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ABSTRACT

How DNA repair machineries detect and access,
within the context of chromatin, lesions inducing
little or no distortion of the DNA structure is a
poorly understood process. Removal of oxidized
bases is initiated by a DNA glycosylase that
recognises and excises the damaged base, initiating
the base excision repair (BER) pathway. We show
that upon induction of 8-oxoguanine, a mutagenic
product of guanine oxidation, the mammalian
8-oxoguanine DNA glycosylase OGG1 is recruited
together with other proteins involved in BER to
euchromatin regions rich in RNA and RNA
polymerase II and completely excluded from
heterochromatin. The underlying mechanism does
not require direct interaction of the protein with
the oxidized base, however, the release of the
protein from the chromatin fraction requires com-
pletion of repair. Inducing chromatin compaction
by sucrose results in a complete but reversible inhi-
bition of the in vivo repair of 8-oxoguanine. We
conclude that after induction of oxidative DNA
damage, the DNA glycosylase is actively recruited
to regions of open chromatin allowing the access
of the BER machinery to the lesions, suggesting
preferential repair of active chromosome regions.

INTRODUCTION

Cellular components are continually exposed to oxidative
stress arising from sources both environmental, such as
chemicals or radiation, and intracellular, through normal
metabolism (1). In DNA, reactive oxygen species (ROS)

induce a plethora of lesions, including oxidized bases,
abasic (AP) sites and strand breaks. If left unrepaired,
these DNA damages can compromise cell viability by
blocking essential processes such as transcription or rep-
lication. Alternatively, DNA lesions can induce muta-
tions, the accumulation of which can lead to cancer.
Among base lesions, 7,8-dihydro-8-oxoguanine
(8-oxoG), an oxidized form of guanine, is a major
product. Although this modified base does not create
strong distortion of the DNA helix, it is highly mutagenic
due to its capacity to pair with adenine during replication
(2). The presence of 8-oxoG can also lead to
transcriptional mutagenesis (3), a phenomenon that
could be particularly important in slowly growing or ter-
minally differentiated cells (4).

Base excision repair (BER) is the main pathway for the
removal of modified bases or AP sites from DNA in
organisms from bacteria to humans (1). For altered
bases the repair process is initiated by a DNA glycosylase
that recognizes the modified base and excises it leaving an
AP site. This intermediate, as well as spontaneously arisen
AP sites, is further processed by an AP endonuclease in
order to provide a suitable substrate for DNA synthesis
and ligation steps. In mammals, the main DNA
glycosylase for 8-oxoG is the OGG1 protein and the
major AP endonuclease is APE1. XRCC1, a scaffolding
protein without known enzymatic activity, also partici-
pates throughout BER by physically interacting with all
the involved enzymes and coordinating their activities
(5–10). In vitro reconstitution experiments as well as
work on cell extracts have shown that the limiting step
in BER is generally the one performed by the DNA
glycosylase. Crystallographic studies have helped to
bring into light the underlying mechanism that allows
OGG1 to discriminate an 8-oxoG from its normal coun-
terpart, evoking diffusion or scanning models that would
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explain DNA-glycosylase damage recognition (11,12).
However, structural and biochemical analyses do not
take into account the high degree of nuclear DNA con-
densation imposed by chromatin structure. In eukaryotes
chromatin is packaged by histones in a highly organized
hierarchy. Thus, chromatin can act as an impediment to
the access to DNA of enzymatic machineries responsible
for transcription, replication or repair. In 1991, Smerdon
proposed a model of ‘access–repair–restore’ to highlight
the importance of the chromatin context in the DNA
repair process (13). It was later shown that reactivation
by the photolyase of UV-induced damage is inhibited by
the presence of nucleosomes (14). Similarly, UV lesions
present on nucleosomal DNA are less efficiently repaired
than those in naked DNA (15). For strand break repair
the consensus is that the access of proteins to DNA is
accompanied by the action of chromatin-remodelling
factors capable of displacing histones from the region of
the lesion (16–18). There is now clear evidence that the
nucleosomal structure also inhibits, with varying effi-
ciency, the initial steps of BER (19–22). A large number
of proteins act on chromatin regulating its structure
mostly through histone acetylation, phosphorylation,
ubiquitination and methylation (23). These modifications
can alter DNA–histone interactions within and between
nucleosomes and in such way allow DNA repair
proteins to overcome the nucleosome barrier. Similarly,
addition of chromatin remodelling factors relieves
OGG1 inhibition on chromatinized substrates (21).
Beyond nucleosomes, higher-order chromatin structure
constitutes a probable barrier for repair proteins access
to damaged DNA. Two main types of domains compose
chromosomes. In general, heterochromatin is inaccessible
to DNA-processing proteins and considered essentially
transcriptionally silent. Large heterochromatic domains
are found encompassing chromosome structures such as
centromeres and telomeres, whereas smaller
heterochromatic regions are interspersed throughout the
chromosome (24). Euchromatic domains, in contrast,
define more accessible regions of the genome and are gen-
erally associated with active transcription (25,26).
Although the link between the degree of chromatin
compaction and gene transcription is well established,
much less is known for DNA repair processes for which
most of the evidence comes from experiments showing
that silencing of yeast loci interferes with the repair of
UV damage (27–29). A similar situation was recently
described for the repair of double-strand breaks present
in heterochromatin (30). In particular, very little is known
on how the level of chromatin compaction affects BER
efficiency. We had previously shown that after UVA treat-
ment of human cells, a fraction of the nuclear OGG1 is
specifically recruited to the nuclear speckles through a
ROS–mediated mechanism (31). However, the number
of 8-oxoG induced in those experiments was very small,
impeding to establish the correlation between the
relocalization of the protein and the repair of its cognate
lesion.

