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Werner syndrome is a premature aging disorder characterized
by cancer predisposition that is caused by loss of the Werner
syndrome protein (WRN) helicase/exonuclease DNA repair pro-
tein. Hexavalent chromium is an environmental carcinogen and
genotoxicant that is associated with respiratory cancers and
induces several forms of DNA damage, including lesions that
interfere with DNA replication. Based on the evidence that WRN
protein facilitates repair of stalled and collapsed replication forks,
we hypothesized that WRN functions in the cellular response to
and recovery from Cr(VI)-induced genotoxicity and genomic
instability. Here we report that human cells deficient in WRN
protein are hypersensitive to Cr(VI) toxicity, and exhibit a delayed
reduction in DNA breaks and stalled replication forks, indicated
by YH2AX foci, during recovery from Cr(VI) exposure. Cr(VI)-
induced WRN protein translocation from the nucleoli into
nucleoplasmic foci in S-phase cells, and these foci colocalized
with yH2AX foci indicating WRN responds to replication-
associated DNA damage. As further evidence that Cr(VI) triggers
stalled DNA replication, we observed Cr(VI) treatment induced
an accumulation of cells in S-phase that exhibited high levels of
vH2AX foci. Therefore, these data demonstrate a novel role for
WRN protein in cellular protection against the environmental
genotoxicant Cr(VI) and further provide evidence that Cr(VI)
induces DNA replicative stress which has implications for aging
and cancer.

Key Words: Werner syndrome protein; chromium; DNA
damage; replication stress; DNA repair.

The Werner syndrome protein (WRN) is a member of the
RecQ DNA helicase family that functions in DNA repair
pathways to preserve genome integrity. WRN is the only
human RecQ helicase that has 3’5’ exonuclease activity in
addition to the helicase activity, rendering it capable of
processing a distinct subset of DNA structures (Opresko et al.,
2004). Loss of WRN leads to Werner syndrome (WS), a rare
disorder characterized by features of premature aging and
cancer predisposition (Wu and Hickson, 2006). WRN’s role in
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tumorigenesis and cancer has been well documented. The
WRN gene is epigenetically inactivated in a variety of human
tumors, suggesting a role as a tumor suppressor (Agrelo et al.,
2006). Conversely, WRN protein promotes the growth of some
rapidly proliferating tumor cell lines (Opresko et al., 2007).
The protection against genomic instability and cancer, as well
as the facilitation of cell proliferation, is attributable to WRN’s
function in DNA replication, recombination, and repair
(Opresko, 2008; Opresko et al., 2004).

Roles for WRN in facilitating DNA replication after DNA
damage are supported by several lines of evidence. First, WS cells
normally exhibit a prolonged S-phase and impaired replication
fork progression, suggesting a role for WRN in replication past
natural impediments or endogenous damage (Dhillon et al.,
2007). Second, WRN-deficient cells exhibit a reduced rate of
replication fork progression after exposure to exogenous DNA
damage or dideoxynucleotide triphosphate depletion (Sidorova
et al., 2008). Third, WRN-deficient cells are hypersensitive to
select chemotherapeutic DNA damaging agents, particularly
those that interfere with DNA replication (Dhillon et al., 2007;
Rodriguez-Lopez et al., 2007). Finally, DNA cross-linking
agents induce more YH2AX foci in WRN-deficient cells than in
wild-type cells, indicative of replication-dependent DNA double-
strand breaks (DSBs) (Cheng et al., 2008).

Hexavalent chromium Cr(VI) is a human carcinogen and
environmental pollutant that is generated in the stainless steel,
chrome plating, and other industrial processes, and is present in
the majority of National Priority List toxic waste sites (Wise
et al., 2008). Cr(VI) exposure is a well-established risk factor
for developing respiratory diseases and cancers primarily in the
occupational setting (Ha er al., 2004). Extensive studies
indicate that Cr(VI) carcinogenesis is likely attributable to its
genotoxicity, however an understanding of cellular pathways
that are required for resistance to Cr(VI) induced DNA damage
is limited. Cr(VI) is readily taken up by the cell and is
ultimately reduced to Cr(IIl) (O’Brien et al., 2002). Cr(III)
reacts with DNA in divergent manners generating Cr-DNA
binary adducts, amino acid/glutathione/ascorbate/protein-Cr-
DNA ternary adducts, and DNA-Cr-DNA interstrand cross-
links (ICLs) (O’Brien et al., 2002; Xu et al., 1996), which are
presumed to induce single-strand breaks (SSBs) and DSBs
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(Ha et al., 2004; Xu et al., 1996). Cr(Ill)-induced lesions,
particularly ICLs, impede the progression of a variety of
DNA polymerases in vitro (Bridgewater et al., 1998; O’Brien
et al., 2002). Furthermore, cellular Cr(VI) exposure induces
S-phase dependent DSBs that can be detected by YH2AX
foci and pulse field gel electrophoresis (Ha et al., 2004;
Reynolds et al., 2009), suggesting that Cr-DNA complexes
trigger replication fork collapse to DSBs. Therefore, Cr(VI)
cytotoxicity is attributed partly to the inhibition of DNA
replication.

