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ABSTRACT

Transcription-coupled nucleotide excision repair fac-
tor Cockayne syndrome protein B (CSB) was sug-
gested to function in the repair of oxidative DNA
damage. However thus far, no clear role for CSB
in base excision repair (BER), the dedicated path-
way to remove abundant oxidative DNA damage,
could be established. Using live cell imaging with
a laser-assisted procedure to locally induce 8-oxo-
7,8-dihydroguanine (8-oxoG) lesions, we previously
showed that CSB is recruited to these lesions in a
transcription-dependent but NER-independent fash-
ion. Here we showed that recruitment of the pre-
ferred 8-oxoG-glycosylase 1 (OGG1) is independent
of CSB or active transcription. In contrast, recruit-
ment of the BER-scaffolding protein, X-ray repair
cross-complementing protein 1 (XRCC1), to 8-oxoG
lesions is stimulated by CSB and transcription. Re-
markably, recruitment of XRCC1 to BER-unrelated
single strand breaks (SSBs) does not require CSB
or transcription. Together, our results suggest a spe-
cific transcription-dependent role for CSB in recruit-
ing XRCC1 to BER-generated SSBs, whereas XRCC1
recruitment to SSBs generated independently of BER
relies predominantly on PARP activation. Based on
our results, we propose a model in which CSB plays
a role in facilitating BER progression at transcribed

genes, probably to allow XRCC1 recruitment to BER-
intermediates masked by RNA polymerase Il com-
plexes stalled at these intermediates.

INTRODUCTION

Our genome is constantly challenged by a large number of
DNA damaging agents leading to various types of DNA le-
sions. DNA damage contributes to genome instability and
is associated with serious consequences for human health,
including cancer, neurodegeneration and ageing (1,2). Re-
active oxygen species (ROS) are undesirable byproducts of
cells’ oxygen consumption and a major source of unavoid-
able endogenously produced DNA damage. Among the var-
ious different types of oxidative DNA lesions, the highly
mutagenic 8-o0xo-7,8-dihydroguanine (8-0xoG) is one of the
most abundant (3,4). In eukaryotic cells, the bifunctional
glycosylase 8-oxoG-glycosylase 1 (OGG1) specifically rec-
ognizes and excises the 8-0xoG from the sugar backbone
leaving an abasic site (5). The DNA chain at this aba-
sic site is subsequently cleaved by either OGG1’s intrin-
sic AP lyase activity that creates 3'a,B-unsaturated alde-
hyde and 5'-phosphate termini (5) or by AP endonuclease
1 (APE1) which produces 3’-OH and 5'-ribose-phosphate
termini. The X-ray repair cross-complementing protein 1
(XRCC1) protein stimulates the APE1 activity to allow ef-
ficient processing of the intermediates left by OGG1 (6,7).
This proposed complex cascade of events is currently diffi-
cult to address in vivo partly due to redundant factors that
deal with 8-0xo0G.
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Most of the BER factors downstream of the glycosylases
are essential for cell viability (2,8). The 70-kDa XRCC1 pro-
tein was initially thought to be mainly required for coordi-
nating single-strand DNA break repair (SSBR), by func-
tioning as a non-enzymatic scaffold protein to which sev-
eral factors involved in sealing the DNA nick are recruited
(9,10). Single-strand breaks induce the production of poly
ADP-ribose (PAR) chains, catalyzed by the Poly ADP-
ribose polymerases 1 or 2 (PARP-1 or PARP-2) enzymes,
which are required for recruiting XRCC1 to DNA breaks
(11,12). While neither XRCC1 nor parylation are required
for BER of 8-0xoG to proceed in vitro (13), biochemical
studies on DNA with uracil suggested that XRCCI could
direct BER towards the short-patch gap-filling branch (14).
In vitro experiments on chromatinized templates showed
that BER efficiency is not only supported by chromatin re-
modelers and specific histones chaperons (15,16), but also
by XRCC1, which possibly further disrupts or translocates
inhibiting nucleosomes (17). With the use of live cell mi-
croscopy and locally induced oxidative DNA damage we
have previously shown that while XRCCI recruitment to
direct SSBs is dependent on parylation, its relocalization
to BER complexes does not require this post-translational
modification (18). Moreover, several studies showed that
XRCC1 is directly recruited to BER through its interaction
with the glycosylases that recognize the damage (7,9,19-21).
It is thus likely that for its important function in coordi-
nating BER, XRCCl is recruited to SSBs originating from
BER-intermediates through direct protein-protein interac-
tions rather than only parylated substrates.

