
12628–12639 Nucleic Acids Research, 2014, Vol. 42, No. 20 Published online 28 October 2014
doi: 10.1093/nar/gku1022

Checkpoint-dependent and independent roles of the
Werner syndrome protein in preserving genome
integrity in response to mild replication stress
Giorgia Basile1,2,†, Giuseppe Leuzzi1,2,†, Pietro Pichierri2,3 and Annapaola Franchitto1,2,*

1Section of Molecular Epidemiology, Department of Environment and Primary Prevention, Istituto Superiore di Sanità,
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ABSTRACT

Werner syndrome (WS) is a human chromosomal in-
stability disorder associated with cancer predispo-
sition and caused by mutations in the WRN gene.
WRN helicase activity is crucial in limiting breakage
at common fragile sites (CFS), which are the prefer-
ential targets of genome instability in precancerous
lesions. However, the precise function of WRN in re-
sponse to mild replication stress, like that commonly
used to induce breaks at CFS, is still missing. Here,
we establish that WRN plays a role in mediating CHK1
activation under moderate replication stress. We pro-
vide evidence that phosphorylation of CHK1 relies on
the ATR-mediated phosphorylation of WRN, but not
on WRN helicase activity. Analysis of replication fork
dynamics shows that loss of WRN checkpoint me-
diator function as well as of WRN helicase activity
hamper replication fork progression, and lead to new
origin activation to allow recovery from replication
slowing upon replication stress. Furthermore, by-
pass of WRN checkpoint mediator function through
overexpression of a phospho-mimic form of CHK1
restores fork progression and chromosome stability
to the wild-type levels. Together, these findings are
the first demonstration that WRN regulates the ATR-
checkpoint activation upon mild replication stress,
preventing chromosome fragility.

INTRODUCTION

The Werner syndrome protein, WRN, is a member of the
RecQ family of DNA helicases mutated in the cancer-prone
disease Werner syndrome (WS). WS cells show a marked
delay in S-phase progression and are extremely sensitive to

agents perturbing DNA replication (1–3). Based on WRN
enzymatic activities and substrate preferences in vitro, it
is thought that WRN may participate in multiple DNA
metabolic pathways in vivo, such as replication, recombi-
nation and repair (4–6). WRN has been implicated in the
correct and fruitful recovery from replication fork arrest
(1,7–8). Given a coordinate action of WRN and DNA poly-
merase delta in the replication of DNA substrates contain-
ing G4 tetraplex structures (9), the crucial requirement of
the WRN helicase activity in maintaining common frag-
ile site (CFS) stability and a role of WRN in alleviating
stalled forks arrested at secondary structures formed at CFS
FRA16D (10,11), WRN could work in the removal of the
obstacles encountered by the replisome during replication
to facilitate fork progression.

Several studies suggested a possible cross-talk between
WRN and ATR (12–14). ATR deficiency is associated with
CFS expression (15), and defects of other checkpoint pro-
teins, including CHK1, lead to instability at CFS (16). Of
interest, we previously demonstrated that WRN regulates
CFS stability by acting in a pathway associated with ATR
(10). Despite WS cells exhibit an ATR-like instability at
CFS (10), and that WRN has been found phosphorylated
by ATR under replication stress (12), there is no evidence of
a functional requirement of WRN in the establishment of
the replication checkpoint upon moderate replication per-
turbation such as the one that causes breaks at CFS.

In this study, we disclose a previous unidentified role for
WRN in mediating the ATR-checkpoint activation under
mild replication stress. Moreover, our findings provide a
novel mechanistic framework to the WRN-dependent sta-
bilization of CFS.
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MATERIALS AND METHODS

Cell cultures

HEK293T cells were obtained from American Type Cul-
ture Collection (VA, USA). HEK293T cells proficient and
deficient for WRN were generated by stably expressing,
respectively, a scrambled shRNA (shCTRL) or shRNA
against WRN (shWRN) (OriGene). Cells were cultured
in the presence of hygromycin (200 �g/ml; EMD Chemi-
cals Inc.) to maintain selective pressure for shRNA expres-
sion. AG11395 (WRN-deficient) fibroblasts retrovirally-
transduced with full-length cDNA encoding wild-type
WRN (WSWRN), missense-mutant form of WRN with in-
active helicase (WRN-K577M) or expressing a Flag-tagged
full-length WRN plasmid carrying Ala substitutions at all
the six S/TQ sites (WSWRN6A) were generated as previ-
ously described (10,12).

All the cell lines were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Life Technologies) supple-
mented with 10% Fetal bovine serum (FBS) (Boehringer
Mannheim) and incubated at 37◦C in a humidified 5% CO2
atmosphere.

Plasmids and transfection

Plasmids expressing the Flag-tagged WRNwt or the Flag-
tagged WRN6A were generated as earlier reported (12).
The phospho-mimic (Flag-CHK1317/345D) mutant form of
CHK1, a kind gift from Professor K.K. Khanna (Queens-
land Institute of Medical Research, Australia), was con-
structed as previously described (17). To express the plas-
mids, cells were transfected using the NeonTM Transfection
System Kit (Invitrogen), according to the manufacturer’s in-
structions.