Here, with the aim of defining the mechanisms allowing
the access of the human BER machinery to lesions,
in particular with respect to higher-order chromatin

organization, we investigated the repair by and subnuclear
redistribution of the proteins initiating BER after induc-
tion of an oxidative stress generating large amounts of
8-oxoG in chromosomal DNA.

MATERIALS AND METHODS

Plasmid construction, cell culture and treatments

Human OGG1 (wild-type and mutant versions K249Q
and F319A) and APE1 fusions to fluorescent proteins
were described previously (31). For the construction of
XRCC1–YFP, the open reading frame of XRCC1 was
amplified by PCR and subcloned into pEYFP-N1
(Clontech). Transient transfections were done with
Effectene Transfection Reagent (Qiagen) according to
the manufacturer’s instructions. Stable transfectants
were selected in DMEM containing 800 mg/ml G418 and
kept in 400 mg/ml G418.
All cell lines were cultured in DMEM (Lonza) contain-

ing 10% of foetal bovine serum at 37�C with 5% CO2.
Cells at about 80% of confluence were treated with 40mM
potassium bromate (KBrO3; Sigma) diluted in DPBS
(Cambrex), for 30min at 37�C. Cells were then allowed
to recover in DMEM for the indicated periods of time
before fixation or extraction. When mentioned, DMEM
was supplemented with 250mM sucrose.
For transcription blockage, cells were incubated at 37�C

for 2 h before KBrO3-treatment and during the recovery
period with 50 mg/ml a-amanitin (Sigma) or 1 mg/ml
actinomycin D (Sigma) diluted in DMEM.

Immunofluorescence and microscopy

Immunofluorescence protocols have been previously
described (31). Primary antibodies used were anti-HP1a
(1H5 Euromedex), anti-H3K9me2 (07-441 Upstate),
anti-H3K4me2 (07-030 Upstate), anti-RNA polymerase
II (H5 Eurogentec). Secondary antibodies used were
coupled to Alexa 594 (Molecular probes). Nuclear DNA
or RNA were counterstained with 1 mg/ml 40,60-
diamidino-2-phenylindole (DAPI) or 1 mg/ml propidium
iodide (PI). When indicated, cells were previously
extracted for 5min on ice with cytosqueleton (CSK)
buffer (100mM NaCl, 300mM sucrose, 10mM PIPES
pH 6.8, 3mM MgCl2, 0.5% Triton X-100 and protease
inhibitors) before fixation with 4% para-formaldehyde for
20min at room temperature (RT). For DNase and RNase
treatments, cells were incubated with CSK buffer contain-
ing 0.5U/ml DNase I or 5 mg/ml RNase I respectively for
30min at 37�C prior to fixation. Coverslips were mounted
in Dako Fluorescent Mounting Medium.
For visualization of 8-oxoG in situ, cells on coverslips

were fixed in acetone:methanol (1:1) and air dried. Cells
were hydrated for 15min in phosphate-buffered saline
(PBS), and DNA was denatured by incubating cells
in 1.5N HCl for 15min at RT. Cells were washed
three times in PBS and neutralized with 0.1M Na–
borate pH 8.5 for 5min before proceeding to the
immunofluorescence protocol, as previously described,
using the mouse anti 8-OhdG (Japan Institute for the
Control of Aging) as a primary antibody.
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Image acquisition was performed with a Leica confocal
microscope SPE (Wetzlar, Germany), using ACS APO
40.0� 1.15 OIL or ACS APO 63.0� 1.30 OIL lenses.
Image treatment and analysis were done with Leica and
ImageJ softwares. Plot profiles, cytofluorograms and GFP
intensity levels were obtained using ImageJ software
(Rasband, 1997, ImageJ, U.S. National Institutes of
Health, Bethesda, Maryland, USA, http://
rsb.info.nih.gov/ij/) (32). For GFP fluorescence measure-
ment in kinetics experiments, a mask for each cell was
created, thanks to DAPI staining, and reported on the
corresponding GFP image. GFP intensity was calculated
for each cell as arbitrary units. For each condition, GFP
intensity of about 250–500 cells was measured.

Western blots and chromatin extraction

Cell pellets (about 5�106 cells) were incubated for 10min
at 4�C in 1ml ice-cold CSK buffer (100mM NaCl,
300mM sucrose, 10mM PIPES, pH 6.8, 1mM EDTA,
3mM MgCl2, 1mM DTT) containing 0.5% triton X-100
and protease inhibitors. After centrifugation at 5000 rpm
for 5min, the supernatant containing the soluble proteins
was recovered (S1 fraction). Pellets were washed twice
with 1ml ice-cold CSK. The resulting pellets (P1) were
resuspended in Laemmli buffer and boiled to be
analysed by western blotting, or treated with 0.5U/ml
DNAse I diluted in a digestion buffer (50mM NaCl,
300mM sucrose, 10mM PIPES pH 6.8, 3mM MgCl2,
0.5% triton X-100) for 30min at RT. After centrifugation
at 5000 rpm for 5min, the pellets were washed twice in
CSK buffer and the last pellets (P2) were resuspended in
Laemmli buffer and boiled to be analysed by western
blotting.
S1, P1 and P2 fractions were electrophoresed on 10%

