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ARTICLE INFO ABSTRACT

Genomic DNA is prone to a large number of insults by a myriad of endogenous and exogenous agents. The base
excision repair (BER) is the major mechanism used by cells for the removal of various DNA lesions spontaneously
or environmentally induced and the maintenance of genome integrity. The presence of persistent DNA damage is
0GG1 not compatible with life, since abrogation of BER leads to early embryonic lethality in mice. There are several
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S'OXOG, . . lines of evidences showing existence of a link between deficient BER, cancer proneness and ageing, thus
Transcription coupled repair . . . . . .

illustrating the importance of this DNA repair pathway in human health. Although the enzymology of BER
Nucleosome | i . . . . .
Chromatin mechanisms has been largely elucidated using chemically defined DNA damage substrates and purified proteins,

the complex interplay of BER with another vital process like transcription or when DNA is in its natural state (i.e.
wrapped in nucleosome and assembled in chromatin fiber is largely unexplored. Cells use chromatin remodeling
factors to overcome the general repression associated with the nucleosomal organization. It is broadly accepted
that energy-dependent nucleosome remodeling factors disrupt histones-DNA interactions at the expense of ATP
hydrolysis to favor transcription as well as DNA repair. Importantly, unlike transcription, BER is not part of a
regulated developmental process but represents a maintenance system that should be efficient anytime and
anywhere in the genome. In this review we will discuss how BER can deal with chromatin organization to
maintain genetic information. Emphasis will be placed on the following challenging question: how BER is
initiated within chromatin?

Chromatin remodeling

1. Introduction

Constant formation of DNA lesions resulting from aerobic metabo-
lism, environmental conditions or spontaneous hydrolysis of weak
chemical bounds are major challenges to the maintenance of genome
stability in mammalian cells [1]. Several reactive oxygen species (ROS)
including the highly reactive hydroxyl radical (*OH) that are formed as
byproducts of cellular metabolic processes can modify the bases and 2-
deoxyribose moieties of the DNA [2-5]. Oxidation of proteins or lipids,
which can be submitted to the same kinds of radical attack, can be
discarded and replaced by non-damaged ones. In contrast, DNA damage
jeopardizes the integrity of the genetic information, an essential

element for the stability of the genome and cell viability [6].

Suitable repair pathways for numerous kinds of DNA lesions have
been described. Within the vast majority of DNA damage events, the
information coded by the undamaged complementary strand can be
utilized to maintain genome integrity. Cells have selected sophisticated
mechanisms to detect and excise the damaged base, or a patch of
nucleotides surrounding the lesion. The base excision repair (BER) and
the nucleotide excision repair (NER) are the major excision repair
pathways described in mammals. Strikingly, a complete elimination of
the BER system is not compatible with life and leads to an early
embryonic lethality [6,7]. For historical reasons NER deficiencies have
been linked to a broad spectrum of clinical outcomes from mild sun
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sensitivity to premature death and various neurodegenerative diseases,
segmental premature ageing syndromes or cancer proneness. A link of
BER and human diseases is not so extensively characterized but BER is a
DNA repair pathway involved in cancer and ageing [8].

This review focuses on BER mechanisms with some reference to
other DNA repair pathways for which further information could be
found [9-11]. BER is the main pathway for the repair of most small
DNA base lesions caused by oxidation, deamination and alkylation.
These modifications are in general not helix-distorting and they do not
strongly interfere with transcription [12]. BER is initiated when a
specific DNA glycosylase recognizes a modified base. In a subsequent
step the glycosylase cleaves the N-glycosylic bond between the
damaged base and the 2-deoxyribose moiety of the nucleotide. This
creates an abasic site called either apurinic or apyrimidinic site (AP-
site). There are at least 11 mammalian glycosylases that can detect in a
more or less specific way different types of damaged bases, making BER
a widely usable repair pathway that can deal with a wide variety of
modified bases. DNA glycosylases are small monomeric enzymes,
grouped according to motifs conserved from prokaryotes to humans
[13]. Glycosylases can be classified as bi- or mono-functional depend-
ing on their capacity to cleave DNA or only the N- glycosidic bond of a
damaged base. In metazoans, AP sites are processed by the AP
endonuclease APE1, which generates a single strand break (SSB) in
the DNA [12]. The resulting gap is filled by DNA polymerase 3, which
uses the undamaged strand as a template. The final step of BER is
ligation of the nicked DNA strand, by DNA ligase III that forms a
complex with XRCC1. XRCC1 plays a major role in SSB repair and the
completion of BER by interacting with various partners either by
increasing (e.g PNK) or reducing (e.g. PARP-1) their activities (re-
viewed in [14]. A redundancy with other ligases present in the nucleus
may be possible suggesting that XRCC1 complexed with ligase III is not
required for BER to proceed [15]. A very wide plasticity exists in cells
for the requirement of ligase in nucleus as well as in mitochondria [16].
In the same way, it has been speculated since many years that
glycosylases may have redundant function with their overlapping
activities on some DNA lesions [17]. This could explain the small
increase of the steady state level of specific modified bases in various
knockout mice for single DNA glycosylases.

