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Modulation of DNA repair proteins by small molecules has
attracted great interest. An in vitro helicase activity screen was
used to identify molecules that modulate DNA unwinding by
Werner syndrome helicase (WRN), mutated in the premature aging
disorder Werner syndrome. A small molecule from the National
Cancer Institute Diversity Set designated NSC 19630 [1-(propox-
ymethyl)-maleimide] was identified that inhibited WRN helicase
activity but did not affect other DNA helicases [Bloom syndrome
(BLM), Fanconi anemia group J (FANCJ), RECQ1, RecQ, UvrD, or
DnaB). Exposure of human cells to NSC 19630 dramatically
impaired growth and proliferation, induced apoptosis in a WRN-
dependent manner, and resulted in elevated y-H2AX and prolifer-
ating cell nuclear antigen (PCNA) foci. NSC 19630 exposure led to
delayed S-phase progression, consistent with the accumulation of
stalled replication forks, and to DNA damage in a WRN-dependent
manner. Exposure to NSC 19630 sensitized cancer cells to the G-
quadruplex-binding compound telomestatin or a poly(ADP ribose)
polymerase (PARP) inhibitor. Sublethal dosage of NSC 19630 and
the chemotherapy drug topotecan acted synergistically to inhibit
cell proliferation and induce DNA damage. The use of this WRN
helicase inhibitor molecule may provide insight into the impor-
tance of WRN-mediated pathway(s) important for DNA repair
and the replicational stress response.

genomic instability | human disease

Inhibition of DNA repair has been proposed as a strategy for
combating cancer (1). Synthetic lethality is an approach that
exploits preexisting DNA repair deficiencies in certain tumors to
develop inhibitors of DNA repair pathways that compensate for
the tumor-associated repair deficiency. Because helicases play
critical roles in the DNA damage response and DNA repair,
particularly in actively dividing and replicating cells, character-
ization of synthetic lethal relationships of DNA helicases may be
of value in developing improved anticancer treatment strategies
(2); moreover, small molecules that specifically target a given
DNA helicase may be useful for understanding the role of the
helicase in cellular nucleic acid metabolism.

We sought to identify and characterize a small-molecule in-
hibitor of a human RecQ helicase that is important for the cellular
response to replicational stress. The RecQ family of DNA heli-
cases has been implicated in the maintenance of genomic stability
and human disease. Mutations in the Werner syndrome (WRN),
Bloom’s syndrome (BLM), and RecQ protein-like 4 (RECQL4)
genes are responsible for the human disorders Werner syndrome,
Bloom’s syndrome, and Rothmund-Thomson syndrome, respec-
tively (3). RecQ helicases are required for normal cellular DNA
replication, repair, and recombination. Although this interesting
class of enzymes has been studied extensively, the precise functions
of these proteins in vivo still are not well understood.

We chose to focus on the WRN helicase as a target for small-
molecule inhibition based on the plethora of evidence that WRN
plays an important role in cell proliferation and DNA repair (4-
6). Werner syndrome is a premature aging disorder that displays
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many clinical symptoms of aging at an accelerated rate (7). The
WRN gene product that is defective in the chromosomal in-
stability disorder has DNA helicase and exonuclease activities
and interacts with a number of nuclear proteins to maintain
genomic stability (8). We investigated the hypothesis that a po-
tent and specific WRN helicase inhibitor could be identified and
used to inhibit WRN-dependent functions in vivo. Our findings
provide evidence that a small molecule can modulate in vivo the
function of a human helicase in the DNA damage response.

