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Cockayne syndrome (CS) is a rare genetic disorder characterized as a segmental premature-aging syndrome.
The CS group B (CSB) protein has previously been implicated in transcription-coupled repair, transcriptional
elongation, and restoration of RNA synthesis after DNA damage. Recently, evidence for a role of CSB in base
excision repair of oxidative DNA lesions has accumulated. In our search to understand the molecular function
of CSB in this process, we identify a physical and functional interaction between CSB and poly(ADP-ribose)
polymerase-1 (PARP-1). PARP-1 is a nuclear enzyme that protects the integrity of the genome by responding
to oxidative DNA damage and facilitating DNA repair. PARP-1 binds to single-strand DNA breaks which
activate the catalytic ability of PARP-1 to add polymers of ADP-ribose to various proteins. We find that CSB
is present at sites of activated PARP-1 after oxidative stress, identify CSB as a new substrate of PARP-1, and
demonstrate that poly(ADP-ribosyl)ation of CSB inhibits its DNA-dependent ATPase activity. Furthermore, we
find that CSB-deficient cell lines are hypersensitive to inhibition of PARP. Our results implicate CSB in the
PARP-1 poly(ADP-ribosyl)ation response after oxidative stress and thus suggest a novel role of CSB in the
cellular response to oxidative damage.

Cockayne syndrome (CS) is a rare autosomal recessive dis-
order characterized as a segmental premature-aging syndrome.
One of the major clinical hallmarks of CS is severe neurolog-
ical abnormalities (reviewed in reference 27). Approximately
80% of all cases of CS are caused by mutations in the CSB
gene. The CS group B (CSB) protein belongs to the SWI/SNF2
protein family and thus contains seven characteristic ATPase
motifs which have only recently been successfully crystallized
(12, 42). Accordingly, CSB is a DNA-dependent ATPase, and
while no helicase activity has been reported for CSB (35), it is
able to remodel chromatin in vitro (6).

Cells from patients with CS are sensitive to UV light and
deficient in transcription-coupled repair (TCR) of UV-induced
and other helix-distorting lesions (46). TCR is a subpathway of
nucleotide excision repair, and TCR preferentially removes
lesions from the transcribed strand of RNA polymerase II-
transcribed genes. TCR requires active transcription and is
likely to be initiated by stalling of RNA polymerase II at the
site of a DNA lesion (reviewed in reference 41). Failure to
remove RNA polymerase II and repair the lesion is believed to
be a strong apoptotic signal (reviewed in reference 18).

Oxidative DNA lesions are produced either endogenously or
exogenously by reactive oxygen species. Most of these lesions
are repaired by the base excision repair (BER) pathway. Le-

sion-specific DNA glycosylases initiate the repair by removing
the aberrant bases. Subsequently, AP endonuclease 1, or al-
ternatively, polynucleotide kinase, generates substrates for a
DNA polymerase to insert new and correct nucleotides, and a
DNA ligase completes repair (37, 48).

Recently, the CSB protein has been implicated in the repair
of oxidative DNA lesions. Besides a potential role for CSB in
TCR of certain oxidative DNA lesions, CSB has also been
implicated in general genome BER (reviewed in reference 27).
The in vitro incision of oligonucleotides containing 7,8-dihy-
dro-8-oxoguanine (8-oxoG) residues is impaired in extracts
from CSB-deficient cells compared to wild-type (WT) cells (10,
40, 45). The in vivo repair of photosensitizer-induced oxidative
DNA lesions in both the DHFR gene and mitochondrial DNA
is also impaired (39, 40). Importantly, after exposure to � rays,
CSB-deficient cells accumulate oxidative lesions in the DNA to
a greater extent than WT cells (45). Additionally, cells from csb
and ogg1 (8-oxoG DNA glycosylase 1) double-knockout mice
accumulate more oxidative lesions in genomic DNA than cells
from the ogg1 single-knockout mice (32). Altogether, the re-
sults suggest that CSB plays a role in BER. However, the
molecular role of CSB in the repair of oxidative lesions in the
overall genome is unknown.

In our search for a more precise characterization of the
function of CSB in BER, we have searched for protein partners
of CSB among known BER proteins. Hence, identifying inter-
actions between CSB and established repair proteins will elu-
cidate at which molecular stages in the repair pathway that
CSB participates. In this study, we identify poly(ADP-ribose)
(PAR) polymerase 1 (PARP-1) as a protein that interacts both
physically and functionally with CSB.
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PARP-1 is an abundant nuclear DNA damage surveillance
protein that can be characterized as a “molecular nick sensor.”
PARP-1 binds with high affinity to and is activated by DNA
single-strand breaks (SSBs). When activated, PARP-1 adds
polymers of ADP-ribose to various proteins using NAD� as a
substrate (reviewed in reference 17). The acceptor proteins
shown to be poly(ADP-ribosyl)ated by PARP-1 include his-
tones, transcription factors, and PARP-1 itself. PARP-1 was
very recently shown to be a structural component of chromatin
(21), and it is involved in opening the chromatin structure
around SSBs by poly(ADP-ribosyl)ating histones (43). BER
has been shown to be greatly stimulated by PARP-1 (9, 11, 34).
PARP-1 is believed to recruit the DNA repair apparatus to an
SSB and is found in complex with the BER protein X-ray
repair cross-complementing group 1 (XRCC1), DNA ligase
III, and DNA polymerase � (4, 22, 28). Importantly, the
PARP-1 recruitment of BER proteins requires the presence of
SSBs, since the scaffold protein XRCC1 preferentially binds
auto-poly(ADP-ribosyl)ated PARP-1 (13, 26, 31). Further-
more, an additional role for PARP-1 and poly(ADP-ribosyl)a-
tion in polymerase �-independent long-patch BER of 8-oxoG
has been proposed (25).

In this study, we demonstrate that CSB and PARP-1 phys-
ically interact. CSB binds to both unmodified and poly(ADP-
ribosyl)ated PARP-1 in vitro, and CSB interacts with PARP-1
in vivo in both the absence and presence of oxidative stress.
Interestingly, we show that after oxidative stress, the CSB/
PARP-1 complex relocates to sites of DNA damage in the cell.
We find that CSB is a novel substrate for PARP-1 poly(ADP-
ribosyl)ation in vitro and that this modification inhibits the
catalytic ATPase activity of CSB. Importantly, CSB also is
poly(ADP-ribosyl)ated in vivo after oxidative stress. Further-
more, we find that CSB-deficient cells are significantly more
sensitive to PARP inhibitors than CSB-complemented cells,
and this sensitivity cannot be rescued by complementing with
CSB protein containing site-directed mutations in the ATPase
domain. Finally, we discuss the importance of these results for
implicating CSB in the PARP-1-mediated response to oxida-
tive DNA damage.

MATERIALS AND METHODS

Cell lines and culture conditions. CS1AN.S3.G2/pc3.1-CSBwt, CS1AN.S3.G2/
pc3.1-CSB-E646Q, CS1AN.S3.G2/pc3.1-CSB-T912/913V, CS1AN.S3.G2/pc3.1-
CSB-Q942E, CS1AN.S3.G2/pc3.1-CSB-R946A, and CS1AN.S3.G2/pc3.1 cells
were cultured as described previously (30, 36). CS1AN.S3.G2/pCMV-dtCSB
cells were cultured as the rest of the CS1AN/S3.G2 stable transfected cells. HeLa
cells were cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum, 100 U/ml penicillin, and 100 �g/ml streptomycin.