The amount of DNA lesions and their location can vary a lot from
cell to cell according to changes in physiological or environmental
conditions (e.g. exposure to chemicals, agents generating ROS, sunlight
and other processes including spontaneous chemical bond breakage,
activation-induced deaminase during B-cell maturation etc.) [18,19].
The steady-state level of DNA damage that is observed results from their
continuous formation and removal dynamic by the repair machinery
present in the cell. The accumulation of DNA lesions, when failure in
repair occurs, can have various outcomes depending on the intrinsic
properties of the lesions: i) mutagenesis in the case of 8-o0xo-7,8-
dihydroguanine (8-0xoG) [20] or uracil [21], ii) replication block for
5,6-dihydroxy-5,6-dihydrothymine also called “thymine glycols” (Tg)
[22] and complete transcription block for various helix-distorting DNA
lesions such as ultraviolet light (UV)-induced cyclobutane pyrimidine
dimers (CPDs) [23,24]. Therefore, DNA damage can trigger a complex
response with various consequences on cellular physiology. This
enlightens the importance for cells to accurately handle DNA repair
together with transcription (and other cellular processes) in order to
avoid more deleterious effects [25]. Even though, transcription through
DNA lesions (e.g. 8-0x0G) can induce transcriptional mutagenesis
[18,26], uncontrolled BER initiation can be more dangerous by
triggering cell death and cellular sensitivity to DNA damaging agents
[27,28]. Imbalances in the execution of normally regulated repair steps
may be at origin of harmful effects observed on cells upon over-
expression of proteins involved in repair pathways (e.g glycosylases)
[29]. Whereas 8-0x0G is not a strong block for transcription [30], the
OGG1 glycosylase induced nick that are generated upon the lesion
processing can cause transcription blockage [31]. Strikingly, elongation
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by RNA Pol II in a purified reconstituted transcription system can be
blocked to different extents, illustrating that depending on the type of
DNA lesion a complex spectrum of transcription impediment can occur
in the nucleus [32]. Certainly, in vivo many other parameters such as
chromatin context, promoter strength, or simply “who is first” on the
lesion create wide options for the type of DNA Damage Response (DDR)
generated by a same DNA insulting agent.

The basic subunit of chromatin, the nucleosome, 147 bp of DNA,
wrapped in a left-handed toroidal helix around a histone octamer is a
barrier to most of the factors interacting with DNA [33,34]. The next
level of packaging of DNA into chromatin or the so-called 30 nm fiber
and its higher level compaction forms represent other levels of
obstruction.

In this review we will focus on the repair of non-helix-distorting
lesions which are primarily substrates for the BER and discuss how
chromatin associated mechanisms such as transcription and chromatin
remodeling could play a role in the repair of such modified bases. First,
we will describe in vitro studies on nucleosomal substrates. In the
second part we will discuss the mechanisms that could favor access of
BER factors to chromatin with a special mention to histone variant.
Thirdly, results from live cell experiments will shed light on the
connection between BER, transcription and chromatin remodeling.
Finally we will give a more speculative view on BER initiation in vivo
and conclude with some of the future challenges to address in the field.

2. BER in vitro on chromatin substrate

Most of the enzymes involved in BER have been extensively
characterized (for structural targeted reviews, see [35,36]). Studies
using short naked DNA substrates, in which a single modified base was
site specifically inserted, gave insight in the repair substrates specificity
of DNA glycosylases [37,38]. Interactions between various BER proteins
have been described, especially with XRCC1, a scaffold protein with no
catalytic activity, which is believed to favor optimal reaction [39].
However, much less is known on BER enzymes or scaffold proteins
function in the context of chromatin. Here we will give a brief overview
of the main findings and conclusions that can be drawn from relevant
studies on three major BER lesions: uracil, Tg and 8-0xoG. For a more
detailed information on various reconstituted systems used to study
BER involving nucleosomal substrates we direct the reader to a recent
review [40].

2.1. Accessibility of various BER-lesions within in-vitro nucleosomal
assemblies

2.1.1. Uracil

Uracil in DNA results from either hydrolytic deamination of
cytosine, creating a premutagenic U:G mispair, or misincorporation of
dUMP instead of dTMP during replication, creating a U:A pair
(reviewed in [13]). The mutagenic uracil base is recognized by a
Uracil DNA Glycosylase (UDG) enzyme, which cleaves the N-glycosidic
bond giving rise to a DNA abasic site. The removal of free uracil from E.
coli DNA containing deaminated cytosine residues was the first
glycosylase activity described by Lindahl [41]. The nucleosomal
substrate reconstituted with the 5S rRNA gene DNA (5 S), containing
one single site-specific U:A base pairs, showed a rotational position
independent 3- to 10-fold- decrease of SMUG1 and UNG2 efficiency
compared to free DNA [42]. In disagreement with this initial study, a
10- to 30-fold rotational position dependent inhibition of UDG effi-
ciency was reported [43,44]. These discrepancies might be due to the
different DNA sequences used to position the nucleosome and also
suggested that nucleosome was not such a strong barrier to BER
initiation. However, another group using the same 5S positioned
nucleosomes reported a UDG activity inhibited 10°~10*-fold for inward
facing sites, while for outward facing uracil reacted as efficiently as in
free DNA [45]. Experimental difficulties in determining the initial rates
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of cleavage, requiring high-quality and naked-DNA free nucleosomes,
could explain these variations inherent to assays on nucleosomal
templates.

Restriction enzymes show a ~10%fold decrease in the cleavage
efficiency as the recognition site is moved from near the DNA
entry — exit on the octamer toward the nucleosome dyad axis [46]. In
contrast, the distribution of UDG reactive and unreactive uracil sites
across the entire nucleosome core is not clearly related to the position
relative to the nucleosome dyad. This is indicative that additional
mechanisms beyond DNA unwrapping, such as local dynamic or
conformations of individual sites, are likely to be involved in UNG
reactivity [47]. Rotational exposure of the site towards the solution is
the major but probably not the only condition for the reactivity of UNG
[45,48].

2.1.2. 5,6-Dihydroxy-5,6-dihydrothymine

Generally, outward facing thymine glycols were more rapidly
repaired than inward facing ones, and those located furthest away
from the dyad were repaired the fastest by the NTH1 glycosylase. These
findings are suggestive that steric accessibility coupled with unwrap-
ping motions is an important factor for efficient repair [49-51]. NTH1
data support the idea of sterically occlusion from access in presence of
histones; however, the level of activity inhibition between inward and
outward orientations is modest compared to UNG.