Results

In Vitro WRN Helicase Activity Screen of National Cancer Institute
Diversity Set Compounds. The National Cancer Institute (NCI)
Diversity Set library was screened for inhibitors of WRN helicase
activity using an in vitro radiometric assay with a 19-bp forked
duplex DNA substrate. Initially, a single 50-pM concentration of
the compound was tested (Fig. S14). Approximately 70% of the
DNA substrate was unwound by WRN incubated with 5% DMSO
in the control reaction (Fig. S14). Compound 5 strongly inhibited
WRN helicase activity. WRN helicase data from a larger group of
500 compounds from the NCI Diversity Set are shown in Fig. S1B.
Seven of the small molecules identified from the initial screen were
chosen for further analysis based on their ability to inhibit WRN
helicase activity by 75% or more (Table S1). ICsy values were
determined from compound titrations as shown by NSC 19630
(Fig. S1 C and D), giving a range of 2-20 uM for the small mole-
cules tested (Fig. S1E). To examine the specificity of WRN heli-
case inhibition, we tested the selected compounds on DNA
unwinding catalyzed by two related human RecQ helicases
(RECQ1 and BLM), Fanconi anemia group J (FANCJ) helicase
mutated in Fanconi anemia, and three Escherichia coli helicases
(RecQ, UvrD, and DnaB) (Table S2). Based on results from DNA
unwinding assays with WRN and other helicases, two compounds
(NSC 19630 and NSC 2805) inhibited WRN helicase activity but
not the other six DNA helicases assayed.

Cell Proliferation Assays to Screen WRN Helicase Inhibitors. To de-
termine if the small molecules identified by the in vitro WRN
helicase activity screen were biologically active, we examined their
effect on the proliferation of the human cervical cancer cell line
HeLa 1.2 11 (hereafter abbreviated “HeLa”). HeLa cells were
exposed to DMSO (as a control) or to increasing concentrations of
selected small molecules for 0-3 d. Proliferation of compound-
treated cells was compared with the DMSO-treated cells. Of the
compounds tested, NSC 19630 showed the greatest inhibition
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of cell proliferation at the lower concentrations (Fig. 14). NSC
19630 (3 pM) inhibited proliferation by 95% after day 2 (Fig. 14).
Higher concentrations of NSC 19630 (6 pM and 12 pM) inhibited
proliferation by 99% after day 1. Because NSC 19630 inhibited
proliferation of p53-inactivated HeLa cells at the lowest concen-
tration among all tested compounds, we examined its effect on
proliferation of U20S cells that have a wild-type p53 gene. As
shown in Fig. S2, 80% and 90% inhibition of U20S cell pro-
liferation was observed after exposure to NSC 19630 for 2 or 3 d,
respectively.

Specificity of NSC 19630-Mediated Inhibition of Cell Proliferation. To
determine if the antiproliferative effect of NSC 19630 was me-
diated through inhibition of WRN cellular function, we com-
pared its effect on WRN-depleted cells and on control cells.
First, we established that the WRN protein level depleted by
siRNA interference remained low throughout the 4-d time
course of the experiment. Western blot analysis demonstrated
that WRN was reduced by >90% throughout the 4 d after
siRNA-WRN treatment (Fig. S3). WRN-depleted HeLa cells
were treated with DMSO or 3 pM NSC 19630 for 0-3 d (Fig.
1B). WRN-depleted HeLa cells grown in the presence of 3 pM
NSC 19630 were resistant to its antiproliferative effects, whereas
control siRNA HeLa cells were highly sensitive to NSC 19630
(Fig. 1B). The other compounds tested (NSC 83224, NSC 42352,
and NSC 2805) showed less significant inhibition of cell pro-
liferation, and the antiproliferative effect was not dependent on
WRN status, because WRN-depleted cells’ sensitivity to the
compound tested was similar to that of control cells (Fig. S3). To
assess if recovery of WRN expression after siRNA-mediated
suppression reestablished NSC 19630 sensitivity, the WRN-de-
pleted HeLa cells were allowed to continue to grow until WRN
expression (through siRNA dilution by cell division) returned to
a normal level (Fig. S44). At this stage, cells were treated with
3 uM NSC 19630 and were found to be sensitive to the com-
pound as measured by cell proliferation (Fig. S4B).