sodium dodecyl sulphate-polyacrylamide gels (SDS-
PAGE) and transferred to nitrocellulose membranes.
Membranes were blocked with 5% non-fat dry milk in
PBS supplemented with 0.1% Tween-20 (PBS-T) for at
least 1 h and incubated with primary antibodies in
PBS-T containing 1% blocking reagent (Roche
Diagnostic) for 2 h at RT. After three 10-min washes
with PBS-T, membranes were incubated with a
horseradish-peroxidise-conjugated secondary antibody
diluted in PBS-T containing 1% blocking reagent for
45min. Proteins were revealed with ECL (Amersham
Biosciences); protein amounts were quantified using a
G:BOX ChemiXL (Syngene) and associated softwares
GeneSnap and GeneTools.
Primary antibodies used were: anti-lamin B1 (ZL5

Abcam), anti-GFP (11814460001, Roche), anti-HP1a
(1G9 Euromedex), anti-H3K4me2 (07-030 Upstate),
anti-RNA polymerase II (H5 Eurogentec) and anti-Sm
(MS-450-P1, NeoMarkers). For endogenous OGG1
detection, we used an anti-OGG1 (PA3) described
previously (33).

Heterochromatin and euchromatin fractionation

Subnuclear fractions were obtained according to Frenster
et al. (34). Briefly, cells were washed three times in CSK
buffer containing 0.1% triton X-100 in order to remove

soluble nucleoplasmic and cytoplasmic fraction. The
resulting nuclear pellets were washed with ice-cold
washing buffer I (0.25M sucrose, 3.3mM CaCl2) and
resuspended in 0.2ml of buffer A (0.1875M sucrose,
20mM glucose, 24mM Tris–HCl (pH 7.1), 12.8mM
NaCl, 3.3mM CaCl2). The suspension was incubated at
37�C for 30min and centrifuged at 3100 rpm for 5min
after addition of 0.8ml of cold buffer A. The washed
nuclear pellet was extracted three times with 1ml of
buffer B (10mM Tris–HCl, pH 7.1, 3.3mM CaCl2). The
pellet obtained by centrifugation at 3100 rpm for 5min
was resuspended in 1ml of cation-free 0.25M sucrose
and subjected to sonication. The suspension was
centrifuged at 1400 rpm for 5min after addition of 0.5ml
of cation-free 0.25M sucrose. The supernatant was further
centrifuged at 4500 rpm for 10min. The resulting pellet
was kept as the heterochromatin (H) fraction. The
supernatant fraction was centrifuged at 7700 rpm for
30min. The pellet was kept as the intermediate (I)
fraction. The resultant supernatant was again centrifuged
at 44 000 rpm for 60min and the pellet fraction was the
euchromation (E) fraction. The H, I and E pellets were
directly resuspended in the same volume of Laemmli
buffer 1�, boiled for 5min at 95�C and vortexed before
proceeding to western blot analysis.

Quantification of oxidative purine modifications

A modified version (35) of the alkaline elution assay orig-
inally described by Kohn et al. (36) was used to quantify
Fpg-sensitive oxidative purine lesions. The sum of DNA
modifications sensitive to repair endonucleases (Fpg) and
single-strand breaks was obtained from experiments in
which the cellular DNA was incubated for 60min at
37�C with Fpg protein (1 mg/ml) immediately after cell
lysis. Under these conditions, the incision by Fpg at
endonuclease-sensitive modifications has been shown to
be saturated (35). The numbers of lesions incised specifi-
cally by Fpg were obtained by subtraction of the number
of single-strand breaks observed in experiments without
enzymatic treatment. Elution curves obtained with
g-irradiated cells were used for calibration, assuming
that 6Gy generate 1 single-strand break/106 bp (36).
Induced modifications were obtained after subtraction of
endogenous lesions quantified in untreated control cells.

In situ hybridization with oligo(dT)

Poly(A)+ RNA was detected using a 30
mer-oligo(dT)-5’Cy3 as a probe. Briefly, non-treated
(NT) or KBrO3-treated cells are allowed to recover in
fresh medium for 2 h before CSK washing and fixation.
Cells were subjected to successive washes on ice with
100% methanol for 10min, 75% ethanol for 10min and
Tris 1M pH 8.0 for 5min. oligo(dT) probe (50 ng/ml) was
diluted in hybridization buffer (1mg/ml yeast tRNA,
0.005% BSA, 10% sulphate dextran, 25% deionized
formamide, 2�SSC in DEPC water), added to coverslips
and incubated for at least 1 h at 42�C. After hybridization,
cells were washed once with 4�SSC for 10min at 42�C
and once with 2�SSC for 10min at 42�C. Cells were
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further incubated for 1 h at RT in 2�SSC+0.1% triton
X-100 containing the anti-GFP at a dilution 1/500. Cells
were then washed three times with 2� SSC and
incubated with anti-mouse-Alexa488 for 30min RT in
2� SSC+0.1% triton X-100 buffer supplemented with
DAPI (1 mg/ml). Cells were finally washed twice in
2� SSC prior to observation.

