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A defect in the Werner syndrome protein (WRN) leads to the premature aging disease Werner syndrome
(WS). Hallmark features of cells derived from WS patients include genomic instability and hypersensitivity to
certain DNA-damaging agents. WRN contains a highly conserved region, the RecQ conserved domain, that
plays a central role in protein interactions. We searched for proteins that bound to this region, and the most
prominent direct interaction was with poly(ADP-ribose) polymerase 1 (PARP-1), a nuclear enzyme that
protects the genome by responding to DNA damage and facilitating DNA repair. In pursuit of a functional
interaction between WRN and PARP-1, we found that WS cells are deficient in the poly(ADP-ribosyl)ation
pathway after they are treated with the DNA-damaging agents H2O2 and methyl methanesulfonate. After
cellular stress, PARP-1 itself becomes activated, but the poly(ADP-ribosyl)ation of other cellular proteins is
severely impaired in WS cells. Overexpression of the PARP-1 binding domain of WRN strongly inhibits the
poly(ADP-ribosyl)ation activity in H2O2-treated control cell lines. These results indicate that the WRN/PARP-1
complex plays a key role in the cellular response to oxidative stress and alkylating agents, suggesting a role for
these proteins in the base excision DNA repair pathway.

Werner syndrome (WS) is a rare autosomal recessive disor-
der characterized by premature aging and the early onset of
cancer (26). WS is caused by mutations in the gene (WRN)
encoding the Werner syndrome protein (WRN) (51). WRN is
a multifunctional protein which possesses three catalytic activ-
ities, which reside in the amino terminus (3�-5� exonuclease)
and the central part of the protein (DNA-dependent ATPase
and 3�-5� helicase) (5). The RecQ conserved (RQC) motif
resides in the C-terminal part of WRN and is present in almost
all of the RecQ family members (51). Recently, we have shown
that a region of 144 amino acids (aa) of the RQC domain binds
to and stimulates flap endonuclease 1 (FEN-1) (7), binds to the
Bloom’s syndrome protein (49) and telomere repeat binding
factor 2 (30), and contains a nuclear localization signal-depen-
dent nucleolar targeting sequence (48). Thus, the highly con-
served RQC domain of WRN appears to play a very important
role in mediating WRN protein interactions and in regulating
the nuclear trafficking (nucleolar targeting) of the protein. In
an effort to better understand the functional role(s) of this
domain, we performed a series of pull-down experiments to
identify proteins that specifically bind to the WRN RQC do-
main. The most prominent binder that we identified was poly-
(ADP-ribose) polymerase 1 (PARP-1), whose binding repre-
sents a novel protein interaction with WRN.

PARP-1 is a nuclear enzyme belonging to the DNA damage
surveillance network. The protein responds to DNA damage
by transferring 50 to 200 molecules of ADP-ribose to various
nuclear proteins, including transcription factors, histones, and

PARP-1 itself (8). This poly(ADP-ribosyl)ation activity of
PARP-1 appears to be important for maintaining genomic
integrity (47), and it has been associated with longevity (8, 16,
52). Furthermore, PARP-1 is activated by several DNA-dam-
aging agents, such as hydrogen peroxide (H2O2), alkylating
agents (including methyl methanesulfonate [MMS]), bleomy-
cin, and radiation.

Our finding in the present study that PARP-1 is the most
prominent protein associated with the WRN RQC domain
prompted further analysis of this protein interaction and an
investigation of the biological significance of this interaction.
We report here that WS cells are deficient in the poly(ADP-
ribosyl)ation pathway after H2O2 and MMS treatment. After
DNA damage, PARP-1 becomes auto-poly(ADP-ribosyl)ated
in WS cells, but the poly(ADP-ribosyl)ation of other cellular
proteins in WS cells is undetectable by immunofluorescence
and Western blot analysis. The WRN/PARP-1 interaction ap-
pears to depend on the poly(ADP-ribosyl)ation state of
PARP-1. In further support of a biological function of the
WRN/PARP-1 interaction, we show that overexpression of the
PARP-1 binding domain of WRN strongly inhibits the poly-
(ADP-ribosyl)ation activity in H2O2-treated control cell lines.
Altogether, these results indicate that the WRN/PARP-1 com-
plex plays a key role in the cellular response to oxidative stress
and DNA alkylation damage. The DNA damage caused by
these reagents is generally repaired by the base excision repair
(BER) machinery. A role for the WRN/PARP-1 complex in
BER is discussed.