2.1.3. 8-Oxo-7,8-dihydroguanine

8-0x0G, an ubiquitous lesion oxidatively generated by *OH, singlet
oxygen or one-electron oxidants, is repaired by the BER pathway [52].
The glycosylase responsible for recognition of the common oxidatively
induced lesion 8-0xoG is OGG1 [52]. The human DNA glycosylase
OGG]1, is the functional homologue of bacterial Fpg and is capable of
recognizing and removing 8-0xoG opposite C, but not opposite A and
also 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) [53,54].
A potential redundancy thanks to other glycosylases remains hypothe-
tical (and probably marginal) since nuclear extract from cell OGG1-
deficient does not excise efficiently 8-0xoG in vitro[17]. OGG1 is a bi-
functional enzyme, displaying glycosylase and apurinic/apyrimidinic
(AP)-lyase activities [54-56]. With its “rather slow” AP-lyase activity
OGG1 nicks the backbone 3’ to the AP-site according to a B-elimination
mechanism, resulting in a 3’-dRP end group [57]. The DNA nicked by
OGG1 at the site of the lesion (3’ to the lesion) is then processed by
APE1, which creates a free 3’-hydroxyl group that is required for the
gap filling by DNA polymerase (. Finally, the 8-0xoG repair is
completed by ligation of the nick by DNA ligase III present in complex
with the scaffold protein XRCC1.

The mechanism of BER within reconstituted positioned nucleosomes
has been studied by introducing a single 8-0xoG lesion in the DNA
fragment located at 10 bp distance from the dyad [58]. It was reported
that OGG1, APE1 and DNA Pol B activities were strongly reduced in
nucleosome core DNA. The chromatin remodeler SWI/SNF (SWitch/
Sucrose Non-Fermentable) stimulated each one of the three BER repair
steps with efficiency close to those observed for naked DNA.
Interestingly, SWI/SNF-induced remodeling without nucleosome mobi-
lization was sufficient to achieve this effect (see Section 3.4). Notably,
SWI/SNF was also able to assist NER, but its effect on NER of UV-lesions
was found to be very modest (a 1.5- to 2-fold increase of NER efficiency
was reported in the presence of SWI/SNF [59,60]. These data demon-
strate a qualitatively different effect of SWI/SNF on BER compared to
NER and suggest that in vivo chromatin remodelers of the SWI/SNF
family may be required for efficient BER of 8-0xoG. Unfortunately, no
data on rotational position dependence of OGG1 activity were reported.
However, as mentioned, OGG1 recognizes rather the base pairing than
the molecular structure of the lesion. Thus, we may expect a lower
influence of the nucleosome rotational position compared to uracil
since the base complementary to 8-0xoG is in opposite orientation
regarding the histone octamer surface.
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Fig. 1. Model of the NAP-1 and RSC assisted initiation of BER within H1l-complexed
dinucleosomes based on in vitro studies. (A) OGG1 is unable to excise 8-0xoG (denoted by
Asterisk) in dinucleosomal templates. (B) Eviction of H1 by NAP1 is sufficient for 8-oxoG
excision in the linker DNA, while both H1 eviction and nucleosome remodeling are
required for the excision of 8-0x0G located within nucleosome core DNA. For details see
[61].

The efficiency of OGG1 to remove 8-oxoG and cleave the DNA
within in vitro reconstituted positioned dinucleosomal templates was
recently reported [61]. OGG1 activity was measured on a single 8-0xoG
located either in the vicinity of the dyad of one nucleosome or in the
center of the 20- or 75-bp linker DNA. H1 containing dinucleosomes
assembled with help of the H1 chaperone NAP-1 (Nucleosome
Assembly Protein 1) were used to understand how this linker histone
affects BER initiation (Fig. 1). As expected, 8-0xoG within the nucleo-
some core DNA was inaccessible to OGG1. In absence of H1, 8-0xoG
located in the linker DNA was processed as efficiently as in naked DNA
independently on the linker length. This completes and confirms
experiments carried out with UDG in oligo-nucleosome substrates
[62]. In contrast, a 10-fold inhibition of OGG1 was observed within
H1 complexed dinucleosomes which is however abrogated upon NAP-1-
mediated H1 removal. The presence of RSC (Remodel the Structure of
Chromatin), a SWI/SNF family remodeler, and excess of H1 chaperone
NAP-1 were sufficient for allowing 8-0xoG processing independently on
its position within dinucleosome. Briefly, both histone H1 removal and
dinucleosome remodeling are necessary and sufficient for efficient
repair initiation of nucleosomal 8-0xoG (Fig. 1).

3. Mechanisms of accessibility of BER enzymes to chromatin

While nucleosomes were once thought to strictly inhibit access of
DNA-dependent factors, it is accepted that at least some BER compo-
nents can use nucleosomal DNA as substrate for their enzymatic
processes [40]. However, BER initiation and completion of a large
proportion of DNA lesions (or repair-intermediates) remain refractory
within chromatin. Dynamic behaviors intrinsic to nucleosomes, such as
transient, partial unwrapping of DNA from the histone octamer, may
favor DNA scanning by BER glycosylases. Yet, cells have several other
ways to provide transient access of proteins to their DNA target sites
within chromatin, namely by the action of ATP-dependent chromatin
remodeling complexes [63-65], by histone tails post-translational
modifications and by incorporation of histone variants [66]. We will
briefly present these different strategies.

3.1. Post-translational modifications of histone tails

Considerable amount of results have connected histone tails mod-
ifications with chromatin dependent DNA-related cellular processes.
One should recognize the confusion regarding the causalities relation-
ships between the effects observed that have essentially correlative
values [67]. Whereas, the role of histone tails modifications in
recruitment of non-histone proteins to chromatin is satisfactory well
characterized, flabby evidence on direct structure/organization
changes has been reported so far. It has been shown both in vitro and
in vivo that hyperacetylation of histone tails does not abolish their
interactions with linker DNA [68-70] as it was initially thought. One
possible exception is acetylation of H4K16 that seems to weaken
interactions between adjacent nucleosomes [71], thus interfering with
the 30 nm fiber stability [72,73]. Similarly, phosphorylation, that may
have important consequences for chromatin compaction via electric
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charge modification, has no reported effect on mono-nucleosome/
chromatin structure in vitro although its involvement in mitosis,
apoptosis and gametogenesis is well documented [74].