Immunoprecipitation, cell fractionation and western blot
analysis

Immunoprecipitation and chromatin fractionation exper-
iments were performed as previously described (12,18).
Quantification was performed on scanned images of blots
using ImageJ software, and values shown on the graphs rep-
resent a percentage compared with the matched untreated
control normalized against the protein content evaluated
through Lamin B1 immunoblotting.

Cell lysates were prepared as previously reported (18).
Antibodies used for western blot (WB) were commer-
cially obtained for Flag-Tag (Sigma-Aldrich), phospho-
S/TQ, phospho-CHK1-Ser345 (Cell Signaling Technolo-
gies), WRN, CHK1, Cyclin A, RAD9 (Santa Cruz Biotech-
nology, Inc.), Lamin B1 (Abcam), GAPDH (EMD Mil-
lipore), RPA32 (Calbiochem), TopBP1 (Bethyl Labora-
tories). Horseradish peroxidase-conjugated goat species-
specific secondary antibodies (Santa Cruz Biotechnology,
Inc.) were used.

Chromosomal aberration and fluorescence in situ hybridiza-
tion analyses

Fragile sites were induced treating cells with aphidicolin
(Aph; Sigma-Aldrich). Harvesting of the cells, metaphase

chromosome preparations and fluorescence in situ hy-
bridization (FISH) analysis was performed and analyzed as
previously reported (10).

DNA fiber analysis

Cells were pulse-labeled with 25 �M chlorodeoxyuridine
(CldU) and then labeled with 250 �M iododeoxyuridine
(IdU) at the times specified, with or without treatment as
reported in the experimental schemes. DNA fibers were
prepared and spread out as previously described (12). For
immunodetection of labeled tracks, the following primary
antibodies were used: rat anti-CldU/BrdU (Abcam) and
mouse anti-IdU/BrdU (Becton Dickinson). Images were
acquired randomly from fields with untangled fibers us-
ing Eclipse 80i Nikon Fluorescence Microscope, equipped
with a VideoConfocal (ViCo) system. The length of labeled
tracks were measured using the Image-Pro-Plus 6.0 soft-
ware, and values were converted into kilobase using the con-
version factor 1 �m = 2.59 kb as reported (19). A minimum
of 100 individual fibers were analyzed for each experiment
and the mean of at least three independent experiments pre-
sented.

Statistical analysis

All the data are presented as means of at least three indepen-
dent experiments. Statistical comparisons of WS or WRN-
mutant cells to their relevant control were analyzed by Stu-
dent’s t-test. P < 0.0001 was considered significant.

RESULTS

WRN deficiency results in defective ATR-dependent check-
point activation under mild replication stress

To assess the role for WRN in ATR pathway activation
in response to mild replication stress, we examined the
phosphorylation status of the main target of ATR, CHK1.
To compare isogenic cell lines, HEK293T cells stably ex-
pressing scrambled (WRN-wt) or WRN-targeting shRNA
(WRN-kd) were generated. WRN-kd cells showed about
80% depletion of WRN protein under the experimental con-
ditions used in this study (Figure 1A). Treatment with low
dose of Aph induced a time-dependent phosphorylation of
CHK1 in WRN-wt cells, already noticeable after 1 h and
peaking at 24 h (Figure 1A), suggesting that also a modest
replication perturbation can trigger a quick checkpoint re-
sponse. In contrast, CHK1 phosphorylation was absent, or
very weak, in WRN-kd cells, and it was detectable only at
the late time-points even if not at the wild-type levels (Fig-
ure 1A). However, unlike the nanomolar dose of Aph, treat-
ment with 1 mM HU, which leads to a robust genome-wide
replication arrest, induced comparable CHK1 phosphory-
lation levels in both WRN-wt and WRN-kd cells (Figure 1B
and unpublished data). Although CHK1 phosphorylation
was hampered in WRN-deficient cells, similar amounts of
Cyclin A were detected after treatments in both cell lines,
suggesting that defective CHK1 phosphorylation was not
attributable to a smaller proportion of S-phase popula-
tion in WRN-kd cells (Figure 1B). To prove that the defec-
tive phenotype is maintained in cell lines from human pa-
tients, we investigated CHK1 activation in an isogenic pair
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Figure 1. WRN is required for CHK1 activation following mild replication stress. (A) WB detection of CHK1 phosphorylation in total extracts of WRN-
wt and WRN-kd cells untreated (-) or treated with Aph, as indicated. In WRN-kd cells, downregulation of the WRN protein was verified using a specific
anti-WRN antibody. The presence of activated, i.e. phosphorylated, CHK1 was assessed using S345 phospho-specific antibody (pS345). Total amount of
CHK1 was determined with an anti-CHK1 antibody. Equal loading was confirmed probing with an anti-Lamin B1 antibody. (B) WRN-wt and WRN-kd
cells were treated with Aph or HU and processed as described in (A). (s.e., short-exposure; l.e., long-exposure). Cyclin A was used to quantify S-phase cells.
(C) WRN syndrome (WS) cells and WS cells complemented with the wild-type WRN (WSWRN) were treated with 0.4 �M Aph for the indicated time.
Cell lysates were analyzed by WB for the presence of phosphorylated CHK1 as described in (A). Cyclin A was used to quantify S-phase cells. The ratio of
phosphorylated protein to total protein normalized to the untreated wild type is reported below each lane. All cell lines were tested at least three times and
representative experiments are shown.