In addition, we previously showed that the Cockayne
syndrome B protein (CSB) is quickly recruited to oxida-
tive base damage in a transcription-dependent manner, with
almost similar kinetics as the OGGI glycosylase (18,22).
CSB is essential for transcription-coupled nucleotide exci-
sion repair (TC-NER), a dedicated sub-branch of NER to
resolve transcription-blocking DNA lesions (23). Since cells
from Cockayne Syndrome (CS) patients were found to be
hyper-sensitive to oxidative DNA damage, a role for the
CS proteins in the response to oxidized bases has been pro-
posed (24-27). However, whether a dedicated transcription-
coupled BER (TC-BER) pathway, analogous to TC-NER,
exists has been subject to controversy. The notion that 8-
oxoG@ lesions, which only cause minor helix-distortions (28),
do not block RNA polymerase I (RNAPII) elongation un-
less processed by its specific glycosylase 8-oxoguanine gly-
cosylase (OGG1) (29-31), suggests that if indeed TC-BER
exists it is not directly triggered by stalled RNAPII on the
oxidative lesions itself as in TC-NER. Further support for
transcription-associated processing of BER lesions comes
from recent data showing the involvement of the histone-
chaperone FACT (facilitates chromatin transcription) in
BER (32), which is in line with a previously established role
of FACT in TC-NER (33).

To investigate the existence of a transcription-associated
BER process, we exploited our recently developed tool to
locally inflict different types of DNA lesions and to mon-
itor the subsequent recruitment kinetics of repair factors
in living cells. To that aim, we used isogenic cells, which
either express CSB or have the CSB gene disrupted by
CRISPR/Cas9-mediated genome editing. The stable ex-

pression of fluorescently tagged BER proteins in those iso-
genic cells allowed us to directly assess the impact of CSB
on the behavior of BER proteins.

MATERIALS AND METHODS
Cell lines, constructs and transfection

The CRISPR/Cas9 genome editing approach was applied
to obtain CSB knock out cells. Specific single guide RNA
(sgRNA) sequences, targeting introns 2 and 3 of the CSB
gene respectively, were cloned in a LentiCRISPRv2 plas-
mid. The LentiCRISPRv2 plasmid was a gift from Feng
Zhang (Addgene plasmid #52961, (34)). The guide se-
quences are as follows: 5-GCGAGGGCTGAACGGGA
TGG-3" and 5-GCTTTGGAAAACTTAAGGGT-3'. To
clone these constructs, annealed complementary oligo’s
with 5" overhangs were ligated in the BsmB1 digested back-
bone of the LentiCRISPRv2 plasmid. The correct insert
was verified by sequencing. Sv40 immortalized MRC-5 cells
were transiently co-transfected with 1 pg of each of the two
indicated LentiCRISPRv2 plasmids at 70% cell density on
a single well of a 6-well cultured plate using Polyplus Jet-
Pei transfection reagent (Westburg). Transfection was car-
ried out according to the manufactures protocol. Trans-
fected cells were selected using 3 pg/ml puromycin for sev-
eral days. Subsequently, single cells were seeded on a 96-
well plate to obtain pure clones and tested for knock out by
genotyping and Western blot analysis.

Plasmids pEGFP-N1 and pEYFP-N1 (Clonetech) con-
taining XRCC1-YFP, XRCC1BP_YFP or OGG1-GFP
were described in (18). Fluorescent cDNA fusions were am-
plified by PCR and subsequently cloned into pLenti CMV
Puro (Addgene plasmid #17452; (35)). Third-generation
lentiviruses, generated in HEK293T cells, were used to
transduce Sv40 immortalized MRC-5 cells and it’s iso-
genic Sv40 immortalized MRC-5 CSB knock-out cells.
We further used the Sv40 immortalized human fibroblasts
CS1AN (Cockayne syndrome group B-deficient [CS-B])
and HelLa cells. The following constructs were used for
transient or stable expression of fluorescently tagged pro-
teins: pOGGI1-DsRed, pmCherry-CSB, pXRCCI-EYFP
and pXRCCI1MP_EYFP (18). Transient transfections
were performed with Fugene6 reagent (Roche), according
to the manufacturer’s instructions. Stably expressing cells
were obtained by using puromycin for 1 week to select for
resistant cells. Prior to experiments, all cells were grown in
a 1:1 mixture of Ham’s F10 and DMEM (Gibco), supple-
mented with penicillin/streptomycin and 10% FCS at 37°C,
in a 5% CO, humidified incubator.