MATERIALS AND METHODS

Cell lines. TERT-1604 (telomerase-immortalized normal fibroblasts) and
TERT-3141 (telomerase-immortalized WS fibroblasts) were generously provided
by Jerry W. Shay. These cell lines were grown in Dulbecco’s modified Eagle’s
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FIG. 1. Identification of PARP-1 as a WRN RQC domain-interacting protein. (A) HeLa NE (lane 1) was incubated either with recombinant GST
alone (lane 2), the GST-WRN RQC domain (aa 949 to 1092; lanes 3 to 5), or GST-WRN (aa 1072 to 1236; lanes 6 and 7). Input corresponds to 5%
of the total NE used in the binding reaction. Bound proteins were eluted and analyzed by Coomassie staining. Arrow, �113-kDa protein that bound
specifically and tightly to the GST-WRN RQC domain and that was identified as PARP-1 by mass spectrometry. F1074L corresponds to a GST-WRN
RQC domain containing a point mutation that is present in some WS patients (23). (B) Bound proteins (in panel A) were also analyzed by Western
blotting with anti-PARP-1 antibodies (left). Amido black staining indicates the relative amount of GST-WRN recombinant proteins loaded (right).
Arrows, PARP-1. (C) WRN and PARP-1 reside in the nucleoli of living HeLa cells. WRN and PARP-1 were coexpressed in HeLa cells as EGFP (green;
a) and RFP (red; b) fusion proteins, respectively. After transfection (�20 h) the living cells were analyzed by confocal microscopy as described in
Materials and Methods. (D) WRN and PARP-1 were coimmunoprecipitated (IP) from HeLa NE either in the absence (lanes 1 to 3) or the presence
(lanes 4 to 6) of ethidium bromide (Eth. Br.; 30 �g/ml) with anti-PARP-1 antibodies (lanes 2 and 5) but not with the control antibodies (lanes 3 and 6),
as indicated by Western blotting with anti-WRN antibodies (top) and anti-PARP-1 antibodies (bottom). Inputs are 10% (lanes 1 and 4), and the loaded
fractions in lanes 2, 3, 5, and 6 correspond to 50%. (E) Recombinant WRN and PARP-1 proteins interact directly as shown by ELISA. The wells were
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coated with purified recombinant WRN (10 nM/well). After blocking with BSA, the wells were incubated with serial dilutions of recombinant
PARP-1 (0.3, 0.6, 1.2, 5.5, 11, 22, and 44 nM/well) either alone (triangles) or with 30 �g of ethidium bromide/ml (squares). Bound PARP-1 was
detected with rabbit anti-PARP-1 antibodies, followed by colorimetric analysis. All values were corrected for the background signal (PARP-1
binding to BSA). The purity of the recombinant proteins used in this work is shown by SDS-PAGE and Coomassie staining (right).
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medium (GIBCO BRL, Life Technologies) supplemented with penicillin-strep-
tomycin (GIBCO BRL) and 10% fetal bovine serum (FBS). The control cell lines
(WI38, MRC-5, HFL-1, and HeLa) and WS cell lines (AG03141C, AG00780H,
AG05229C, AG05233C, AG12795, and AG11395) were from Coriell Cell Re-
positories. Cells were cultured (37°C, 5% CO2) in minimum essential medium
with 15% FBS, essential and nonessential amino acids, vitamins, 2 mM L-glu-
tamine, and penicillin-streptomycin.

Recombinant proteins. PARP-1 (generously provided by Gilbert de Murcia)
and His-tagged WRN were purified from insect cells as described previously (15,
31).

Cloning and expression of pDsRed1-C1-PARP-1. The PARP-1 sequence from
the pARP vector (generously provided by Gilbert de Murcia) was subcloned into
SalI sites of the pDsRed1-C1 vector (Clontech). The correct orientation was
verified by HindIII digestion.

GST pull-down assays from HeLa NE. The pull-down experiments using HeLa
nuclear extracts (NE) were essentially as previously described (7). Glutathione
S-transferase (GST)–WRN RQC (aa 949 to 1092) and GST-WRN (aa 1072 to
1236) proteins were expressed in Escherichia coli and purified as previously
described (7). In these experiments, approximately 750 �g (per sample) of HeLa
NE was incubated for 2 h at 4°C with glutathione-Sepharose beads (Amersham
Biosciences) saturated with GST-WRN fragments. After extensive washing, a
fraction of the bound proteins was analyzed either by Coomassie staining or
Western blotting with an anti-PARP-1 monoclonal antibody (1:2,000; clone
2-C-10; Sigma).

MALDI-MS. Matrix-assisted laser desorption ionization mass spectrometry
(MALDI-MS) was performed by the HHMI/Keck facility at Yale University
(http://info.med.yale.edu/wmkeck).

Coimmunoprecipitation assay. Approximately 1 mg of HeLa NE was pre-
cleared with protein A-Sepharose (Amersham Biosciences) for 1 h at 4°C and
then incubated with either rabbit anti-PARP-1 antibodies (1:50; Alexis Corp.) or
control rabbit antibodies for 16 h at 4°C. The subsequent steps were as previously
described (49). For the Western blot analysis, the membranes were probed with
anti-WRN (1:250; Transduction Laboratories) or anti-PARP-1 (1:2,000; clone
2-C-10; Sigma) antibodies for 16 h at 4°C.

Transfection and colocalization of enhanced green fluorescent protein
(EGFP)-WRN and red fluorescent protein (RFP)-PARP-1 in living HeLa cells.
HeLa cells were cotransfected with pEGFPC3-WRN (49) and pDsRed1C1-
PARP-1 by using the Calphos mammalian transfection kit (Clontech) as de-
scribed by the manufacturer. Sixteen hours posttransfection, the cells were an-
alyzed as previously described (48).

Characterization of the direct WRN/PARP-1 interaction by ELISA. The en-
zyme-linked immunosorbent assay (ELISA) was performed basically as previ-
ously described (49). For the coating step, 80 ng of WRN (10 nM/well)/well
diluted in carbonate buffer was added to the corresponding wells for 16 h at 4°C.
For the binding step, serial dilutions of PARP-1 (ranging between 0.3 and 44
nM/well) were added to the corresponding wells for 90 min at 37°C. The binding
reaction was done either in the presence or absence of ethidium bromide (30
�g/ml) as described in the Fig. 1 legend. Bound PARP-1 was detected with rabbit
anti-PARP-1 antibodies.

Detection of PAR polymer formation in cells. Exponentially growing cells
(normal and WS cells; see Table 1) were either untreated or arrested in early S
phase with 5 mM hydroxyurea (HU) for 18 h at 37°C and 5% CO2. The medium
containing HU was removed, and the cells were incubated with either serum-free
medium alone, H2O2 (500 �M), bleomycin (35 �M or 50 �g/ml), or MMS (1
mM) for 10 min at 37°C and 5% CO2. For the Western blot analysis to detect
poly(ADP-ribose) (PAR) polymer formation, the cells were washed once with
ice-chilled 1� phosphate-buffered saline (PBS), scraped, spun down, and resus-
pended in sodium dodecyl sulfate (SDS)-protein sample buffer. The lysates were
analyzed by immunoblotting with anti-PAR antibodies (1: 2,500; Alexis Corp.).
The Western blot analysis was performed with two different WS primary cell
lines (AG03141C and AG00780H) and two normal primary cell lines (MRC-5
and WI-38). For the immunofluorescence assays, the cells (after H2O2 treat-
ment) were washed as described above and fixed with 3% paraformaldehyde in
1� PBS for 15 min at 4°C. Following the permeabilization step (0.4% Triton
X-100 in 1� PBS, 15 min at room temperature [RT]), the coverslips were
incubated with blocking buffer (1% nonfat milk–0.1% Tween-20 in 1� PBS) for
1 h at RT. The cells were then incubated with anti-PAR antibodies (1:500) for
16 h at 4°C. After washing and incubation with the corresponding Texas Red-
conjugated secondary antibodies (1:200; Vector Laboratories) and Hoechst
33342 (1:5,000; Molecular Probes), the coverslips were mounted on Vectashield
(Vector Laboratories). The cells were then visualized with an Axiovert 200 M
microscope (Zeiss; 10� lens) by using separate channels for the analysis of red
fluorescence and blue fluorescence. The images were analyzed with the Axio-