of uncorrected or WRN wild-type-corrected (WSWRN)
SV40-transformed WS fibroblasts (10). As shown in Fig-
ure 1C, Aph treatment induced CHK1 phosphorylation in
WSWRN cells in a manner similar to that seen in WRN-wt
cells, whereas in WS cells it resulted in no or minimal acti-
vation of CHK1. Nonetheless, treatment of cells with high
doses of Aph or HU, which cause a complete replication
arrest, led to comparable CHK1 phosphorylation in both
cell lines (Supplementary Figure S1). Interestingly, a defec-
tive phosphorylation of CHK1 after low dose of Aph was
consistently observed in WS-derived hTERT-immortalized
primary fibroblasts (Supplementary Figure S2), suggesting
that the phenotype is unlikely due to the cell transforma-
tion, but rather it may relate with the absence of WRN.

ATR-checkpoint response in WRN-deficient cells was
also investigated by flow-cytometric analysis. As expected,
Aph slowed down cell cycle progression of WSWRN cells,
and delayed S-G2 phase transition (Supplementary Fig-
ure S3A). In contrast, WS cells exhibited a higher propor-
tion of G2/M phase cells accumulated starting from 8 h of
treatment (Supplementary Figure S3A), with a more pro-

nounced accumulation of cells in the M phase, as eval-
uated by immunostaining for the mitosis-specific marker
phospho-histone H3 (Supplementary Figure S3B).

Overall, these findings imply that WRN plays a critical
function in response to mild replication stress, and support
a possible role for WRN as specific mediator of CHK1 ac-
tivation.

Often, checkpoint mediators are themselves targets of
apical kinases, and WRN is indeed phosphorylated by
ATR after both hydroxyurea (HU) and camptothecin
(CPT) treatments (12,14). To reinforce the existence of
a functional relationship between WRN and the ATR-
dependent checkpoint after mild replication stress, we asked
whether WRN was targeted by ATR kinase under Aph
treatment. HEK293T cells were treated with low dose
of Aph and cell lysates were subjected to WRN IP. Us-
ing phospho-S/TQ antibodies, which specifically recognize
phosphorylated ATM/ATR substrates, phosphorylation of
WRN was barely detectable in untreated conditions, but
strongly increased after treatments (Figure 2A), suggesting
that moderate stress is able to induce WRN modification. In
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Figure 2. ATR-dependent WRN phosphorylation upon Aph treatment. (A) WB detection of WRN phosphorylation in HEK293T cells treated or not
with 0.4 �M Aph for the indicated time-points. Cell extracts were immunoprecipitated using anti-WRN antibody followed by immunoblotting with an
anti-S/TQ antibody. Total WRN was used to assess the amount of WRN immunoprecipitated. The ratio of phosphorylated protein to total protein is
reported below each lane. (B) Analysis of WRN status in HEK293T cells transfected with plasmids expressing the Flag-tagged full-length wild-type WRN
(wt) or a full-length carrying Ala substitutions at all the six S/TQ sites (6A) and treated or not with Aph as indicated. Cell extracts were prepared 48 h
post-transfection and used to immunoprecipitate ectopic WRN with anti-Flag tag antibody, followed by immunoblotting with an anti-S/TQ antibody.
Total WRN was used to assess the amount of wild-type or mutant form of WRN immunoprecipitated. All experiments are representative images of at
least two replicates.

an independent experiment, we transfected HEK293T cells
with plasmids expressing the Flag-tagged full-length wild-
type WRN (wt) or a mutant Flag-WRN6A, which makes
WRN unphosphorylable by ATR after replication stress
(12). Following Aph treatment, cell extracts were prepared
and subjected to Immunoprecipitaion (IP) using anti-Flag
tag antibodies. The expression of wild-type WRN resulted
in the expected phosphorylation at S/TQ sites, whereas mu-
tant WRN6A protein abrogated pS/TQ immunoreactivity
(Figure 2B), suggesting that, even after low dose of Aph,
WRN is mainly phosphorylated at C-terminus residues.

Collectively, these results demonstrate that mild replica-
tion stress, like that inducing breaks at CFS, may trigger
CHK1 phosphorylation that requires the presence of WRN.

WRN phosphorylation by ATR, but not WRN helicase activ-
ity, is required for checkpoint activation upon mild replication
stress

To verify whether WRN phosphorylation by ATR is a pre-
requisite for checkpoint activation after replication stress
induced by Aph, we studied the ability of WS cells sta-
bly expressing the mutant form of WRN unphosphory-
lable by ATR (WSWRN6A) (12) to phosphorylate CHK1.
WSWRN, WS and WSWRN6A cells were used and CHK1
phosphorylation evaluated. As expected, WSWRN cells
were proficient in activation of CHK1 after treatment (Fig-
ure 3A). In contrast, WSWRN6A cells showed defective
CHK1 phosphorylation as WS cells. Therefore, these data
suggest that phosphorylation of WRN may play a role in the
ATR-checkpoint activation in response to moderate repli-
cation stress.