Quantification of 8-oxoG glycosylase enzymatic activity

Total cell extracts were prepared by sonication of cell
pellets in 20mM Tris–HCl, pH 7.5, 250mM NaCl,
1mM EDTA containing proteases inhibitors.
Homogenates were centrifuged at 13 000 rpm for 15min
at 4�C and supernatants were used for 8-oxoG glycosylase
activity assay. We used the 8-oxoG DNA glycosylase
assay described previously (33).

RESULTS

In vivo repair of oxidative DNA lesions induced by KBrO3

To explore the cellular DNA repair mechanisms required
for the removal of 8-oxoG from chromosomal DNA we
used KBrO3, a carcinogenic agent known to induce
oxidative stress in eukaryotic cells. Genotoxicity requires
reduction of bromate by thiols (as glutathione or reduced
cysteines) and induces predominantly 8-oxoG lesions in
DNA (37). As displayed in Figure 1A, immediately after
a 30min treatment with 40mM KBrO3, HeLa cells
immunostained with an antibody against 8-oxoG
showed a strong fluorescent signal compared to NT
cells. Fpg-sensitive lesions, mostly 8-oxoG, were
quantified by alkaline elution. The steady-state level of
endogenous Fpg-sensitive sites was �0.21 lesions/106 bp
in both HeLa and HeLa cells expressing an OGG1–GFP
fusion protein. KBrO3 treatment induced a 10-fold
increase in Fpg-sensitive lesions (3.33 and 2.36 lesions/
106 bp in HeLa and OGG1–GFP cells, respectively;
Figure 1B). Because extracts from cells expressing the
OGG1 fusion have about 10-fold more 8-oxoG DNA
glycosylase activity, the difference in the number of
induced lesions is probably due to a beginning of repair

during the 30min treatment. The DNA glycosylase
activity is not affected by the exposure to KBrO3

(Supplementary Figure S1).
We next determined the kinetics for the repair of

KBrO3-induced Fpg-sensitive sites in OGG1–GFP
overexpressing and control HeLa cells using the alkaline
elution assay. As expected, repair was faster in cells
overexpressing OGG1 in which it reached its maximum
rate between 2 and 4 h after treatment while control
HeLa cells were much slower, requiring >8 h to eliminate
50% of the lesions (Figure 1C). This result shows that
adding a GFP tag at the C-terminus of OGG1 protein
does not interfere with the capacity of the enzyme to
access chromatin and to efficiently repair 8-oxoG.

OGG1 recruitment to chromatin

To determine OGG1 localization during the repair period,
after the 30min KBrO3 treatment cells were allowed to
recover for 3 h in fresh medium before proceeding to
subcellular fractionation. The soluble pool of proteins
(S1), corresponding to the cytoplasm and nucleoplasm,
was obtained by washing the cells with CSK buffer con-
taining 0.5% triton. The resulting pellet (P1) corresponded
to chromatin- and matrix-associated proteins. As revealed
by western blot analysis of the S1 fraction, the majority of
OGG1 remained soluble after KBrO3. However, whereas
no retention of OGG1 could be observed in NT cells,
KBrO3 induced the association of a fraction of hOGG1
with chromatin and nuclear matrix (Figure 2A).
To further characterize the relocalization of OGG1, its

distribution was followed by confocal microscopy. As
previously reported (31), the OGG1–GFP protein was
exclusively nuclear and remained soluble in NT cells, as
all the fluorescence signal was removed after CSK buffer
wash (Figure 2B). As expected for an enzyme possessing
DNA-binding affinity, in NT cells OGG1 was
concentrated on condensed DNA patches corresponding
to heterochromatin (Figure 2C). In the case of KBrO3-
treated cells, a fraction of the OGG1–GFP protein
resisted the detergent washes (Figure 2B), confirming an
association with chromatin. To rule out an effect of the
fused GFP protein, we used OGG1 tagged with a FLAG
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sequence in which case the protein was detected by
immunofluorescence. The same results were obtained
(data not shown). Because we used non-synchronous cell
populations, the observation of the relocalization of
OGG1 to the chromatin fraction in all cells suggests that
this phenomenon does not depend on the cell-cycle status
of the cells. This was further confirmed by the analysis of
OGG1 recruitment to the insoluble fraction in individual
cells for which the cell-cycle phase was determined with
specific markers. Indeed, the recruitment of OGG1 was
confirmed to happen in cells going through the different
cell-cycle phases (data not shown).
In order to determine the kinetics of OGG1 recruitment

to chromatin after KBrO3 treatment, cells expressing
OGG1–GFP were washed with CSK after different
recovery times prior to analysis by confocal microscopy.
As soon as 30min after treatment, 70–90% of the cells
showed a detergent-resistant OGG1 fraction that
increased with time to peak between 3 and 4 h after the
end of the treatment (Figure 3A and B). The fraction of
OGG1 associated with chromatin subsequently decreased
to reach basal levels after 8 h of recovery. Subcellular
fractionation and immunoblotting analysis confirmed the
recruitment kinetics (Figure 3C, upper panel) and allowed
to establish that the endogenous OGG1 was also recruited
to the insoluble fraction with similar kinetics (Figure 3C,
lower panel). Interestingly, the maximum accumulation of
OGG1 in the chromatin fraction coincided with the
maximum rate of repair of 8-oxoG (Figure 1C), suggesting
a link between BER initiated by the DNA glycosylase and
its recruitment to chromatin.