Vision, version 3.0, program (Zeiss). The immunofluorescence assays were per-
formed with the cells described in Table 1.

PARP-1 poly(ADP-ribosyl)ation assay using purified proteins. Recombinant
WRN and PARP-1 proteins (0.5 �M final concentration) were preincubated in
1� ribosylation buffer (10 mM Tris-HCl [pH 8], 1 mM MgCl2, 1 mM dithiothre-
itol) for 15 min at RT. The poly(ADP-ribosyl)ation reaction was initiated by
adding NAD� (1 mM) and activated DNA (0.1 mg/ml) either in the absence or
presence of 3-aminobenzamide (3-AB; 10 mM). The reactions were terminated
after 5 or 10 min by adding 2� SDS-protein sample buffer and heating. The
samples were analyzed by Western blotting with anti-PAR antibodies, an anti-
PARP-1 antibody, and anti-WRN antibodies consecutively.

Combined ribosylation and ELISA method to detect poly(ADP-ribosyl)ation
of H1 histones. H1 histones (200 �g/ml in carbonate buffer) were used to coat
ELISA wells for 2 h at 37°C. After the blocking step, either 500, 50, or 5 nM
recombinant PARP-1 was added in the absence or presence of WRN (80 nM).
The poly(ADP-ribosyl)ation reaction was initiated by adding NAD� (100 �M
final concentration) and activated DNA (100 �g) for 30 min at RT. The specific
PARP inhibitor 3-AB was added (12 nM final concentration) to the ribosylation
reaction as a negative control. The PAR polymer was detected with anti-PAR
antibodies and horseradish peroxidase-conjugated secondary antibodies. The
bound antibodies were detected by colorimetric analysis as described for the
ELISA method.

PARP-1 activity blotting. The auto-poly(ADP-ribosyl)ation reaction of
PARP-1 on a nitrocellulose membrane was performed exactly as indicated on the
website http://parplink.u-strasbg.fr. Following the reaction, the membrane was
processed for Western blotting with anti-lamin B antibodies (1:500; Santa Cruz
Biotechnology).

PARP-1 poly(ADP-ribosyl)ation assay and binding with GST-WRN frag-
ments. The PARP-1 auto-poly(ADP-ribosyl)ation assay was performed as indi-
cated on the website http://parplink.u-strasbg.fr. Briefly, 10 �g of recombinant
PARP-1 was incubated either with 1� ribosylation buffer (10 mM Tris-HCl [pH
8], 1 mM MgCl2, 1 mM dithiothreitol) alone or with 1� ribosylation buffer plus
NAD� (1 mM) and activated DNA (0.1 mg/ml; final volume per sample, 100 �l)
for 30 min at RT. Next, 100 �l (per sample) of binding buffer (3% bovine serum
albumin [BSA]–0.1% Tween 20 in 1� PBS) was added. The samples were then
incubated with glutathione-Sepharose beads saturated either with GST-WRN
RQC (aa 949 to 1092) or GST-WRN (aa 1072 to 1236) for 2 h at RT. After
extensive washing, the bound proteins were analyzed by Western blotting with
anti-PARP-1 and anti-PAR monoclonal antibodies (Sigma and Alexis Corp.,
respectively) as the primary antibodies. Subsequent steps were as previously
described (49).

Inhibition of PAR polymer formation by overexpressing EGFP-WRN RQC (aa

TABLE 1. Cell lines used in this study

Cell line PAR polymer formationa

(positive nuclei/total nuclei [%])
PDLb

(range)

WS
Primary

AG03141C 23/683 (3.3) 10–13
AG00780H 25/591 (4.2) 10–15
AG05229C 20/361 (5.5) 9–12
AG05233C 14/182 (7.6) 10–15
AG12795 15/500 (3) 13–16

Transformed
AG11395 46/557 (8.2)
TERT-3141 56/256 (21.8)

Control
Primary

WI38 586/609 (96.2) 20–35
MRC-5 1,666/1,824 (91.3) 20–35
HFL-1 200/375 (53.3) 8–11

Transformed
HeLa 742/762 (97.3)
TERT-1604 792/800 (99)

a The assay of PAR polymer formation after oxidative stress in the cell lines
was carried out as described for Fig. 2 (HU treatment of cells and subsequent
immunofluorescence analysis using anti-PAR antibodies).

b PDL, population doubling.
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949 to 1092). The cloning and expression of EGFP-WRN RQC (aa 949 to 1092)
were as previously described (48). TERT-1604 cells were transfected as de-
scribed above (colocalization analysis) with either pEGFP-WRN RQC (aa 949 to
1092) or pEGFP alone. Thirty-six hours posttransfection, the cells were arrested
in early S phase and treated with H2O2 as described previously for PAR polymer
formation.