Western blot

Cells were lysed in 2x Laemmli sample buffer and were
boiled for 5 min. Protein size-fractionation by a 6% SDS-
PAGE gel and subsequent electro-transfer to a PVDF mem-
brane (0.45 wm) was accomplished as described (36). Blot-
ting was performed overnight at 4°C, 75 mA in 2x Blot-
buffer (50 mM Tris, 384 mM Glycin, 0.02% SDS) with-
out methanol. Blocking of the membranes was accom-
plished with 3% BSA in PBS for 1 h at room tempera-
ture. Membranes were then washed three times with PBS
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containing 0.05% Tween and were subsequently incubated
with primary antibodies against CSB (E-18, sc-10459, Santa
Cruz Biotechnology, Inc., 1:250 in PBS 3% BSA), Tubu-
lin (B512, Sigma-Aldrich, 1:5000 in PBS 3% BSA), or
OGGTH (ab12474, Abcam, 1:1000 in PBS 3% BSA) or SFPQ
(ab177149, Abcam, 1:2000 in PBS 3% BSA) in combina-
tion with Odyssey-compatible secondary antibodies. West-
ern blots were analyzed using the Odyssey CLx Infrared
Imaging System (LI-COR Biosciences).

Gentoyping

PCR amplification was used for verifying the deletion of
exon 3 in the endogenous CSB gene. 100 ng DNA of each
sample was used per PCR reaction. Tag DNA polymerase
was purchased from Invitrogen and used according to the
manufacturer’s instructions. PCR conditions were as fol-
lows: 95°C for 3 min, 35x [95°C for 45 s, 60°C for 30 s,
72°C for 2 min], 72°C for 10 min. The primer sequences used
are as follows: forward primer: 5'-ggcagtgtcaggtaagcaag-3/,
reverse primer: 5-agttgggatggcagaactga-3'. PCR products
were run on an agarose gel containing ethidium bromide.
The expected PCR products are: 2.1 kb for exon 3 contain-
ing (wild-type CSB) and 210 bp for exon 3 deleted (CSB
KO).

Colony survival

MRC-5 and MRC-5 CSB-deficient cells were seeded in trip-
licate in six-well plates (300 cells/well) and treated with a
single dose of UV-C (0-6 J/m?; 254 nm; Philips TUV lamp)
or with a single dose of Potassium Bromide (KBrOs;, 0—
10 mM) 1 day after seeding. After 7 days, colonies were
fixed and stained in 50% methanol, 7% acetic acid and 0.1%
Coomassie blue and subsequently analyzed with the Gel-
count by Oxford Optronix and appertaining Software (ver-
sion 1.1.2.0). The survival was plotted after pooling three
(UV-C) or two (KBrOj;) independent experiments as the
mean percentage of colonies detected 1 week after damage
treatment compared to the mean number of colonies from
the non-treated samples.

Silencing and cell treatments

Small interfering RNAs against CSB (ON-TARGETplus
SMART-pool; L-004888-00-0020, Human ERCCS6,
NM_000124; Dharmacon), targeting OGGI1 (On-
TARGETplus SMARTpool; L-005147-00, Human OGG1;
Dharmacon) or non-targeting (siGENOME NonTargeting
D-001210-05-20, Dharmacon) were transfected to cells us-
ing Lipofectamine 2000 reagent (Invitrogen), according to
the manufacturer’s instructions. Silencing in HeLa OGGl1-
DsRed cell lines with indicated small interfering RNAs
was performed using Lipofectamine RNAIMAX reagent
(Invitrogen) according to the manufacturer’s instruc-
tions. Silencing efficiency was determined using western
blotting. PARP activity was inhibited with N-(6-oxo-5,6-
dihydro-henanthridin-2-yl)- N, N-dimethylacetamide HCI
hydrochloride hydrate (PJ-34) purchased from Sigma-
Aldrich and used at a concentration of 15 uM (37).
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Transcription was inhibited with the RNAPII inhibitor
5,6-dichlorobenzimidazole 1-B-D-ribofuranoside (DRB,
100 wM, Sigma-Aldrich) added 2 h prior to the experiment
or Actinomycin D (1 pwg/ml, Sigma-Aldrich) added 2 h
prior to experiment (38).