Activation of PARP poly(ADP-ribosyl)ation activity in vivo was obtained by
incubating proliferating cells with 250 �M H2O2 in phosphate-buffered saline
(PBS) for 10 min before cell extract preparation and Western blot analysis.

Generation of stable transfectant cell line expressing double-tagged CSB
protein. CSBwt containing an N-terminal hemagglutinin antigen (HA) epitope
and a C-terminal His6 from the pSLME6-dtCSB vector (kindly provided by W.
Vermeulen, Rotterdam, The Netherlands) was subcloned into the SacI-BamHI
sites of the mammalian expression vector pCMV-Script (Stratagene), creating
pCMV-dtCSB. CS1AN.S3.G2 cells were transfected with pCMV-dtCSB using
Lipofectamine (Invitrogen) according to the manufacturer’s instructions. Stably
transfected cell lines were selected and maintained in medium containing 400
�g/ml geneticin. After 14 days of selection, surviving cells were trypsinized and
seeded for isolation of clones. Individual clones were screened for expression of
CSB protein.

Recombinant proteins. PARP-1 (generously provided by Gilbert de Murcia,
Strasbourg, France) and HA- and His-double-tagged CSB were purified from
insect cells as described previously (references 16 and 5, respectively). The
cloning, expression, and purification of the CSB fragments will be described in
detail elsewhere (T. Thorslund et al., unpublished data). Briefly, the designated CSB
fragments (CSB2–341, CSB310–520, CSB465–1056, CSB953–1204, and CSB1187–1493) were
amplified by PCR and cloned into the pTriEx-4 Neo vector (Novagen). The
vector encodes N-terminal His and S tags and C-terminal herpes simplex virus
(HSV) and His tags. The five CSB fragments were overexpressed in Escherichia
coli and purified using Ni-nitrilotriacetic acid agarose (QIAGEN).

ELISA. Enzyme-linked immunosorbent assay (ELISA) was performed essen-
tially as described previously (3). Briefly, for analysis of the in vitro interaction of
CSB and PARP-1, the wells in a microtiter plate were coated with 8 nM bovine
serum albumin (BSA), CSB, or PARP-1, as indicated. For the binding step, 8 nM
PARP-1 or CSB was added to the indicated wells, and the binding reaction was
done in either the absence or presence of ethidium bromide (30 �g/ml) or DNase
I (5 �g/ml). Bound PARP-1 was detected with rabbit anti-PARP-1 antibodies
(Alexis Biochemicals), while bound CSB was detected with rabbit anti-CSB
antibodies (kindly provided by Jean-Marc Egly, Strasbourg, France). For deter-
mination of the Kd values for CSB interaction with unmodified or poly(ADP-
ribosyl)ated PARP-1, PARP-1 was either mock treated or poly(ADP-ribosyl)-
ated in vitro (see below) before the wells were coated (8 nM PARP-1 per well).
No difference in coating efficiency of unmodified compared to poly(ADP-ribo-
syl)ated PARP-1 was found. For the binding step, serial dilutions of CSB (rang-
ing between 0.25 and 16 nM/well) were added to the corresponding wells in the
presence of ethidium bromide (30 �g/ml), and subsequently, all steps were
performed as described above. The fraction of the immobilized PARP-1 bound
to the microtiter well that was specifically bound by CSB was analyzed by a Hill
plot as described previously (3).

In vitro coimmunoprecipitation of purified CSB and PARP-1. Protein A mag-
netic beads (New England Biolabs) were incubated with polyclonal rabbit
PARP-1 antibodies (Alexis Biochemicals) in radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris-HCl [pH 7.4], 1% NP-40, 0.25% Na-deoxycholate,
150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM
Na3VO4, 1 mM NaF, and 1 tablet Complete protease inhibitor cocktail [Roche]
per 50 ml). HA- and His-tagged CSB (250 ng) and 250 ng PARP-1 were mixed
as indicated in either the absence or presence of DNase I (5 �g/ml) in RIPA
buffer containing 1 �g/�l BSA and added to the antibody-bound beads. Subse-
quently, the beads were washed extensively with RIPA buffer and finally dis-
solved in 2� sodium dodecyl sulfate (SDS) loading buffer, boiled, and analyzed
by SDS-polyacrylamide gel electrophoresis (PAGE) and Western blot. PARP-1
and CSB were detected by monoclonal PARP-1 and HA antibodies (Santa
Cruz), respectively. Secondary ECL horseradish peroxidase-conjugated anti-
mouse antibodies (Amersham Biosciences) were used to visualize the immuno-
complexes. When the in vitro interaction of CSB and unmodified or poly(ADP-
ribosyl)ated PARP-1 was investigated, 1,000 ng CSB was mixed with 500 ng
PARP-1, which was either mock treated or poly(ADP-ribosyl)ated, in RIPA
buffer with BSA (1 �g/ml) in either the absence or presence of DNase I (5
�g/ml). Subsequently, CSB was immunoprecipitated using polyclonal rabbit CSB
antibodies (Santa Cruz). The precipitate was analyzed by SDS-PAGE and West-
ern blot using monoclonal PAR antibodies (Alexis), monoclonal PARP-1 anti-
bodies (Santa Cruz), or rabbit polyclonal CSB antibodies (Santa Cruz).

In vivo CSB immunoprecipitation. HeLa whole-cell extract (5 mg) was incu-
bated with protein A magnetic beads and either rabbit immunoglobulin G or
polyclonal rabbit CSB antibody (Santa Cruz). After extensive washing in RIPA
buffer, the precipitate was analyzed by SDS-PAGE and Western blot. Endoge-
nous PARP-1 and CSB were visualized as described above. When investigating
the coimmunoprecipitation of PARP-1 with CSB after oxidative stress, we used
nuclear extracts from mock-treated or H2O2-treated CS1AN.S3.G2/pCMV-
dtCSB cells. The H2O2-treated cells were incubated with 250 �M H2O2 for 10
min in PBS before extract preparation. For the study of in vivo poly(ADP-
ribosyl)ation of CSB after oxidative stress, HeLa or CS1AN.S3.G2 cells were
either mock treated or incubated with H2O2 before preparation of whole-cell
extracts. CSB was immunoprecipitated using polyclonal CSB-specific antibodies
(Santa Cruz), and the precipitate was washed extensively using a high-salt RIPA
buffer (0.4 M NaCl) and subsequently with a low-salt RIPA buffer (50 mM
NaCl). Finally, the precipitated CSB was analyzed by SDS-PAGE and Western
blot using rabbit polyclonal CSB antibodies (Santa Cruz) and mouse monoclonal
PAR antibodies (Alexis).

In vitro CSB fragment pull-down assay. S-protein agarose (Novagen) was
incubated with 1 �g of each of the five purified CSB fragments (described above)
and washed in PBS–0.1% Tween 20, and then 0.5 �g PARP-1 (in PBS–0.1%
Tween 20 with BSA [1 �g/�l]) was added. The beads were washed extensively in
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PBS–0.1% Tween 20, and the precipitate was analyzed by SDS-PAGE and
Western blot. PARP-1 was visualized as described above, while the tagged CSB
fragments were visualized by monoclonal HSV antibodies (Novagen).