WRN helicase activity, which is crucial in maintaining
CFS stability (10), could facilitate formation of the single-
strand DNA (ssDNA) leading to checkpoint activation
(20). Thus, to verify whether suppression of helicase func-
tion hinders CHK1 phosphorylation, WS fibroblasts and
WS cells stably expressing the wild-type WRN (WSWRN)
or its helicase-dead form (WRN-K577M) were treated with
Aph and cell lysates subjected to WB. The data confirmed
that, in WSWRN cells, CHK1 was properly phosphorylated

after Aph treatment, and comparable levels of CHK1 phos-
phorylation were observed in WRN-K577M cells, indicat-
ing that expression of the helicase-dead WRN protein is
sufficient to recover from the defective phenotype (to re-
store checkpoint activity) (Figure 3B). Consistently, flow-
cytometric experiments indicated that loss of the WRN he-
licase activity had no effect on the delay of cell cycle pro-
gression induced by Aph (Supplementary Figure S4).

We therefore concluded that the WRN helicase activity
is not implicated in the activation of the ATR-dependent
pathway in response to low levels of replication stress,
whereas the ATR-dependent phosphorylation of WRN re-
sults essential for CHK1 activation.

Analysis of the ATR-signaling pathway in WRN-deficient
and mutant cells after low levels of replication perturbation

Activation of the ATR pathway depends on RPA bind-
ing to ssDNA (20). To determine whether impaired RPA-
coated ssDNA accumulation contributes to defective check-
point activation observed in the absence of WRN, we mea-
sured the amount of chromatin-bound RPA32, a compo-
nent of the RPA heterotrimer, in Aph-treated WSWRN and
WS cells. Biochemical analysis of fractionated cell extracts
showed that RPA32 was only slightly more chromatin-
associated in WS cells, either exposed to Aph or left un-
treated, respect to WSWRN cells (Figure 4A). Indeed, even
though WS cells showed more chromatin-bound RPA32,
they also seemed to contain more RPA32 in total ex-
tracts (Figure 4A, bottom). In agreement with this result, a
time course analysis of non-extractable RPA32 foci by im-
munofluorescence revealed that, in the absence of WRN, a
higher number of RPA32-positive nuclei accumulated un-
der unperturbed conditions, while only a slight increase at
8 h Aph treatment was detected, even if the RPA32 fluores-
cence appeared to be more intense than in the control cells
(Supplementary Figure S5A).

Next, to support the evidence that loss of WRN does
not affect the generation of ssDNA after exposure to low
dose of Aph, the extent of ssDNA formation was quantified
through native BrdU staining. The analysis revealed that
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Figure 3. ATR-dependent WRN phosphorylation, but not defective WRN
helicase activity, fails to activate CHK1 upon moderate replication stress.
(A) WRN-deficient (WS) cells and WS cells complemented with wild-
type (WSWRN) or expressing an unphosphorylable mutant form of WRN
(WSWRN6A) were treated or not with Aph for the indicated times. CHK1
phosphorylation was analyzed by WB using phospho-specific antibodies
(pS345). Total amount of CHK1 was determined with an anti-CHK1 an-
tibody. Equal loading was confirmed probing with an anti-Lamin B1 an-
tibody. Total WRN was used to assess the amount of wild-type or mu-
tant form of WRN. (B) WS cells and WS cells complemented with wild-
type (WSWRN) or expressing a mutant form of WRN affecting helicase
(WRN-K577M) were treated or not with Aph for the indicated times.
CHK1 phosphorylation was analyzed by WB using phospho-specific an-
tibodies (pS345). Total amount of CHK1 was determined with an anti-
CHK1 antibody. Lamin B1 was used as loading control. The ratio of phos-
phorylated protein to total protein and then normalized to the untreated
wild type is listed below each lane. All experiments are representative im-
ages of at least three replicates.

the percentage of ssDNA-positive nuclei was roughly simi-
lar in both WSWRN and WS cells (Supplementary Figure
S5B), but the number of foci per cell was higher in WS cells
(Supplementary Figure S5C).

Together, these results indicate that, in WS cells, CHK1
activation is not defective because of the inability to form
the RPA-coated ssDNA after moderate replication pertur-
bation.

