damage binding protein 1 (DDB1) (Groisman et al., 2003).
However, detailed literature on CSA is still relatively sparse. The CSB gene, which is located
on chromosome 10q11, was cloned in 1990 and described in greater detail in 1992 (Troelstra
etal., 1992a; Troelstra et al., 1992b). The severity of the disease does not seem to correlate
with the site or nature of the CSB mutation, suggesting that the genetic background and/or
environmental factors or downstream targets of a CSB protein-dependent regulation may be
involved in determining the specific pathological phenotype of CS (Colellaetal., 1999; Mallery
et al., 1998). A report from Tanaka and coworkers (Horibata et al., 2004), which describes a
patient suffering from UV-sensitivity Syndrome, shows that complete absence of the CSB gene
product can give rise to UV-sensitivity but not Cockayne Syndrome. This suggests that
presence of truncated or non-functional CSB gene products may prevent the completion of (a)
certain process(es). Inarecent report from Dolfuss and coworkers this hypothesis is questioned,
though, as they describe two patients with no detectable CSB mRNA or CSB protein but
displaying classical CS characteristics (Laugel et al., 2008).

2.3 Biochemical characteristics of the CSB protein

The CSB gene product consists of 1493 amino acids and has an estimated molecular weight of
168 KDa. It contains several specific domains including an acidic domain, a glycine rich region
and two putative nuclear localization signal (NLS) sequences. In addition, CSB is a member
of the SWI2/SNF2-family of DNA dependent ATPases that contain seven characteristic
ATPase motifs, which are also present in DNA and RNA helicases (Eisen etal., 1995; Troelstra
et al., 1992b) (Figure 1). Like other members of this family, no activity has yet been
demonstrated for CSB when using the conventional strand displacement assay (Pazin and
Kadonaga, 1997; Selby and Sancar, 1997b). Instead, Vermeulen and coworkers showed that
CSB has ATP-dependent chromatin remodeling activity (Citterio et al., 2000). Furthermore,
it was recently discovered that CSB also has strand annealing and exchange activities
(Muftuoglu et al., 2006). The SNF-2 like ATPase domain is critical for CSB-catalyzed ATPase
activity, but the ATPase activity is differentially affected by mutations in the different domains.
Thus, a motif 1l mutant is more affected than motif V and VI mutants, indicating that motif |1
is the most important one for the catalytic activity of CSB among the motifs (Christiansen et
al., 2003).
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The enzymatically active CSB protein functions as a homodimer, and the dimerization occurs
through the central ATPase domain of the protein (Christiansen et al., 2005). Using scanning
force microscopy for analysis of CSB-DNA complexes, Beerens and co-workers demonstrated
that DNA wraps around dimers of CSB (Beerens et al., 2005). DNA wrapping and unwrapping
may allow CSB to actively alter the DNA double helix conformation, which could influence
nucleosomes and other protein-DNA interactions, as discussed below. This may partly explain
the chromatin remodeling effect observed by Vermeulen and coworkers (Citterio et al.,
2000).

3. The role of CSB in various cellular processes

A hallmark of the CS phenotype is the sensitivity to UV light. UV-light mainly leads to
induction of cyclobutane pyrimidine dimers (CPD) and 6-pyrimidine-4-pyrimidone products.
Normally, UV-lesions are preferentially removed from the transcribed strand of actively
transcribed regions of the genome by the so-called transcription coupled repair (TCR), which
is a sub-pathway of nucleotide excision repair (NER). This pathway does not function in CSB
deficient cells, indicating that CSB plays an important role in TCR (Licht et al., 2003; Venema
et al., 1990). TCR is initiated when elongating RNA polymerase Il (RNAPII) progression is
blocked by damage in the transcribed strand. RNAPII complex must be displaced and/or
degraded in order for efficient repair because it shields the DNA lesion and prevents
accessibility of NER proteins (reviewed in Licht et al., 2003; Fousteri et al., 2008). Several
models have been proposed regarding how CSB rescues RNAPII complexes that are stalled at
DNA lesions (Selby et al., 1997; Tornaletti et al., 1999), but the details of this process remains
unclear. It has been suggested that CSB is involved in initiation of TCR through recognition
of blocked RNAPII and binding to this complex, followed by recruitment of other NER proteins
to the damaged site. As summarized in Figure 2, CSB interacts with several proteins involved
in TCR/NER pathway. Recent studies also indicate that TCR can be accomplished without
dissociation of RNAPII, and in this model CSB might help remodeling the RNAPII complex
without release, allowing repair and the resumption of transcription (Laine et al., 2006a; Laine
et al., 2006b; Tremeau-Bravard et al., 2004).