Because NSC 19630 exerted a WRN-dependent effect on cell
proliferation, we evaluated whether BLM status affected cellular
sensitivity to the compound. The results demonstrate that BLM-
null and BLM-corrected cells display similar sensitivity to NSC
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19630 (Fig. S4C), indicating that BLM does not play a role in the
antiproliferative effects of NSC 19630.

Effect of NSC 19630 on the Growth of NCI 60 Cancer Cell Lines. To
evaluate further the biological effect of NSC 19630, existing data
from the NCI Developmental Therapeutics Program were mined.
This database contains information on the effects of small mole-
cules from the NCI Diversity Set on growth of 60 human tumor cell
lines from different cancer types. The most notable effect of NSC
19630 on cell growth was observed for leukemia cell lines, in which
all six lines tested were inhibited by NSC 19630 (Fig. S5). Growth
also was suppressed by exposure to NSC 19630 in the majority of
renal cancer cell lines and in certain human cell lines from other
forms of cancer (colon, ovarian, and breast). Western blot analysis
of WRN in cell lysates from the NCI collection suggests that, al-
though there are differences in WRN protein levels, these differ-
ences do not correlate with the sensitivity of the cell lines to NSC
19630 (Fig. S5).

Because some of the cancer cell lines were sensitive to NSC
19630, we examined the effect of the compound on non-
cancerous breast epithelial cells (MCF10A) and telomerase-
immortalized normal fibroblasts (NHF1-hTERT), both of which
were found to be resistant to the antiproliferative effects of NSC
19630 as measured by the WST-1 proliferation assay (Fig. S6).
T47D breast cancer cells were sensitive to NSC 19630, but MCF7
cells were not (Fig. S6), in agreement with the NCI60 data.

DNA Binding by NSC 19630 and Its Effect on WRN ATPase and
Exonuclease Activities. To determine if NSC 19630 mediated its
inhibitory effect on WRN helicase activity by binding the DNA
substrate, we performed Thiazole Orange displacement assays
using the forked duplex helicase substrate and either NSC 19630
or Hoechst 33258, a compound that intercalates and inserts
a moiety in the minor groove of B-form duplex DNA. NSC 19630
did not displace Thiazole Orange from the forked duplex DNA
molecules, whereas displacement of Thiazole Orange by 10 pM
Hoechst 33258 was observed (Fig. S74). At a concentration of
NSC 19630 in which significant WRN helicase inhibition was
observed, no binding to the forked duplex DNA molecules by the
compound was detected.

B HelLa 23
] @ NS siRNA C
120 4 m WRN siRNA
S 100 4
= ] DMSO  NSC 19630 NSC 19630
S 804 1.5uM 2 M
:g 4
S 60 -
& ]
40 -
B ] Y
20 1 NSC 19630  NsC 19630
0] 2.5 uM 3 M
0 1 2 3
Days
E EdU DAPI Merge F
100
DMSO 80
g
£ 60
©
8
@ a0
NSC19630) =
(2 pM) ”: 20
N3
0
3 DMSO NSC19630
—_— (2 pM)

grown in the presence of DMSO, which was considered 100%. (E) Effect of NSC 19630 on DNA synthesis. HeLa cells were treated with DMSO or 2 pM NSC
19630 for 3 d. Cells were processed for EdU staining as described in S/ Materials and Methods. Merged picture shows cells stained with EdU (red) or DAPI
(blue). (F) Percent EdU-staining cells was calculated as the ratio of cells showing EdU staining compared with total number of cells with DAPI-stained nuclei.