Based on the evidence that WRN facilitates repair of
stalled replication forks (Cheng et al. 2008; Dhillon et al.
2007; Pichierri et al., 2001; Sidorova, 2008), we hypothe-
sized that WRN functions in the cellular recovery from
Cr(VI)-induced genotoxic stress. Here we report that WRN-
deficient cells are more sensitive to Cr(VI) toxicity and that
stalled replication forks and DSBs, indicated by YH2AX foci,
persist longer in WRN-deficient cells compared with controls.
Cr(VI) exposure induced WRN protein translocation from the
nucleoli to nucleoplasmic YH2AX foci in S-phase cells,
supporting a role for WRN in responding to replication-
associated DNA breaks and stress. Consistent with this,
Cr(VI) exposure induced an accumulation of cells in S-phase
that exhibited high levels of nucleoplasmic YH2AX foci
indicative of stalled DNA replication. Collectively, our
results indicate that Cr(VI) induces replicative stress and
that WRN functions in the repair of and recovery from stalled
or collapsed replication forks caused by Cr(VI) exposure.
This is the first molecular evidence that WRN protein plays
a role in protecting cells from exposure to the environmental
pollutant Cr(VI).

MATERIALS AND METHODS

Cell culture and treatment. Human U20S osteosarcoma cells were
obtained from ATCC (Manassas, VA), and human WI-38 fetal lung
fibroblasts from the Coriell Cell Repositories (Camden, NJ). The telomer-
ase-immortalized normal fibroblast cell line (hTERT GMO01604) was
described previously (Ouellette et al., 2000). The telomerase-immortalized
WS fibroblast cell line ("\TERT AMIE15010) was a kind gift of Dr Junko
Oshima (University of Washington). U20S cell lines stably expressing an
short hairpin RNA (shRNA) against WRN (shWRN) or a scrambled (shRNA)
control (shCtrl), or stably expressing WRN with an EYFP fluorescent tag
(EYFP-WRN U20S) were described previously (Harrigan er al., 2006;
Opresko et al., 2004). To maintain selective pressure for the shRNAs and
EYFP-WRN expression, the cells were cultured in the presence of
hygromycin (200 pg/ml, Calbiochem) and geneticin G418 (200 pg/ml,
Invitrogen), respectively. Cells were cultured in Dulbecco’s Modified Eagle
Media supplemented with 10% fetal bovine serum in humidified chambers
with 5% CO, at 37°C. 15% fetal bovine serum was used for fibroblast
cultures. Cells were exposed to potassium dichromate (Sigma-Aldrich
Chemical Co., MO) in a series of experiments (time course, concentration-
response and recovery analysis). Concentrations given in the results and figure
legends are the concentrations of Cr(VI) ions and not the formula of the
compound (e.g., 2uM potassium dichromate = 4pM Cr(VI)).

Cellular toxicity. The cellular toxicity of Cr (VI) was determined with a cell
proliferation assay using (3,4,5-dimehtylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide (MTT) in 96-well plates and cell a viability assay (CVA). Cells were
exposed to Cr (VI), and the toxicity was evaluated with a Cultrex TACS MTT
Cell Proliferation Assay kit (Travigen, MD) according to the manufacturer’s
instruction. In cell viability assays, cells were seeded at a density of 1 X 10 cells
per well in six-well dishes and incubated overnight. Cells were exposed to
various concentrations of Cr(VI) for 24 h. Subsequently, cells were subcultured
by seeding 8 X 10> cells from each well into three 10-cm culture dishes followed
by incubation in Cr(VI)-free medium for 8 days. Cell number was counted at the
end of the experiment using a Z1 Coulter Particle Counter (Beckman Coulter,
aperture 100 pm). Results were expressed as the cell number in the treated wells
relative to cells in the untreated wells (fraction of control).

Western blotting analysis. To confirm WRN depletion by the shRNA
against WRN, the cell lysates were immunoblotted with rabbit anti-WRN
polyclonal antibody (Novus, Littleton, CO). For analysis of chromatin associated
proteins, the protein in the soluble and insoluble fractions (pellet) of the cell
lysates were prepared as described previously (Cheng et al., 2003) and probed
with antibodies (mouse anti-WRN 195C/G6 monoclonal, Opresko et al., 2007,
mouse anti-glyceraldehyde-3-phosphate dehydrogenase monoclonal, Santa Cruz,
CA; mouse anti-Lamin B1 polyclonal, MBL). Secondary antibodies were
detected with enhanced chemiluminescent plus (Amersham Biosciences, NJ).

Immunofluorescence. EYFP-WRN U20S cells (2 X 10°) were seeded in
35-mm glass bottom culture dishes (MatTek Corp., MA). Cells were fixed with
2% paraformaldehyde for 15 min, permeabilized with 0.1% Triton X-100 for 15
min, and then blocked in 2% BSA for 1 h. For YH2AX detection, cells were
incubated with mouse anti-yH2AX monoclonal antibody (1:500; Upstate,
Billerica, MA) and then with Cy5-conjugated goat anti-mouse secondary antibody
(1:400; JIR Laboratories, Inc., West Grove, PA). For the quantitation of WRN and
YH2AX foci colocalization, those foci that were adjacent but not clearly
overlapping were not considered to colocalize and were excluded from analysis.