It has also been suggested that CSB has additional functions outside of TCR, possibly in base
excision repair (BER) of some types of oxidative DNA damage in nuclei and mitochondria as
described below in detail.

CSB also appears to be implicated in other cellular processes, including transcription by RNA
pol I, RNA pol Il and possibly also RNA pol 111 (Licht et al., 2003; Yuan et al., 2007). Besides
the defect in coping with many types of DNA damaging agents, CSB cells have markedly
reduced transcription (Balajee et al., 1997; Dianov et al., 1997). CSB stimulates transcription
by stimulating elongation of actively transcribing RNA polymerase bound to DNA and nascent
RNA (Selby and Sancar, 1997a; Tantin et al., 1997; van Gool et al., 1997). Furthermore, using
array analysis, Kyng et al. (Kyng et al., 2003) demonstrated that the transcriptional response
after oxidative stress is defective in CSB cells. Some of the major defects were found to be in
the transcription of genes involved in DNA repair, signal transduction and ribosomal functions.
A study by Egly and co-workers (Proietti-De-Santis et al., 2006) supports a role for CSB in
regulating the transcription pattern after UV damage as they found a function for CSB in
transcription from some but not other promoters. Another comparative gene expression study
established that CSB is involved in transcription of genes involved in chromatin maintenance
and remodeling (Newman et al., 2006).

CS cells display a stronger apoptotic response to DNA damaging agents than normal cells
(Balajee et al., 2000; Laposa et al., 2007; Liu et al., 2006), which in part could explain why no
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cancer is seen in the patients. This CSB dependent apoptosis response seems independent of
p53 (Balajee et al., 2000; Lu et al., 2001).

4. The role of CSB in repair of oxidative DNA damage

Several studies investigated the role of the CSB protein in the cellular repair of oxidative DNA
damage, which results from endogenous and exogenous sources. Oxidatively induced DNA
damage is mainly repaired by BER, which involves lesion-specific DNA glycosylases in the
first step of the repair process. The repair then proceeds with apurinic/apyrimidinic
endonuclease 1 (APEL) leaving a single-stranded gap, which is filled by DNA polymerase 3
(pol B) and ligated by a DNA ligase. A number of studies indicate that BER undergoes age-
related changes in several tissues. These include decrease in the activity of the DNA
glycosylases or pol § and reduction in the protein levels or expression of pol  or APE1 with
age (reviewed in (Cabelof et al., 2006; Gorbunova et al., 2007)). Thus, a decline of BER
function with age might contribute to the accumulation of oxidative DNA damage and
mutations, and the onset of aging (reviewed in (Gorbunova et al., 2007)). Although there is
limited evidence linking the decrease in the amount and activities of these core BER proteins
with premature aging, defects in several other factors that have auxiliary, nonessential functions
in BER could also contribute significantly to premature aging characteristics.

Cellular studies demonstrated accumulation of oxidative DNA damage in CSB deficient cells
after oxidative stress (Tuo et al., 2003), supporting an important potential role for CSB in BER.
To dissect the molecular mechanisms underlying the role of CSB in the repair of oxidative
lesions, several different biochemical approaches have been used. Dianov and coworkers made
the first demonstration that CSB mutant cells are defective in the incision of 8-oxoG (Dianov
et al., 1999). The reduced repair of 8-0xoG is associated with a down-regulation of human 8-
oxoguanine DNA glycosylase (hOGG1) gene expression and protein level in CSB mutant cells
(Dianov et al., 1999; Tuo et al., 2002b). This deficiency is complemented by transfection of
CSB mutant cells with the normal CSB gene (Dianov et al., 1999). It was shown that CSB
status does not affect the incision activities of two other DNA glycosylases, thymine glycol
DNA glycosylase (hNTH) and uracil DNA glycosylase (hUDG) (Dianov et al., 1999). As
described below, CSB mutant cells are also defective in the repair of 8-ox0A, another abundant
lesion in oxidatively damaged DNA, indicating that CSB might be one of the factors important
for the repair of 8-0x0A (Tuo et al., 2003; Tuo et al., 2002b). The glycosylase involved
specifically in the repair of this lesion has, however, not yet been identified (Jensen et al.,
2003). Furthermore, cell extracts from stably transformed human cell lines with site-directed
CSB mutations in various ATPase domains have shown that ATPase domains V and V1 of
CSB are important for the role of the protein in the processing of 8-oxoG lesions (Tuo et al.,
2001), as discussed below, whereas only domain VI appears to be involved in the repair of 8-
0X0A (Tuo et al., 2002b). It is possible that CSB plays an important role in the repair of
oxidatively modified bases via its interaction with lesion-specific DNA glycosylases.