To date, no solid data are available on a significant role of histone
tails modifications in BER. In contrast, correlation between histone
modifications and either NER or double strand break repair (DSBR) (e.g.
yH2AX) has been reported in hundreds of papers, even though
mechanisms of their occurrence in respect to DNA lesion and their
functional roles are still on a speculative level [75-80]. Finally, it is
noteworthy that due to the biased nature of current methods to measure
changes in chromatin accessibility in vivo, it is largely unclear whether
higher order chromatin condensation is associated with important
changes in DNA accessibility. In support to this marginal effect of
higher level of chromatin compaction (i.e. above the dinucleosomal
level) little methylase accessibility difference at domains marked with
repressive and active histone modifications regions has been observed
[66].

3.2. Histone variants

Canonical histone genes are present in clusters throughout the
genome and are expressed in S phase and replication-coupled depos-
ited. In contrast, histone variant genes are non-allelic, often contain
introns, and are expressed at most times during the cell cycle in a
replication-independent manner thus allowing their specific chromatin
deposition [81]. Histone variants have emerged as important contribu-
tors to the regulation of chromatin structure and therefore of almost all
DNA-based processes [82]. Incorporation of histones variants can affect
nucleosome stability, DNA wrapping, post-translational modifications,
and generate specialized chromatin domains (e.g. centrosome) [83].
Hence, these specialized histones play important roles in transcriptional
regulation, cell cycle progression, DNA repair and chromatin stability
[84]. The precise regulatory mechanisms are fulfilled thanks to
accurate chromatin deposition, eviction and exchange of histone
variants with their corresponding conventional analogs through the
involvement of specialized histone chaperones/remodelers complexes
[85-87]. Mutations or improper regulation of histone variants and/or
the dedicated deposition/eviction/exchange chaperone complex mem-
bers can lead to important pathologies and diseases including tumor
development. However, the molecular mechanisms are poorly under-
stood so far [88,89].

Although support for correlations between histone variants includ-
ing tail covalent modifications and DNA damage response has been
provided experimentally, the molecular mechanisms of these links are
largely unknown [90]. Prominent examples are the well-known phos-
phorylation of the H2A variant, H2A.X, as one of the earliest events in
response to the formation of DNA double strand breaks [91] and the
incorporation of H3 variants into the site of UVC damage [92]. Zeitlin
et al. reported the accumulation of the centromeric H3 variant CENP-A
at DNA DSB sites induced by laser micro-irradiation or endonuclease in
mammalian cells [93]. However considering that mislocalized CENP-A
may lead to aberrant centromere formation the functional relevance of
its accumulation at damage sites remains unclear.

Importantly, no direct links between histone variants and BER have
been reported so far although some indirect clues exist. The macro-
domain of macroH2A has been shown to bind the catalytic and zinc
finger domains of PARP1 inhibiting its enzymatic activity in vitro [94].
Although PARP1 appears to be integral to single strand break repair
(SSBR), recent observations suggest that RNAi-mediated depletion of
PARP1 has no effect on BER, whereas treatment of cells with an agent
that blocks the cyclic binding of PARP1 to SSBs interfered with BER
[95]. Besides, one can anticipate a link between BER and histones
variants on the basis of the modified accessibility of variant nucleo-
somes (chromatin). As an example it has been shown that macroH2A
plays an important role in gene silencing by interfering with transcrip-
tion factor binding and nucleosome remodeling [96]. In addition, it
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exhibits greater than canonical nucleosomes salt-dependent stability
and excludes the binding of H1 [97]. These features are indicative of a
reduced accessibility of BER components to macroH2A nucleosomes. In
contrast, a naturally enhanced accessibility of BER enzymes to lesions
located on H2A.Bbd, H2AL2, CENP-A containing nucleosomes is
expected. This is due to a more open conformation, a lower stability
and an inability to stably associate with linker histone H1 hence to fold
into compact 30 nm fiber [58,98-102]. However, in the case of
H2A.Bbd (the only histone variant tested in DNA repair assays so
far), despite an initial better accessibility, the inactive SWI/SNF
remodeling on these nucleosome leads to an impaired BER in compar-
ison with remodeled conventional nucleosomes [58].

3.3. Site-exposure model of Widom — thermodynamic fluctuations induced
DNA unwrapping from nucleosome ends

Studies from many laboratories reveal that nucleosomal DNA is
partially accessible to several DNA-binding proteins, even in the
absence of exogenous factors, despite the fact that the crystallographic
structure of the nucleosome [34] shows that the binding sites would be
occluded. In earlier studies [103,104] the “site exposure model” was
proposed to explain this behavior of nucleosomes in vitro. This would
explain findings of widely disparate experiments, including the equili-
brium binding of a protein to a nucleosomal DNA target site, the
kinetics of digestion of nucleosomal DNA at internal sites by restriction
enzymes or at the ends of nucleosomal DNA by exonucleases. According
to this hypothesis, the equilibrium constants describing this dynamic
site exposure decrease progressively from either the ends of the
nucleosomal DNA toward the middle or the dyad of the nucleosome.
The transient DNA release from the octamer surface, starting from one
end of the nucleosomal DNA would be responsible for the observed
differences in accessibility. However, it should be noted that more
recent and refined experiments unambiguously showed that Widom's
data on thermodynamic fluctuation opening and accessibility to
restriction enzymes are strongly overestimated, and in reality restricted
to the first ~10-12 bps from the nucleosome ends [100,105,106].
Importantly, thermodynamic fluctuations induced nucleosome opening
should be reduced in folded chromatin, in the presence of linker
histones and/or divalent cations such as magnesium. These agents
generate the so-called stem structure of linker DNA “closing” the
nucleosome and hence preventing its transient “opening”, DNA loop
injection and mobility [107-110]. Besides, heat-induced repositioning
experiments have mostly been performed on mono- or dinucleosomal
substrates. On longer chromatinized substrates no evidence for a long-
range nucleosome repositioning has been found [111].