RESULTS

To search for proteins that interact with the important RQC
domain of WRN, we first purified a GST fragment containing
the WRN RQC domain (aa 949 to 1092). We then performed
pull-down experiments using HeLa NE and this GST-RQC
fragment of WRN. Using mass spectrometry, we identified
PARP-1, a 113-kDa protein, as the most prominent binder to
the GST-WRN RQC domain (aa 949 to 1092) fusion protein
(Fig. 1A). This suggests that the WRN/PARP-1 interaction is
likely to be of significant biological importance. We confirmed
this protein interaction by Western blotting using anti-PARP-1
antibodies (Fig. 1B, lane 3). GST-WRN (aa 1072 to 1236) did
not bind PARP-1 (Fig. 1B, lane 5), demonstrating the speci-
ficity of the binding to the WRN RQC domain. Based on the
amount of loaded sample, the GST-WRN RQC precipitated
�30% of nuclear PARP-1. To investigate whether this inter-
action also occurs in vivo, we next performed colocalization
and coimmunoprecipitation studies. As shown in Fig. 1C,
EGFP-WRN and RFP-PARP-1 colocalized in the nucleoli of
living HeLa cells. This result is consistent with previous reports
that each of these proteins localizes to the nucleoli (1, 11, 23,
48). In addition, WRN and PARP-1 specifically coimmunopre-
cipitated from HeLa NE with anti-PARP-1 antibodies (Fig.
1D, lane 2). The coimmunoprecipitation was not affected by
the presence of the DNA intercalator ethidium bromide (Fig.
1D, lanes 5 and 6), indicating that WRN/PARP-1 complex
formation was not mediated by DNA. Based on the amount of
loaded extract (Fig. 1D legend), the anti-PARP-1 antibodies
coimmunoprecipitated �40% of endogenous PARP-1 and
�10% of WRN. Thus, �25% of PARP-1 is in a protein com-
plex with WRN in HeLa NE. This result is consistent with the
pull-down experiment using GST-WRN RQC (see above).
WRN and PARP-1 proteins also interact directly in vitro, as
demonstrated by ELISA using purified recombinant proteins
(Fig. 1E). This interaction was not disrupted by the presence of
ethidium bromide, demonstrating a direct protein-protein in-
teraction, and ruling out the possibility that DNA, which could
potentially be present in the purified recombinant proteins,
mediated the binding (Fig. 1E). Thus, WRN and PARP-1
reside in the nucleoli and interact directly through the WRN
RQC domain.

We next explored whether the physical interaction between
PARP-1 and WRN was associated with a functional conse-
quence. A major activity of PARP-1 involves the poly(ADP-
ribosyl)ation of a large number of proteins after cellular stress.
H2O2 has been used at 0.5 to 1 mM for 10 to 15 min as an
oxidative agent to study the activation of cellular PARP-1 (27).
To examine whether the lack of WRN alters this cellular ac-
tivity of PARP-1, we exposed WS and normal primary fibro-
blasts to H2O2. Evidence indicates that WRN and other RecQ
helicases play important roles at sites of replication forks (29).
Thus, we induced replication fork arrest (in early S phase) by
treatment of the cells with HU prior to the exposure to oxida-

tive stress (Fig. 2B). After H2O2 treatment (500 �M, 10 min),
the cells were fixed and analyzed by immunofluorescence for
PAR polymer formation with specific anti-PAR antibodies. As
shown in Fig. 2A, normal cells demonstrated strong PAR syn-
thesis after H2O2 treatment. In contrast, WS cells were se-
verely deficient in PAR synthesis. Under these experimental
conditions (500 �M H2O2, 10 min), more than 95% of the cells
remained viable (data not shown), ruling out the possibility
that we were detecting a phenomenon caused by toxicity. We
obtained the same results with a lower dose of H2O2 (50 �M,
10 min) (data not shown). We confirmed and extended these
results using five control cell lines and seven WS cell lines
(Table 1). An average of 4.7% of the primary WS cells were
PAR polymer formation positive, whereas the primary control
cells averaged 80% positive. The transformed WS cell lines
displayed somewhat more PAR polymer formation than the
primary WS cells, but still much less than the transformed
control cell lines. Thus, all WS cell lines tested showed a
dramatic defect in PAR polymer formation after oxidative
stress.

To investigate whether the PAR synthesis deficiency of WS
cells after cellular stress was due to a difference in the kinetics
of the PAR polymer formation, we performed time course
experiments. The primary fibroblasts were fixed and analyzed
for PAR formation at 5, 10, and 30 min after H2O2 treatment
(Fig. 2C and D). Normal cells presented strong PAR polymer
formation at all the tested times (with the strongest signal at 10
min; Fig. 2C), whereas WS cells were similar to untreated
controls at all time points (Fig. 2D). Following longer incuba-
tion times (4 h after damage) no detection of signal corre-
sponding to PAR synthesis was observed in WS cells (data not
shown). Thus, the lack of PAR polymer formation in WS cells
after damage was not due to a difference in kinetics.