In humans, OGG1 exists in both nuclear and mitochondrial (mtOGGL1) isoforms, which are
generated by alternative splicing. The mtOGG1 protein level is low in CSB deficient cells
(Stevnsner et al., 2002). We showed a reduced 8-0xoG incision activity in both the
mitochondrial extracts of CSB deficient cells and that of CSB knockout mouse liver cells,
indicating a potential role for CSB also in the mitochondrial repair of oxidative base damage
(Stevnsner et al., 2002). This activity of the CSB protein in mitochondria is specific for the
repair of 8-0x0G, since CSB deficient cells have normal levels of uracil, thymine glycol and
hypoxanthine incision activities (Stevnsner et al., 2002). Mitochondria possess an independent
BER machinery, the components of which are coded by nuclear genes, resembling nuclear
BER in the major molecular steps (described above). Mitochondrial BER plays a crucial role
in protecting the integrity of mitochondrial DNA (mtDNA). Since mitochondria are the primary
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source of endogenous ROS, the accumulation of oxidative DNA damage and mutations in
mtDNA may lead to mitochondrial dysfunction and consequently to cell loss (Ames et al.,
1995). Certain aspects of the clinical features of CSB overlap with the phenotypes associated
with mitochondrial dysfunction, including severe neurological deficiencies, dysfunction in
skeletal muscle and heart, and premature aging symptoms. Thus, we have previously suggested
that CSB deficient cells accumulate mutations in mtDNA and develop mitochondrial
dysfunction that contributes to the phenotype and progression of disease in CSB patients
(Stevnsner et al., 2002).

Apart from the in vitro incision assays, the role of CSB in the repair of oxidative DNA damage
has also been examined in vivo by the removal of formamidopyrimidine DNA glycosylase
(Fpg)-sensitive sites in the genome of CSB deficient cells after DNA damage induction with
light-activated photosensitizers, such as acridine orange, methylene blue and RO19-8022.
These agents introduce mostly 8-0xoG lesions. Fpg is an E. coli glycosylase that excises 8-
0xoG and formamidopyrimidine lesions, followed by DNA strand cleavage. We demonstrated
that expression of the wild type or ATPase-domain Il mutated CSB gene (CSBE646Q)
increased the repair rate of Fpg-sensitive sites in mtDNA of CSB deficient cells (Stevnsner et
al., 2002). Furthermore, mitochondrial extracts from these ATPase deficient CSB mutant cells
stimulated the repair of Fpg-sensitive sites or the incision of 8-0xo0G to the same extent as wild-
type CSB extracts, indicating that this domain or ATPase activity of the CSB protein is not
required for the mitochondrial repair of oxidative base lesions.

The above observations suggest that CSB is involved in the incision process of oxidative base
damage. However, the precise mechanism by which CSB participates in the repair of 8-oxoG
in both nuclear DNA and mtDNA is not yet known. Although CSB affects the function of
hOGG1 as described above, there is no direct physical interaction between CSB and hOGG1;
however, the proteins are present in the same protein complex (Tuo et al., 2002a). CSB also
stimulates the expression of mtOGG1, but it has not yet been possible to demonstrate that the
CSB protein is actually present in mitochondria. Finally, data from Epe and coworkers suggests
that CSB may play arole inan OGG1 independent removal of 8-0xoG from the general genome
(Osterod et al., 2002).