A currently shared view is that spontaneous partial unwrapping of
DNA from the underlying histone octamer enables BER enzymes to bind
to oxidatively generated lesions that would otherwise be sterically
inaccessible [40,50]. Although DNA unwrapping-mediated exposure of
a lesion ~10 bps from a mononucleosome edge occurred ~7-8 times
per minute, exposure rates fell dramatically for lesions located 10 or
more bps further in from the nucleosome edge [50]. The rates are likely
too low to account for the observed rates of BER in cells. Thus, ATP-
dependent chromatin remodeling, either BER-specific or when asso-
ciated with transcription, replication, or other DNA related processes,
probably contributes to efficient BER in vivo.

3.4. ATP-dependent chromatin remodeling

Chromatin remodeling factors consist of one dedicated ATPases of
the SNF2 super-family associated with variable numbers of additional
subunits [112] to form large multi-proteic stable structures. Prominent
examples of such complexes are the families SWI2/SNF2, ISWI, CHD
and INO80 [113,114]. These four groups of remodelers can be
distinguished by their biochemical properties and the peculiarities of
their nucleosome remodeling [115]. All families of remodeling ATPases
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can facilitate nucleosome sliding, namely, the relocation of intact
histone octamers on DNA, without displacement to other DNA segments
[116-121]. In addition, at very high concentrations SWI/SNF-related
remodeling factors seem able in vitro to disrupt histone-DNA interac-
tions more extensively leading to histone dimer or octamer eviction
from DNA [116,122]. Noteworthy, in vivo such high remodelers/
nucleosome (-~ stoichiometric) ratios can be realized only locally by
targeted recruitment. Interestingly, the isolation of the Swrl remodel-
ing complex (belonging to the INO80 family) has demonstrated another
function of the chromatin remodeling machines, namely, histone
variant exchange [123,124].

The crucial role of remodeling factors in chromatin plasticity has
been highlighted not only in vitro, but also in vivo using genetic
experiments in yeast, Drosophila, C. elegans and higher eukaryotes
[125-128]. DNA-related nuclear activities such as transcription, repli-
cation, repair, and recombination are occurring thanks to numerous
changes in the local chromatin structure. Chromatin remodeling is a
vital process within eukaryotic cells. It is involved in controlling gene
expression, DNA replication and repair, epigenetic phenomena, and
also in several human pathologies [129]. The nucleosomes are con-
tinuously substrates to ATP-dependent nucleosome remodeling com-
plexes that dissociate interactions between histone and DNA facilitating
nucleosome relocation and histone eviction/exchange. At the same
time, nucleosomal DNA is continuously “scanned” by DNA repair
factors present in the cell. A requirement for ATP-dependent nucleo-
some remodeling has been documented within the first three steps of
BER of otherwise inaccessible 8-0xoG within the nucleosome core DNA,
and appears to depend on the type of nucleosomes [58].

Interestingly, the activity of ATP-dependent chromatin remodeling
complexes is reduced within nucleosomes bound to H1 [130,131] but
not abolished [132,133]. These results suggest that remodeling com-
plexes (alone or in cooperation with linker histone chaperones) can be
involved in linker histones eviction contributing to the fast dynamic
exchange of H1 observed in vivo with FRAP techniques [134,135]. A
reversible dramatic reduction of H1 exchange rate upon transient
inhibition of ATP synthesis in Tetrahymena cells supports a major role
for ATP-dependent chromatin remodelers to affect chromatin dynamic
by facilitating eviction of H1 [136]. Nevertheless, the action of
chromatin remodelers on H1 mobility in vivo seems more complex than
previously anticipated. A competition between various remodelers may
lead both to assembly and removal of H1 [137,138].

At least two models for nucleosome remodeling have been sug-
gested based on biochemical data [139]. According to the first model,
proposed for the SWI/SNF remodeler, DNA is peeled from the surface of
the histone octamer, forming a large DNA loop, which then propagates
around the nucleosome surface. The second model, originally proposed
for RSC, suggests that DNA moves in 1 bp rotational waves on the
histone octamer surface, driven by the tracking domain of the ATPase
subunit of RSC. Single molecule experiments indicate that both RSC and
SWI/SNF are able to generate loops with an average size of about
110 bp at the dyad axis of the nucleosome, which then allows the
nucleosome to slide [119,140].

The two models described above implicitly assume that nucleosome
mobilization is a continuous event, proceeding without dissociation of
the remodeler from the nucleosome. Recent experimental data have
however showed that this is not the case, at least for RSC [141]. The
mechanism of RSC nucleosome mobilization has been studied by a
combination of high-resolution atomic force microscopy (AFM), elec-
tron cryo-microscopy (ECM) and biochemistry techniques on mono-
nucleosome substrates [141]. Two types of products were generated
during the RSC remodeling of centrally positioned 255 bp nucleosomes,
i) mobilized particles located at the DNA ends and ii) non-mobilized
nucleosome-like particles, named “remosomes”, which contain 180-
190 bp of DNA associated with the histone octamer. Importantly, the
latter RSC released metastable particles exhibited distinct and highly
irregular DNA shapes and increased restriction enzyme and DNase I
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Fig. 2. Mathematical model of the “remosomes”. A) Initial model of a modified
nucleosome with 42 extra base pairs, leading to an "epicyclic" DNA loop located above
the pseudodyad position of the nucleosome. B) The conformation adopted after 480 ns of
MD simulation where local DNA kinks and average DNA bending allow more extensive
histone-DNA contacts to form. For details see [142]. This model was kindly provided by
Richard Lavery.

accessibility within the core DNA. In other words, the remosomes
consist in a heterogeneous population of over-complexed particles with
strongly perturbed histone-DNA interactions. These data strongly
suggest that remosomes are a set of particles containing a relatively
randomly (with a slight preference for the dyad) distributed metastable
loop of 20-40 bp DNA stretches dissociated from the octamer surface. A
recent mathematical model using all atom simulation and the highly
optimized molecular dynamics code Gromacs (5.0) at a 0.5 ps time
scale is illustrating in Fig. 2 how a remosome could look like [142].

