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Introduction

The emergence of DNA repair inhibitors as tools to under-
stand DNA damage response pathways and improve anticancer 
therapy

Synthetic lethality was classically used to describe a genetic 
interaction in which deficiency in a pair of genes resulted in cell 
death. In recent years, chemically induced synthetic lethality 
has become mainstream with the discovery of poly(ADP ribose) 
polymerase (PARP) inhibitors that exploit the existing vulner-
ability of BRCA1- or BRCA2-deficient tumors that are defec-
tive in homologous recombination (HR) repair.2,3 Since then, the 
field has blossomed with a potentially broader scope for PARP 
inhibitors4 as well as newly discovered DNA repair inhibitors that 
exert synthetic lethal effects in distinct genetic backgrounds.5 
Targeting tumors that have defects in DNA repair pathways 
with pharmacological inhibitors has attracted considerable inter-
est.6 The effort to develop chemically induced synthetic lethal 
strategies for killing cancer cells has been championed with the 
increased awareness that tumors can become resistant to conven-
tional DNA damaging therapies or radiation. Here, we provide 
a perspective that chemical DNA helicase inhibitors may be a 
useful class of drugs for not only understanding DNA damage 

response pathways but also for developing improved anticancer 
treatment strategies. We place particular emphasis on a newly 
described chemical inhibitor of the DNA unwinding (helicase) 
activity catalyzed by the Werner syndrome protein (WRN), 
because the RecQ helicase plays a prominent role in replication 
fork progression after DNA damage or fork arrest that might 
allow rapidly dividing cancerous cells to deal with replicative 
lesions.7 Moreover, WRN is considered a replication caretaker, 
enabling cells to elicit an appropriate checkpoint response,8 and 
plays an instrumental role in molecular mechanisms that sup-
press premature replicative senescence.9 WRN and other DNA 
helicases may represent good biomarkers or targets for chemo-
therapy.10 Tumors with a pre-existing DNA repair deficiency may 
be hypersensitive to a WRN helicase inhibitor, enabling scientists 
to study cross-talk between DNA damage response/repair path-
ways and target an Achilles’ heel of cancer by a novel approach.