Other BER proteins are recruited to chromatin together
with OGG1

After recognition and excision of the modified base by the
DNA glycosylase, other proteins need to be recruited to

the sites of repair to assure complete restoration of the
DNA strand. We asked whether proteins participating in
post-excision steps of BER, such as XRCC1 and APE1,
were also recruited to the chromatin fraction in KBrO3-
treated cells. To answer such question, co-localization
analyses were performed after co-transfection of
plasmids expressing OGG1–DsRED with constructs
expressing either APE1–GFP or XRCC1–YFP. While in
NT cells APE1 and XRCC1 are both soluble in the
nucleoplasm, and therefore removed by CSK washes
(Figure 4A), treatment with KBrO3 induces their
relocalization to the chromatin, within the same areas
where is found OGG1 (Figure 4B) suggesting that
complexes of BER proteins are formed in response to
oxidative stress to protect the genome from mutagenic
lesions.

OGG1 is relocalized to open chromatin regions

We next explored the possibility that OGG1 would be
recruited to specific chromatin domains. When KBrO3-
treated cells were submitted to DNAse digestion prior to
fixation, the OGG1–GFP signal was still observed, sug-
gesting that while processing DNA OGG1 is associated
with an insoluble nuclear fraction. Similar observations
have been reported for proteins associated with transcrip-
tion and replication factories. Surprisingly, OGG1
perfectly co-localized with the PI signal, suggesting an
association with RNA-rich regions of the nucleus
(Figure 5A, upper panel). However, RNA digestion
prior to CSK buffer wash and fixation also failed to
remove the OGG1–GFP signal in KBrO3-treated cells
(Figure 5A, lower panel). Interestingly, the OGG1 signal
was excluded from the large patches of heterochromatin
revealed by PI staining after RNAse digestion. Indeed,
line scans of OGG1 (green) and PI (red) staining on
Figure 5A clearly showed a complete exclusion of the
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blot using an anti-GFP antibody. Lamin B1 was used as a loading control. (B) Distribution patterns of OGG1–GFP in NT and KBrO3-treated cells.
Prior to fixation, soluble proteins were removed with CSK-0.5% triton when indicated. (C) NT cells expressing OGG1–GFP were directly fixed,
DAPI stained and analysed by confocal microscopy. DAPI staining was used to define heterochromatin regions (white outlines). Scale bars, 2 mm.
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DNA glycosylase from DNA-dense regions (lower panel).
Taken together, these results show that KBrO3 treatment
induces an active relocalization of OGG1 from a soluble
pool to less-condensed DNA regions enriched in RNA.

The patterns described above are consistent with a pref-
erential recruitment of OGG1 to euchromatin regions.
Dual-label experiments further confirmed this hypothesis.
Co-labelling of OGG1 with either HP1a or histone 3
dimethylated on lysine 9 (H3meK9), two proteins gener-
ally associated with heterochromatin, showed total exclu-
sion of OGG1 signal from heterochromatin patches after
KBrO3 treatment (Figure 5B). The scatter plots to the

right, representing the correlation degree of each pixel
for fluorescence intensities, reveal an important point dis-
persion implying that the fluorescent variables are not
correlated. We then asked if OGG1 was associated with
open chromatin markers. Co-labelling experiments with
proteins normally found in euchromatic regions such as
H3meK4 (Figure 5C, upper panel), acetylated-histone H4
(data not shown) and hyperphosphorylated RNA
polymerase II (Figure 5C, lower panel) displayed a good
degree of co-localization of OGG1 with those proteins
linked to open chromatin regions. Biochemical
fractionation of chromatin from KBrO3-treated cells
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Figure 4. APE1 and XRCC1, together with OGG1 are relocalized to euchromatin in KBrO3-treated cells. Fusion proteins (OGG1–DsRed and
APE1–GFP or XRCC1–YFP) were transiently expressed in HeLa cells. Soluble proteins were extracted by CSK washes prior to fixation and DAPI
staining. (A) NT cells, Scale bar=10 mm. (B) Three hours after KBrO3 treatment. Plot profiles along the lines in the merged image reflect the
co-localization of OGG1 with APE1 and XRCC1, respectively. Scale bar 2 mm. Fluorescence intensities of each channel along a line in the merged
image are represented in the right panels.
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Figure 5. OGG1 is excluded from heterochromatin and colocalizes with euchromatin-associated proteins. Following a 3-h recovery after KBrO3

treatment, soluble proteins were removed with CSK buffer prior to fixation and analysis by confocal microscopy. (A) DNA (upper panel) or RNA
(lower panel) were digested before fixation and PI staining. Solid arrows indicate ribosomal RNA in nucleoli. Open arrows show patches of
heterochromatin. Positions of the line scans used for the plot profile are indicated in the merged images. (B) Heterochromatin was immunostained
with HP1a (upper panel) and H3meK9 (lower panel), in red. Cytofluorogram of both merged images shows a great dispersion of points, reflecting an
absence of correlation of both intensity signals. (C) RNA polymerase II (upper panel) and H3meK4 (lower panel) partially colocalize with OGG1–
GFP (filled arrows), although some OGG1 foci are excluded from RNA polymerase II staining (unfilled arrows). Correlations between green and red
signals are presented in the cytofluorograms. (D) In situ hybridization of mRNA with oligo(dT)5’Cy3 in NT and KBrO3-treated cells. Line scans used
for the plot profiles are indicated in the merged images. Both plot profiles and cytofluorogram show a colocalization between polyadenylated RNA
and OGG1 after KBrO3 and an exclusion of both signals in NT cells. (E) Heterochromatin/euchromatin fractionation of KBrO3-treated cells.
Heterochromatin (HP1a) and euchromatin (H3meK4 and RNA polymerase II) markers are used as controls. Scale bars, 2mm.
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confirmed these results. Indeed, as shown on Figure 5E,
OGG1 was concentrated in those fractions enriched in
H3meK4 and RNA polymerase II, mainly euchromatin,
while the HP1a-rich fraction (heterochromatin) presented
very little DNA glycosylase accumulation.