4. BER in vivo and the link with transcription, chromatin
remodeling and NER factors

Structural studies, providing mechanistic insights at a molecular
level, were confined to purified proteins and/or synthetic DNA
substrates. In conjunction with previously quoted studies, such as
repair in the presence of nucleosomes, the way BER can deal with
cellular environment starts to be better understood. The study of BER in
vivo has been hampered by the difficulty to introduce DNA damage
repaired primarily by this pathway without other DNA lesions that
could lead to misleading interpretation of the results [143]. This
explains the scarcity of studies where attempts were made to delineate
BER function in living cells. In contrast, study of NER or DSB repair
thanks to UV-light or specific endonucleases have favored the assess-
ment of these pathways in living cells. We will focus in this section on
the link of BER with transcription, ATP-dependent chromatin remodel-
ing and NER factors.

The characterization of tight connections between transcription and
DNA repair has been the subject of intense research since the first
discoveries of a faster repair of DNA in transcribed region. A well
described mechanism called Transcription-Coupled-NER (TC-NER) ex-
plained how cells could repair preferentially the transcribed strand of
DNA to restore rapidly transcription and recovery of RNA synthesis
upon UV damage infliction (for a review see [10]). However, most of
the non-bulky DNA lesions (e.g 8-0x0G, uracil or AP-site) can be
bypassed by RNA polymerase II during transcriptional elongation
without initiating that repair pathway [144-146]. Some of these lesions
(e.g. 8-0x0G) may subtly alter transcription activities compared to the
complete stalling observed for bulky CPDs. In a reconstituted transcrip-
tion system or with cellular extracts a weak block was observed at 8-
0x0G sites during transcription [30]. More recently, it was shown that
elongation factors, such as CSB, TFIIS or elongin could increase the
efficiency of RNA pol II to read through oxidatively induced lesions,
and therefore contribute to transcriptional mutagenesis [32]. In addi-
tion to this direct influence on transcription, transcriptional inactiva-
tion of damaged DNA can occur at non-bulky DNA lesions after BER-


danguelo


danguelo


danguelo



H. Menoni et al.

initiation and subsequent formation of a SSB [144]. For this reason,
BER must be highly coordinated in order to avoid interference with
transcription.

Interestingly, a factor involved in transcription, FACT (FAcilitates
Chromatin Transcription), has been recently shown to be likely
implicated in BER within living cells [105]. FACT is a vital protein
which displays a histone chaperone activity with multiple roles
including one in TC-NER of UVC damaged DNA [147]. Newly, Tap-
Tag pull down of FACT complexes and MS analysis showed that upon
H,0, treatment induced oxidative stress in HeLa cells FACT is released
from transcription protein complexes to get associated with repair
proteins and chromatin remodelers from the SWI/SNF family [105].
Upon local generation of oxidized DNA by low-intensity 405 nm laser
micro-irradiation of HeLa cells, in presence of the non DNA interacting
type II (singlet oxygen) photosensitizer Ro-198022, that generates
essentially 8-oxoG but non DSB and UV-lesions, FACT is rapidly
recruited at the sites of damage that co-localize with glycosylase
OGG1. Interestingly, FACT facilitates glycosylase action in the removal
of uracil from nucleosomal DNA thanks to an enhancement in the
remodeling activity of the ATP-dependent chromatin remodeler RSC.
Altogether, the data suggests that FACT may act in concert with RSC to
facilitate excision of DNA lesions during the initial step of BER. Further
studies are necessary to assess whether FACT is required to promote a
coordination of BER and therefore to avoid persistence of BER-inter-
mediates such as SSBs that are strong blocks of transcription.

Another protein, as well involved both in transcription and TC-NER,
Cockayne Syndrome group B (CSB), seems to be able to interfere with
BER of oxidatively damaged DNA lesions in multiple ways. A variety of
mutations in CSB cause Cockayne Syndrome (CS), a rare inherited
recessive disease leading to a progressive multisystem degeneration
resembling a premature ageing [148]. In biochemical assays, CSB has
been shown to influence incision at 8-0xoG sites by the OGG1 DNA
glycosylase, but another work [149] suggested that CSB could be
important for repair even if this glycosylase is absent. We will briefly
describe these different facets of CSB in the BER pathway.

The ability of CSB to influence the incision of the DNA backbone in
synthetic oligonucleotides strands containing a single 8-0xoG lesion has
been noted in a number of in vitro studies that used whole cell or
nuclear extracts of normal and CSB-deficient cells [150-152]. While
this is indicative of a potential role of CSB in the BER pathway, it
remained unclear whether CSB increased OGG1 expression or had a
more direct function in the BER pathway. It has been shown that CSB
could increase expression of OGG1 [150] and it was proved that a
reduced amount of OGG1 could be responsible for the reduced incision
observed at 8-0xo0G sites in repair assays. However extracts of normal
cells (i.e. containing the same levels of OGG1), from which CSB was
depleted still showed reduction in incision at 8-oxoG sites [152]. In
addition, even if CSB was not found to directly interact with OGG1, its
presence may influence the binding of proteins from cell extracts to 8-
0xoG in vitro. It was shown that CSB co-localizes with OGG1 in cells in
response to damage induction by y-radiation [152]. This led these
authors to propose the existence of a protein complex in which CSB and
OGG1 together with other factors would influence OGG1 incision
activity. In agreement with this hypothesis, CSB was found to physically
interact with APE1 and stimulate this enzyme [153]. All these results
suggested that CSB could influence incision at 8-0xoG both by regulat-
ing OGG1 expression and by functioning according to a hypothetical
“BER complex” bearing this glycosylase.