In vitro poly(ADP-ribosyl)ation of PARP-1, CSB, and CSB fragments. Re-
combinant PARP-1, CSB, and/or each of the five CSB fragments (all 20 ng/�l),
were mixed as indicated in ribosylation buffer (10 mM Tris-HCl [pH 8], 1 mM
MgCl2, 1 mM dithiothreitol). The poly(ADP-ribosyl)ation reaction was initiated
by addition of NAD� (1 mM) and activated (sonicated) DNA (0.1 mg/ml) in
either the absence or presence of 3-aminobenzamide (3-AB) (10 mM). The
reactions were terminated after incubation at room temperature for up to 15 min
by addition of 10 mM 3-AB to the tubes not containing the PARP inhibitor or an
equal volume of water to the control tubes that already contained 3-AB. The
reactions were used either for in vitro coimmunoprecipitation or in ATP hydro-
lysis assays as described below or analyzed by Western blot using PAR, PARP-1,
or CSB antibodies as described above.

Immunofluorescence. To investigate colocalization of CSB, PARP-1, and
PAR, HeLa cells grown on coverslips were either mock treated or treated with
250 �M H2O2 for 10 min in PBS before the cells were fixed according to the
procedure recently described by Horibata et al. for CSB immunofluorescence
using the rabbit polyclonal CSB antibody (Santa Cruz) described in this paper
(19). For visualization of PARP-1 and PAR, we used a 1:100 dilution of mouse
monoclonal PARP-1 antibody from Santa Cruz (F-2) and a 1:400 dilution of
mouse monoclonal PAR antibodies from Alexis (10H). We used 1:400 dilutions
of secondary antibodies, goat anti-mouse antibody conjugated to Alexa Fluor 488
(Molecular Probes) and goat anti-rabbit conjugated to Cy3 (Jackson Laborato-
ries). Slides were analyzed with an Axiovert 200 M fluorescence microscope, and
pictures were processed using Metamorph imaging system 4.1 (Universal Imag-
ing Corporation) using deconvolution. When CSB focus formation after oxida-
tive stress was analyzed, HeLa cells were either mock treated or incubated with
33 �M of the PARP inhibitor 3,4-dihydro-5-[4-(piperidinyl)butoxyl]-1(2H)-iso-
quinolinone (DPQ) for 1 h in serum-free medium before incubation with 500 �M
H2O2 (still in the presence of 33 �M DPQ) in serum-free medium at 37°C for 30
min. Cells were fixed and CSB visualized as described above, and images were
acquired with a �63 objective with a Zeiss LSM 410 confocal system.

Single-cell images are representatives of at least 50 randomly selected cells.
In vitro PARP-1 poly(ADP-ribosyl)ation of histone H1. A combined ribosyla-

tion and ELISA method to detect poly(ADP-ribosyl)ation of histone H1 was
performed essentially as described previously (47). Briefly, ELISA plates were
coated with histone H1 protein (10 �g/well). After blocking, PARP-1 (10 nM)
and CSB (7, 14, and 22 nM) were added as indicated, and the poly(ADP-
ribosyl)ation reaction was started in either the presence or absence of 3-AB. The
reactions were stopped after 5 min, and subsequently, the wells were washed
extensively before formation of the PAR polymer was analyzed with PAR-
specific antibodies and colorimetric detection.

ATPase activity assays. Standard CSB ATPase activity assays were performed
essentially as described previously (5), with minor modifications. Twelve pico-
moles of CSB [either mock treated or poly(ADP-ribosyl)ated] and 17 pmol of
PARP-1 [either mock treated or poly(ADP-ribosyl)ated] were used in each
reaction. All the reactions contained 150 ng pUC19 plasmid DNA, and the buffer
conditions were the same in all the reactions. Thin-layer chromatography anal-
ysis was performed in 0.8 M LiCl in 1 M formic acid.

Clonogenic survival. Cells (CS1AN.S3.G2/pc3.1-CSBwt and CS1AN.S3.G2/
pc3.1) were trypsinized and 500 cells were seeded per 10-cm2 dish and allowed
to attach overnight before the medium was substituted with growth medium
containing the indicated concentration of 3-AB (0 to 10 mM). After 3 days of
incubation in the presence of 3-AB, the cells were washed with PBS three times
and returned to normal growth medium. The cells were subsequently grown for
10 days, washed once with PBS, fixed with methanol, and stained with methylene
blue. Blue colonies were counted to determine the clonogenic survival of cells.
The assay was performed four times in triplicate.

MTT proliferation assays. For survival after 3-AB and DPQ treatment, the
indicated cell lines were trypsinized and 1,000 cells were seeded in each well in
a 96-well plate and allowed to attach overnight before substitution of the medium
with medium containing the indicated amounts of 3-AB (0 to 10 mM) or DPQ
(0 to 1 mM). After 3 (3-AB) or 5 (DPQ) days of incubation with the drug, 100
�g/�l 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) was
added to each well, and the plate was incubated for an additional 5 h. The
MTT-containing medium was subtly removed, and the crystals were dissolved by
the addition of 100 �l of dimethyl sulfoxide. The absorbance was analyzed at 562
nM, and the percent survival was calculated. The assays were performed at least
five times in triplicate for each drug, cell line, and time point.

RESULTS

CSB interacts with PARP-1 in vitro and in vivo. To elucidate
the function of CSB in BER, we screened for protein partners
of CSB among known BER proteins and identified PARP-1 as
a CSB-interacting protein. Direct binding of CSB and PARP-1
was first demonstrated by in vitro coimmunoprecipitation (Fig.
1A). Purified CSB was incubated either alone or in the pres-
ence of PARP-1 or PARP-1 plus DNase I. Subsequently,
PARP-1 was immunoprecipitated, and the precipitate was an-
alyzed for the presence of CSB. As shown in Fig. 1A (left),
CSB coimmunoprecipitated with purified PARP-1 in both the
presence and absence of DNase I, demonstrating an in vitro
interaction between CSB and PARP-1 which is not DNA me-
diated. Furthermore, CSB was not precipitated in the absence
of PARP-1, demonstrating specificity of the PARP-1 antibody.
The membrane was then reprobed with an antibody against
PARP-1 (Fig. 1A, right) to show PARP-1 immunoprecipita-
tion, and since the membrane had not been stripped, the
strong signal from recombinant CSB reappeared. The direct
interaction between CSB and PARP-1 was confirmed by
ELISA, coating with either PARP-1 (Fig. 1B, top) or CSB (Fig.
1B, bottom) and, subsequently, binding with CSB or PARP-1,
respectively. Incubation with either ethidium bromide or
DNase I did not affect the interaction, and neither CSB nor
PARP-1 bound to wells coated with BSA, and the antibodies
did not cross-react. This confirms the direct interaction be-
tween CSB and PARP-1 and demonstrates that the interaction
is not DNA mediated. Next, we analyzed whether CSB and
PARP-1 exist in complex in vivo. Whole-cell extracts from
HeLa cells were prepared, and endogenous CSB was immu-
noprecipitated. As shown in Fig. 1C (left), approximately 50%
of the endogenous CSB protein was immunoprecipitated,
while no CSB was precipitated using control immunoglobulin
G. The precipitate was subsequently analyzed for the presence
of PARP-1 (Fig. 1C, right), and we found that endogenous
PARP-1 coimmunoprecipitated with CSB; hence, a CSB/
PARP-1 complex exists in vivo.