Microscopic settings, damage induction and FRAP

Images were recorded with different confocal microscopes;
Nikon A1, Leica TCS SP5 microscope (with Leica Appli-
cation Suite) and LSM 510 (Carl Zeiss), all equipped with
a 63x Plan-APO (1.4 NA) oil immersion lens. Two days
prior to microscopy experiments cells were seeded to full
confluency on sterile glass coverslips. During microscopy,
cells were examined in normal culture medium maintained
at 37°C and 5% CO, within a large chamber included in the
microscope. Imaging of eGFP, eYFP and DsRed were per-
formed using respectively 488, 514 and 561 nm laser light
to excite the chromophores; emitted light was recorded with
the respective filters BP505-550, BP530-600 and LP585. Lo-
cal base damage in a subnuclear area of 2 x 2 wm was in-
duced, as previously described (22). For the induction of di-
rect SSBs a single (1 frame; 2.58 s/frame) 405 nm laser-pulse
(corresponding to ~1 mW) was used. For the induction
of oxidative base damage, cells were incubated for 10 min
with 10 WM photosensitizer Ro 19-8022 (a kind gift from
F. Hoffmann-La Roche, Ltd) and irradiated as described
above. Accumulation of DNA repair factors at locally dam-
aged sites was determined by measuring the fluorescent in-
tensity in the damaged area and compared to non-damaged
areas of the same size. The measured fluorescence on the
damaged area was corrected for background and monitor
bleaching, normalized for pre-damage values and averaged.
It should be noted that for all the quantitative experiments
we have carefully selected cells with comparable expression
levels.

Fluorescence recovery after photo-bleaching (FRAP) ex-
periments were performed as previously described (22). In
short, the pre-defined damaged and non-damaged subnu-
clear areas of 2 x 2 wm were illuminated with the respective
laser set to 100% laser power for 6 frames (0.032 s/frame)
to bleach fluorescent proteins of interest. The subsequent
fluorescence recovery was recorded before (100 frames)
and after (750 frames) photobleaching, normalized to pre-
bleaching values and expressed as mean relative fluores-
cence intensity.

RESULTS

CSB has no effect on OGG1 immediate recruitment and re-
tention at oxidative DNA damage

We previously established a procedure to measure the re-
cruitment kinetics of OGG1 to locally generated oxida-
tive DNA damage (22). Using that approach we showed
that CSB was recruited to these sites in a transcription-
dependent manner. Interestingly, the absence of co-
recruitment of downstream NER factors suggested that not
a full TC-NER reaction was activated at these sites (22).
To further explore a possible role of CSB in BER, we mea-
sured the recruitment kinetics of OGGI to local oxidative
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DNA damage in the presence and absence of CSB. To that
aim we stably expressed OGGT1 tagged with GFP in Sv40-
immortalized MRC-5 cells. We applied CRISPR/Cas9-
mediated genome editing to obtain an isogenic CSB knock-
out cell line, in which the absence of CSB was confirmed
by PCR and western blotting (Supplementary Figure S1A
and B). As expected, those cells have an increased sensi-
tivity to UV-C light exposure (Supplementary Figure S1C)
and to oxidative damage (Supplementary Figure S1D). We
observed an immediate and fast recruitment of OGGI to
local oxidative DNA damage containing sites in wild-type
(wt) cells (Figure 1A and B) in accordance with earlier re-
ports (18). Surprisingly however, the recruitment kinetics of
OGGT in wt and CSB-deficient cells were identical (Figure
1A and B), indicating that CSB is not involved in the im-
mediate glycosylase recruitment. Comparable results were
obtained in HeLa cells stably expressing OGG1 fused to
DsRed that were depleted for CSB via RNA silencing (Sup-
plementary Figure S1E and G). Together, these data in-
dicate that in different human cells the rapid recruitment
of OGGI to oxidative damage (8-0xoQ) is independent of
CSB.