To indentify S-phase cells, the cells were pulse-labeled with 50uM
bromodeoxyuridine (BrdU) (Sigma-Aldrich) in fresh Cr(VI)-free media for
1 h, which is the time required for DNA replication in U20S cells (Major et al.
2004). Duplex DNA was denatured following the permeabilization of cells as
described previously (Esin et al., 1999). BrdU was detected with mouse anti-
BrdU monoclonal anitbody (BD Pharminagen, 1:50) and Cy5-conjugated goat
anti-mouse secondary antibody (JIR laboratories, Inc., 1:400). BrdU in-
corporation under nondenaturing conditions (Bischof et al., 2001) was
conducted to identify regions of ssDNA (Xu et al., 1996).

Detection of colocalization of y-H2AX with BrdU incorporation was
conducted with double-immunostaining. The BrdU labeling and immunostain-
ing of y-H2AX were conducted as stated above, and then the samples were
fixed again with 2% paraformaldehyde. After DNA denaturation, the cells were
blocked in 2% BSA and then immunostained with sheep anti-BrdU antibody
(1:100; Genetex, Irvine, CA), followed by incubation with a fluorescein-5-
isothiocyanate-conjugated anti-sheep IgG antibody (JIR Laboratories, Inc.,
1:100). Nuclei were counterstained with 10 pg/ml 4’,6-diamidino-2-phenyl-
indole (DAPI).

Laser scanning confocal microscopy. Individual image planes (1024 X
1024 pixel resolution) were acquired as single scans on an Olympus FluoView
1000 confocal microscope (Olympus America, Inc., NY) equipped with
a PlanApo N 60x/1.42 oil immersion objective with Fluoview software. Images
obtained with different fluorescence filter sets were merged using the Fluoview
software and then processed using Adobe Photoshop. At least 10 random fields
were obtained from each individual treatment. All images from the same
experiments were taken with the same exposure settings to ensure consistent
quality for quantitative analyses. For nucleoplasmic WRN foci and YH2AX foci
analysis, only distinct foci were quantified.

Statistical analysis. All statistical analyses were performed using SAS
software (SAS, version 9.2, NC). The data analysis was conducted using one-
way ANOVA followed by Duncan’s multiple comparison. To examine the
correlation among different types of markers, Pearson correlation analyses were
conducted. The statistically significant level was set at p < 0.05.
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RESULTS

WRN Deficiency Leads to Increased Cellular Sensitivity to
Cr(VI) Toxicity
WS cells are hypersensitive to genotoxic chemotherapeutic
agents that induce DNA replication fork stalling such as DNA
cross-linkers and topoisomerase poisons (Pichierri et al., 2001).
However, limited information is known about WRN’s role in
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responding to environmental genotoxicants. To test whether
WRN functions in protecting cells from Cr(VI) toxicity, we
used U20S cell lines that stably express either a short hairpin
(sh) RNA targeting WRN mRNA or a control shRNA (Fig.
1A). These are well characterized model cell lines that were
shown to respond similarly to WS cells with regard to
hypersensitivity to DNA damaging agents (Cheng et al.,
2006, 2008; Harrigan et al., 2006). Cells were treated with 0.5—
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FIG. 1.

WRN-deficient cells are hypersensitive to Cr(VI) toxicity and exhibit delayed recovery from Cr(VI)-induced DNA damage. (A)Western blot showing

WRN expression levels in U20S cells stably expressing either the control or WRN shRNAs. (B) Cellular toxicity of Cr(VI). U20S cells were exposed to the
indicated Cr(VI) concentrations for 72 h and cell proliferation was evaluated by the MTT assay. In the cell viability assay (CVA), U20S cells, and telomerase-
immortalized wild-type (GM01604) and WS (AMIES5010) fibroblasts were exposed to the indicated Cr(VI) concentrations for 24 h. Then a subpopulation of cells
were cultured in Cr(VI)-free medium for 8 days and the final cell number was counted. Data represent the mean + SE from two independent experiments. Asterisks
indicate significant difference between the two cell lines, p < 0.05. (C, D) YH2AX kinetics after cell exposures to 0 or 4uM Cr(VI) for 24 h, followed by culturing
in Cr(VI)-free medium for the indicated recovery times. Cells were immunostained for YH2AX (red). Bars, 10 um. (D) The average number of YH2AX foci per
cell, based on at least 50 randomly chosen cells for each time point in each group. Values represent the percent relative to the corresponding untreated group.

GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase.
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40uM Cr(VI) for 72 h and analyzed for toxicity by the
metabolic MTT assay. WRN depleted cells exhibited a signif-
icant increase in sensitivity to Cr(VI) toxicity, compared with
the control shRNA cells (Fig. 1B). Exposure to 0.5uM Cr(VI)
induced the same level of toxicity in the WRN-deficient cells as
S5uM Cr(V]) in the control (Supplemental Table S1), revealing
that WRN depletion caused a 10-fold increase in sensitivity to
Cr(VI). Furthermore, WRN depleted cells were significantly
more sensitive to Cr(VI) induced reproductive cell death as
determined by a cell viability assay that detects both cell death
and irreversible cell cycle arrest (see Material and Methods)
(Fig. 1). Because the cell viability assay is more sensitive than
the metabolic assay, the exposures were limited to 24 h and
lower Cr(VI) concentrations were tested. Increased Cr(VI)
sensitivity was also observed with telomerase-immortalized
fibroblasts from a WS patient (hTERT AMIE 5010), when
compare to fibroblasts from a normal patient (hTERT
GMO01604) (Fig. 1). Together, the results from the U20S and
fibroblast cell lines indicate that loss of WRN protein function
results in increased sensitivity to Cr(VI)-induced toxicity.

We hypothesized that WRN-deficient cells are hypersensitive
to Cr(VI) due to a decreased ability to recover from Cr(VI)-
induced DNA damage or replication stalling. Phosphorylation of
histone H2AX (yYH2AX) is a biomarker of DNA DSBs and
replicative stress (Davalos and Campisi, 2003). YH2AX foci
formation indicates that exposure to an agent triggered a cellular
DNA damage response, and is a marker for genotoxicity but not
necessarily cytotoxicity if the cells can recover from the DNA
damage. To examine the kinetics of Cr(VI)-induced DNA
damage and repair, cells were exposed to 4uM Cr(VI) for 24 h,
and then cultured in Cr(VI)-free medium. After Cr(VI) treatment
similar numbers of YH2AX foci were observed in both wild-type
and WRN depleted cell lines (average number per cell of 21 and
18, respectively) (Fig. 1C). Subsequent culturing in Cr(VI)-free
medium resulted in a progressive reduction in YH2AX foci
number that began after 6 h of recovery in control cells, but not
until after 12 h in WRN depleted cells (Fig. 1D). After 48 h of
recovery, the number of YH2AX foci returned to background
levels in control cells, whereas numerous YH2AX foci persisted
in the WRN-deficient (an average of 11 YH2AX foci versus 4.4 in
control cells). Therefore, WRN depletion results in the longer
persistance of YH2AX foci induced by Cr(VI) exposure, and the
much slower recovery from Cr(VI)-induced DSBs and/or stalled
replication forks.

WRN Translocates from the Nucleolus into Nucleoplasmic
Foci in Response to Cr(VI)

Because WRN depleted cells are hypersensitive to Cr(VI)
toxicity and exhibit a delayed reduction in YH2AX foci, we
predicted that WRN has a direct role in responding to Cr(VI)-
mediated DSBs and stalled forks. WRN responds to DNA
damage primarily through alterations in subnuclear localization
directed by posttranslational modifications (Blander ez al., 2002;
Karmakar and Bohr, 2005; Muftuoglu et al., 2008). WRN
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mainly localizes to the nucleolus in most of the human cell lines
tested (Blander et al., 2002; Karmakar and Bohr, 2005; Suzuki
et al., 2001). Exposure to chemicals that generate DSBs, ICLs,
base damage, and replication fork arrest, induces WRN trans-
location to nucleoplasic foci (Blander et al., 2002; Karmakar and
Bohr, 2005). We investigated whether Cr(VI) exposure alters
WRN subcellular localization, by employing a human U20S cell
line that stably expresses an EYFP-WRN fusion protein as
previously described (Opresko et al., 2004). The EYFP tag does
not alter WRN localization, but enables the detection of clear
distinct foci for quantitation (Suzuki et al., 2001). WRN resides
mainly in the nucleolus in untreated cells, but moves into the
nucleoplasm upon Cr(VI) exposure (Fig. 2A). The percent of cells
that exhibited no nucleolar WRN, indicative of complete WRN
mobilization (Fig. 2A, 4uM-2), increased significantly from an
average of 0.3% to as high as 16.5% after 4uM Cr(VI) treatment
(Fig. 2B). We classified the WRN nucleoplasmic localization
patterns into three categories: (1) 0-5 WRN foci (background
levels, observed in 98% of untreated cells); (2) 615 foci; and (3) >
15 foci which includes diffuse WRN staining across the
nucleoplasm (multiple poorly defined tiny foci) (Fig. 2A, 4uM-
2). The average percent of cells decreased in group 1, and
increased in groups 2 and 3 as a function of Cr(VI) concentration
(Fig. 2C). Thus, Cr(VI) exposure induced the mobilization of
WRN protein, and both the extent and pattern of WRN
mobilization was dependent on Cr(VI) concentration.

WRN mobilization depended not only on the Cr(VI)
concentration, but also on the duration of Cr(VI) exposure.
EYFP-WRN movement in U20S cells was observed as early
as 3 h after 4uM Cr(VI) treatment and increased with time
(Fig. 3). The average percent of cells with WRN nucleolar
exclusion increased significantly starting from 6% at 12 h and
reached a plateau of 35% after 48 h (Fig. 3B). Similarly, the
percent of cells with few WRN nucleoplasmic foci (0-5)
decreased during the time course and reached a plateau at 48 h,
whereas the percent of cells with multiple WRN foci (greater
than 15) continued to increase with exposure time (Fig. 3C).
Thus, WRN responds rapidly to Cr(VI) treatment and the
response increases and persists throughout the Cr(VI) exposure.