1526 | www.pnas.org/cgi/doi/10.1073/pnas.1006423108

Aggarwal et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006423108/-/DCSupplemental/pnas.201006423SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006423108/-/DCSupplemental/pnas.201006423SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006423108/-/DCSupplemental/pnas.201006423SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006423108/-/DCSupplemental/pnas.201006423SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006423108/-/DCSupplemental/pnas.201006423SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006423108/-/DCSupplemental/pnas.201006423SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006423108/-/DCSupplemental/pnas.201006423SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006423108/-/DCSupplemental/pnas.201006423SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006423108/-/DCSupplemental/pnas.201006423SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006423108/-/DCSupplemental/pnas.201006423SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006423108/-/DCSupplemental/pnas.201006423SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006423108/-/DCSupplemental/pnas.201006423SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1006423108

Because helicase activity is coupled to ATP hydrolysis, we
examined the effect of NSC 19630 on WRN ATPase activity.
NSC 19630 concentrations up to 50 pM had only a modest effect
(19% reduction) on the k., for ATP hydrolysis by WRN (Fig. S7B).
In contrast, WRN helicase activity was reduced by 75% at an
NSC 19630 concentration of 50 pM. These results suggest that
WRN helicase activity (ICso ~20 pM) was more sensitive than
WRN ATPase activity to inhibition by NSC 19630. We also
observed that WRN exonuclease activity was reduced only mildly
in the presence of 25 pM NSC 19630 (Fig. S7C).

NSC 19630 Inhibits Cell Survival, Induces Apoptosis, and Causes
Double-Strand Breaks. To evaluate the ability of the WRN heli-
case inhibitor NSC 19630 to affect cell growth, colony-formation
assays were performed. HeLa cells were incubated with the small
molecule or with DMSO for 3 d, subsequently allowed to grow in
medium free of DMSO or NSC 19630 for 7 d, and then stained
with methylene blue. A significant reduction in both the size and
number of colonies was observed in cells exposed to NSC 19630
compared with control DMSO-treated cells (Fig. 1 C and D).
Quantitative analysis demonstrated a 55% reduction in colony
number as a consequence of exposure to 2 puM NSC 19630 (Fig. 1
Cand D). At 3 uM NSC 19630, an 85% reduction in colonies was
observed (Fig. 1 C and D), indicating that the effect on cell
growth was dependent on NSC 19630 concentration.

To test the effect of NSC 19630 on cellular mitogenic efficiency,
we evaluated 5-ethynyl-2’-deoxyuridine (EdU) incorporation as
a measure of DNA synthesis. HeLa cells exposed to NSC 19630
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were impaired in their ability to synthesize DNA compared with
control (DMSO) cells (Fig. 1 E and F).

The negative effect of NSC 19630 exposure on cellular pro-
liferation suggested that the compound also might affect apo-
ptotic potential. HeLa cells exposed to 3 pM NSC 19630
displayed a fivefold increase in apoptosis compared with DMSO-
treated cells (Fig. 24). There was no difference in the level of
apoptosis in WRN siRNA HelLa cells treated with NSC 19630
and those treated with DMSO (Fig. 24), suggesting that NSC
19630 induction of apoptosis is WRN dependent.

RecQ helicases are proposed to maintain and stabilize repli-
cation forks in response to endogenous stress or exogenous DNA
damage (3, 9). Failure to stabilize forks can lead to fork collapse
and double-strand breaks (DSB). Therefore, we analyzed for-
mation of y-H2AX foci in NSC 19630-treated or control cells.
Exposure of HeLa cells to 2 uM NSC 19630 elevated y-H2AX
foci ~17-fold compared with DMSO-treated cells (Fig. 2 B and
C). WRN siRNA-treated HeLa cells showed intact nuclei and a
similar number of y-H2AX foci in NSC 19630-treated cells and
in control (DMSO-treated) cells. These results suggest that in-
hibition of WRN activity in vivo by NSC 19630 leads to the ac-
cumulation of DSB. Consistent with this idea, exposure of HeLa
cells to 2 pM NSC 19630 led to the activation of ataxia telangi-
ectasia mutated (ATM) as detected by accumulation of auto-
phosphorylated ATM at Ser-1981 (Fig. S84).