To map the region of CSB that mediates the direct interac-
tion to PARP-1, we cloned five tagged CSB fragments covering
the entire region of the protein: CSB2–341, CSB310–520,
CSB465–1056, CSB953–1204, and CSB1187–1493 (Fig. 2A). The
fragments were expressed and purified from E. coli and mixed
with purified PARP-1, and in vitro coimmunoprecipitation was
performed using S-protein agarose specific for the N-terminal
tag on the CSB fragments. As shown in Fig. 2B, recombinant
PARP-1 bound strongly to the N terminus of CSB (amino
acids 2 to 341), whereas the other four fragments bound very
little or no PARP-1. The fragments were all present in similar
amounts in the pull-down experiment as shown in Fig. 2B
(bottom). Thus, the direct interaction of CSB and PARP-1 in
vitro is mediated by the N terminus of CSB. This part of the
CSB protein has no conserved domains and has not previously
been assigned a function.

CSB also interacts with poly(ADP-ribosyl)ated PARP-1 in
vitro and in vivo. Following exposure of cells to oxidative stress
and the formation of SSBs, PARP-1 binds to nicks in the DNA,
is activated, and adds polymers of ADP-ribose to various pro-
teins as well as to itself. We therefore investigated the effect of
this PARP-1 modification on the interaction with CSB. First, in
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vitro coimmunoprecipitation experiments with purified CSB
and either unmodified PARP-1 or PARP-1 that had been
poly(ADP-ribosyl)ated in vitro were performed, and the coim-
munoprecipitations were performed both in the absence and in
the presence of DNase I. As shown in Fig. 3A (middle), unri-
bosylated PARP-1 coimmunoprecipitated with CSB, confirm-

ing the direct interaction between the two proteins (also dem-
onstrated in Fig. 1). The in vitro poly(ADP-ribosyl)ation
reaction of PARP-1 is very efficient and adds long chains of
ADP-ribose units to PARP-1, and after this dramatic in vitro
modification, the monoclonal PARP-1 antibody does not rec-
ognize PARP-1. However, when analyzing the CSB precipitate
using antibodies against PAR (Fig. 3A, bottom), we found that
CSB also immunoprecipitated poly(ADP-ribosyl)ated PARP-
1, which shows that CSB can interact with the activated form of
PARP-1. Furthermore, CSB and poly(ADP-ribosyl)ated
PARP-1 also interacted in the presence of DNase I; thus, the
interaction is not DNA dependent. To address whether CSB
has higher affinity for one of the two forms of PARP-1, that is,
the unmodified PARP-1 and the activated auto-poly(ADP-
ribosyl)ated PARP-1, we performed quantitative ELISA ex-
periments to determine the Kd of the interactions. The quan-
titative ELISA studies were carried out in the presence of
ethidium bromide to eliminate any putative effects of DNA. As
seen in Fig. 3B, the kinetics of the interaction between CSB
and either unmodified (dotted line) or poly(ADP-ribosyl)ated
(solid line) PARP-1 are very similar. The Kd values were ap-
proximately 0.8 nM and 0.7 nM, respectively, and this indicates
that CSB is not likely to interact with the automodification
domain in PARP-1. Since other cellular factors could influence
the complex formation of CSB and PARP-1 after damage, we

FIG. 1. CSB interacts with PARP-1 in vitro and in vivo. (A) CSB
(250 ng), PARP-1 (250 ng), and DNase I (5 �g/ml) were mixed as
indicated. PARP-1 was immunoprecipitated (IP) with polyclonal
PARP-1 antibodies, and the precipitate was analyzed by SDS-PAGE
and Western blot (W). Left panel, CSB visualized by monoclonal HA
antibody. Right panel, the same membrane subsequently probed for
PARP-1. A molecular weight marker is indicated on the left side of the
membrane. (B) Wells in a microtiter plate were coated with either 8
nM PARP-1 or 8 nM CSB, as indicated. After blocking with BSA, the
wells were incubated with 8 nM CSB or 8 nM PARP-1 or no protein
(�) as indicated, either alone or in the presence of ethidium bromide
(EtBr) (30 �g/ml) or DNase I (5 �g/ml). Top, PARP-1-bound CSB
detected with CSB antibodies followed by colorimetric analysis. Bot-
tom, CSB-bound PARP-1 detected with PARP-1 antibodies followed
by colorimetric analysis. OD490, optical density at 490 nm. (C) Endog-
enous CSB was immunoprecipitated from HeLa whole-cell extract
using CSB-specific antibodies. The precipitate was analyzed by West-
ern blotting for the presence of CSB (left) and PARP-1 (right). IgG,
immunoglobulin G.

FIG. 2. The N terminus of CSB mediates the interaction with
PARP-1. (A) Schematic representation of full-length CSB and the
CSB fragments used to map the interaction with PARP-1. Full-length
CSB contains an acidic domain (Ac), two bipartite nuclear localization
signals (NLS), and the seven conserved ATPase motifs (I, IA, and II to
VI). The five CSB fragments cover amino acids 2 to 341, 310 to 520,
465 to 1056, 953 to 1204, and 1187 to 1493 of CSB and are all His and
S tagged in the N terminus and HSV and His tagged in the C terminus.
(B) The five CSB fragments were expressed and purified from E. coli,
bound to S-protein agarose, and incubated with 0.5 �g PARP-1. The
beads were washed extensively and analyzed by SDS-PAGE and West-
ern blot. First, precipitated PARP-1 was visualized with monoclonal
PARP-1 antibodies, and after stripping the membrane, the tagged CSB
fragments were visualized by monoclonal HSV antibodies. Purified
PARP-1 was loaded in the first lane, and the migration of the molec-
ular weight marker is illustrated on the left side.
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investigated the interaction between CSB and unmodified or
poly(ADP-ribosyl)ated PARP-1 in vivo. Nuclear extracts from
untreated and H2O2-treated cells stably expressing HA- and
His-tagged CSB (CS1AN.S3.G2/pCMV-dtCSB) were pre-

pared, and in vivo coimmunoprecipitation experiments were
performed. The H2O2 treatment used is known to activate the
poly(ADP-ribosyl)ation response (47) (see Fig. 6C). As shown
in Fig. 3C, PARP-1 coimmunoprecipitated with CSB in both
untreated cells and cells that had been challenged with oxida-
tive stress. To summarize, these results show that CSB inter-
acts in vitro with PARP-1 when PARP-1 is both unmodified
and auto-poly(ADP-ribosyl)ated and that the CSB/PARP-1
complex exists in vivo both before and after oxidative stress.