To ensure that Cr(VI) also induces the translocation of
endogenous WRN in a nontransformed cell line, we exposed
WI-38 diploid human lung fibroblasts which represent relevant
targeted cells for Cr(VI) exposure by inhalation. In the untreated
cells, WRN localized to the nucleolus as expected (Fig. 2D). In
contrast, Cr(VI) exposure increased the percent of the cells showing
WRN nucleolar exclusion from an average of 2.8% at 0.2uM to
25% at 4uM Cr(VI), in a concentration-dependent manner (Fig. 2D
and Supplemental Fig. S1). Nearly 100% of the WI38 cells
exhibited WRN nucleolar exclusion at 8uM Cr(VI) (data not
shown). This indicates that endogenous WRN in nontransformed
lung fibroblasts rapidly responds to Cr(VI) exposure, as observed
for EYFP-WRN in the U20S cell line. These data also provide
evidence that endogenous WRN plays an important role in
protecting normal cells from Cr(VI)-induced toxicity.
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FIG. 2. Cr(VI) induces WRN translocation. (A) Representative confocal images of EYFP-WRN U20S cells (green). U20S cells were exposed to various
Cr(VI) concentrations for 24 h. Bars, 10 um. (B) The percent of U20S cells exhibiting WRN nucleolar exclusion. (C) The distribution of U20S cells showing
WRN nucleoplasmic foci. Cells were categorized into three groups, as indicated, according to the nucleoplasmic WRN foci number. In (B) and (C), data represent
the mean + SE from five independent experiments, based on at least 50 randomly chosen cells from each Cr(VI) treatment. (D) Representative confocal images of
WI38 cells exposed to 0 or 4uM Cr(VI) for 24 h. Cells were immunostained for WRN. Bars, 10 um. The percent of WI38 cells exhibiting nucleolar WRN
exclusion based on at least 120 randomly chosen cells from each Cr(VI) treatment. Data represent the mean + SE from two independent experiments. Symbol(s)
above a bar indicates significantly different from the control (p < 0.05). Bars with a different number of symbols are significantly different (p < 0.05) from each

other within each category.

WRN Localizes to Sites of DNA Damage Induced by Cr(VI)
Exposure

Next, we investigated whether WRN is recruited to Cr(VI)-
induced sites of DSBs or stalled replication forks. Exposure of
the cells to 4uM Cr(VI) induced a threefold increase in WRN
colocalization with chromatin DNA (Fig. 4B). Cr(VI) exposures
above 0.2uM caused a concentration dependent increase in the
number of YH2AX foci per cell from an average of 6.1-24 foci
at the highest concentration. A significant correlation was
observed between the increases in nucleoplasmic WRN foci and
the number of YH2AX foci after Cr(VI) treatment (Supplemental
Table S2), indicating that WRN protein mobilization is
determined by the level of Cr(VI) induced DSBs and stressed
replication forks. To measure directly whether WRN translocates
to YH2AX foci after Cr(VI) treatment we evaluated two
parameters: (1) the percent of cells exhibiting colocalized foci
and (2) the percent of WRN foci that colocalized with YH2AX
foci. The average percent of cells showing WRN and YH2AX

colocalization increased significantly starting from 1pM Cr(VI)
treatment and greater, compared with untreated cells, and was as
high as 76% at 4uM Cr(VI) (Fig. 4D). The average percent of
WRN foci that colocalized with YH2AX foci also increased
significantly as a function of Cr(VI) concentration, up to 55% at
4uM Cr(VI). Notably, cells exhibiting colocalization of WRN
and YH2AX in untreated cells was rare (0.1%), but in these cells
about 20% of the WRN foci localized to YH2AX sites (Fig. 4D),
indicating that WRN is also involved in the repair of
spontaneous DNA damage.

The Kinetics of WRN Relocalization to the Nucleoli after
Cr(VI) Exposure Correlates with Recovery from DNA
Damage

To investigate WRN response to Cr(VI) post exposure, we
exposed EYFP-WRN U20S cells to 4uM Cr(VI) for 24 h and
then cultured the cells in Cr(VI)-free medium for the indicated
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exhibiting WRN nucleolar exclusion. Data are presented as mean + SE from two independent experiments. (C) The percent of cells with various WRN
nucleoplasmic foci number, as indicated. Quantitation analysis was conducted as in Figure 2C. Data are presented as mean = SE from two independent
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recovery times (Fig. 5A). As reported in Figure 2, Cr(VD)-
induced WRN mobilization into numerous nucleoplasmic foci
in which cells either retained some WRN in the nucleoli
(Fig. 5A, 4uM-1) or exhibited complete mobilization and
nucleolar exclusion (Fig. 5A, 4uM-2). We found that Cr(VI)-
induced WRN mobilization was reversible in a time-de-
pendent fashion (Fig. 5A). Consistent with this, the percent of
cells showing nucleolar WRN exclusion and the average
WRN foci number per cell decreased to full basal levels by 24
h and 48 h, respectively (Figs. 5B and 5C). Because all of the
U20S cell lines had similar levels of Cr(VI)-induced YH2AX
foci at 24 h (data not shown), we compared the kinetics of
WRN relocalization (Fig. 5) to the reduction in YH2AX foci
(Fig. 1D) during recovery from Cr(VI) exposure. The
reduction in the numbers of WRN foci and YH2AX foci
was highly and significantly correlated (r = 0.97, p = 0.002),
indicating that WRN translocation back to the nucleoli
coincides with the repair of DSBs and recovery from stalled
forks.