Recently, CSB has been shown to interact physically and/or functionally with more proteins
involved in the BER pathway including poly(ADP-ribose) polymerase 1 (PARP-1) (Thorslund
et al., 2005) and APE1 (Wong et al., 2007). PARP-1 is an abundant nuclear DNA damage
surveillance protein that can be characterized as a “molecular nick sensor”. PARP-1 binds with
high affinity to and is activated by DNA SSBs. When activated, PARP-1 adds polymers of
ADP-ribose to various proteins using NAD™ as a substrate (reviewed in (Herceg and Wang,
2001)). CSB interacts with PARP-1 in vivo both in absence and presence of oxidative stress,
but interestingly, the CSB/PARP-1 complex relocates to sites of DNA damage in the cell after
oxidative stress (Thorslund et al., 2005). It has been suggested that PARP-1 stimulation of
BER depends on CSB (Flohr et al., 2003). CSB-deficient cells are significantly more sensitive
to PARP inhibitors than CSB-complemented cells and this sensitivity can not be rescued by
complementing with CSB protein containing site-directed mutations in the ATPase domain
(Thorslund et al., 2005).

CSB also interacts with APEL, stimulating the AP site incision activity of APE1 in an ATP
independent manner (Wong et al., 2007). It was suggested that the CSB-APEL interaction is
most critical to regions of the genome where complex DNA structures are formed, such as
during transcription or replication, or at sites of recombination, where the local, relative
concentrations of these proteins may also be higher. Thus, in addition to coordination with
DNA glycosylases in endogenous base damage repair and PARP-1 in DNA damage responses,
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the interaction with APE1 suggests a more general function of CSB in modulating BER
processes (Wong et al., 2007).

It has also been hypothesized that oxidative DNA damage may be repaired by TCR. Itis argued
that the TCR deficiency of oxidative damage could be responsible for the progressive
neurological disorders seen in CS patients (de Waard et al., 2003; Laposa et al., 2007; Osterod
etal., 2002; Pastoriza-Gallego et al., 2007). This area of study has been filled with controversy,
but one model proposes that the TCR of oxidative damage would be due to the arrest of RNA
polymerases at oxidative DNA base lesions. For the initiation of TCR, RNA pol Il is thought
to be arrested when it encounters a lesion located in the transcribed strand of active gene.
However, there are some discrepancies among studies showing the ability of oxidative DNA
lesions (e.g. 8-0x0G, thymine glycol) to block RNA pol Il during transcription. Some studies
show that RNA pol Il can bypass an 8-0xoG lesion (Kathe et al., 2004; Larsen et al., 2004;
Tornaletti et al., 2004; Viswanathan and Doetsch, 1998), which is a non-bulky lesion repaired
by BER, while some other groups could see a partial stalling of RNA pol Il (Kuraoka et al.,
2003). Sarasin and coworkers have suggested that the repair of 8-0xoG on a transcribed strand
results in a competition between BER and TCR components, dependent upon which enzymes
arrive first to the lesion (Pastoriza-Gallego et al., 2007). There is a particular class of
endogenous oxidative DNA lesions that can block RNA Pol Il transcription and are repaired
by NER, 8,5'-cyclopurine-2'-deoxynucleosides (Brooks, 2007; Brooks et al., 2000). These
lesions are not repaired by BER because of the presence of the covalent 8,5' bond. It has been
suggested that the accumulation of these lesions can cause neuronal death by blocking
transcription, and that this is a possible source of neurodegeneration in XP (Brooks, 2007).
CSB deficient cells might also be defective in the repair of these oxidative lesions and their
accumulation could contribute to the CS phenotype. Additional studies on the molecular
mechanism of oxidative DNA damage repair in the brain will be important in order to address
these possibilities.

5. Sensitivities of CSB deficient cells to various genotoxins

CSB deficient cells are hypersensitive to several types of DNA damaging agents including 4-
nitroquinoline-1-oxide (4-NQO), N-acetoxy-2-acetylaminofluorene (NA-AAF), ionizing
radiation (IR), paraquat, methyl methanesulfonate (MMS) and 5-hydroxymethyl-2’-
doxyuridine. These findings have been obtained by studying different CSB deficient cell types
and biological systems. Primary and SV-40 transformed CSB deficient fibroblasts are
hypersensitive to 4-NQO, which induces alkali labile single-strand DNA breaks (SSBs) and
bulky adducts that are repaired without strand bias. In addition, these fibroblasts are also found
to be sensitive to the agent NA-AAF, which also induces adducts that are repaired by global
genome repair (GGR), suggesting that CSB might participate in this repair pathway.