We previously reported a faster disappearance of OGG1
accumulation to local oxidative damage in CSB-deficient
cells (22). This may suggest that although CSB is not re-
quired for the initial OGGI1 recruitment, it might be in-
volved in retaining OGGH at the site of damage. To test this
hypothesis, we performed fluorescence recovery after pho-
tobleaching (FRAP) experiments on locally induced oxida-
tive damage. In a non-damaged area of wt or CSB-deficient
cells, the fluorescent signal quickly recovered after bleach-
ing (Figure 1C), indicative for a freely diffusing protein. The
fluorescence recovery was however incomplete when photo-
bleaching was performed at sites of induced oxidative dam-
age in both wt and CSB-deficient cells (Figure 1C), sug-
gesting that a fraction of OGGI is immobilized (bound) at
these sites. We did however not observe a difference in the
amount of lesion-bound OGGl1 in the absence or presence
of CSB. Similar results were obtained in HeLa cells stably
expressing OGG1-DsRed in which CSB is knocked down
by siRNA (Supplementary Figure S1F and G). Despite the
notion that a slower repair of 8-0xoG was observed in CSB-
deficient mouse embryonic fibroblasts (MEFs) compared to
wild-type littermates MEFs (25), we were not able to unveil
differences in the in vivo OGGI binding properties early af-
ter damage induction. Since the full repair of §-oxoG lesions
requires several hours (39), it is possible that CSB influences
OGGT1 binding to a subset of ‘difficult-to-repair’ oxidative
DNA lesions. For example, the immediate targeting of gly-
cosylases to lesions may be impaired due to sequence con-
text, chromatin status or lesions located in close vicinity of
each other. However, within our experimental conditions it
was not possible, to reveal these subtle differences and to
measure binding kinetics at later stages after damage induc-
tion. We conclude that OGGl1 is rapidly recruited to sites of
damage in a CSB-independent manner. This implies that 8-
oxoG lesions can efficiently be removed in the absence of
CSB and that the formed AP-site is most likely rapidly pro-
cessed to a SSB in a BER-dependent manner either by the
AP-lyase activity of the glycosylase or by APEI.
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Figure 1. CSB does not affect the recruitment of OGGI to oxidative DNA
damage. (A) Representative stills of time-lapse imaging to determine accu-
mulation kinetics of OGG1-GFP in CSB-proficient (upper panel) or CSB-
deficient (lower panel) MRC-5 cells at micro-irradiated (405 nm) subnu-
clear regions, indicated by arrows, in the presence of 10 wuM Ro 19-8022
photosensitizer. Scale bar: 7.5 wm. (B) Accumulation kinetics of OGG1-
GFP at micro-irradiated areas (as shown in A). The mean relative fluores-
cence intensity is plotted against time in seconds. (C) FRAP analysis of
OGG1-GFP expressed in CSB-proficient and deficient MRC-5 cells at lo-
cally damaged areas (on damage) or at a similar sized area without DNA
damage (no damage). For (B) and (C), error bars indicate the SEM of 20
cells of 2 independent, pooled experiments.

CSB facilitates recruitment of XRCC1 to BER-intermediates

Our results show that CSB is not required for the first step
of BER, i.e. loading of the glycosylase OGG1. However,
CSB-deficient cells have reduced repair rates of 8-oxoG and
are hyper-sensitive to oxidative DNA damage, arguing for a
role of CSB in a more downstream step of the BER process
((26,27,40,41) and Supplementary Figure S1D). To further

810Z J8qWBAON /( UO Jasn wepianoy AlsieAiun snwseld Aq 260970S/.L122/S L /9 10BISqe-a[oie /i u/woo dno-olwspeoe//:sdny woJj papeojumoq



elucidate the role of CSB in BER, we addressed the ques-
tion whether CSB may be required to facilitate recruitment
of XRCCI1 to BER. To understand whether CSB influences
XRCCI recruitment to either BER or SSBR, sub-nuclear
local DNA damage was induced under two different con-
ditions in cells stably expressing XRCC1-YFP. Firstly, for
the induction of mainly direct SSBs (i.e. independent of gly-
cosylases) we employed the 405 nm laser as was reported
before (42,43). For simplicity, DNA damage induced with
those settings is named ‘direct SSBs’ (labeled as 405 in fig-
ures). Secondly, for the induction of mainly oxidative base
damage, cells were pre-incubated with a specific exogenous
photosensitizer (Ro 19-8022) prior to 405 nm laser irradia-
tion (22). Results obtained under this condition are labelled
405 + Ro in the figures. Under the latter condition mainly
BER-induced SSBs will be formed.

XRCCI1-YFP, stably expressed in both CSB-proficient
and deficient MRC-5 cells showed an equally robust and
rapid accumulation in locally 405 nm laser irradiated areas
(direct SSBs) (Figure 2A and B). These data show that CSB
is not involved in XRCClI1 loading at direct SSBs. Previous
studies have shown a strong PARP-dependent recruitment
of XRCCI to direct SSBs (18,43,44). Consistently, the ad-
dition of the PARP-inhibitor PJ-34 (37) nearly completely
abolished the recruitment of XRCC1 to direct SSBs, which
again appeared independent of CSB (Figure 2A, B).