The CSB/PARP-1 complex relocates in the nucleus after
oxidative stress. Since CSB was found to interact with both
unmodified and auto-poly(ADP-ribosyl)ated PARP-1 and ex-
ist in complex in vivo both before and after oxidative stress, we
next examined the colocalization of endogenous CSB and
PARP-1/PAR in HeLa cells before and after H2O2 treatment.
We observed that PARP-1 was highly concentrated in the
nucleolus but also present throughout the nucleus, and as
reported previously (29), this subcellular localization of
PARP-1 was not significantly affected by low doses (250 �M)
of H2O2 (Fig. 4A). PARP-1 poly(ADP-ribosyl)ation activity is
activated by PARP-1 binding to SSBs, and thus, PAR is pri-
marily observed after DNA damage (13). Accordingly, we ob-
served distinct PAR nuclear foci after treatment with H2O2

(Fig. 4B). PARP-1 itself is a primary substrate for poly(ADP-
ribosyl)ation in vivo, and thus, extensive colocalization be-
tween PARP-1 and PAR was observed after H2O2 treatment
(data not shown). Immunofluorescence studies of endogenous
CSB have recently been reported (19), and this procedure was
used to visualize CSB. As also reported previously (2), we
observed that CSB was heterogeneously distributed in the nu-
cleoplasm and present in larger foci in nucleoli (Fig. 4). The
overall subcellular localization of CSB did not change signifi-
cantly after the relatively low dose of H2O2 used in these
experiments; however, we did observe that CSB foci in the
nucleoplasm of the majority of the cells appeared more distinct
and confined after damage induction (Fig. 4). As shown later,
treatment with higher doses of H2O2 caused CSB to form
distinct foci (Fig. 5D). Interestingly, in undamaged cells, CSB
and PARP-1 were only found to colocalize in foci in the nu-
cleolus, but after oxidative stress, CSB and PARP-1 also colo-
calized in the nucleoplasm (Fig. 4A). Furthermore, after H2O2

treatment, we observed significant colocalization of CSB and
PAR in clearly visible foci both in the nucleolus and outside
the nucleolus (Fig. 4). A visual estimation of 25 cells indicated
that CSB was present at approximately 50% of all nuclear PAR
foci. Taken together, these results demonstrate that the CSB/
PARP-1 complex partially relocates in the nucleus after oxi-
dative stress and, in particular, that CSB is present at sites of
active PARP-1. Thus, the CSB/PARP-1 complex seems to re-
locate to sites of H2O2-induced DNA damage.

CSB is a substrate for poly(ADP-ribosyl)ation, and the
modification alters the CSB activity in vitro. It has been shown
that PARP-1 can poly(ADP-ribosyl)ate a variety of proteins,
and some of these posttranslational modification substrates
have also been demonstrated to directly interact with PARP-1
(reviewed in reference 8). Therefore, we next investigated if
CSB is a substrate for PARP-1 poly(ADP-ribosyl)ation. First,
we incubated PARP-1 with each of the five purified and re-
combinant CSB fragments (described in Fig. 2) in a ribosyla-
tion reaction. Subsequently, the CSB fragments were affinity

FIG. 3. CSB interacts with both unmodified PARP-1 and poly-
(ADP-ribosyl)ated PARP-1. (A) Recombinant PARP-1 was either
mock treated or poly(ADP-ribosyl)ated in ribosylation mix in vitro.
Subsequently, 500 ng unmodified (�) or poly(ADP-ribosyl)ated (�R)
PARP-1 was mixed with 1,000 ng CSB (�) (or equimolar amounts of
BSA [�]) and DNase I, as indicated. CSB was immunoprecipitated
using rabbit polyclonal CSB antibodies, and the precipitate was washed
extensively and analyzed by Western blot. The top panel shows the
immunoprecipitation (IP) of CSB, the middle panel shows the coim-
munoprecipitated unmodified PARP-1 [this antibody does not recog-
nize the heavily modified poly(ADP-ribosyl)ated PARP-1], and the
bottom panel shows coimmunoprecipitated heavily poly(ADP-ribosyl)-
ated PARP-1, visualized by PAR-specific antibodies. All the blots
shown are the same membrane probed, stripped, and reprobed with
the different antibodies. (B) Recombinant PARP-1 was either mock
treated or poly(ADP-ribosyl)ated in vitro. Wells in a microtiter plate
were coated with 8 nM unmodified PARP-1 or poly(ADP-ribosyl)ated
PARP-1 and blocked with BSA. Subsequently, the wells were incu-
bated with serial dilutions of CSB (0.25 nM to 16.5 nM). Bound CSB
was detected with polyclonal CSB antibodies. Filled squares and solid
lines represent CSB binding to poly(ADP-ribosyl)ated PARP-1, while
filled diamonds and dotted lines represent CSB binding to unmodified
PARP-1. OD490, optical density at 490 nm. (C) CS1AN cells stably
transfected with HA- and His-double-tagged CSB were either mock
treated or incubated with H2O2. Subsequently, nuclear extracts were
prepared from these cells and CSB was immunoprecipitated using
CSB-specific antibodies. The precipitate was analyzed by Western blot-
ting for the presence of HA-tagged CSB (top) and PARP-1 (bottom).
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purified and analyzed for PAR modification by Western blot.
As shown in Fig. 5A, we observed a PAR signal in the reaction
incubated with the CSB fragment CSB2–341 and a weaker PAR
signal in the reaction incubated with CSB1187–1493 (Fig. 5A,
left). The bands appeared at the exact positions of CSB frag-
ments, as demonstrated in Fig. 5A (right), where the mem-
brane had been stripped and reprobed for the C-terminal HSV
tag on the fragments. The CSB2–341 fragment, which was found
to be significantly ribosylated, was also the fragment that me-
diated the direct interaction with PARP-1 (Fig. 2). Impor-
tantly, the PAR-specific antibody did not recognize CSB2–341

or CSB1187–1493 when the fragments were not poly(ADP-ribo-
syl)ated in vitro (data not shown). Hence, CSB is a substrate
for PARP-1 poly(ADP-ribosyl)ation in vitro; however, the ex-
tent of PAR chains added to the CSB fragments appears to be
limited, since the mobility of the fragments did not change
significantly. Next, we wished to investigate whether the poly-
(ADP-ribosyl)ation of CSB affected its catalytic activity. CSB is

a DNA-dependent ATPase, and therefore, we performed ATP
hydrolysis experiments with either unmodified or poly(ADP-
ribosyl)ated CSB. Interestingly, poly(ADP-ribosyl)ation of
CSB in vitro resulted in a �40% reduction in ATPase activity
(Fig. 5B). Since we did not separate CSB and PARP-1 after the
in vitro poly(ADP-ribosyl)ation reaction, we included several
controls. PARP-1 by itself, either unmodified or poly(ADP-
ribosyl)ated, did not show any ATP hydrolysis activity. Fur-
thermore, addition of either unmodified PARP-1 or PARP-1
that had been pre-poly(ADP-ribosyl)ated to the CSB ATPase
reaction did not cause a decrease in ATPase activity. Only the
specific PARP-1 poly(ADP-ribosyl)ation of CSB in vitro inhib-
ited the ATPase activity of CSB. Finally, we investigated
whether CSB is poly(ADP-ribosyl)ated in vivo after oxidative
stress. Whole-cell extracts were prepared from untreated or
H2O2-treated HeLa cells and CSB-deficient CS1AN cells. CSB
was immunoprecipitated with CSB-specific antibodies from
these extracts using very stringent conditions and subsequently