To extend and confirm the results obtained by immunoflu-
orescence, we investigated the pattern of poly(ADP-ribosyl)-
ated cellular proteins after damage. Cell lysates from normal
and WS primary cells (untreated and treated with H2O2) were
analyzed by Western blotting using anti-PAR antibodies (Fig.
3A). The use of the Western blotting technique allows for the
visualization of the various poly(ADP-ribosyl)ated cellular
proteins. After damage, normal cells displayed strong anti-
PAR reactivity by numerous proteins and especially by an
�113-kDa protein (the same molecular mass as PARP-1) (Fig.
3A, lanes 2 and 6). Interestingly, the WS cell lysates showed
only one damage-induced ribosylated protein (Fig. 3A, lanes 4
and 8), which was �113 kDa and which most likely represents
auto-poly(ADP-ribosyl)ated PARP-1. We obtained the same
results using cell lysates from either exponentially growing cells
(Fig. 3A, lanes 1 to 4) or HU-treated cells (Fig. 3A, lanes 5 to
8), indicating that the lack of poly(ADP-ribosyl)ation of cellu-
lar proteins in WS cells is not limited to S phase. Thus, the
Western blotting results support and extend our immunofluo-
rescence findings. In sharp contrast to normal cells, WS cells
are almost completely devoid of poly(ADP-ribosyl)ated cellu-
lar proteins following treatment with H2O2. Indeed, in WS
cells, no protein other than PARP-1 appears to be poly(ADP-
ribosyl)ated under these conditions. The Western blotting re-
sults were confirmed by using two different WS primary cell
lines (AG03141C and AG00780H) and two normal primary
cell lines (MRC-5 and WI-38).
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FIG. 2. WS cells are deficient in the poly(ADP-ribosyl)ation of cellular proteins after H2O2 treatment. (A) Immunofluorescence. Normal and
WS primary fibroblasts (arrested in early S phase [B]) were incubated with H2O2 (500 �M) for 10 min at 37°C. Fixed cells were probed with
anti-PAR antibodies. Control panels correspond to untreated cells. Nucleus staining by Hoechst 33342 is shown. (B) Synchronization in early S
phase (see Materials and Methods) prior to H2O2 treatment is confirmed by propidium iodide staining and flow cytometry analysis. Arrows, G1-S
phase boundary. (C and D) Time course of PAR polymer formation. After H2O2 treatment, normal (C) and WS (D) primary cells were fixed at
the indicated times and processed as for panel A. Similar results were obtained with two different WS primary cell lines (AG03141C and
AG00780H) and two normal primary cell lines (MRC-5 and WI-38).
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To determine whether the poly(ADP-ribosyl)ation defect in
WS cells was due to a lack of PARP-1 protein or expression of
an inactive PARP-1, we tested normal (MRC-5 and WI-38)
and WS (AG03141C and AG00780H) cell lysates for the pres-
ence of PARP-1 (Western blotting) and for PARP-1 activity
(PARP-1 activity blotting) (Fig. 3B). The result of the Western
blotting confirms that PARP-1 is expressed in WS cells. The
expression level of PARP-1 in WS cells was consistently about
one-half of that in normal cell lines (Fig. 3B, compare lanes 1
and 2 with 3 and 4) over several experiments. In the PARP-1
activity blotting, we detected the expected auto-poly(ADP-
ribosyl)ation activity of the PARP-1 protein. When PARP-1
was activated (i.e., after DNA damage), this automodification
activity increased. This increase is visualized in Fig. 3B (com-
pare lane 5 with 6 and 7 with 8). Importantly, the PARP-1
activity blot showed only one �113-kDa H2O2-induced auto-
poly(ADP-ribosyl)ated protein (PARP-1) in both normal and
WS cell lysates. The differences in the automodification inten-
sities (Fig. 3B, compare lanes 6 and 8) appear to correlate with
the expression levels of PARP-1 (Fig. 3B, compare lanes 2 and
4). We obtained the same results using cell lysates from both
S-phase-arrested cells (Fig. 3B) and exponentially growing
cells (data not shown). Thus, WS cells express an active
PARP-1 protein. It may be slightly less active than it is in
normal cells, but the lack of ribosylation in WS cells cannot be
explained solely on the basis of the reduced PARP-1 activity.
Altogether these results suggest that, in WS cells, PARP-1
detects the DNA damage produced by oxidative stress, but the
modification of other cellular proteins is impaired.

To further investigate the nature of the PARP-1 activation
pathway in WS cells, we exposed the cells to other DNA-
damaging agents, such as bleomycin and MMS. Bleomycin is a
known gamma-irradiation-mimicking agent and DNA break
inducer, and we used experimental conditions for PAR poly-
mer formation reported previously (40) (see Materials and
Methods). MMS is an alkylating agent which produces DNA

lesions mainly repaired by BER (13). The pattern of poly-
(ADP-ribosyl)ated proteins in the cells exposed to these DNA-
damaging agents was analyzed by Western blotting with anti-
PAR antibodies. As shown in Fig. 3C, WS cells were proficient
in the poly(ADP-ribosyl)ation pathway after bleomycin treat-
ment (Fig. 3C, compare lanes 2 and 4), whereas they were
deficient after MMS treatment (Fig. 3C, compare lanes 10 and
12). As demonstrated previously, WS cells were deficient in the
poly(ADP-ribosyl)ation of cellular proteins after H2O2 treat-
ment (Fig. 3C, compare lanes 6 and 8). In conclusion, we
observed that the PARP-1 response in WS cells after treatment
with bleomycin appears to be normal, while it is severely im-
paired after treatment with H2O2 and MMS. Interestingly,
treatment of normal cells with different DNA-damaging agents
resulted in different patterns of poly(ADP-ribosyl)ated cellular
proteins (Fig. 3C, compare lanes 2, 6, and 10), suggesting the
activation of different repair pathways.

We next tested whether WRN affected the PARP-1 ribosy-
lation function biochemically using purified proteins. Recom-
binant PARP-1 was incubated with or without recombinant
WRN in the presence of NAD�. The proteins were resolved by
SDS–10% polyacrylamide gel electrophoresis (PAGE) and an-
alyzed by Western blotting with anti-PAR, anti-PARP-1, and
anti-WRN antibodies consecutively (Fig. 4A). As shown in the
top section (blot anti-PAR), the poly(ADP-ribosyl)ation reac-
tion (PAR polymer formation) was detected as a typical smear
for this type of posttranslational modification, and it was not
affected by the presence of WRN (Fig. 4A, compare intensity
of signals in lanes 2 and 3 with that in lanes 6 and 7). In the
middle section (blot anti PARP-1), we detected a shift in the
PARP-1 mobility after incubation with NAD� (lanes 2, 3, 6,
and 7), indicative of an extensive automodification of PARP-1.
Again, the presence of WRN (lanes 6 and 7) did not affect the
PARP-1 shift. As expected, the presence of the poly(ADP-
ribosyl)ation inhibitor 3-AB (lane 4) completely abolished
PAR polymer formation and subsequently the PARP-1 shift.