Next, we measured XRCC1 accumulation on BER-
induced SSBs generated by 405 nm laser irradiation in the
presence of the photosensitizer Ro 19-8022. Pre-treating
cells with the PARP-inhibitor PJ-34, allowed us to mea-
sure the recruitment of XRCCI specifically to BER-induced
SSBs (Figure 2C and D). Strikingly, under those condi-
tions we now observed a marked CSB-dependency for the
recruitment of XRCC1, while active parylation by PARP
was not required. When XRCCI1-YFP and mCherry-CSB
were co-expressed in CSB-deficient cells we find a clear co-
localization at the local oxidative damage site (Supplemen-
tary Figure S2A), supporting the CSB-dependent XRCC1
recruitment.

The use of PARP inhibitors may result in the accumula-
tion of trapped PARP-1 at the site of damage which may
further interfere with BER progression (21). To overcome
this potential PARP-inhibitor side effect, we used a mu-
tated XRCC1 (XRCCI1-3P_YFP), carrying a point muta-
tion in the BRCT1 domain that abolishes the interaction
with PARP-1 and was shown to impede XRCC1 accumula-
tion on direct SSBs (18). As anticipated, no accumulation of
the XRCC139P_YFP mutant on direct SSBs, in either wt
or CSB-deficient cells, was detected (Figure 2E and F). In-
terestingly however, recruitment of this XRCC1-*%P_YFP
mutant to BER-intermediates (e.g. BER-induced SSBs) ex-
hibited a strong dependency on CSB (Figure 2G and H).
These results were verified in HeLLa (CSB-proficient) and
CS1AN (CSB-deficient) cells, ruling out a cell type specific
effect (Supplementary Figure SIH). These data further cor-
roborate that part of the XRCCI1 accumulation on BER-
induced SSBs is independent of PARP, but is facilitated by
CSB. Previously, it was found that OGGT1 expression is re-
duced in CSB-deficient cells, which may contribute to the re-
duced XRCCl1 recruitment in CSB-deficient cells. However,
in our CSB-deficient cells we did not observe any significant
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OGGI reduction (Figure 1SG), indicating that XRCCI re-
cruitment is facilitated by the presence of CSB.

Recruitment of XRCC1 during BER is sensitive to inhibition
of transcription

Since CSB recruitment to local oxidative base damage oc-
curs in a transcription-dependent manner (22), we tested
whether the recruitment of XRCC1 to BER-induced SSBs
is also dependent on transcription. To test this, we used
cells expressing the XRCC1-P.YFP mutant that only
accumulates on BER-induced SSBs (Figure 2G and H).
Pretreatment of MRC-5 wt cells for 2 h with the tran-
scription inhibitor DRB strongly reduced the accumulation
of XRCC1M3P_YFP to locally generated BER-induced
SSBs (Figure 3A and B). Similar reduction in accumula-
tion of XRCC1M3%P_YFP to local oxidative damage was
observed after treatment with the transcription inhibitor
Actinomycin-D (Supplementary Figure S2B and C). This
transcription-dependent accumulation of XRCC1 was re-
produced in HeLa cells expressing XRCC1:3P_YFP (Fig-
ure 3C and Supplementary Figure S2C and D). In con-
trast, the CSB-independent accumulation of dsRed tagged
OGGT1 appeared independent of transcription (Figure 3D).