Importantly, after exposure to IR, CSB deficient transformed fibroblasts, mouse embryonic
fibroblasts (MEF), embryonic stem (ES) cells and keratinocytes from CSB knockout mice all
show a marked reduction in survival (de Waard et al., 2004; de Waard et al., 2003; Leadon and
Cooper, 1993; Tuo et al., 2001). While IR induces a variety of DNA lesions including single
stranded DNA breaks (SSBs), double-strand DNA breaks (DSBs) and oxidative base damage,
the observed hypersensitivity has been ascribed to oxidative DNA modifications (de Waard et
al., 2004; de Waard et al., 2003), which normally are repaired by BER. Indeed, after IR
treatment, CSB deficient primary and transformed fibroblasts, and cells with mutated ATPase
domains V (CSBT912V and CSBT912/913V) and VI (CSBQ942E and CSBR946A)
accumulated significant amounts of the oxidative base modifications 8-hydroxyguanine (8-
0x0G) and 8-hydroxyadenine (8-oxoA) (Tuo et al., 2003; Tuo et al., 2002b). This indicates
that CSB could be involved in the repair of oxidized purines through its ATPase domains V
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and VI, since the IR doses used in these studies mainly cause oxidative DNA base
modifications.

Another oxidative DNA base product, 5-hydroxymethyl-2'-deoxyuridine (HmdU), is formed
in DNA after exposure to IR or formed by attack of endogenous ROS (Boorstein et al.,
1992). Recently, CSB deficient transformed fibroblasts were found to be hypersensitive to
HmdU, which generates cytotoxic BER intermediates/products after incorporation. Hence, it
was suggested that CSB deficient cells are defective in the removal of these cytotoxic BER
intermediates, likely AP sites and/or DNA SSBs (Wong et al., 2007). Paraquat is a widely used
broad spectrum herbicide toxin. Enzymatic reduction of paraquat produces paraquat radicals
(PQ*), which react with molecular oxygen to generate reactive oxygen species (ROS) in several
tissues inflicting oxidative stress to cells and thereby causes oxidative DNA lesions (Ali et al.,
1996). CSB knockout MEFs were found also to be hypersensitive to paraquat (de Waard et al.,
2004; de Waard et al., 2003). Potassium bromate (KBrO3) generally acts mostly as a one-
electron oxidant that leads almost exclusively to the formation of 8-0xoG and
formamidopyrimidine derivatives. The effect of KBrO3 on 8-oxoguanine glycosylase (OGG1)-
initiated BER, which generates direct DNA strand breaks in CSB mutant fibroblasts, was
investigated by the comet assay. Elevated levels of DNA breakage after KBrO3 have been
observed in CSB mutant fibroblasts suggesting an inability to process 8-0xoG in these cells
(Mosesso et al., 2004). Recently, it was also shown that CSB deficient fibroblasts display
hypersensitivity to elevated concentrations of KBrO3 (Ropolo et al., 2007). Altogether, it is
evident that CSB deficient cells have limited capacity to cope with elevated levels of
oxidatively damaged DNA.

Human fibroblasts defective in CSB are also hypersensitive to methyl methanesulfonate
(MMS) treatment (Wong et al., 2007). MMS introduces BER substrates/intermediates. The
most critical biological lesion caused by MMS is presumed to be N-methylation base products,
which frequently give rise to AP sites via enhanced hydrolysis of the N-glycosylic bond or
DNA glycosylase-mediated base release (Wyatt and Pittman, 2006). CSB deficient cells
expressing an ATPase domain Il mutant CSB protein (CSBE646Q) display intermediate
sensitivity to MMS challenge. These findings provide indication for a direct role of CSB in
the repair of BER substrates/intermediates.