Cr(VI) Induction of WRN Mobilization to Nucleoplasmic Foci
Occurs in S-Phase Cells

Because Cr(VI) induces lesions that cause replication fork
blocks (Bridgewater et al., 1998; Ha et al., 2004), we predicted
that WRN may respond to Cr(VI)-induced DNA damage during
S-phase. To identify S-phase cells we assayed for incorporation
of the nucleotide analog BrdU which is widely used as a marker
of cells undergoing DNA replication (Bischof et al.,2001). BrdU
was not detected by immunostaining under nondenaturing
conditions, indicating that 4uM Cr(VI) does not induce large
regions of single-stranded DNA (Bischof et al., 2001; Xu et al.,
1996). In contrast, BrdU staining was detected in a significant
fraction of the cells under denaturing conditions reflecting the
incorporation of BrdU in duplex DNA (Figs. 6A, B).
Approximately 38% of the untreated cells were in S-phase
reflecting the short population doubling time (0.7-0.8 days) of
this cell line (Graat et al., 2006). Cr(VI) exposures as low as
0.2uM increased the fraction of S-phase cells more than 15%,
and 4uM Cr(VI) doubled the fraction of S-phase cells (Fig. 6B).
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each Cr(VI) treatment. Symbol(s) above a bar indicates significantly different from the control (p < 0.05). Bars with a different number of symbols are significantly

different (p < 0.05) from each other within each category.

These data indicate that Cr(VI) induces a significant accumula-
tion of cells in S-phase, consistent with replicative stress.

Next we examined WRN staining in the S-phase population.
Because an average of 0-5 WRN nucleoplasmic foci per cell
represents background levels (Fig. 2C), we calculated the
percent of BrdU-positive cells showing more than five WRN
foci (Fig. 6C). This percent doubled even with 0.2uM Cr(VI)
and increased as a function of Cr(VI) concentration up to an
average of 77% (Fig. 6C). In contrast, there was no
concentration-dependent increase in WRN foci number in
non-S phase cells (Fig. 6C). Furthermore, a significant
correlation existed between WRN nucleoplasmic foci number
and the percent of BrdU-positive cells across Cr(VI) concen-
trations (Supplemental Table S2). Thus, we found that WRN
nucleoplasmic foci induced by Cr(VI) were primarily in
S-phase cells. These data demonstrate that WRN responds to
Cr(VI) induced DNA damage primarily in S-phase of the cell
cycle, providing evidence that Cr(VI) induces replicative stress.

Cr(VI) Induces YH2AX Foci in S-Phase Cells Indicative of
Replication Fork Stress
To confirm that Cr(VI) exposure induces DNA replicative
stress we examined the formation of YH2AX foci in cells
undergoing DNA replication, which is a biomarker for stalled

and damaged replication forks (Davalos and Campisi, 2003).
Cr(VI) exposure induced an increase in the fraction of S-phase
cells with levels of YH2AX foci that are above background,
from an average of 11% in untreated cells up to 82% after 4uM
Cr(VI) exposure (Fig. 7). Consistent with this, a significant
correlation existed between the percent of cells in S phase and
YH2AX foci number (Supplemental Table S2). We plotted the
percent distribution of BrdU-positive and -negative cells
against YH2AX foci number (Fig. 7A). Most of the BrdU-
negative cells exhibited low background levels of YH2AX foci
(0-10) across all Cr(VI) concentrations. In contrast, the percent
distribution shifted to the right (increased foci number) as
a function of increased Cr(VI) concentration in the BrdU-
positive cells. These data further support a role for Cr(VI)
exposure in causing replication stress.

DISCUSSION

Emerging evidence strongly supports a role for WRN in the
recovery from, and repair of, replication-associated DSBs
induced by endogenous and exogenous sources (Dhillon et al.,
2007; Otterlei et al., 2006; Rodriguez-Lopez et al., 2007,
Sidorova, 2008). DSB formation by Cr(VI) may result from
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FIG. 5. WRN relocalizes to the nucleoli post Cr(VI) exposure. (A)
Confocal images of EYFP-WRN U20S cells exposed to 4uM Cr(VI) for 24 h,
followed by incubation in Cr(VI)-free medium for various times. Bars, 10 um.
(B) The percent of the cells exhibiting WRN nucleolar exclusion. (C) The
distribution of cells with various WRN nucleoplasmic foci number.
Quantitative analysis was conducted as in Figure 2C. Data in (B) and (C)
represent the mean + SE from two independent experiments. Symbol(s) above
a bar indicates significantly different from the control (p < 0.05). Bars with
a different number of symbols above are significantly different (p < 0.05) from
each other within each category.