It is known that the TopBP1 mediator protein is required
for efficient CHK1 phosphorylation, and that it is recruited
to stalled forks by the chromatin-bound RAD1-RAD9-

HUS1 (9.1.1) complex (21,22). In addition, WRN and the
9.1.1 complex physically interact (23). To test the possibility
that WRN could stabilize 9.1.1/TopBP1 association follow-
ing mild replication stress, we analyzed chromatin loading
of TopBP1 and RAD9 by WB after cellular fractionation in
WSWRN and WS cells treated or not with Aph at the indi-
cated times. As shown in Figure 4B, in WSWRN cells, the
amount of chromatin-bound TopBP1 started to increase at
1 h after treatment, and remained high at 8 and 24 h, even
if it decreased at 16 h in agreement with other reports (24).
Similarly, RAD9 was loaded on the chromatin at all times
of Aph exposure except at 16 h (Figure 4B). In contrast,
in WS cells low levels of RAD9 loaded to chromatin were
detectable under untreated and low-dose Aph-treated con-
ditions (Figure 4B). Interestingly, the expression of the un-
phosphorylable form of WRN, but not, as expected, loss
of WRN helicase activity, compromised chromatin asso-
ciation of checkpoint mediators, and a clear reduction of
TopBP1 and RAD9 recruitment was found in WSWRN6A

cells at 24 h of Aph (Figure 4C).
Therefore, defective CHK1 activation upon replication

perturbation induced by Aph, in WS and WSWRN6A cells,
appears related to the levels of chromatin-bound check-
point mediators.

Replication fork dynamics are altered in WRN-deficient and
mutant cells

Having demonstrated that correct CHK1 activation relies
on both the presence of WRN and its phosphorylation by
ATR, and since CHK1 has been implicated in maintaining
fork integrity and proper cell cycle progression under con-
ditions of replicative stress (25,26), we examined how the
absence of WRN or expression of mutant forms could in-
fluence replication dynamics. We first monitored replication
in WSWRN, WS, WSWRN6A and WRN-K577M cells un-
der unperturbed conditions as indicated in the scheme (Fig-
ure 5A). Under these conditions, WSWRN showed an av-
erage fork progression rate of 1.1 kb/min (Figure 5B). By
contrast, WRN-deficient cells or cells expressing the mu-
tant forms of WRN displayed a significant reduction of
fork speed (about 2-fold) as compared to control cells (Fig-
ure 5B). A logical expectation from this result might be that
replication stress exacerbated the effect; however, all the cell
lines reached identical values of fork velocity upon Aph
treatment (Figure 5C). This implies that fork progression is
mainly affected by WRN deficiency or expression of WRN-
mutated forms, and that Aph is able to further delay forks
only in control cells.

It has been previously proposed that cells lacking CHK1
activity show reduced rate of replication fork progression
and increased origin firing (27). Thus, we verified whether
the inability of Aph to reduce further fork speed in WRN-
deficient and WRN-mutant cells could be the end result of
new origins activated to compensate for replication prob-
lems. We used a modified double labeling protocol that
enables us to study fork recovery from Aph (Figure 6A).
Under such conditions, all the cell lines showed an anal-
ogous ability to replicate after removal of Aph, evaluated
as length of green tracks (Figure 6B and C). Interestingly,
using roscovitine, a CDK inhibitor that prevents origin fir-
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Figure 4. Analysis of chromatin loading of ATR-pathway sensors and mediators in cells upon mild replication stress. (A) WB analysis for chromatin loading
of RPA32 in wild-type (WSWRN) and WS cells untreated or treated with Aph for various times as indicated. WB analysis of chromatin recruitment of
RPA32 in WSWRN and WS cells. Total amount of RPA32 was determined with an anti-RPA32 antibody. Lamin B1 was used as loading control. WB
of whole cell extracts (Input) is reported.The ratio of the RPA32/Lamin B1 signal (chromatin) or of the RPA32/gliceraldeide-3-fosfato deidrogenasi
(GAPDH) signal (input) has been normalized to that of wild-type and it is reported below each lane. (B) WSWRN and WS cells were treated with Aph
for various times or left untreated as indicated. Total amount of TopBP1 and RAD9 were determined with an anti-TopBP1 or anti-RAD9 antibody,
respectively. Lamin B1 was used as loading control. (C) WSWRN cells and WS cells expressing an ATR-unphosphorylable form of WRN (WSWRN6A)
or mutant form of WRN helicase (WRN-K577M) were treated or not with Aph for the indicated times. Total amount of TopBP1 and RAD9 and equal
loading of total proteins were determined as in (B). The ratio of the TopBP1/Lamin B1 signal or of the RAD9/Lamin B1 has been normalized to that
of wild-type and then reported below each lane. All experiments are representative images of at least three replicates.

ing, a reduced length of green tracks in WS, WSWRN6A

and WRN-K577M cells was detected, but no effect was
found in WSWRN cells (Figure 6B). Such a finding could
indicate that DNA is partly replicated from ongoing forks
and partly from a downstream fork fired during roscovitine
treatment. Consistent with more new origin firing in WS,
WSWRN6A and WRN-K577M cells, roscovitine also de-
creased the number of isolated green tracks detected during
the recovery from Aph (Figure 6D).

Therefore, we conclude that the increased replication
elongation observed in WRN-deficient or WRN-mutant
cells is due to increased origin firing of neighboring dor-
mant origins, and that this back-up mechanism obscures a
more severe reduction of fork progression occurring in these
cells.