FIG. 2—Continued.
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FIG. 3. (A) Western blot analysis of the pattern of poly(ADP-
ribosyl)ated proteins after H2O2 treatment. Exponentially growing
normal and WS primary cells (lanes 1 to 4) and HU-treated cells (lanes
5 to 8) were either untreated (lanes 1, 3, 5, and 7) or treated (lanes 2,
4, 6, and 8) with H2O2 (500 �M) for 10 min at 37°C. Cellular proteins
were separated by SDS-PAGE, and the poly(ADP-ribosyl)ation of
cellular proteins was detected by immunoblotting with anti-PAR an-
tibodies. The amount of protein loaded is indicated by amido black
staining (right). (B) WS cells express an active PARP-1 protein. Equiv-
alent amounts of cell extracts from the same number of normal (lanes
1, 2, 5, and 6) and WS (lanes 3, 4, 7, and 8) cells, treated as for panel
A, were analyzed either for PARP-1 expression levels (blot anti-
PARP-1, lanes 1 to 4) or for PARP-1 activity (auto-poly[ADP-ribosy-
l]ation reaction; lanes 5 to 8). The Western blots with anti-lamin B
indicate the amount of protein loaded. (C) WS cells are deficient in the
poly(ADP-ribosyl)ation pathway after H2O2 and MMS treatment.
Normal (lanes 1, 2, 5, 6, 9, and 10) and WS (lanes 3, 4, 7, 8, 11, and 12)
cells were either untreated (lanes 1, 3, 5, 7, 9, and 11) or treated with
bleomycin (35 �M; lanes 2 and 4), H2O2 (500 �M; lanes 6 and 8), or
MMS (1 mM; lanes 10 and 12) for 10 min at 37°C. Proteins from the
same number of cells were separated by SDS-PAGE, and the poly-
(ADP-ribosyl)ation of cellular proteins was detected as for panel A.
Samples from the same experiment were analyzed with anti-lamin B
antibodies as a loading control. Similar results were obtained with two
different WS primary cell lines (AG03141C and AG00780H) and two
normal primary cell lines (MRC-5 and WI-38).
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Finally, in the bottom section (blot anti-WRN), no change in
the WRN mobility in SDS-PAGE gel was observed (Fig. 4A,
compare lane 5 with 6 and 7), suggesting that recombinant
WRN is not significantly poly(ADP-ribosyl)ated by PARP-1.
Thus, WRN does not affect the autocatalytic activity of
PARP-1 in vitro. To address the question of whether WRN
affects the PARP-1 ribosylation of other substrates, we used an
experiment combining in vitro ribosylation and ELISA (Fig.
4B). Here, we detected PARP-1-dependent PAR polymer for-
mation on H1 histones used to coat ELISA wells, both in the
presence (Fig. 4B, bars 4 to 7) and absence (Fig. 4B, bars 1 to
3) of WRN. As shown in Fig. 4B, WRN (at different molar

ratios relative to PARP-1) did not affect the polymer forma-
tion, as detected by anti-PAR antibodies. The presence of the
PARP-1 inhibitor 3-AB completely inhibited the reaction (Fig.
4B, bar 7). Thus, WRN does not affect the poly(ADP-ribosyl)-
ation of H1 histones by PARP-1.

The poly(ADP-ribosyl)ation of PARP-1 affects its ability to
interact with DNA and specific proteins. For example, XRCC1
binds only poly(ADP-ribosyl)ated PARP-1 (27, 34). The bind-
ing results presented in Fig. 1E (ELISA) indicate that WRN
binds efficiently to unmodified PARP-1. To determine whether
the ribosylation state of PARP-1 influences WRN binding, we
performed an in vitro binding assay (Fig. 4C). Unmodified
PARP-1 and auto-poly(ADP-ribosyl)ated recombinant PARP-1
were incubated with either GST-WRN RQC (aa 949 to 1092)
or GST-WRN (aa 1072 to 1236). Following the incubation, the

FIG. 4. The autocatalytic activity of PARP-1 is unaffected by WRN
in vitro. (A) Poly(ADP-ribosyl)ation activity of recombinant PARP-1
either alone (lanes 1 to 3) or with the inhibitor 3-AB (lane 4) or
recombinant WRN (lanes 5 to 7). The reactions were terminated at the
indicated times, and the samples were analyzed by SDS–10% PAGE
and Western blotting with anti-PAR antibodies (top), anti-PARP-1
antibodies (middle), and anti-WRN antibodies (bottom). Arrows,
SDS-PAGE mobilities of unmodified WRN and PARP-1. The in-
creased amount of WRN detected in lane 5 is not due to the lack of
reactivity of the anti-WRN antibodies but rather reflects larger
amounts of WRN and PARP-1 loaded (compare lane 5 with 6 and 7
[middle and bottom]). (B) H1 histones were used to coat ELISA wells
as described in Materials and Methods. After the blocking step, either
500 (bars 1, 4, and 7), 50 (bars 2 and 5), or 5 nM (bars 3 and 6)
recombinant PARP-1 was added in the absence (bars 1 to 3) or pres-
ence (bars 4 to 7) of WRN (80 nM). The poly(ADP-ribosyl)ation
reaction was initiated by adding NAD� and activated DNA for 30 min
at RT. The specific PARP inhibitor 3-AB was added to the ribosylation
reaction (bar 7) as a negative control. The PAR polymer was detected
with anti-PAR antibodies and horseradish peroxidase-conjugated sec-
ondary antibodies. The bound antibodies were detected by colorimet-
ric analysis. OD, optical density. (C) Poly(ADP-ribosyl)ation of
PARP-1 strongly decreases, but does not abolish, binding to the WRN
RQC domain. GST-WRN RQC (aa 949 to 1092) (lanes 2 and 5) and
GST-WRN (aa 1072 to 1236) (lanes 3 and 6) were incubated for 2 h at
RT with either recombinant PARP-1 (lanes 1 to 3) or auto-poly(ADP-
ribosyl)ated PARP-1 (lanes 4 to 6). The bound proteins were eluted
and analyzed by SDS–7.5% PAGE and Western blotting with a mix-
ture of anti-PARP-1 and anti-PAR antibodies. Amido black staining
(bottom) shows the amount of GST-WRN fusion proteins (arrow)
loaded.
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bound proteins were analyzed by Western blotting with anti-
PARP-1 and anti-PAR antibodies. GST-WRN RQC bound
unmodified PARP-1 with an efficiency of �70 to 75% (Fig. 4C,
lanes 1 and 2). However, when PARP-1 was extensively auto-
poly(ADP-ribosyl)ated, the binding efficiency was reduced to
about 7 to 10% (compare input lanes, 1 and 4, with binding
lanes, 2 and 5). GST-WRN (aa 1072 to 1236) did not bind
PARP-1 (Fig. 4B, lanes 3 and 6). Thus, the poly(ADP-ribosy-
l)ation of PARP-1 strongly inhibits its in vitro binding to the
WRN RQC domain.