replication inhibition through the production of DNA blocking
lesions, such as ICLs (Ha et al., 2004; Xu et al., 1996). Here we
report the first molecular evidence that WRN functions in
responding to, and recovery from, Cr(VI)-induced DNA damage
and replication stress. WRN deficiency resulted in hypersensi-
tivity to Cr(VI) toxicity in U20S and fibroblast cell lines, and
delayed repair of induced DSBs and stalled forks. WRN
localized to DNA damage sites in response to Cr(VI)-induced
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FIG. 6. Cr(VI) induces an accumulation of S-phase cells that exhibit
increased nucleoplasmic WRN foci. (A) Confocal images of EYFP-WRN U20S
cells exposed to various Cr (VI) concentrations for 24 h. Cells were pulse-labeled
with BrdU and immunostained for BrdU incorporation (red). Bars, 10 pm. (B)
The percent of cells with BrdU incorporation. (C) The percent of the BrdU-
positive and negative cells that exhibited more than five nucleoplasmic WRN
foci. Data in (B) and (C) represent the mean + SE from two independent
experiments. Symbol(s) above a bar indicates significantly different from the
control (p < 0.05). Bars with a different number of symbols above are
significantly different (p < 0.05) from each other within each category.

replication stress, which is indicated by WRN mobilization to
nucleoplasmic foci in S-phase cells, that colocalized with
YH2AX foci. The kinetics of WRN mobilization back to the
nucleolus during recovery from Cr(VI) treatment coincided with
the kinetics of recovery from DSBs and stalled forks. The
observation that Cr(VI) induced an accumulation of cells in
S-phase that exhibited increased YH2AX foci provides further
evidence the Cr(VI) triggers replicative stress. To our knowl-
edge, this is the first demonstration that WRN functions in
protecting cells from replicative stress induced by the environ-
mental pollutant Cr(VI).
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Previous reports indicate that WRN-deficient cells are
hypersensitive to toxicity induced by select DNA damaging
agents that cause replicative stress (Dhillon et al., 2007,
Rodriguez-Lopez et al., 2007). Thus, we hypothesized that the
hypersensitivity of WRN-deficient cells to Cr(VI) toxicity
reported here was also caused by replicative stress (Fig. 1B).
Consistent with this, we observed that WRN depleted cells
responded similarly to Cr(VI) exposure as cells that are
deficient in other proteins implicated in the recovery from
stalled forks, namely FA-A (Fanconi anemia complementation
group A) and MUSS81. FA-A is part of the Fanconi anemia
pathway that repairs ICLs (Vilcheck et al., 2002), and MUSS81
is an endonuclease proposed to cleave stalled replication forks
for repair (Franchitto et al., 2008). Similar to WRN (Fig. 4C),
FA-A or MUSS81 deficiencies also increases sensitivity to
Cr(VI) toxicity and YH2AX foci accumulation, compared with
controls (Tamblyn et al., 2008; Vilcheck et al., 2002). In line
with our results (Fig. 7), the induced YH2AX foci occurred
primarily in S-phase cells (Tamblyn et al., 2008; Vilcheck
et al., 2002) suggesting they resulted from replication fork

stalling and damage. Furthermore, we found that WRN does
not prevent DSB formation in response to Cr(VI), but rather
facilitates their repair. The numbers of YH2AX foci were
similar in WRN depleted and control cells immediately after
Cr(VI) exposure (Fig. 1C), but persisted longer in the WRN
depleted cells during recovery (Fig. 1D). Similar results were
reported for WRN-deficient fibroblasts when replication fork
stress was induced by nucleotide depletion (Dhillon et al.
2007). In summary, our data suggest that WRN-deficient cells
exhibit increased sensitivity to Cr(VI) toxicity due to an
accumulation of DSBs and stalled replication forks.

WRN trafficking between the nucleolus and nucleoplasm
upon replication stress has been well documented (Blander et al.,
2002; Karmakar and Bohr, 2005; Sakamoto et al., 2001). The
WRN localization studies reported here support a direct role for
WRN in recovery from Cr(VI) induced DNA damage. WRN
mobilization from the nucleoli into discrete nucleoplasmic foci
was dependent on both Cr(VI) concentration and exposure
duration, and the mobilization was reversed upon removal of
Cr(VI) from the media (Figs. 2, 3, 5, and Fig. S1). Importantly,
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Cr(VI) induced mobilization of endogenous WRN in primary
lung fibroblasts (Fig. 2D), and lung represents a relevant target
for Cr(VI) exposure by inhalation and subsequent respiratory
disease. Notably, the percent of cells with nucleolar WRN
exclusion remained at maximal levels between 48 and 72 h
Cr(VI) exposure (Fig. 3B), possibly because WRN-independent
pathways are initiated or upregulated during extended Cr(VI)
exposures. Cr(VI) induction of WRN movement to nucleoplas-
mic YH2AX foci strongly supports arole for WRN in responding
to and/or repairing the DNA damage (Fig. 4A). Although the
majority of WRN and YH2AX foci colocalized, the colocaliza-
tion was not 100% potentially due to WRN roles in repair of other
non-DSB DNA lesions (Muftuoglu et al. 2008) and other WRN-
independent pathways for DSB repair (Sidorova et al., 2008).
Nonetheless, the WRN trafficking kinetics are in good agreement
with the kinetics of YH2AX foci formation during Cr(VI)
exposure (Fig. 1D, Figs. 2A-C, Figs. 4A, B). Upon recovery
from Cr(VI) exposure, cells showed a parallel reduction in WRN
and YH2AX foci number (Figs. 1D and 5), which further supports
arole for WRN in recovery from Cr(VI)-induced DNA damage
and replication fork stalling.