Expression of phospho-mimic CHK1 mutant recovers cells
from sensitivity to Aph treatment and restores fork elonga-
tion

Since low levels of replication stress induce CFS expression,
we asked whether defective checkpoint activation found in
WS and WSWRN6A cells could be related to CFS insta-

bility. We first investigated the sensitivity of WSWRN6A

to Aph. A dose-dependent enhancement of chromoso-
mal aberrations, similarly to that previously seen in WS
cells (10), was observed in WSWRN6A, which showed ap-
proximately 2-fold more aberrations than control cells at
the higher dose (Figure 7A). These results suggest that
WSWRN6A cells are sensitive to Aph treatment, and that
loss of ATR-mediated WRN phosphorylation is responsi-
ble for chromosome instability.

Next, we examined if increased chromosomal damage in-
duced by Aph in WSWRN6A took place at CFS. As shown
in Figure 7C, instability at CFS FRA3B was induced in a
dose-dependent manner in WSWRN6A cells, with a number
of gaps and breaks higher than in control cells, and at lev-
els comparable to those of WS cells. Interestingly, enhanced
FRA3B induction was detected even in the absence of Aph
in both WSWRN6A and WS cells (Figure 7C). Similar re-
sults were observed testing other CFS (Supplementary Fig-
ure S6).

These findings demonstrate that phosphorylation of
WRN by ATR is essential not only for correct CHK1 phos-
phorylation but also, and most notably, for CFS stability.
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Figure 5. Replication fork progression is impaired in WRN-deficient and mutant cells. (A) Experimental scheme of dual labeling of DNA fibers. (B)
Analysis of replication fork velocity in WSWRN (wild-type), WRN-deficient (WS) and mutant cells (WSWRN6A and WRN-K577M) under unperturbed
conditions or (C) exposed to 0.4 �M Aph as indicated in (A). The length of the green tracks was measured. Median values are represented as horizontal
black lines. (D) Representative images of actual DNA fibers from WSWRN, WRN-deficient and mutant cells. Scale bars, 10 �m. **** = Statistically
significant P < 0.0001 (Student’s t-test).

Thus, we wondered whether forced activation of CHK1
could overcome sensitivity to Aph in WS and WSWRN6A

cells, that is in cells where CHK1 is not phosphorylated.
Cells were transfected with a construct expressing a mu-
tant form of CHK1 in which Ser317 and Ser345 were
changed into Asp (CHK1317/345D), mimicking the phospho-
rylated status of the protein (17). WB analysis confirmed
that the Flag-tagged phospho-mimic CHK1 mutant (Flag-
CHK1317/345D) was expressed at comparable levels in both
cell lines (Figure 8A). After transfection, cells were treated
with Aph and metaphase chromosomes were collected and
scored for total gaps and breaks. As expected, Aph treat-
ment resulted in enhanced chromosomal damage in WS and
WSWRN6A cells (Figure 8B). Interestingly, expression of
the CHK1317/345D protein into both WS and WSWRN6A

cells resulted in the rescue of the chromosomal fragility in-
duced by low dose of Aph and also determined a slight re-
duction of the spontaneous number of aberrations per cell
in WSWRN6A cells (Figure 8B). These results indicate that
DNA breakage observed in both WS and WSWRN6A cells
upon mild replication perturbation actually correlates with
incorrect CHK1 activation.

Next, we asked whether the introduction of the phospho-
mimic CHK1 mutant could allow cells to recover from fork
stalling, possible without activating new origins. WS and
WSWRN6A cells were transfected or not with the Flag-

CHK1317/345D plasmid, and then treated with Aph and
roscovitine prior to analyze their replication recovery (Fig-
ure 8C). Analysis of the length of replicating tracks on DNA
fibers showed that the presence of phospho-mimic CHK1
mutant enabled both cell lines to resume replication in a
wild-type fashion, overcoming the requirement of new ori-
gin firing, as demonstrated by the similar track lengths in
cells treated or not with roscovitine (Figure 8C), and the
analysis of isolated green tracks, showing that less dormant
origins were activated (Figure 8D).

Altogether, these data strongly support the hypothesis
that, in WS and WSWRN6A cells, the inability to trigger
CHK1 activation leads to replication fork demise and ori-
gin firing in the attempt to complete replication.

DISCUSSION

We previously determined that WRN in association with
the ATR pathway prevents CFS breakage, but with largely
unknown mechanisms (10). Here, we provide evidence for a
crucial role of the WRN protein in mediating CHK1 phos-
phorylation specifically following low level of replicative
stress, such as that causing CFS expression.