FIG. 4. Immunofluorescence staining of endogenous CSB (A and B), PARP-1 (A), and PAR (B) in HeLa cells that have been either mock
treated or treated with 250 �M H2O2 just prior to fixation. DNA was stained by DAPI (4�,6�-diamidino-2-phenylindole). Merged images of CSB
and PARP-1 (A) and CSB and PAR (B) are shown, and colocalization is indicated by yellow foci.
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analyzed by Western blot, probing for CSB and PAR. As seen
in Fig. 5C (top), CSB was precipitated from the HeLa cells
under these stringent conditions, and similar amounts of CSB
were precipitated from both the untreated extract and the
extract prepared from H2O2-treated HeLa cells. Using PAR-
specific antibodies (Fig. 5C, bottom), a band of the same size
as CSB appeared only in the immunoprecipitate from HeLa
cells, suggesting that this band is indeed ribosylated CSB. Note
that this PAR band is very unlikely to be poly(ADP-ribosyl)-
ated PARP-1, since the bands appearing when the membrane
was reprobed with PARP-1-specific antibodies were of lower
molecular weight (data not shown). Interestingly, the signal
from poly(ADP-ribosyl)ated CSB increased after treatment
with H2O2, indicating that CSB is modified by PARP after
oxidative stress. Thus, the results presented here demonstrate
that the N terminus of CSB is ribosylated by PARP-1 in vitro
and that this modification inhibits the catalytic activity of CSB.
Furthermore, after oxidative stress, CSB is poly(ADP-ribosyl)-
ated in vivo. To investigate the importance of the poly(ADP-
ribosyl)ation of CSB in vivo, we further analyzed the localiza-
tion of CSB after oxidative stress and the influence of
poly(ADP-ribosyl)ation. As stated above, CSB was found to be
diffusely distributed throughout the nucleoplasm in untreated
HeLa cells (Fig. 4 and Fig. 5D, top). We observed that when
HeLa cells were exposed to high doses of H2O2 (500 �M) for
30 min, distinct CSB foci could be observed in the nucleus (Fig.
5D, second panel), and more than half of these foci colocalized
with PAR (data not shown). Interestingly, when PARP poly-
(ADP-ribosyl)ation activity was inhibited by the drug DPQ
during exposure of HeLa cells to H2O2, no significant CSB foci
were observed (Fig. 5D, bottom). The DPQ drug by itself did
not influence CSB localization (Fig. 5D, third panel). Thus, the
PARP-1 poly(ADP-ribosyl)ation activity and not the DNA
damage induced by H2O2 is essential for CSB to form foci after
oxidative stress.

PARP-1 poly(ADP-ribosyl)ation activity is not dependent on
CSB. PARP-1 poly(ADP-ribosyl)ation of CSB affected the cat-
alytic activity of CSB, and next, we analyzed if CSB reversely

FIG. 5. CSB is a substrate for PARP-1 poly(ADP-ribosyl)ation.
(A) PARP-1 (20 ng/�l) was incubated either alone (�) or with each of
the five different purified CSB fragments as indicated, each (20 ng/�l)
in ribosylation reaction mix. After 15 min of incubation, the reactions
were stopped and the fragments were affinity purified using S-protein
agarose specific for the N-terminal tags on the CSB fragments. The
precipitates were then analyzed by SDS-PAGE and Western blot. Left
panel, monoclonal poly(ADP-ribose) antibodies. Right panel, mono-
clonal HSV antibodies (recognizes the C-terminal tag on the CSB
fragments). The two Western blots shown are the same membrane
probed, stripped, and reprobed with the two different antibodies, re-

spectively. The migration of the molecular weight marker is illustrated
on the left side. (B) CSB and PARP-1 were either mock treated or
poly(ADP-ribosyl)ated. Subsequently, [�-32P]ATP was incubated ei-
ther in the absence (�) or in the presence of mock-treated (�) or
poly(ADP-ribosyl)ated (�R) CSB (12 pmol) and PARP-1 (17 pmol) as
indicated. The reactions were analyzed by thin-layer chromatography,
radioactivity was detected by phosphorimaging, and ATP hydrolysis
was quantified using Quantity One software (Bio-Rad). In each single
experiment, the percentage of ATP hydrolysis for each reaction was
then calculated relative to the activity observed with unmodified CSB
alone. Data represent the means and standard deviations of six dupli-
cate experiments. (C) CS1AN and HeLa cells were either mock
treated or incubated with H2O2, and subsequently, whole-cell extracts
were prepared from these cells. CSB was immunoprecipitated (IP)
using CSB-specific antibodies, and the precipitate was analyzed by
Western blotting for the presence of CSB (top) and poly(ADP-ribo-
syl)ated protein using PAR-specific antibodies (bottom). The migra-
tion of the molecular weight marker is illustrated on the left side.
(D) Confocal images of HeLa cells showing the localization of CSB in
undamaged (mock) or H2O2-treated cells. To inhibit the PARP poly-
(ADP-ribosyl)ation response induced by H2O2, cells were incubated
with DPQ during damage induction or without H2O2 treatment as a
control.
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affected PARP-1 poly(ADP-ribosyl)ation activity. First, we
used an ELISA-based assay with purified proteins, where the
effect of CSB on PARP-1 poly(ADP-ribosyl)ation of histone
H1 was investigated. As shown in Fig. 6A, there was no signif-
icant change in poly(ADP-ribosyl)ation of histone H1 when
incubated with increasing amounts of CSB. We also analyzed
the effect of CSB on PARP-1 auto-poly(ADP-ribosyl)ation in
vitro. As shown in Fig. 6B (top), CSB had no effect on PARP-1
auto-poly(ADP-ribosyl)ation, since the Western signal for
PAR was very similar in the lanes incubated without or with
CSB, respectively. As a control, we show the same membrane
probed for the HA tag on CSB and for PARP-1 protein (Fig.
6B, middle and bottom, respectively). As mentioned previ-
ously, the monoclonal PARP-1-specific antibody is not able to
recognize the heavily in vitro-poly(ADP-ribosyl)ated form of

PARP-1, and the decrease in PARP-1 signal (Fig. 6B, bottom)
corresponds to the increased PAR signal (Fig. 6B, top). Incu-
bation with the PARP-1 inhibitor 3-AB completely inhibited
the PAR reaction. Finally, we examined the effect of CSB on
poly(ADP-ribosyl)ation in vivo. We incubated isogenic CSB-
deficient cells (CS-B cells) and CSB-complemented cells (WT
cells) with H2O2 and subsequently analyzed them for PAR
formation in vivo by Western blot. As shown in Fig. 6C (top),
we observed no obvious difference in PAR formation after
H2O2 treatment between CS-B and WT cells. Importantly, we
did not observe any difference in the amount of PARP-1 pro-
tein in CS-B and WT cells (Fig. 6C, middle). As a control for
loading, we probed for the nuclear structural protein lamin B
(Fig. 6C, bottom). We also analyzed the PAR formation in vivo
in CS-B and WT cells after H2O2 treatment by immunofluo-
rescence with PAR-specific antibodies and also did not observe
any difference in poly(ADP-ribosyl)ation activity between
CS-B and WT cells (data not shown). Thus, PARP-1 poly-
(ADP-ribosyl)ation activity is not dependent on the CSB pro-
tein.