DISCUSSION

Based on our results we propose a model in which CSB fa-
cilitates the recruitment of XRCCI to transcription com-
plexes that are stalled at BER intermediates generated dur-
ing oxidative DNA damage repair (Figure 4, lower pan-
els). We speculate that the combined presence of CSB and
XRCCI1 assist downstream BER steps. Our previous work
(22) already showed a transcription-dependent recruitment
of CSB to 8-0xoG. Surprisingly however, targeting of the
initiating glycosylase OGGT to those lesions appeared in-
dependent of CSB and transcription (Figure 1A and B),
arguing for a transcription-dependent role of CSB beyond
initial damage recognition. This observation is in line with
earlier observations that the minor helix distorting 8-oxoG
lesions do not interfere with RNAPII elongation (29,31,45)
and would thus not require CSB. In contrast bulky DNA le-
sions (e.g. UV-induced photoproducts) that block RNAPII
elongation trigger the recruitment of CSB to initiate classi-
cal TC-NER (46). However, BER-intermediates (e.g. AP-
sites, SSBs) generated either by bifunctional glycosylases
(such as OGG]1) or as a consequence of APEI action and
not yet fully processed by downstream BER steps may cre-
ate a local structural DNA disturbance at which RNAPII
complexes can stall and trigger CSB recruitment to facilitate
XRCCI binding (47). Surprisingly however, upon OGGl
depletion by siRNA we did not observe a significant reduc-
tion of the XRCC1 recruitment (Supplementary Figure S2E
and F). The absence of an effect of OGG1 depletion is likely
explained by (partly) redundant glycosylases that compen-
sate for the loss of OGG1 (48), or that the remaining OGG1
after incomplete knock down is sufficient to initiate BER.
In addition, 405 nm laser-irradiation in the presence of Ro
19-8022 will induce, next to the predominant 8-0xoG le-
sions, also other types of oxidative base damage which will
be targeted by other glycosylases and thus also create BER-
intermediates. Nevertheless, the notion from our previous
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Figure 2. CSB facilitates recruitment of XRCC1 to BER-induced single strand breaks. (A) Representative stills of time-lapse imaging to determine accu-
mulation kinetics of XRCC1-YFP in CSB-proficient or CSB-deficient MRC-5 cells on direct SSBs (405 nm laser micro-irradiated regions, indicated by
arrows) in the absence (upper two panels) or presence of 15 wM PJ-34 to inhibit PARPs (lower two panels). (B) Accumulation kinetics of XRCC1-YFP at
micro-irradiated areas (as shown in A). The mean relative fluorescence intensity is plotted against time in seconds. (C) Representative stills of time-lapse
imaging to determine accumulation kinetics of XRCC1-YFP in CSB-proficient (upper panel) or CSB-deficient (lower panel) MRC-5 cells on BER induced
SSBs cells at micro-irradiated (405 nm laser) subnuclear regions, indicated by arrows, in the presence of 10 wM Ro 19-8022 photosensitizer and 15 uM
PJ-34. (D) Accumulation kinetics of XRCCI1-YFP on BER induced SSBs (as shown in C). The mean relative fluorescence intensity is plotted against time
in seconds. (E) Representative stills of time-lapse imaging to determine accumulation kinetics of the XRCC1:30P_YFP mutant in CSB-proficient (upper
panel) or CSB-deficient (lower panel) MRC-5 cells at micro-irradiated (405 nm laser) subnuclear regions, indicated by arrows. (F) Accumulation kinetics
of the XRCC1:3P_YFP mutant at micro-irradiated areas (as shown in E). The mean relative fluorescence intensity is plotted against time in seconds.
(G) Representative stills of time-lapse imaging to determine accumulation kinetics of the XRCC1-30P_YFP mutant in CSB-proficient (upper panel) or
CSB-deficient (lower panel) MRC-5 cells at micro-irradiated (405 nm laser) subnuclear regions, indicated by arrows, in the presence of 10 .M Ro 19-8022
photosensitizer. (H) Accumulation kinetics of the XRCC1-3P_YFP mutant at micro-irradiated areas (as shown in G). The mean relative fluorescence
intensity is plotted against time in seconds. For (A, C, E and F), scale bar: 7.5 wm. For (B, D, F and H), error bars indicate the SEM of 20 cells of two
independent, pooled experiments.
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Figure 3. XRCC1 binding to BER induced breaks is sensitive to inhibition of transcription. (A) Representative stills of time-lapse imaging to determine
accumulation kinetics of XRCC13P_YFP in untreated (upper panel) or transcription inhibited (DRB, 100 wM) MRC-5 cells at micro-irradiated (405
nm laser) subnuclear regions, indicated by arrows, in the presence of 10 wM Ro 19-8022 photosensitizer. Scale bar: 7.5 pwm. (B) Accumulation kinetics
of XRCC13P_YFP at micro-irradiated areas (as shown in A). The mean relative fluorescence intensity is g)lotted against time in seconds. Error bars
indicate the SEM of 20 cells of 2 independent, pooled experiments. (C) Accumulation kinetics of XRCCI1:3P_YFP expressed in HeLa cells at micro-
irradiated areas in the presence of 5 wM Ro 19-8022 photosensitizer in either untreated cells or in the presence of transcription inhibitor (DRB, 100 wM).
(D) Accumulation kinetics of OGG1-dsRed expressed in HeLa cells at micro-irradiated areas in the presence of 5 wM Ro 19-8022 photosensitizer in either
untreated cells or in the presence of transcription inhibition (DRB, 100 wM). All graphs are representative for two independent experiments (at least 11
cells) and show the mean relative fluorescence intensity + SEM.