NSC 19630 Induces S-Phase Delay in a WRN-Dependent Manner. In the
absence of DNA damage, WRN-depleted cells progress through
S phase with kinetics similar to that in mock-depleted cells (6).
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Fig. 2. NSC 19630 induces apoptosis and y-H2AX foci. (A) Effect of NSC 19630 on apoptosis. Untransfected or WRN siRNA-transfected HelLa cells were treated
with DMSO or 3 pM NSC 19630 for 3 d. Cells were assayed for histone-associated DNA fragments indicative of apoptosis as described in S/ Materials and
Methods. (B and C) NSC 19630 induces y-H2AX foci in a WRN-dependent manner. Untransfected or WRN siRNA-transfected Hela cells were treated with
DMSO or 2 pM NSC 19630 for 3 d. Cells were stained for y-H2AX as described in S/ Materials and Methods. (B) Merged picture shows cells stained with anti-y-
H2AX antibody (green) and DAPI (blue). (C) Number of y-H2AX foci per cell in cells treated with DMSO or 2 pM NSC 19630.
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However, WRN is required for normal replication fork pro-
gression after DNA damage or replication fork arrest (6). Be-
cause NSC 19630 exposure resulted in DSB accumulation,
inhibition of DNA synthesis, and elevated apoptosis, we rea-
soned that cells treated with NSC 19630 might be delayed in
their progression through S phase. To determine the effect of
NSC 19630 on cell-cycle progression, WRN siRNA or control
siRNA HelLa cells were exposed to 2 pM compound for 72 h and
analyzed by flow cytometry. HeLa cells exposed to NSC 19630
displayed a significant increase in S-phase population (42%
compared with 24% in DMSO-treated control cells) (Fig. S8B).
Mock-depleted cells exposed to NSC 19630 also displayed a sig-
nificant increase in S-phase population similar to that observed
with HeLa. However, no significant difference in S-phase pop-
ulation was seen in NSC 19630- versus DMSO-treated WRN-
depleted cells, suggesting that NSC 19630 induces S-phase delay
in a WRN-dependent manner. WRN depletion in HeLa cells did
not affect the length of the S phase (Fig. S8C), suggesting that
inhibition of WRN helicase activity by NSC 19630 exerts a
dominant negative effect on S-phase progression.

Proliferating Cell Nuclear Antigen Staining Revealed the Accumulation
of Blocked Replication Forks in NSC 19630-Exposed Cells. Mammalian
cells exposed to replication inhibitors or DNA damage that
blocks replication fork progression display an enrichment of
proliferating cell nuclear antigen (PCNA) foci that correspond to
stalled replication forks and/or assembly sites of DNA repair
proteins (10, 11). Because cells exposed to the WRN helicase
inhibitor NSC 19630 display a delayed S phase and accumulation
of y-H2AX foci, we wanted to determine whether PCNA foci
staining would be increased and, if so, whether this increase
occurred in a WRN-dependent manner. HeLa cells exposed to
2 pM NSC 19630 showed a significantly increased (~20-fold)
number of PCNA-staining foci compared with DMSO-treated
cells (Fig. 3 A and B). In contrast, WRN-depleted cells showed
similar levels of PCNA staining for the NSC 19630- and DMSO-
treated cultures. These results suggest that NSC 19630-induced
accumulation of PCNA foci is WRN dependent.

Synergistic Effect of NSC 19630 and Telomestatin on Cell Proliferation.
Exposure of human cells to small molecules such as telomestatin
(TMS) that specifically bind G4 structures in vitro induce the
dissociation of shelterin proteins [e.g., protection of telomeres
1 (POT1) and TATA box binding protein-related factor 2 (TRF2)]
or telomere-associated proteins [e.g., topoisomerase III (TOP3)]
from their telomeric sites (12-14). TMS is proposed to compete
with such proteins for binding to G4 DNA or stabilizing a G4
structure that is not favorably bound by the telomere-interacting
protein, leading to telomere uncapping in cells with alternative
lengthening of telomere (12, 14). TMS also can reduce pro-
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liferation of telomerase-positive tumor cells effectively by inhib-
iting telomerase (13, 15).