CSB-deficient cells are sensitive to inhibition of PARP. To
further elucidate the cellular function of the CSB/PARP-1
complex, we investigated the sensitivity of CSB-proficient and
-deficient cells to inhibition of PARP-1 poly(ADP-ribosyl)-
ation activity using specific PARP inhibitors. First, we used a
clonogenic survival assay to analyze the sensitivity of isogenic
CSB-deficient (vector) and CSB-complemented cells (WT) to
inhibition of PARP activity by 3-AB. Interestingly, we found
that after incubating cells for 3 days with 3-AB, cells deficient
in CSB were hypersensitive and displayed a significant reduc-
tion in survival compared to cells expressing functional CSB
(Fig. 7A). We also analyzed the sensitivity of CSB-deficient
and -complemented cells to a different PARP inhibitor, DPQ.
DPQ is a more potent and specific PARP poly(ADP-ribosyl)-
ation inhibitor compared to 3-AB; thus, the use of DPQ elim-
inates some of the putative nonspecific actions observed with
3-AB (38). This survival analysis was done using the MTT assay
and incubation with the drug for 5 days. As shown in Fig. 7B,
CSB-deficient cells (vector) were also hypersensitive to inhibi-
tion of PARP activity by DPQ compared to the CSB-comple-
mented cells (WT), thus confirming the 3-AB results.

Previously, we established and described cell lines expressing
CSB protein with single amino acid substitutions in different
conserved motifs of the DNA-dependent ATPase domain (Fig.
8A). These cell lines and the corresponding CSB mutant pro-
teins have previously been characterized by measuring the
cellular sensitivity to UV light, oxidative stress, and biochem-
ical ATPase activity; we have included these data in Table 1 for
easy reference (5, 30, 36, 45). To further investigate the func-
tion of CSB in PARP poly(ADP-ribosyl)ation-inhibited cells,
we analyzed the sensitivity of these mutant cell lines towards
3-AB using the MTT assay. Again, CSB-deficient cells (vector)
were more sensitive to the PARP inhibitor 3-AB than the
CSB-complemented cells (WT) (Fig. 8B). Two of the cell lines
expressing CSB protein with site-specific point mutations
(CS1AN/CSB-E646Q and CS1AN/CSB-R946A) behaved very
similar to the vector cell line not expressing CSB protein, while
the two cell lines CS1AN/CSB-T912-913V and CS1AN/CSB-
Q942E demonstrated an intermediate sensitivity to 3-AB com-
pared to WT and vector cells. Thus, the integrity of the

FIG. 6. CSB does not regulate the PARP-1 poly(ADP-ribosyl)ation
activity. (A) ELISA plates were coated with histone H1, and after
blocking, CSB (125 to 375 ng) and PARP-1 (125 ng) were added to the
indicated wells in 50 �l poly(ADP-ribosyl)ation reaction mix in either
the presence or absence of 3-AB. The poly(ADP-ribosyl)ation reaction
was stopped after 5 min, and the PAR polymer was detected with
polyclonal PAR antibodies and colorimetric analysis. (B) Recombi-
nant PARP-1 (20 ng/�l) and CSB (20 ng/�l) were mixed in ribosylation
reaction mix, as indicated, in either the presence or absence of 10 mM
3-AB. After incubation for 5 or 10 min, the reactions were stopped and
analyzed by SDS-PAGE and Western blot. The same membrane was
probed, stripped, and reprobed with the indicated antibodies. Top
panel, monoclonal PAR antibodies. Middle panel, monoclonal HA
antibodies (recognizes the N-terminal tag on CSB). Bottom panel,
monoclonal PARP-1 antibodies. The migration of the molecular
weight marker is illustrated on the left side. (C) CS1AN/CSBwt (WT)
and CS1AN/vector (CS-B) cells were either mock treated or incubated
with 250 �M H2O2 in PBS for 10 min to activate PARP poly(ADP-
ribosyl)ation activity in vivo and subsequently analyzed by SDS-PAGE
and Western blot. Top panel, PAR antibodies. Middle panel, mono-
clonal PARP-1 antibodies. Bottom panel, polyclonal goat lamin B
antibodies. The same membrane was probed with the three different
antibodies. The migration of the molecular weight marker is illustrated
on the left side.
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ATPase domain and the catalytic activity of CSB seem to be
important for the ability of the CSB protein to complement the
3-AB sensitivity of CSB-deficient cells.

DISCUSSION

In this study, we identify a physical and functional interac-
tion between CSB and PARP-1. Many reports have recently
implicated CSB in BER of oxidative DNA lesions in the gen-
eral genome, and our result is the first demonstration of a
direct interaction between CSB and a protein involved in BER.
We also show that CSB forms distinct foci and can be found at
sites of activated PARP-1, i.e., DNA damage, in cells after
H2O2 treatment. Furthermore, we find that CSB is a substrate
for poly(ADP-ribosyl)ation by PARP-1 after oxidative stress,
altogether suggesting a role for CSB in the PARP-1-mediated
DNA damage response and repair. In support of these data,
Flohr et al. recently suggested that PARP-1 stimulation of
BER depends on CSB (15). Using the photosensitizer Ro
19–8022, which upon light activation primarily induces 8-oxoG
lesions (49), and alkaline elution, they found that the presence
of CSB was vital for PARP-1 stimulation of 8-oxoG repair. The
finding in the present study that CSB resides in a physical
complex with PARP-1 supports the hypothesis that PARP-1
stimulation of BER may depend on CSB. CSB has previously
been implicated in general genome BER of 8-oxoG, since the
repair of this lesion is impaired in CSB-deficient cells, and

8-oxoG lesions accumulate to a greater extent in these cells
after exposure to � rays (10, 32, 39, 40, 45). Thus, we speculate
that the CSB/PARP-1 complex is important for repair of
8-oxoG.

Functional studies with the catalytically inactive E646Q CSB
motif II mutant have suggested that the biochemical ATPase

FIG. 7. CSB-deficient cells are sensitive to PARP inhibitors.
(A) Clonogenic survival of CS1AN/CSBwt (WT) and CS1AN/vector
(VECTOR) cells after treatment with the indicated amounts of the
PARP inhibitor 3-AB. Solid triangles indicate survival of WT cells.
Solid circles indicate survival of vector cells. Data represent the means
and standard deviations of four triplicate experiments. (B) MTT sur-
vival of CS1AN/CSBwt (WT) cells, indicated by solid triangles, and
CS1AN/vector (VECTOR) cells, indicated by solid circles, after treat-
ment with the PARP inhibitor DPQ. Data represent the means and
standard deviations of five triplicate experiments.

FIG. 8. Sensitivity of cells expressing mutant CSB protein to inhi-
bition of PARP. (A) Schematic representation of the CSB protein and
CSB amino acid sequence of conserved regions in ATPase motifs II, V,
and VI. Amino acids mutated in CSB in the different cell lines used are
indicated in red letters. The corresponding amino acid sequence of five
other SWI/SNF2 proteins are indicated below to illustrate the conser-
vation of the mutated amino acids (E646Q, T912-913V, E942Q, and
R946A). (B) MTT survival of CS1AN/CSBwt (WT), CS1AN/CSB-
E646Q (E646Q), CS1AN/CSB-T912/913V (T912/913V), CS1AN/CSB-
Q942E (Q942E), CS1AN/CSB-R946A (R946A), and CS1AN/vector
(VECTOR) cells after treatment with the indicated amounts of the
PARP inhibitor 3-AB. Survival of WT cells is indicated by solid trian-
gles, and survival of vector cells is indicated by solid circles. The four
CSB mutant cell lines, E646Q, T912/913V, Q942E, and R946A, are
indicated by open squares, �, �, and open diamonds, respectively.
Data represent the means and standard deviations of four triplicate
experiments.