The partial co-localization of OGG1 with RNA
polymerase II (Figure 5C) and their presence in the
same chromatin fraction (Figure 5E) suggest the possibil-
ity of the recruitment of OGG1 to actively transcribed
chromatin regions. Further support for an association of
OGG1 with regions of open chromatin arises from the
high degree of co-localization found between the protein
and poly(A) RNAs revealed by hybridization with fluores-
cent poly(dT) oligos (Figure 5D). Nevertheless, blocking
transcription using specific inhibitors of RNA polymerase
elongation as a-amanitin or actinomycin D did not
impede OGG1 relocalization after KBrO3, suggesting
that active transcription is not required for translocation
of the glycosylase to the chromatin (Supplementary
Figure S2).

Recognition of 8-oxoG by OGG1 is not required for the
recruitment of the protein to chromatin

A possible explanation for the relocalization of OGG1
onto open chromatin domains is that DNA lesions are
preferentially formed in more accessible regions. We there-
fore tested whether the number of lesions induced by
KBrO3 was modulated by the degree of chromatin
compaction. Hypertonic shock triggered by sucrose is
known to induce a rapid structural change in chromatin
conformation leading to condensation (38). As shown in
Figure 6A, a 3-h incubation with sucrose lead to the
appearance of brighter DAPI-stained patches.
Quantification of DNA damage right before the oxidative
treatment showed that incubation in medium supple-
mented with sucrose did not induce Fpg-sensitive lesions
in chromosomal DNA. When KBrO3 was applied to cells
in which the chromatin was highly compacted, the number
of lesions induced was 1.34 Fpg-sensitive sites/106 bp, a
number indistinguishable from that of the lesions
induced in cells that have not been pre-incubated with
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sucrose (1.17 Fpg-sensitive sites/106 bp). This result
suggests that KBrO3 treatment can induce lesions in
DNA likely to be in highly condensed domains,
challenging the assumption that 8-oxoG recognition by
OGG1 triggers the DNA glycosylase relocalization
observed to be mainly directed to euchromatin regions.
To directly test the relevance of damage recognition by
OGG1, we used an OGG1 mutant (F319A), which was
shown to be correctly structured but unable to recognize
its 8-oxoG substrate and therefore completely inactive as a
DNA glycosylase (39). We reasoned that if affinity of
OGG1 for the lesion was the driving force in the
relocalization of the DNA glycosylase, the OGG1–
F319A mutant should not be found associated to
euchromatin after the oxidative treatment. However,
after KBrO3 exposure, cells expressing the fusion protein
OGG1–F319A–GFP showed the same pattern of fluores-
cence than those expressing the wild type OGG1 fusion as
well as the recruitment of OGG1 to the chromatin fraction
(P1) (Supplementary Figure S3), ruling out the recognition
of the lesion by the DNA glycosylase as the signal to
recruit OGG1 to the chromatin fraction.

Open chromatin is required for efficient 8-oxoG repair

The results on the re-localization of OGG1 suggest that
removal of 8-oxoG from chromosomal DNA is associated
with the decondensed areas of chromatin. To analyse the
impact of chromatin organization on the repair of 8-oxoG
we induced chromatin condensation immediately after
KBrO3 treatment in cells expressing the OGG1–GFP
fusion. Incubation with sucrose to trigger condensation
did not inhibit the enzymatic activity of OGG1 as deter-
mined both in extracts from cells incubated in the presence
of sucrose or by the addition of 250mM sucrose to
extracts from NT cells (Supplementary Figure S1).
However, analysis of the repair kinetics showed that
chromatin compaction delayed repair, suggesting that in
such conditions the lesions were present within compacted
chromatin. Indeed, in the presence of sucrose, 6 h after
their appearance Fpg-sensitive modifications induced by
the oxidative treatment persisted at their highest levels
(Figure 6C). These results suggest that condensed
chromatin represents a barrier for OGG1 access to the
lesions.
Surprisingly, chromatin condensation by sucrose not

only did not prevent OGG1 recruitment to the
CSK-insoluble fraction, but it stimulated its accumulation
in that fraction with time (Figure 6B and D). However, the
relocalization of OGG1 after oxidative stress on
sucrose-treated cells was observed to still direct the
protein mainly to regions excluded from highly condensed
DNA (Figure 6B). These results, together with the inhibi-
tion of repair by the sucrose treatment (Figure 6C)
indicate that whereas heterochromatin represents a
barrier for OGG1 accession to the lesions it does not
impede the recruitment of OGG1 to the BER patches,
further supporting the conclusion that recognition of the
lesion is not required for the recruitment of OGG1 to open
chromatin regions.