Our data suggest that WRN responds to Cr(VI)-induced
DSBs that are formed indirectly during replication. Upon
replicative stress, cells arrest in S-phase, allowing time for
DNA repair and replication fork re-initiation (Wu and Hickson,
2006). We observed an accumulation of cells in S-phase after
Cr(VI) exposure in agreement with previous reports (Fig. 6;
Bakke er al., 1984; Xie et al., 2005; Xu et al., 1996). Indeed,
the accumulation of cells in S-phase is induced by other
chemicals that inhibit DNA replication and trigger replicative
stress, which also correlate with an increase in WRN
nucleoplasmic foci (Sakamoto er al., 2001). Similarly, we
found that the Cr(VI)-induced WRN nucleoplasmic foci were
primarily in S-phase cells (Fig. 6). WRN is proposed to play
important roles in both normal DNA replication by resolving
secondary structures such as G4-quadraplex, and in replication
after DNA damage by promoting the restoration of stalled
replication forks through repair of subsequent DSBs (Dhillon
et al., 2007; Rodriguez-Lopez et al., 2007). Our finding that
after Cr(VI) exposure the majority of cells (> 87%) with
increased YH2AX foci were in S-phase (Fig. 7A), agrees with
previous reports that Cr(VI) induces YH2AX foci specifically
in S-phase cells or cells in G2 that passed through S-phase (Ha
et al., 2004; Reynolds et al., 2007; Tamblyn et al., 2008;
Vilcheck et al., 2002). Together these studies suggest that
Cr(VI) induction of DSBs depends on DNA replication.

Based on data from the current and previous studies, we
propose a model for WRN in responding to Cr(VI)-induced
DNA damage to protect against toxicity (Fig. 7B). Treatment
with low concentrations of Cr(VI) can produce SSBs, that can
cause replication fork collapse into DSBs (Ha e al., 2004).
Alternatively, ICLs and bulky protein-Cr-DNA cross-links
block replication fork progression (Ha et al., 2004), and
endonucleases MUS81-EME1 or XPF-ERCCI1 nick the
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template strand, forming DSBs amenable to repair by
homologous recombination (Motycka et al., 2004; Tamblyn
et al., 2008). Presumably, the generation of DSBs activates
checkpoints resulting in the accumulation of cells in S-phase
(Bakke et al., 1984; Ha et al., 2004; Xie et al., 2005). We
propose WRN is mobilized to facilitate DSB repair and
recovery from stalled forks. It is possible that WRN trans-
location may occur prior to S-phase arrest, because WRN
collaborates with ATM in an intra S-phase checkpoint response
to collapsed replication forks (Cheng et al., 2008). DSBs from
collapsed replication forks during S-phase are mainly repaired
through HR in human somatic cells (Wu and Hickson, 2006).
WRN roles in HR repair of Cr(VI) induced replication-
dependent DSBs is supported by several lines of evidence. (1)
WRN interacts with many HR proteins (Otterlei ez al., 2006;
Sidorova, 2008) and functions in the HR repair of replication-
associated DSBs, including those induced by ICLs (Cheng
et al., 2006; Otterlei et al., 2006) and Cr(VI) induces ICLs
formation (Xu et al., 1996). (2) HR deficient cell lines are more
sensitive to Cr(VI) toxicity (O’Brien et al., 2002), and Cr(VI)
induces RADS51 foci formation (Tamblyn et al., 2008).
Following replication fork recovery, indicated by a reduction
in YH2AX foci, WRN relocalizes back to the nucleoli.

Our study provides further evidence that Cr(VI) induces
replicative stress and replication-associated DNA breaks.
Furthermore, we show that decreased repair of Cr(VI)
replication-dependent DNA damage, as in WRN-deficient
cells, leads to increased toxicity in both U20S and fibroblasts
cells. The failure to properly restore damaged replication forks
can lead to DSBs, chromosomal rearrangements and increased
cancer as observed in WS patients (Opresko et al., 2007).
WRN mobilization in Cr(VI)-targeted cells (lung fibroblasts)
upon Cr(VI) exposure supports a role for WRN in protecting
against Cr(VI)-induced genotoxicity and carcinogenicity. Risk
assessment studies indicate that Cr(VI) exposure below the
permissible limit may still pose a significant threat and cause an
additional 45 cancer deaths per 1000 workers (OSHA, 2006;
Reynolds et al., 2009). Thus, a complete understanding the
mechanisms of Cr(VI)-induced genotoxicity and carcinogenic-
ity, and the cellular pathways that protect against the potential
mutagenic consequences of Cr(VI) exposure is critical.
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