Loss of CHK1 has been related to CFS expression, and
CHK1 undergoes phosphorylation upon mild replication
perturbation (16). Although CHK1 has been widely found
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Figure 6. Replication fork restart is affected by roscovitine in WRN-deficient and mutant cells. (A) Experimental scheme of dual labeling of DNA fibers in
presence or absence of roscovitine. (B) Analysis of replication fork recovery in WSWRN (wild-type), WRN-deficient (WS) and mutant cells (WSWRN6A

and WRN-K577M) treated as indicated in (A). Aph (0.4 �M) and roscovitine (100 �M) were added for the indicated time. Median values are represented
as horizontal black lines. (C) Representative images of replication tracks from WSWRN, WRN-deficient and mutant cells with or without roscovitine
treatment. (D) Percentage of new origin firing in cells treated as in (B). Data are reported as mean from three independent experiments. Error bars represent
standard error. **** = Statistically significant P < 0.0001 (Student’s t-test).

activated in response to low doses of Aph (16,28–29), a re-
cent work suggested that CHK1-dependent protection of
CFS might be unrelated to its phosphorylation-dependent
activation (24). Consistently with earlier reports (16,28–29),
we detect CHK1 phosphorylation after Aph treatment, al-
beit at reduced levels if compared to strong replication per-
turbation as that induced by HU. Since CHK1 phospho-
rylation was demonstrated from independent studies using
different cell lines, it is unlikely that the genetic background
of cells could influence this specific phenotype. However,
the percentage of S-phase cells might markedly affect the
levels of CHK1 phosphorylation, especially in the presence
of partial inhibition of DNA synthesis, perhaps accounting
for these discrepancies between the data. Noteworthy, in the
study where CHK1 phosphorylation has not been detected
after low Aph doses, chromatin loading of ATR and its me-
diators, RAD9 and TopBP1, has been demonstrated (24).
Our findings confirm that mild replication stress determines
chromatin accumulation of RAD9 and TopBP1 similarly to
what observed in response to robust replication perturba-
tion induced genome-wide.

Interestingly, RAD9 and TopBP1 recruitment to chro-
matin involves the presence of WRN under unperturbed
conditions as well as upon mild replication stress, suggest-
ing that the reported association of WRN with 9.1.1, whose

loss increases CFS expression (23), is important for CHK1
activation. Therefore, our results indicate that the presence
of the WRN protein may be required for CHK1 activation,
suggesting that WRN acts as a checkpoint mediator pro-
tein, specifically when replication is partially inhibited. A
similar function of a RecQ helicase has been demonstrated
in yeast, where Sgs1 plays a non-catalytic role in correct ac-
tivation of Rad53 after replication stress (30), bridging RPA
and Rad53 together (31). Consistent with a possible role
as mediator protein, WRN is phosphorylated at S/TQ sites
by ATR also after Aph-induced replication stress, and this
modification of WRN appears to be crucial for promoting
efficient CHK1 phosphorylation upon mild replication per-
turbation, as well as for stabilization of CFS.

In WS cells expressing the ATR-unphosphorylable mu-
tant form of WRN, we detect a decrease of RAD9 and
TopBP1 levels respect to the other cell lines, especially at the
later time. This is not surprising since the phospho-WRN
mutant is a double mutant that cannot be targeted by ATR
and ATM (12), and we cannot exclude that loading on chro-
matin of mediators at later times could rely on the ATM-
dependent phosphorylation of WRN. Altogether, it is plau-
sible that, upon moderate replication perturbation, WRN
may act as a mediator of CHK1 activation, and this func-
tion can be regulated by the ATR-dependent phosphory-
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Figure 7. Enhanced CFS induction in cells expressing an ATR-unphosphorylable form of WRN. (A) Average overall chromosome gaps and breaks in
WS cells (WS), WS cells expressing an ATR-unphosphorylable form of WRN (WSWRN6A) and in WS cells in which wild-type WRN was reintroduced
(WSWRN). Cells were treated with two different doses of Aph for 24 h before harvesting. Data are presented as means of three independent experiments.
Error bars represent standard error. (B) Representative Giemsa-stained metaphases of wild-type (WSWRN), WS and WSWRN6A fibroblasts untreated
or treated with 0.2 �M Aph. Arrows indicate chromosomal aberrations. (C) Frequency of gaps and breaks at CFS by FISH analysis. Cells were treated
as described in (A). FISH was performed using BACs probes corresponding to the FRA3B region. Frequency of fragile site induction is presented as
the percentage of chromosome 3 homolog with gaps and breaks at FRA3B. Data are presented as means of three independent experiments. Error bars
represent standard error on the mean.

lation. Conversely, WRN helicase mutant does not affect
CHK1 activation upon mild replication stress and, consis-
tently, accumulates ATR mediators properly.

In the absence of ATR or CHK1 fork destabilization can
occur (26,32–34). The inability of WRN-deficient cells or
cells expressing the ATR-unphosphorylable form of WRN
to properly activate CHK1 could similarly lead to fork un-
dermining. Indeed, loss of WRN or expression of the ATR-
unphosphorylable mutant form affects replication fork pro-
gression under unperturbed cell growth, consistently with
previous studies (35,36). Also expression of the helicase-
dead form of WRN strongly reduces fork speed in untreated
cells, suggesting that reduced elongation rates and chromo-
some instability are connected in cells with absent or dys-
functional WRN protein. In the same cells, mild replication
stress further delays fork speed, but in a lesser extent than in
control cells. Interestingly, WRN-deficient cells and cells ex-
pressing the helicase-dead or unphosphorylable WRN dis-
play an apparently normal ability to recover DNA repli-
cation after mild replication perturbation; however, their
apparently normal elongation rates are strikingly reduced
upon origin firing inhibition by roscovitine. This pheno-
type possibly indicates that loss of WRN function results
in a severe elongation defect or fork stalling, triggering ad-
ditional local origin firing to complete replication. Consis-
tently, WS cells show more ssDNA formation under unper-