TABLE 1. Activity of CSBa

Characteristic
CSB activity

CSBwt Vector CSBE8646Q CSBT912–913V CSBQ942E CSBR946A

Protein
ATPase activity ��� ND 	 � � ND
ATP binding ��� ND ��� ��� ��� ND
DNA binding ��� ND ��� �� �� ND

Cellular
UV survival ��� 	 	 	 	 	
� survival ��� 	 ND �� � �
8-oxoG incision ��� 	 ��� �� � �
3-AB survival ��� 	 	 � � 	

a ���, same activity as CSBwt protein; ��, lower but still significant activity;
�, deficient but residual activity; 	, deficient; ND, not determined.
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activity of CSB is not required for CSB to function in the BER
process, as this mutant fully complements the 8-oxoG incision
deficiency (Table 1). Although the molecular role of CSB in
BER is unknown, we speculate that CSB may stimulate the
incision of 8-oxoG either by directly stimulating the OGG1
protein, for which a functional but no physical interaction has
been observed (44), or by stimulating other 8-oxoG-incising
DNA glycosylases. Alternatively, CSB may alter the DNA
structure around the 8-oxoG lesion, providing better access for
the DNA glycosylase to the lesion. This last notion is supported
by the observation that the E646Q mutant CSB protein binds
DNA with the same affinity as the wild-type protein (5) and the
finding by Citterio et al. that the ATPase activity of CSB is not
required for the protein to induce local changes in DNA to-
pology (6). In addition, our results could imply that CSB may
also function as a scaffold protein, keeping PARP-1 in close
proximity to the incised lesion, thus stimulating faster repair
and preventing generation and accumulation of the cytotoxic
base excision repair SSB intermediates.

We establish that CSB is a novel substrate for poly(ADP-
ribosyl)ation by PARP-1 after oxidative stress and, intriguingly,
that this modification reduces the catalytic ATPase activity of
CSB. As we have previously shown that the ATPase activity of
CSB is not essential for the function of CSB in BER, we are
now challenged to understand the biological function of this
posttranslational modification of CSB. The CSB fragment
CSB2–341 is not heavily ribosylated in vitro, and full-length
CSB is not heavily ribosylated in vivo, since the migration of
the proteins does not change significantly after ribosylation.
Proteins that are poly(ADP-ribosyl)ated often bind DNA with
less affinity because of the extra negative charge of the PAR
units. Therefore, it is possible that the inhibition of the DNA-
dependent CSB ATPase activity by poly(ADP-ribosyl)ation is
a secondary effect caused by an alteration in DNA binding of
poly(ADP-ribosyl)ated CSB. However, it was recently demon-
strated that CSB binds DNA by wrapping the DNA around its
surface and that the wrapping was stimulated by ATP binding
to CSB. On the other hand, ATP hydrolysis by CSB caused
unwrapping of the DNA (1). Thus, it may also be speculated
that the limited ribosylation of CSB, which inhibits ATPase
activity, actually changes the equilibrium of CSB in favor of
more wrapping of DNA, but this remains to be established.

In this study, we also demonstrate that CSB dysfunction
profoundly sensitizes cells to the inhibition of PARP-1 enzy-
matic activity. Importantly, we detected no difference in
PARP-1 protein level and in the PARP-1 poly(ADP-ribosyl)-
ation response after oxidative stress between the CSB-deficient
and -proficient cell lines. Since the PARP enzymatic activity
was only inhibited for a few days and no exogenous DNA
damage was induced in these experiments, we speculate that
the sensitivity was due to endogenous cytotoxic SSBs which
were not repaired efficiently when PARP was inhibited. Since
cells expressing functional CSB survive this inhibition of PARP
better than CSB-deficient cells, we speculate that CSB may
mediate an alternative repair pathway. SSBs are very potent in
stalling RNA polymerase II (20), and CSB may mediate tran-
scription-coupled repair (TCR) of these lesions. In support of
this, in vivo results suggesting a role for CSB in TCR of oxi-
dative DNA lesions have previously been published (7, 23, 24).
Additionally, the drugs used to inhibit PARP in our study only

inhibit the poly(ADP-ribosyl)ation activity of the protein and
not the binding of PARP-1 to SSBs. Thus, PARP-1 itself
bound to DNA could also interfere with transcription and
other aspects of DNA metabolism. Very recently, a similar
sensitivity to PARP inhibition was described for BRCA1- and
BRCA2-deficient cells, and the sensitivity was shown to be
caused by persistence of DNA damage which, when PARP was
inhibited, could be repaired by BCRA1- and BRCA2-depen-
dent homologous recombination (14). Our results suggest that
CSB may also mediate a backup repair pathway of SSBs when
PARP is inhibited, and this further illustrates how different
pathways may cooperate to deal with devastating DNA lesions.

The sensitivity of CSB-deficient cells to inhibition of PARP
was not complemented by the ATPase-dead E646Q CSB mu-
tant protein. Since the ATPase activity of CSB is not required
for its function in BER of 8-oxoG but is required in TCR, this
again suggests that TCR might serve as a backup mechanism
for repair of cytotoxic SSBs in the PARP-inhibited cells. The
two cell lines expressing the CSB mutant proteins CSB-T912/
913V and CSB-Q942E were also sensitive to inhibition of
PARP. However, we observed a small increase in survival
compared to the CSB-null cell line. Biochemical analysis of
these two mutant proteins has demonstrated a small but resid-
ual ATPase activity (5) which may explain this difference. The
cells expressing CSB with a different site-directed mutation
(CSB-R946A) behaved similarly to the vector and E646Q cell
lines. The ATPase activity of this mutant protein has not yet
been characterized.

It is also possible that the hypersensitivity of CSB-deficient
cells to inhibition of PARP poly(ADP-ribosyl)ation activity
may be due to the chromatin-remodeling activities of both
proteins. Recently, PARP-1 was shown to bind to nucleosomes
and modulate chromatin structure through NAD�-dependent
automodification (21). Furthermore, it has also been demon-
strated that PARP-1 poly(ADP-ribosyl)ates histones, which
causes chromatin decondensation (33), and as demonstrated
by Citterio et al., CSB can remodel chromatin in vitro in an
ATP-dependent manner (6). Thus, CSB and PARP-1 may
have complementary roles in remodeling chromatin structure.

In conclusion, these studies demonstrate that CSB resides in
a physical and functional complex with PARP-1 that redistrib-
utes in the nucleus in response to DNA damage. We show that
CSB is posttranslationally modified by PARP-1 after oxidative
stress, thus implicating CSB in the PARP-1 poly(ADP-ribo-
syl)ation response to SSBs. The biological function of the poly-
(ADP-ribosyl)ation of CSB is not yet clear, but future studies
of biochemical and cellular consequences of this posttransla-
tional modification for CSB activity should provide further
insight. Furthermore, we speculate that CSB also may be in-
volved in a PARP-1-independent TCR of SSBs, further em-
phasizing the importance of CSB in maintaining the genome
free of oxidative DNA lesions. As patients with CS suffer from
dramatic neurodegeneration and a variety of clinical features
associated with progeria, we speculate that the reduced capa-
bility to repair oxidative damage in the absence of CSB may
contribute to these CS phenotypes.
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