Because WRN can unwind G4 DNA substrates in vitro (16,
17), and evidence suggests that WRN helicase activity has
a specialized role in unwinding alternate DNA structures that
form in the G-rich strand of the telomere end (18), we sought to
determine if NSC 19630 and TMS might act synergistically to
inhibit cell proliferation. Limited concentrations of TMS (0.6
pM) and of NSC 19630 (1 uM) exerted only mild effects on cell
proliferation (Fig. 44). However, cotreatment of U20S cells
with both NSC 19630 and TMS inhibited cell proliferation by
70%, demonstrating an apparent synergistic effect.

NSC 19630 Increases Cellular Sensitivity to Poly(ADP Ribose) Poly-
merase Inhibitor. It was reported previously that inhibitors of the
single-stranded break DNA repair protein poly(ADP ribose)
polymerase 1 (PARP1) are synthetic lethal in homologous re-
combination (HR)-deficient cells with mutations in the breast
cancer susceptibility proteins, breast cancer 1 (BRCA1) and breast
cancer 2 (BRCA2) (19, 20). It is believed that when PARP1 is
inhibited, single-stranded breaks persist, leading to the collapse
of replication forks in dividing cells that ultimately result in po-
tentially toxic DSB. In BRCA-deficient cells, the absence of
HR, which normally provides an error-free pathway to deal
with replication fork-associated lesions, results in cell killing by
concentrations of PARP inhibitor that are not toxic to HR-
proficient cells.

Given the prominence of the HR pathway of DSB repair in
dealing with replication-associated lesions that accumulate in
rapidly proliferating cells, we hypothesized that WRN helicase,
which is known to have a role in HR, represented a target to
enhance the cellular sensitivity to a known PARP inhibitor,
KUO0058948. HeLa cells were exposed to sublethal concen-
trations of KU0058948 (1 nM), NSC 19630 (1 uM), or a combi-
nation of the two compounds and were evaluated for cell
proliferation. Cotreatment of HeLa cells with both NSC 19630
and the PARP inhibitor resulted in an ~60% reduction in cell
proliferation, whereas neither compound alone had any detect-
able effect (Fig. 4B), suggesting that the PARP inhibitor and
NSC 19630 act synergistically to inhibit cell proliferation.

NSC 19630 Enhances the Effect of Topotecan on Cell Proliferation and
DNA Damage Induction. To assess the effect of NSC 19630 on the
ability of cells to cope with replication stress induced by the che-
motherapeutic drug topotecan (TPT), HeLa cells were cotreated
with the topoisomerase inhibitor and NSC 19630. Results from cell
proliferation assays and analyses of y-H2AX foci formation were
compared in cells exposed to TPT or NSC 19630 alone. Treatment
with either NSC 19630 (1 pM) or TPT (0.1 pM) exerted only a mild
effect on cell proliferation (Fig. 4C). However, treatment of cells

Fig. 3. Elevated PCNA staining of NSC
19630-treated cells is WRN dependent. (A)
Untransfected or WRN siRNA-transfected
Hela cells were treated with DMSO or 2
uM NSC 19630 for 3 d. Cells were stained
for PCNA as described in S/ Materials and
Methods. Merged picture shows cells
stained with PCNA antibody (green) and

2 @ DAPI (blue). (B) Number of PCNA foci per

cell in cells treated with DMSO or 2 pM NSC
19630.

Hela HeLa WRHN siRHA
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with both NSC 19630 (1 pM) and TPT (0.1 uM) resulted in an
~50% reduction in cell proliferation (Fig. 4C).

Cellular exposure to 1 pM NSC 19630 did not induce y-H2AX
foci formation, whereas exposure to 0.1 pM TPT resulted in, on
average, four to five y-H2AX foci per cell (Fig. 4 D and E).
However, in the presence of both TPT and NSC 19630, a signifi-
cant (40-fold) increase in the number of y-H2AX foci per cell was
observed (Fig. 4 D and E). These results demonstrate an apparent
synergistic effect of NSC 19630 and TPT on DSB accumulation.