study (18) that overexpression of OGG1 (assumed to create NER (33,51-53). Strikingly, in addition to a role of FACT
more BER-intermediates) caused a stronger accumulation in stimulating transcription restart in conjunction to TC-
of XRCCI1L360D at local oxidative DNA damage, strongly NER (33), also a role of FACT in facilitating BER was es-
supports our model. Indeed, earlier studies have shown that tablished (32). In our model we propose that transcription
these BER-intermediates do stall RNAPII (29-31,49). Our (when stalled at repair-intermediates) interferes with opti-
findings support the concept that elongating RNAPII, by mal recruitment or loading of downstream BER factors. It
virtue of its DNA-translocating activity, scans DNA for is thus conceivable that a BER-coordinating process is oper-
perturbations, either bulky lesions or BER-intermediates ational to prevent a clash between transcription and BER.
(50). It is thus likely that CSB comes into play at these The observed relocation of the BER machinery, including
BER-intermediate stalled RNAPII complexes, similarly as XRCCI and Ligase3 to euchromatic (transcriptional active)
to its role in TC-NER. Stalled RNAPII complexes at BER- regions in response to oxidative stress, might reflect such a
intermediates will likely disturb efficient progression of the mechanism to stimulate BER-efficiency in these regions to

BER reaction as the presence of these bulky molecular com- avoid interference with transcription (18,20,39). The com-
plexes may hamper efficient loading of downstream factors promised progression of the BER reaction due to interfer-
(DNA polymerase B or the ligase complex). ence with stalled transcription complexes on reaction in-

Different functions for CSB in TC-NER have been pro- termediates, suggests a joint role for CSB and XRCCI in
posed, ranging from: being a chromatin-remodeling factor, coordinating this specific BER reaction. In addition to a
or a recruitment platform for downstream NER factors, to pivotal organizing role for XRCC1 in SSB repair (44,54),
pushing back or facilitating ubiquitylation and subsequent it seems also important in coordinating BER reactions that

degradation of stalled RNAPII complexes to provide more are confronted with stalled RNAPII, likely through its scaf-
efficient access of NER factors (23). The exact role of CSB folding function and multiple established interactions with
in facilitating BER needs to be determined, similarly to its BER factors. BER-intermediates that are (partly) shielded
still enigmatic role in TC-NER. It is possible that the pro- by stalled transcription complexes may need CSB to help a
posed chromatin-remodeling function of CSB, in addition rapid loading of XRCCI1. BER coordination, mediated by

to its role in coordinating TC-NER, may create a permis- XRCCI1, may become more important under specific cir-
sive chromatin environment to enable better access to re- cumstances, such as in transcribed genes, on lesions that
pair factors. Recently, evidence has accumulated that in- are difficult to process, or at specific genomic loci or chro-

deed chromatin reorganization is strongly associated to TC- matin compaction-status that hamper efficient BER pro-
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Figure 4. Proposed model for the CSB function in the repair of oxidative DNA damage. The upper panel represents the classical BER initiation on 8-0xoG
lesions (red star) by the concerted action of the OOG1 glycosylase (orange sphere) and APEI (yellow ball), subsequent recruitment of the XRCC1 /Ligaselll
complex (blue and red balls, respectively) and DNA Polymerase 8 (Pol 8, dark purple ball) through interaction with the glycosylase further completes repair.
The lower panels represent a situation in which an elongating RNA polymerase II complex (RNAPII, purple sphere, direction indicated by curved arrow)
runs into a BER-intermediate (e.g. BER-generated SSB) that likely caused inhibition of RNAPII elongation. When CSB (green ball) is present (lower
left panel, blue shaded) it will assist in loading the XRCC1/Ligase III (LiglII) complex (blue and red balls, respectively) to stalled RNAPII on BER-
intermediates to facilitate the assembly of downstream BER factors, such as DNA Polymerase 8 (Pol 8, dark-purple ball) and stimulate BER progression.
In the absence of CSB (lower right panel, orange shaded), BER progression will be limited.

gression (50). CSB may be required for efficient loading
of XRCClI, possibly by restructuring the stalled transcrip-
tion machinery to allow exposure of glycosylase-generated
intermediates. Strikingly, active parylation is not required
for the recruitment of XRCC1 to BER-intermediate-stalled
transcription complexes, whereas parylation is essential for
loading to BER-unrelated SSBs. These observations do
however not preclude a role of parylation in further down-
stream BER events, which was suggested previously (55).
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