Taking advantage of the fact that the hypertonic shock
effects on chromatin are rapidly reversible, as can be con-
firmed by the recovery of a normal DAPI staining pattern
30min after sucrose removal (Figure 6B), we asked
whether decondensation of chromatin could reverse the
repair blockage. Indeed, sucrose removal 3 h after
KBrO3 treatment allowed repair to resume with normal
kinetics as shown by the fact that >50% of the lesions has
been removed 3 h later (Figure 6C). Furthermore, in
agreement with the need of repair completion to release
OGG1 from chromatin, 3 h after sucrose removal
chromatin-associated OGG1 levels fell to 50% of those
in cells kept in the presence of sucrose (Figure 6B and D).

Release of OGG1 requires completion of repair

The correlation between the presence of OGG1 in
euchromatin regions and the repair kinetics of 8-oxoG
suggests that once repair is accomplished, the DNA
glycosylase is released back to the soluble pool. We there-
fore hypothesized that an OGG1 mutant (K249Q) that
recognizes the lesion but is unable to proceed to the
excision of the modified base (40) would be retained at
the chromatin level. We first confirmed by confocal
microscopy that 3 h after KBrO3 treatment OGG1–
K249Q was recruited to euchromatin regions in the
same way as the wild-type protein (Figure 7A). We then
analysed the repair and recruitment kinetics for both
forms of the protein. As expected, cells expressing the
inactive OGG1–K249Q–GFP were much slower to
repair Fpg-sensitive lesions when compared to those
expressing the wild-type fusion protein (Figure 7B).
Consistent with the notion that repair of the lesion is
required to release OGG1 from euchromatin, and in
agreement with the presence of un-repaired lesions,
western blot analysis of the P1 fractions (Figure 7C)
showed that OGG1–K249Q remained tightly associated
with the chromatin fraction even 10 h after the end of
the treatment, thus supporting the idea that the removal
of the oxidized base is required to release the DNA
glycosylase from the insoluble fraction associated with
euchromatin.

DISCUSSION

We have analysed here the first steps of the BER in the
context of the nuclear architecture. Our results show that
chromatin compaction induces strong inhibition of the
initial step carried out by the DNA glycosylase, the
enzyme responsible for the recognition and excision of
the modified base. The simplest explanation for these
results is that higher order chromatin compaction repre-
sents a barrier impeding the access of the protein to the
lesion. Consistent with this hypothesis, we found that after
oxidative stress the DNA glycosylase OGG1 is specifically
recruited to euchromatin regions.

Initiation of repair within the chromatin structure

Most of our present knowledge on the recognition of
DNA lesions and the recruitment of repair proteins
comes from the nucleotide excision repair (NER) and
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double-strand break repair (DSBR) systems, required to
remove essentially toxic lesions. In both cases the
paradigm states that one or several soluble factors
present in the nucleoplasm and capable of detecting the
lesion will rapidly diffuse to the site of damage probably
directed by a perturbation of the chromatin around the
lesion. This first recognition step will then trigger a
cascade of events allowing the recruitment of not only
the proteins directly carrying out the enzymatic removal
of the lesion and subsequent reconstitution of a normal
DNA strand, but also of factors such as histone modifiers
and chromatin remodellers to allow access of the enzymes
to DNA. This leads to the formation of foci or patches of
DNA repair enzymes and factors at the site of the lesion
(41,42).

Our results suggest that a different situation might
occur in the case of BER. This repair mechanism has for
substrate small lesions that, in most cases and in contrast
with strand breaks or UV-induced damages, have little
impact on the DNA helical structure. Moreover, many
of the lesions recognized by the DNA glycosylases, and
in particular 8-oxoG, do not compromise the normal rep-
lication or transcription of DNA, having as their main
consequence the induction of mutations. These character-
istics suggest that for a DNA glycosylase to recognize the
lesion, the latter must be accessible. Consistently, all the
in vitro evidences show that OGG1 (21), as well as other
BER enzymes (19,22,43), are inhibited by the first level of
chromatin organization provided by the presence of
nucleosomes. Although the compacted chromatin
obtained by sucrose treatment cannot necessarily be
compared to normal heterochromatin, our experiments
show that higher order chromatin organization constitutes
a first barrier for the access of the BER machinery to the

lesions in vivo. Interestingly, it has been recently shown
that DSBR is slower in heterochromatic lesions and that
ATM signalling is specifically required for their efficient
repair, possibly by triggering a restructuring of the
chromatin and therefore allowing the access of repair
proteins to the lesion (30). More specifically related to
BER, Bhakat et al. (44) showed that treatment of cells
with the trichostatin A resulted in an accelerated repair
of cellular 8-oxoG by OGG1. Besides its contribution to
the modification of OGG1 itself and its activity—as
shown by the use of non-acetylable OGG1 mutants
(44)—this deacetylase inhibitor is known to induce
chromatin decondensation, suggesting the possibility
that part of the enhancement it induces in the rate of
8-oxoG removal could be due to the improved accessibil-
ity of the DNA glycosylase to DNA.

BER repair centres?