Discussion

Because of the importance of WRN in the replicational stress re-
sponse, we sought to identify and characterize a small molecule that
would modulate its biological function. To accomplish this goal, we
screened the NCI Diversity Set using an in vitro helicase assay. A
compound designated NSC 19630 (ICsy = 20 pM) appeared to be
specific based on its reduced ability to affect DNA unwinding by
two other human RecQ helicases (BLM and RECQ1) and four
additional helicases (FANCJ, RecQ, UvrD, and DnaB). Consistent
with the data from the in vitro helicase activity screen, inhibition of
WRN helicase activity by NSC 19630 is not likely to be mediated by
a NSC 19630-DNA interaction. Moreover, WRN ATPase and ex-
onuclease activities were affected only mildly by NSC 19630 com-
pared with WRN helicase inhibition.

NSC 19630 inhibited proliferation of human tumor cells grown
in culture. The antiproliferative effect of NSC 19630 is likely to
be mediated by a direct effect on WRN, because WRN-depleted
cells were resistant to the antiproliferative effect of NSC
19630. NSC 19630 inhibited cell growth and induced apoptosis
in a WRN-dependent manner. Spontaneous y-H2AX foci, a
marker of DSB, and PCNA foci, which form at sites of blocked
replication forks or DNA repair, were elevated dramatically in
cells by sublethal dosage of NSC 19630. Cotreatment of cells
with NSC 19630 and the topoisomerase inhibitor TPT resulted in
a synergistic inhibition of cell proliferation and induction of
DSB. This report of a human DNA helicase inhibitor demon-
strates the efficacy of screening small-molecule compound li-
braries for modulators of helicase function in cell-based assays.
NSC 19630 and related compounds may be useful tools to in-
terrogate further WRN function in cellular DNA metabolism
and to target WRN to enhance existing or developing DNA-
damaging anticancer therapies.
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Mining the NCI60 cancer cell line database showed that NSC
19630 inhibited growth of cell lines from various cancers with
a particularly strong representation from leukemia (five of six
cell lines) and renal cancer (five of eight cell lines). However,
additional cell lines from other cancer types (e.g., colon and
breast) also were sensitive to the antiproliferative effect of NSC
19630. The NCI Diversity Set has been distributed widely and
tested in many high-throughput screens. In a study published in
2005, Bykov et al. (21) reported that NSC 19630 and related
maleimide analogs induced apoptosis in mutant p53 cell lines by
restoring wild-type conformation and function to mutant p53. In
the current study, NSC 19630 induced apoptosis in both wild-
type and mutant p53 backgrounds, suggesting that the effect of
the molecule on WRN helicase activity may have contributed to
the effects observed in the p53-mutant cell lines reported pre-
viously. Because the NCI Diversity Set has been incorporated
into chemical libraries used by the National Institutes of Health
Roadmap initiative, a substantial screening database exists for
member compounds, including NSC 19630, and is accessible
online via PubChem (http://pubchem.ncbi.nlm.nih.gov/summary/
summary.cgi?cid=227681&loc=ec_rcs). Although some activity
was noted in particular screens, it is not apparent that such ac-
tivity bears any relationship to the activity reported here.