To determine the role of the WRN/PARP-1 physical inter-
action in the poly(ADP-ribosyl)ation of cellular proteins after
damage, the PARP-1 binding domain of WRN (RQC domain)
was overexpressed as an EGFP fusion protein in a control cell
line. The cells were then treated with H2O2 (Fig. 5). The
overexpression of the PARP-1 binding domain of WRN
strongly reduced the poly(ADP-ribosyl)ation reaction, as de-
tected with anti-PAR antibodies (Fig. 5A, compare PAR poly-
mer synthesis signals for transfected and untransfected cells).
In contrast, overexpression of EGFP alone did not affect the
damage response reaction (Fig. 5B). The extent of EGFP-
WRN RQC-expressing cells showing inhibition of ribosylation
correlated with the level of overexpression. As shown in Fig.
5A (g and h), when the expression of EGFP-WRN RQC was
low, there was no inhibitory effect. Approximately 80% of the
cells (33 of 40) that expressed high levels of EGFP-WRN RQC
were defective in the poly(ADP-ribosyl)ation reaction after
exposure to H2O2.

DISCUSSION

Here we identify PARP-1 as one of the strongest binders to
the WRN RQC domain using HeLa nuclear extracts. Our
results indicate that the WRN/PARP-1 complex plays a key
role in the poly(ADP-ribosyl)ation pathway after treatment
with agents that invoke DNA base damage. We demonstrate
that the poly(ADP-ribosyl)ation of cellular proteins other than
PARP-1 is severely defective after H2O2 and MMS treatment
in primary cells derived from WS patients. To our knowledge,
this represents the first human disease displaying a defect in
the cellular-stress-dependent poly(ADP-ribosyl)ation pathway.
We have shown that PARP-1 is active in WS cells but that its
ability to ribosylate proteins other than itself after DNA dam-
age is severely hampered. We demonstrate this PAR polymer
formation defect in WS cells both by immunofluorescence and
Western blot analysis. The role of WRN in this process is also
demonstrated by the marked inhibition of PAR polymer for-
mation following overexpression of the PARP-1 binding region
of WRN (Fig. 5). Overexpression of this region of WRN may
disrupt WRN/PARP-1 complex formation via competition for
binding to endogenous WRN. Thus, the normal process of

poly(ADP-ribosyl)ation of nuclear proteins after DNA dam-
age may be impaired. This result suggests a direct and impor-
tant role for the WRN/PARP-1 complex in the early transmis-
sion of signals after H2O2 and MMS treatment.

After DNA damage, PARP-1 uses NAD� as a substrate in
the poly(ADP-ribosyl)ation reaction. The deficient PARP-1
response that we observe in WS cells is not likely to be due to
lower levels of NAD� because WS cells exhibit much higher
levels of NAD� than age-matched controls (9). Alternatively,
the lack of ribosylation in WS cells after oxidative stress could
be due to a differential protein expression and/or activity levels
of oxygen radical scavengers, such as catalase. However, we did
not detect any differences in catalase protein levels between
normal and WS cells (data not shown). This result is in agree-
ment with a previous report showing that the enzymatic activ-
ities of Cu,Zn superoxide dismutase, Mn superoxide dis-
mutase, catalase, and glutathione peroxidase 1 in WS cells
were normal (24).

The deficiency in PAR polymer formation in WS cells after
oxidative stress was initially observed when the cells were
treated with HU before exposure to H2O2 (Fig. 2). This pre-
treatment arrests the cells in S phase, where the RecQ heli-
cases are thought to have important roles (29). WS cells are
known to be particularly sensitive to certain compounds in S
phase (32, 33, 35, 36) and are known to have a longer S phase
than normal cells (37, 46). DNA damage introduced in S phase
presents obvious problems to the cells, but more so to WS cells,
and thus there is a higher risk of genomic instability during this
stage of the cell cycle in WS cells than in normal cells. In
addition, a cellular arrest step minimizes the possibility that the
differences in the DNA damage response are due to variations
in the percentage of cells in different phases of the cell cycle.
However, we observed that exponentially growing WS cells
presented the same deficiency in the poly(ADP-ribosyl)ation
of cellular proteins after H2O2 treatment by Western blotting
(Fig. 3A) as did the HU-treated cells. Thus, the deficiency in
the poly(ADP-ribosyl)ation pathway occurs both in S-phase-
arrested and exponentially growing WS cells.

A previous study reported that HU treatment induced apo-
ptosis in WS lymphoblasts (33). Our study was conducted
mainly with primary WS fibroblasts (Table 1), and we observed
that, 2 days after HU release, the WS fibroblasts remained
viable and without any signs of apoptosis (data not shown).