The role of CSB in BER when OGG1 is absent supposes that CSB
could improve the activity of other glycosylases or influence the
efficiency of BER by chromatin remodeling activities at the site of
DNA damage [149,154]. Thus, CSB favors incision at FapyG and FapyA
lesions by the DNA glycosylase NEIL1 [155] and stimulates NEIL2 DNA
glycosylase activity [156]. In addition, CSB belongs to the SWI/SNF
ATP-dependent chromatin remodeler family and might influence BER
by chromatin remodeling activities. While chromatin remodeling has
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been shown to be required to initiate repair of BER-lesions embedded in
nucleosome (see chapter 2) and considering that CSB is able to change
the conformation of the DNA upon binding to it [157], it remains to be
proven that CSB is able to favor glycosylase accessibility and specifi-
cally at sites of DNA damage. Recently CSB was proposed to interact
with NAP-1L-histone chaperone for efficient TC-NER [158]. According
to this study, chromatin remodeling and repair protein recruitment
mediated by CSB are separable activities. So, such complex mechanisms
require further studies to better assess the role of in BER.

If CSB is indeed able to modulate BER by making DNA better
accessible to repair proteins, this would probably influence both the
removal of 8-0x0G via incision by OGG1 and the back-up repair that has
been observed in the absence of OGG1. The latter effect could be due to
interaction with NEIL1 or NEIL2. Interestingly, NEILs are functionally
distinct from OGG1/NTH1 in vivo. NEIL2 shows a unique preference for
excising lesions from a DNA bubble, whereas NTH1 and OGG1 are only
active with duplex DNA. NEIL1 was also found to efficiently excise 5-
hydroxyuracil, a minor oxidation product of cytosine, from the bubble
and single-stranded DNA but does not have strong activity toward 8-
0oxoG in the bubble [159]. The observed OGG1/NTH1-independent
repair of oxidized bases in the transcribed sequences would support the
possibility that NEILs are preferentially involved in the repair of lesions
in DNA bubbles that are generated during transcription and/or
replication. In support of this possibility, it was found that Neil2-null
mice accumulate oxidized DNA bases in the transcriptionally active
sequences of the genome [160]. It was also shown that NEIL2 associates
with RNA polymerase II and the transcriptional regulator heteroge-
neous nuclear ribonucleoprotein-U (hnRNP-U), both in vitro and in
cells. NEIL2 immunocomplexes from cell extracts preferentially re-
paired the mutagenic 5-hydroxyuracil in the transcribed strand. [161].

In the absence of CSB the pronounced inactivation of a reporter
gene carrying a single 8-0xoG is strongly attenuated by an additional
OGG]1 deficiency. This is indicative that the processing of the lesion by
OGG1 can mediate host cell inactivation rather than reactivation and
that other glycosylases if involved are not leading to the same
inactivation as for OGG1 [144]. CSB deficiency leads to a significant
decrease of a reporter gene in spontaneously transformed mouse
embryonic fibroblasts (MEFs) compared to the corresponding CSB-
proficient MEFs [162]. A stronger decrease of expression is observed for
a defined SSB located in the non-transcribed DNA strand, than in the
transcribed strand. These indirect observations sound to be consistent
with recent data suggesting the existence of a novel chromatin-specific
mechanism allowing the detection of NT-SSBs by the transcribing
enzyme [163]. SSBs in the non-transcribed DNA strand can be more
harmful for transcription than those located in the transcribed strand
due to a relief of unconstrained DNA supercoiling accumulated during
transcription through chromatin by NT-SSBs. Repair of NT-SSBs seems
to require the activity of CSB [162], suggesting that it could be involved
in repair of NT-SSBs even though a Pol II arrest on NT-SSBs during
transcription of histone-free DNA in vitro was not detected [163,164].
The chromatin structure could enable detection of NT-SSBs by inducing
the arrest of transcribing Pol II through formation of small intranucleo-
somal DNA loops. A tempting model, where CSB together with RNA
polymerases could favor repair remains to be further tested. A strong
implication of CSB in the repair of BER lesions (i.e. 8-0x0-G) involving a
DNA transcription connection was inferred from a live-cell imaging that
revealed a strong, very rapid and transcription (at least partly)
dependent recruitment of CSB to sites of oxidatively generated DNA
lesions [165]. In this study no downstream NER factors like XPA were
visibly co-recruited indicating that BER was the activated transcription
coupled repair pathway and not a canonical TC-NER.

A controversy remains in the TCR field due to one retracted
publication proposing the existence of a TCR of 8-oxoG involving
NER factors including XPG, TFIIH and CSB. Further work is required to
address the crucial question of whether either a full TC-NER or only
initiators of TC-NER is (are) involved in TCR of BER lesions. A recent



H. Menoni et al.

study suggesting that additional mechanisms and factors can be
involved in 8-0xoG repair showed hSSB1 (NABP2/ OBFC2B) to be
required for the repair of 8-0xoG by the hOGG1-mediated base excision
repair pathway [166]. It was reported in a few studies (reviewed in
[167]) that the transcription independent NER-initiator XPC is involved
in the protection of cells against the effects of oxidatively induced DNA
damage. Even though indication that XPC can be specifically recruited
to oxidatively induced lesions in living cells, further studies are needed
to further clarify to which extent XPC is involved and what could be the
mechanisms implicated [165].