Because NSC 19630 exerts its antiproliferative effects in the
absence of exogenous DNA damage, the compound may in-
terfere with the action of WRN on cellular DNA replication or
repair intermediates that arise from endogenous DNA damage
that accumulates in rapidly dividing cells. The difference in NSC
19630 concentration required for activity in cell culture versus
biochemical assay may reflect conditions in the cell that render
WRN more accessible to the compound compared with con-
ditions used for in vitro biochemical reactions. Conceivably, NSC
19630 inhibits S-phase progression by forming a helicase-inactive
WRN complex with other proteins or key DNA replication
intermediates. Accumulation of DNA damage and PCNA foci,
as well as ATM activation, are consistent with a model in which
WRN helicase inhibition derails normal cellular DNA replica-
tion. WRN is unique among the RecQ helicases because the
protein has dual helicase and exonuclease activities; however,
the relative importance of WRN helicase and exonuclease ac-
tivities in vivo is not well understood. Cell-based assays suggest
a role for the WRN exonuclease activity in aspects of DSB end
joining (22), but the enzyme is proposed to have pleiotropic
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functions. The WRN helicase inhibitor may provide a tool to
investigate the relative contributions of WRN helicase and
exonuclease activities in DNA repair or replication. Further
exploration of the synergistic effects of NSC 19630 and related
compounds with DNA-damaging therapies (e.g., chemotherapy
drugs and radiation) are warranted to define the WRN-mediated
pathway(s) important for proper DNA repair or replicational
stress response. Indeed, the abilities of the WRN helicase in-
hibitor NSC 19630 to sensitize cells to a PARP inhibitor or to
a potential telomere-directed cancer therapy represent advances
in this area. For the PARP inhibitor, we hypothesize that accu-
mulation of strand breaks leads to genomic instability and in-
hibition of cell proliferation because the compromised HR
repair pathway is compromised when WRN helicase is inhibited.
Synergistic interaction between NSC 19630 and TMS in telo-
merase-negative cells probably reflects the importance of WRN
helicase activity in resolving G4 and other alternate structures
such as the T-loop associated with telomeres or other G-rich
sequence elements.

In cancer therapeutics there is heightened interest in strategies
amplifying tumor-specific replicative lesions by inhibiting specific
DNA repair pathways (23). Our laboratory has taken a particular
interest in directed cancer therapy through helicase-targeted
synthetic lethality (24). Tumor cells with DNA repair deficiencies,
either BRCA or mismatch repair, might be particularly vulnerable
to therapeutic strategies targeting WRN. Certainly there is clinical
precedent for this approach in the case of PARP inhibitors (25).
The cancer- or tumor-specific delivery of a small-molecule WRN
helicase inhibitor remains an ongoing area of investigation. Fu-
ture studies probably will address the use of helicase-specific
inhibitors to target tumors with an existing DNA repair deficiency
that rely more heavily on a WRN-dependent pathway for coping
with endogenous or exogenously induced DNA damage.
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Materials and Methods

Helicase Assays. Compounds were obtained as 10-mM stocks dissolved in
DMSO and were stored at —20 °C. Initially, a single 50-uM concentration of
compound was tested for effect on WRN helicase activity. Compounds were
diluted in DMSO to a concentration of 1,000 pM. Two microliters of diluted
stock were added to 20 pL of reaction mixture so that final compound
concentration was 50 pM. WRN helicase reactions using a forked duplex (19
bp) DNA substrate (0.5 nM) were initiated by the addition of 1.2 nM WRN
and incubation at 37 °C for 15 min as described (26). RECQ1 (27) and FANCJ
(28) helicase reactions were performed as described. Reaction conditions for
BLM, DnaB, and UvrD were the same as for FANCJ. Helicase reactions were
quenched, and reaction products were resolved on native 12% poly-
acrylamide gels as described (26).

Cell Proliferation Assays. The effect of compounds on Hela cell proliferation
was determined using the WST-1 assay (Roche). Compounds were diluted in
DMSO so that 10 pL of diluted stock in a 1-mL aliquot of HeLa cells (50,000
cells/mL) yielded a desired concentration of compound at 1% DMSO. Hela
cell cultures containing the specified compound were plated onto a 96-well
microtiter plate at 5,000 cells per well in duplicate. As a control, 5,000 cells
per well were seeded in medium containing 1% DMSO in duplicate. For
background subtraction, plates lacking cells but containing medium and
compound were used. Plates were incubated at 37 °C for 0-3 d, followed by
addition of WST-1 reagent for 2 h. OD450 was measured at indicated time
intervals using a microplate reader (Bio-Rad). Similar assays were performed
to determine the effect of selected compounds on proliferation of NHF1-
hTERT, U20S, BLM-null (PSNG13) or BLM-corrected (PSNF5), MCF10A, T47D,
MCF7, and HeLa WRN siRNA and control-siRNA cells.
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