The reorganization described here for BER proteins into
patches in response to an oxidative stress raises the possi-
bility of the existence of BER ‘repair factories’. Such an
organization could enhance the efficiency of the repair
process by favouring the assemblage of BER complexes
required for the repair, in particular considering the need
for several DNA glycosylases to scan DNA in search of
their cognate lesions (7,8). Compartmentalization of NER
or DSBR has been well established. Indeed, DNA repair
proteins are recruited to the site of UV damage or
double-strand breaks to form repair foci (42,45).
Interestingly, single-strand break repair (SSBR) also
involves the rapid and transient formation of foci
detected by poly(ADP-ribose) synthesis sites and the
presence of XRCC1 protein (46,47). Consistently,
XRCC1 was recently shown to be recruited to the
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nuclear matrix as rapidly as 10min after H2O2 treat-
ment in a phosphorylation-dependent process (48).
Although SSBR and BER share some of their enzy-
matic steps, the patches we observed here for OGG1
are clearly distinct from the foci formed at single-strand
break in their kinetics of formation and disassembly
(46,47).
The resistance to detergent of the BER patches suggests

their association with relatively stable nuclear structures
such as lamina or a putative actin-based nucleoskeleton
(49,50), but possibly chromatin itself could serve as
attachment site for complexes involved in DNA transac-
tions (51). The exclusion of the BER patches from
heterochromatin and their co-localization with H3meK4
or acetylated histone H4 place those repair centres within
euchromatin regions. Furthermore, the association of
BER patches with RNA polymerase II and mRNAs
suggests that they are present in transcriptionally active
regions. The formation of foci by RNA polymerase II and
other transcription factors has lead to definition of ‘tran-
scription factories’ (52,53). The association of active genes
with such structures would facilitate their efficient tran-
scription (54). It is tempting to propose that the
recruitment of BER to those structures, or their environ-
ment, would facilitate repair by providing an easier access
to DNA. In response to an oxidative stress BER proteins
would be relocated preferentially to or around transcrip-
tion factories where ATP-dependent chromatin
remodelling and histone modification factors are already
present. This would be in contrast with UV damage or
DSBR, where those factors are recruited to the lesion
(18,55). The association of the BER machinery to
euchromatin, a region shown to be enriched in genes
(56), could provide cells with a mechanism for
preferentially repairing mutagenic lesions in sequences
more likely to be expressed. Similarly, the interaction of
thymine DNA glycosylase with CBP/p300 found by Tini
et al. (57) prompted the authors to suggest that this inter-
action would result in the specific recruitment of the BER
machine to promoter regions. As in our case, they propose
a model ensuring that transcriptionally active genes are
repaired prior to transcription. This strategy differs from
transcription-coupled repair of UV damage that relies on
the blockage of the transcription machinery by the lesion
to initiate the preferential repair of the transcribed strand
(58). The consequences of the mechanism we propose for
BER will be rather similar to those arising from the tran-
scription domain-associated repair (DAR) of UV damage
described originally for highly differentiated cells (59).
Indeed, through this subset of global NER both DNA
strands of active genes continue to be proficiently
repaired while there is a general attenuation of the NER
in other regions.

Chromatin recruitment and release of BER proteins

The finding that a mutant of OGG1 that does not recog-
nize its substrate is still able to form BER patches after an
oxidative stress indicates that the direct interaction of the
enzyme with its substrate is not a requirement for its
recruitment to BER factories. This observation raises the

question of what could be the signal for triggering the
re-localization of the BER proteins. Taking into account
the results obtained after UVA (31), it would seem rea-
sonable to propose that whatever mechanism underlies the
OGG1 relocalization, ROS are likely involved. A possibil-
ity is that in response to an oxidative stress OGG1 is sub-
jected to a post-translational modification that allows its
interaction with some component of the transcription
machinery or some structural protein in the nucleus.
Several post-translational modifications, such as
acetylation (44), phosphorylation (60) or oxidation (61)
have been reported for OGG1. Initial analysis by 2D
gels of the P1 and S1 fractions failed to detect
post-translational modifications specifically associated to
the recruited fraction (R.A. and J.P.R., unpublished
results). Alternatively, the modification in response to an
oxidative stress of proteins involved in the organization of
chromatin (62) could lead to an increase in their affinity
for the DNA glycosylase. The recruitment of the down-
stream proteins APE1 and XRCC1 is likely to rely on the
assembly of repair complexes on the initially recruited
DNA glycosylase (7,8).

Our kinetics experiments using the inactive mutants of
OGG1 and those showing the retention of the DNA
glycosylase in cells whose chromatin compaction status
blocks repair indicate that disassembly of the BER
patches depends on the completion of the repair process.
As for NER factors (45,63), OGG1 remains associated
with the repair centres for the period of time required
for the removal of 8-oxoG and, once it has completed
its task, it diffuses away.

CONCLUSION

The data presented in this study show that an oxidative
stress induces specific re-localization of the first enzyme in
the BER pathway to structures linked to euchromatin.
The tight correlation between the repair of 8-oxoG and
this re-localization of OGG1 and other BER proteins to
transcription factories or their environment suggests a
model in which oxidative stress induces the recruitment
of the BER machinery to regions of open chromatin,
assuring preferential repair of active regions of the
genome. Recently, the observation of an increased diver-
gence at the single nucleotide level in silenced DNA
regions of budding yeast closely related species
prompted the authors to propose an interference of the
silencing machinery with DNA repair (64). It is tempting
to speculate that the inhibition of BER on highly
condensed chromatin regions contributes to such localized
genetic hypervariability.
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