turbed replication or after Aph. Such increased generation
of ssDNA could derive from persistent fork stalling and
from regions left unreplicated behind such forks or from ad-
ditional origin firing. Moreover, the presence of more ori-
gin firing in WRN-deficient cells and cells expressing the
helicase-dead or the ATR-unphosphorylable WRN mutant
is not a mere consequence of deregulated CHK1 activa-
tion, which has been reported to induce unscheduled ori-
gin firing (25), as it is even more evident in cells express-
ing the helicase-dead WRN mutant, which shows wild-type
CHK1 phosphorylation. Similarly, since cells expressing the
helicase-dead form of WRN are able to support CHK1 ac-
tivation but also show replication defects, failing to recover
forks from Aph-induced replication perturbation, it is plau-
sible that this reduction of fork speed is linked to a coop-
eration of CHK1 and WRN. Cells lacking CHK1 reduce
fork elongation by half respect to the control under unper-
turbed conditions (27,37), exactly the same extent of reduc-
tion associated to loss of WRN function. Expression of a
phospho-mimic CHK1 mutant in WS cells or cells express-
ing the ATR-unphosphorylable form of WRN recovers cells
from sensitivity to Aph and restores fork elongation to wild-
type level, suggesting that experimentally-induced reactiva-
tion of CHK1, bypassing the WRN mediator function, is
sufficient to recover perturbed forks and chromosome insta-
bility. Thus, stabilization of perturbed forks by CHK1 can
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Figure 8. Expression of phospho-mimic CHK1 rescues sensitivity to Aph and replication fork slowing in WS and WSWRN6A cells. (A) WS and
WSWRN6A cells were transfected with Flag-tagged CHK1 S317D/S345D mutant (CHK1317/345D). Lysates were collected 48 h thereafter and expres-
sion levels of Flag-CHK1317/345D were determined by immunoblotting with anti-Flag antibody. WSWRN cells were used as negative control. Total WRN
was used to assess the amount of wild-type or mutant form of WRN. Lamin B1 was used as loading control. (B) Effect of the expression of the Flag-
CHK1317/345D plasmid on chromosomal damage. After transfection, cells were treated or not with Aph for 24 h. The graph shows the average overall
chromosome gaps and breaks. Data are presented as means of three independent experiments. Error bars represent standard error on the mean. (C) Eval-
uation of replication fork recovery in WS and WSWRN6A cells transfected with Flag-CHK1317/345D. Cells were treated as indicated in the experimental
scheme. Aph (0.4 �M) and roscovitine (100 �M) were added for the indicated time. Median values are represented as horizontal black lines. (D) Percentage
of new origin firing in cells treated as in (C). Data are reported as mean from three independent experiments. Error bars represent standard error. **** =
Statistically significant P < 0.0001 (Student’s t-test).

probably overcome loss of WRN, most likely through hy-
peractivation of compensatory pathways. This result is con-
sistent with our earlier data showing that loss of WRN de-
termines ssDNA gap accumulation and increased number
of RAD51 foci after Aph treatment (38). Indeed, RAD51
is involved in the maintenance of CFS stability (39) and in
the repair of gaps left behind the stalled fork, and most im-
portantly is activated by CHK1 (40,41). One possibility to
explain the effect of enhanced recovery in WS cells express-
ing a constitutively-active CHK1 may be related to a more
efficient RAD51-dependent post-replication gap repair to
stabilize unreplicated regions. On the other hand, in cells
expressing the ATR-unphosphorylable WRN, the introduc-
tion of the constitutively-active CHK1 might be sufficient
to prevent fork destabilization, thus allowing fork recovery
through the helicase activity of WRN, which is likely fully
functional in these cells.

Altogether, our data allow to propose a model, which ex-
plains how WRN can function to guarantee CFS stability,
through a checkpoint-dependent and independent way. The
ATR-dependent WRN phosphorylation is required to stim-
ulate CHK1 activation that is instrumental for stabilization
of stalled forks, whereas the helicase activity of WRN might
be necessary to support replication restart, possibly by the
resolution of DNA secondary structures, to promote CFS
stability. Thus, if WRN protein is lost or cannot be phos-
phorylated by ATR, replication checkpoint cannot be ac-
tivated leading to destabilization of replication forks, and
subsequently, to enhanced CFS expression. Similarly, the
inability to rescue stalled forks, due to loss of WRN heli-
case activity, results in enhanced CFS instability (10).

Therefore, our findings suggest a novel role of WRN as
checkpoint mediator in response to moderate replication
stress and give strong mechanistic support to the notion that
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defective fork repair/recovery undermines integrity of chro-
mosomes at CFS. Moreover, they may contribute to shed
light on the origin of chromosome instability in WS and
more in general to clarify how genome instability accumu-
lates in preneoplastic lesions, thus promoting cancer devel-
opment.
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