6. Regulation of CSB activity — and relation to DNA repair

The observation that CSB protein is dephosphorylated at serine and/or threonine in vivo in cells
which have been UV-irradiated and that dephosphorylation of CSB stimulates CSB-catalyzed
ATPase activity in vitro (Christiansen et al., 2003) suggests that phosphorylation of CSB may
regulate its activity in cells with DNA damage. Furthermore, the CSB catalyzed annealing
activity is also sensitive to the phosphorylation state of CSB as the strand annealing reaction
is stimulated by dephosphorylation of CSB (Muftuoglu et al., 2006). Furthermore, Imam et al.
found that c-Abl-dependent phosphorylation of CSB was increased in cells treated with
hydrogen peroxide and decreased in cells pre-treated with a c-Abl-specific protein kinase
inhibitor, STI-571 (Imam et al., 2007). The activity of c-Abl is normally activated in response
to genotoxic or oxidative stress, but in CSB null cells this response is absent. This suggests
that c-Abl and CSB may regulate each other in a reciprocal manner in response to oxidative
stress. It may be speculated that the hydrogen peroxide induced phosphorylation leads to
changes in cellular localization, interactions or stability of CSB. It remains to be investigated
whether other types of posttranslational modifications also affect the activity or localization
of the CSB protein.
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7. CSB and chromatin structure

There are two generally different ways to regulate protein accessibility to a certain area of
chromatinized DNA. The histones can either be chemically modified by acetylation,
methylation, phosphorylation or ubiquitination, which can serve as a signal to loosen the grip
on the DNA, or the nucleosomes can slide or be evicted from the DNA (reviewed in (Osley et
al., 2007)). As described above the CSB protein belongs to the SWI2/SNF-2 like family. The
family contains members involved in transcription regulation, chromosome stability, DNA
repair and recombination (Eisen et al., 1995). A common feature of SWI/SNF-2 proteins is
destabilization of protein-DNA interactions (reviewed in (Christiansen et al., 2003)). As
described above, several studies indicate involvement of CSB in transcription regulation, TC-
NER and BER of some oxidative lesions. All three processes are affected by chromatin
structure.

A biochemical in vitro study reported ATPase independent topological changes of a plasmid
as a consequence of CSB binding (Citterio et al., 2000). This change in topology could be
caused by a wrapping of DNA around CSB. This hypothesis is supported by a study reporting
that CSB induces negative supercoils in plasmid DNA and shortening of the contour length of
a plasmid by approximately 125 bp. Both effects were dependent on ATP binding, but not on
ATP hydrolysis (Beerens et al., 2005). Together, the shortening and the topological change
argue that CSB, upon ATP binding, wraps around DNA, in a manner similar to a nucleosome.
DNA binding and ATPase assays indicate that binding and hydrolysis of ATP result in DNA
binding and release (Beerens et al., 2005; Christiansen et al., 2003), although it is not clear
whether it is ATP binding or hydrolysis that results in DNA binding. This mechanism could
imply that CSB tracks along DNA and alters its topology as a result of the wrapping. In accord
with this, CSB have been reported to mediate ATPase dependent nucleosome remodeling of a
mononucleosome, which did not result in core histone release (Citterio et al., 2000). Release
of histones is, however, not needed for chromatin remodeling to have an effect on DNA repair,
since chromatin remodelers that do not release histones but only open up the chromatin
structure have a positive effect on BER (Menoni et al., 2007).

In vivo transcription in CSB deficient cells have been reported to be 50% of wild type cells
and in vitro transcription studies on chromatin from CSB deficient cells found that transcription
elongation was significantly decreased in the absence of CSB (Selby and Sancar, 1997a). When
compared to CSB deficient cells, the transcription from chromatin in wild type cells was more
resistant to the detergent Triton X-100, indicating that the transcription machinery is less tightly
associated with chromatin in CSB deficient cells compared to wild type cells (Balajee et al.,
1997). A study by Weiner and coworkers found that the transcription pattern of CSB deficient
cells had a significant overlap with the transcription pattern of cells treated with the histone
deacetylase (HDAC) inhibitor trichostatin A (TSA), indicating that CSB could play a role in
chromatin maintenance (Newman et al., 2006). The similarity of HDAC inhibited cells to CSB
deficient cells indicates that a role of CSB is to decrease the amount of histone acetylation. In
contrast, the acetylation of histone H4 near certain promoters is decreased in CSB deficient
cells before and/or after UV irradiation, indicating CSB dependent histone acetylase (HAT)
activity, as argued by Egly and coworkers (Proietti-De-Santis et al., 2006). Hence, studies
indicate that the chromatin pattern of CSB deficient cells is affected, but it is not clear whether
CSB is involved in increasing or decreasing the histone acetylation.