5. Concluding remarks and future directions

Major progresses have been made towards a better understanding
how DNA repair operates on chromatin since pioneer work in the late
70’. Several models, including the “access-repair-restore” (ARR) one
model were proposed to explain the mechanisms of NER on bulky
dipyrimidine UVC lesions (for a recent review see [87]). However, in
contrast to NER, how does BER function on chromatin remains still
elusive? This is obviously associated with both the complexity of
chromatin templates and the difficulty to inflict only non-bulky DNA
damage detected by glycosylases. The absence of strong chromatin
related signals such as phosphorylation of H2AX as in DSB repair or
transcription arrest as for UVC-lesions intuitively suggest that BER
could neither require nor lead to substantial changes to chromatin and
transcription. In vitro studies have shown however, that BER is partly
inhibited within nucleosomal DNA and at least half of the base
modifications are inaccessible to the initiating enzymes (i.e. glycosy-
lases). In addition, CSB-deficiency connect transcription as well as
“CAG-triplet expansion” to oxidatively induced DNA lesions
[144,162,168,169]. So, how BER is initiated within chromatin without
disturbing epigenetic information remains an intriguing question.

Here, we analyzed both the mechanisms and factors that may assist
BER to operate in chromatin, such as chromatin remodeling or
transcription associated factors. However, how these factors are “pre-
targeted” to the lesions before any glycosylase can sense the DNA
damage is still an open question. Does an untargeted ATP-dependent
chromatin remodeling, DNA transcription or replication mediated
disturbance/disruption of nucleosomes are helping BER to initiate in
a “stochastic” manner? If this is the case, a significant proportion of
lesions might simply remain unrepaired until exposed by “chance” to
factors that help nucleosomal DNA accessibility.

Several studies support the notion that binding of a “pioneering”
factor to chromatin organized DNA constitutes the primary event in
DNA-templated reactions, such as transcription, which leads to chro-
matin changes and exposure to other proteins [170-174]. This model
implies the existence of pioneering factors that can interact with DNA
sequences, even when they are wrapped into nucleosomes. Access for
these factors might be facilitated by an opportunistic interaction during
spontaneous nucleosome unwrapping. On the other hand, /ATP-depen-
dent chromatin remodeling enzymes are highly abundant in the cell,
with about one remodeling complex per ten nucleosomes. The majority
of them can generate metastable remosomes that provide a versatile
access to any nucleosomal sequence position. The generation of
remosomes could help the probabilistic (random) access enhancement
of repair (and transcription) initiating enzymes to DNA. As the
glycosylases “scan” sites, they can recognize and stably bind to the
respective lesions that are located on transiently exposed free DNA loop
within the “remosomes”. Beside the recognition and the first step of
lesion processing, the glycosylase can further participate in establishing
competence for subsequent repair proteins, through recruitment of
other chromatin-associated factors.

It is also tempting to speculate that pervasive transcription might be
used by cells to monitor DNA integrity through facilitating DNA repair
and activating DNA damage signaling. Indeed, the quasi-stochastic RNA
Pol II “scanning” of the genomic DNA, results in the synthesis of RNA
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8-oxoG-linker

% 8-oxoG-core

Fig. 3. Working model BER initiation, involving quasi-stochastic generation of remo-
somes linker histone eviction mediated by the SWI/SNF family of ATP-dependent
chromatin remodeler, histone chaperones.

copies containing the majority of genomic DNA sequences from both
euchromatin and heterochromatin regions, known as non-coding RNAs
(ncRNAs) [175-177]. This non-promoter regulated pervasive (inter-
genic) transcription could play a role of perfect DNA damage sensor
through the induction of local nucleosome/chromatin structural per-
turbation, throughout the entire genome, thus facilitating access of BER
initiating enzymes. When RNA Pol II complexes are blocked (or slowed
down) at sites of DNA lesions, they would be able to promote
recruitment of BER proteins to perform transcription coupled repair
(TCR) in an evocative way as TC-NER. This hypothesis is fully in
accordance with the observations of FACT recruitment on sites of NER
[147] and BER [105] as well as with CSB accumulation [165] to
oxidatively generated DNA micro-damage [165]. An illustration of
these hypotheses is presented in Fig. 3.

It is reasonable to question whether intergenic transcription induced
chromatin disruption plays a role in priming the repair or its initiation
is dependent on other preceding chromatin-related events. By analogy
with promoter regulated gene transcription, which requires ATP-
dependent nucleosome remodeling, one can speculate that remosomes
play a role in intergenic transcription initiation. Whereas major interest
is placed on the biological role of remodelers as targeted species, one
can imagine that the quasi-randomly generated remosomes throughout
the entire genome could have a role in pervasive transcription and DNA
repair. An important consequence would be that the distinction
between transcription coupled and global genome repair has to be
reconsidered and generalized in terms of chromatin-related effects.
Noteworthy, these considerations apply not only to BER, but also to
some aspects of NER initiation too.

Although the majority of key factors that promote access of BER
initiation enzymes at damage sites within chromatin have been
identified, the underlying molecular mechanisms are not completely
characterized and understood. [[n particular, the role of chromatin
remodeling factors and transcription [in chromatin dynamics would
deserve further investigation. Some key points to address are whether
RNA polymerases are initiators of repair, by detecting DNA lesions and
recruiting factors helping chromatin remodeling such as CSB and FACT
or random nucleosomes remodeling favors repair without requirement
of transcription. This can be done in vitro by using purified proteins or/
and cellular extracts and transcription/repair competent reconstituted
chromatin arrays of positioned nucleosomes containing single BER
lesions. The use of such systems would enable dynamic study of repair
relatively closely to cellular conditions. In vivo experiments can be
designed to locally generate “pure” BER-lesions by laser micro-photo-
sensitization in cells stably expressing Killer Red [178] or miniSOG
[179] tagged DNA-interacting proteins. For instance a recent use of
Killer Red revealed differences in recruitment of repair proteins to
heterochromatin and euchromatin [180]. In combination with live cell
imaging fluorescent microscopy and protein depletion (RNAi KD, KO
etc.) this would enable to carry out real time-resolved experiments on
BER factors recruitment at defined chromatin locations in presence or
absence of any protein of interest.
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