Exposure of cells to H2O2 generates various types of mac-
romolecular damage, including some DNA breaks, but the
most frequent DNA modifications are oxidized DNA bases (3,
25). These DNA lesions are generally repaired by the BER
pathway (4). MMS treatment produces alkylated DNA bases,
and it is well known that these types of DNA lesions are mainly
repaired by BER (13). In contrast, the compound bleomycin is

FIG. 5. Overexpression of the PARP-1 binding domain of WRN strongly reduces PAR polymer formation after H2O2 treatment. TERT-1604
cells were transfected with either pEGFP-WRN (aa 949 to 1092) (A) or pEGFP alone (B). Thirty-six hours posttransfection, the cells were
synchronized (early S phase) with HU for an additional 18 h. The cells were then incubated with H2O2 (500 �M) for 10 min at 37°C. After fixation,
the cells were probed with anti-PAR antibodies. Arrowheads, EGFP-WRN- (aa 949 to 1092) and EGFP-transfected cells; arrow (A, g), one cell
with low EGFP-WRN (aa 949 to 1092) expression. Bars (A, i, and B, f), 10 �m. Pictures correspond to representative transfected cells showing
high-level of expression either of EGFP-WRN (aa 949 to 1092) (A) or EGFP alone (B). Approximately 80% (33 of 40) of the EGFP-WRN
RQC-overexpressing cells showed less PAR polymer formation than nontransfected cells.
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a radiation-mimicking agent and mainly introduces a large
frequency of single-strand and double-strand DNA breaks (3,
38). The PARP-1 response to bleomycin operates properly in
WS cells. In contrast, specific DNA base modifications induced
by H2O2 and MMS are not properly sensed (via the ribosyla-
tion pathway) in WS cells. According to several reports,
PARP-1 is an active participant in BER (10, 39, 41). Our
present results suggest that the WRN/PARP-1 complex is also
involved in this repair process. WRN interacts with other pro-
teins that play a role in BER (polymerase � [Pol �], PCNA,
FEN-1, replication protein A [RPA], and p53), suggesting a
function for WRN in this process (6, 7, 18, 20, 43, 45). WRN
and PARP-1 bind some common BER components (e.g., p53)
(14, 22, 43), further supporting the hypothesis that they might
share intracellular pathways. Also, recent in vitro data demon-
strate that WRN is an active player in the BER process and
physically interacts with Pol � (17). Altogether, these results
suggest that the WRN/PARP-1 complex is directly involved in
the repair and/or sensing of specific DNA lesions produced by
oxidative stress and alkylating agents. Interestingly, a very re-
cent study reported that PARP-1-null Wrn�hel/�hel (helicase-
defective) mice show genetic cooperation between WRN and
PARP-1, suggesting that both proteins work together in the
processing of DNA damage (19).

Based on the observations reported here, we speculate that
WRN and PARP-1 function in vivo in the early cellular re-
sponse to DNA damage. The WRN/PARP-1 complex may be
recruited to the damaged site as part of the DNA damage-
sensing step. In support of this notion, we have previously
reported that WRN exonuclease activity is blocked in vitro at
sites of certain oxidative DNA base lesions (21). The formation
of this complex may then allow PARP-1 to efficiently poly-
(ADP-ribosyl)ate nuclear target proteins and to subsequently
transmit signals to DNA repair proteins. XRCC1 specifically
binds ribosylated PARP-1 (27), and, as mentioned above,
WRN binds to RPA, p53, FEN-1, Pol �, and PCNA. Alto-
gether, these interactions indicate that the WRN/PARP-1
complex may function at the site of DNA damage and recruit
factors for the early assembly of DNA repair. The poly(ADP-
ribosyl)ated proteins are then released from the site of DNA
damage, allowing access for components of the DNA repair
machinery (52). Our observation (Fig. 4C) that WRN binds
less efficiently to PARP-1 when it is auto-poly(ADP-ribosy-
l)ated is in accordance with this model because, after the
PARP-1 automodification, WRN can perform other functions.

In this scenario, it is likely that, after DNA damage, these
protein-protein and DNA-protein interactions are more stable
when all the involved proteins are present as a complex. In the
absence of WRN (i.e., WS cells), although PARP-1 is still able
to sense the DNA damage, as detected by the auto-poly(ADP-
ribosyl)ation modification, the subsequent modification of tar-
get proteins is strongly impaired. A logical consequence of this
lack of signal transmission may be the accumulation of DNA
damage or a delay in the repair process, leading to a premature
senescence caused by a diminished DNA repair capacity, as
was previously proposed for primary cells from WS and Cock-
ayne syndrome patients (50). Interestingly, there is evidence
that longevity is associated with a high poly(ADP-ribosyl)ation
capacity (16, 28), and our data with WS cells support this
hypothesis.

It is well accepted that one of the hallmarks of aging is the
accumulation of damage caused by reactive oxygen species
(ROS; endogenous and exogenous) (2, 4). ROS are produced
during normal aerobic metabolism and inflammatory reac-
tions, and normal cells have evolved a mechanism to detect
“oxidative signals” that are potentially deleterious for macro-
molecules such as DNA (44). At the cellular and organismal
level, high-dose exposure to oxidants may cause cytotoxicity
and neoplastic transformation. Some characteristic features in
WS patients involve the presence of chronic inflammatory pro-
cesses (ulcers) on the legs and soft-tissue tumors (12). Oxida-
tive stress is also implicated in the initiation of the age-related
onset of cataracts. Evidence suggests that a high concentration
of H2O2 in the lens (up to 660 �M) is likely to be the major
cause of cataract formation in humans (42). Interestingly, the
premature onset of cataracts is perhaps the most typical fea-
ture in WS patients (26). Thus, in some tissues, WS cells are
continuously exposed to presumably elevated rates of ROS
generation.

Our results showing a defect in the cellular response after
H2O2 and MMS exposure in WS cells may explain some of the
phenotypical characteristics of WS, as a consequence of per-
sistent unrepaired or unsensed DNA damage. WS cells may
have an accelerated damage accumulation process, which leads
to the characteristic mutator, potentially oncogenic, and
genomically unstable phenotype.
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