8. The role of CSB in DNA repair —and consequences for the aging process

A major theory of aging suggests that free radicals produced as a consequence of the oxidative
phosphorylation processes in the mitochondria lead to damage of the mitochondrial genome.
This results in dysfunction of the mitochondria and will again lead to production of more free
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radicals. Thus, a vicious cycle is initiated where oxidative DNA damage accumulates. The
accumulation however, must necessarily depend on the efficiency of the repair mechanisms.
There has been considerable discussion about whether the complex clinical phenotype of CS
is due to a primary defect in DNA repair or transcription. Much data including array analysis
by Kyng et al. (Kyng et al., 2003) would suggest that a major defect in this disease lies in the
transcriptional response to oxidative stress. This is compatible with the substantial amounts of
data suggesting that progeria in CS is linked to accumulated endogenous DNA damage
(Andressoo et al., 2006). The observation that a defect in repair of some types of oxidative
damage, such as 8-0x0G, can be observed in whole cell, nuclear and mitochondrial extracts
from CS cells (Dianov et al., 1999; Stevnsner et al., 2002; Tuo et al., 2002b) suggests that the
CSB protein either plays a direct role in the repair process, or that it regulates expression,
activity or localization of one of the involved repair proteins. It has not yet been determined
whether CSB is present in mitochondria, and it is therefore possible that CSB plays an indirect
role in the repair of oxidative damage in these organelles.

Studies of retinal degeneration in a mouse model of CSB supports the oxidative DNA damage
theory since expression of established oxidative stress marker genes were found to be up
regulated in Csb™M retina, where the mutation results in a premature stop codon (Gorgels et
al., 2007). The neurological deficiencies observed in CS and in several age associated diseases
are likely (in part) to be due to insufficient BER of oxidative DNA lesions. However, TC-NER
may also play a role in the CS-phenotype and the normal aging process since DNA lesions
such as 8,5’-cyclopurine-2’-deoxynucleosides, which can be induced by free radicals, are
capable of blocking RNA pol Il and are repaired by NER (Brooks et al., 2000).

Within the last few years it has become evident, that the mtBER capacity in the brain is
relatively low compared to other organs of the body and that the repair capacity varies between
different brain regions (Imam et al., 2006). There also seems to be region specific differences
in how dramatically the DNA repair capacity changes with age. It is therefore possible that
some regions in CS brains also are more affected by decreased mtBER capacity than others,
which could partly explain the neuropathology seen for the CS phenotype, which includes
multifocal patchy demyelination in the cerebral and cerebellar cortex and calcium deposits in
basal ganglia and cerebral cortex (Itoh et al., 1999).

9. Concluding remarks

CS is a very significant human disorder that has a strong premature aging phenotype. The
precise function(s) of the CSB protein still remains unclear. The CSB protein functions in many
DNA metabolic pathways and appears to have diverse significant functions in transcription,
signaling, chromatin structure and DNA repair (Figure 2). It is not clear whether the BER
deficiency in CS cells is due primarily to reduced transcription of BER proteins or to a more
direct role of the CSB protein in the BER processes. As a result of the ongoing leakage of ROS
from the mitochondria, the genome is continuously damaged by various oxygen species. As
we have described in this review it seems conceivable that the defective repair of oxidatively
damaged DNA contributes to the CS phenotype — especially the component that has to do with
the central nervous system, because of the potential association between mitochondrial
dysfunction and neurodegeneration.
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CSBwt:  TVIVCPTTVMH DWYVILDEGH “FVFLLTTRVGG PSTDTQARERA ' SSGTGKTSMPS
568 578 640 649 907 917 937 247 1132 1142
CSBE646Q: DWYVILDQGH
CSBQO42E: PSTDTEARERA
CSBR946A: PSTDTQAREAA
CSBT912V: FVFLLYTRVGG
CSBT912Vv/913V: FVFLLHRVGG
Fig. 1.

Characteristic motifs of the CSB protein.

Mutants that are discussed in the review are indicated.
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Pathways in which CSB might participate - based on proteins which have been demonstrated

to interact with CSB.
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