Interference with cross-link repair by WRN helicase 
inhibitor

A small molecule (NSC 19630) from the NCI Diversity Set 
was discovered from an in vitro ATP-dependent DNA unwinding 
assay screen that inhibited WRN helicase activity in a potent and 
specific manner.11 NSC 19630 was demonstrated to impair prolif-
eration of human endocervical carcinoma cells grown in culture 
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Our recently published work suggests that DNA helicases such as the Werner syndrome helicase (WRN) represent a 
novel class of proteins to target for anticancer therapy. Specifically, pharmacological inhibition of WRN helicase activity in 
human cells defective in the Fanconi anemia (FA) pathway of interstrand cross-link (ICL) repair are sensitized to the DNA 
cross-linking agent and chemotherapy drug mitomycin C (MMC) by the WRN helicase inhibitor NSC 617145.1 The mecha-
nistic basis for the synergistic interaction between NSC 617145 and MMC is discussed in this paper and extrapolated to 
potential implications for genetic or chemically induced synthetic lethality provoked by cellular exposure to the WRN 
helicase inhibitor under the context of relevant DNA repair deficiencies associated with cancers or induced by small-
molecule inhibitors. Experimental data are presented showing that small-molecule inhibition of WRN helicase elevates 
sensitivity to MMC-induced stress in human cells that are deficient in both FANCD2 and DNA protein kinase catalytic sub-
unit (DNA-PKcs). These findings suggest a model in which drug-mediated inhibition of WRN helicase activity exacerbates 
the deleterious effects of MMC-induced DNA damage when both the FA and NHEJ pathways are defective. We conclude 
with a perspective for the FA pathway and synthetic lethality and implications for DNA repair helicase inhibitors that can 
be developed for anticancer strategies.
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and induce DNA damage and apoptosis in a WRN-dependent 
manner.11 Recently, we characterized a small molecule structur-
ally related to the original WRN helicase inhibitor, designated 
NSC 617145, and demonstrated that pharmacological inhibi-
tion of WRN helicase activity by NSC 617145 sensitized cancer 
cells to a low (9.6 nM) concentration of the DNA cross-linking 
agent and chemotherapy drug mitomycin C (MMC), resulting in 
decreased cell proliferation and the accumulation of DNA dam-
age and chromosomal abnormalities.1 This led us to ask if mutant 
cells from Fanconi anemia (FA) patients, which are defective in 
a major pathway of cross-link resistance,12 would be further sen-
sitized to MMC when the cells were co-treated with the WRN 
helicase inhibitor. Indeed, we observed that human cells harbor-
ing autosomal recessive mutations in either the Fanconi anemia 
(FA) group A (FANCA) or group D (FANCD2) genes were 
hypersensitive to low concentrations of MMC when they were 
co-treated with the WRN helicase inhibitor NSC 617145. Under 
these conditions, NSC 617145-treated FA-D2 mutant cells dis-
played aberrant processing of DNA cross-links, resulting in ATM 
activation and accumulation of DNA–protein kinase catalytic 
subunit (PKcs) pS2056 foci, suggesting an increased number 
of double-strand break (DSB)s processed by error-prone non-
homologous end-joining (NHEJ). The effect of WRN helicase 
inhibitor NSC 617145 was WRN-dependent, because depletion 
of WRN protein by RNA interference (RNAi) negated the anti-
proliferative and DNA damage-inducing effect of the compound, 
similar to our previous observation with the structurally related 
compound NSC 19630.11 In the absence of the WRN helicase 
inhibitor, depletion of WRN by RNAi did not exert a negative 
effect on MMC resistance in FA mutant cells, suggesting that 
WRN-independent pathway(s) confer residual resistance to the 
DNA cross-linker when the FA pathway is defective. Based on 
the collective experimental evidence, we concluded that small-
molecule inhibition of WRN helicase activity rather than the 
absence of WRN protein altogether exacerbated MMC-induced 
DNA damage that accumulated in the absence of a functionally 
intact FA pathway.

Understanding the basis for the increased MMC-induced 
cytotoxicity that occurs when WRN helicase is inhibited by a 
small molecule will require further study. MMC forms inter-
strand cross-links (ICLs) in the minor groove, which causes 
minor widening in addition to intrastrand cross-links and mono-
adducts.13 Given that MMC is considered to induce a relatively 
non-distorting cross-link, it is not likely to create a DNA substrate 
that is directly acted upon by nucleotide excision repair (NER). 
Rather, the cross-link is expected to be discovered by the cellular 
DNA repair machinery via a mechanism involving unwinding of 
duplex DNA that occurs during replication or possibly transcrip-
tion. Because WRN, like several other RecQ helicases (BLM, 
RECQ1, RECQ4), is involved in the cellular DNA replication 
stress response,10 we will focus our discussion on the replication 
fork scenario for ICL repair (Fig.  1). Presumably, the process-
ing of a DNA cross-link leads to a cross-link remnant attached 
to one strand, resulting in a DSB due to a broken replication 
fork (for a recent review of ICL repair, see ref. 14). The lagging 
strand then serves as a template for translesion synthesis (TLS) 

to create a duplex molecule that can be subsequently repaired by 
HR. Restoration of fork integrity and resumption of DNA syn-
thesis is paramount to the preservation of genomic stability and 
maintenance of cellular homeostasis.

As depicted in Figure 1, there are several nexus where interfer-
ence of a key step by a WRN helicase inhibitor can derail ICL 
repair during S phase and lead to the genesis of broken replica-
tion forks. One possibility is that the WRN helicase inhibitor 
interferes with DNA incisions on each side of the 2 covalently 
linked nucleotides, the so-called unhooking step, by blocking 
access or function of structure-specific incision endonucleases 
(XPF-ERCC1, MUS81-EME1, or SLX1) at the site of DNA 
damage. This may involve masking the scaffolding provided by 
SLX4, or preventing further processing of the incised cross-link 
by the nucleases FAN1 or SNM1A. Experimental studies using 
a reconstituted in vitro system provided evidence for a role of 
WRN helicase in ICL processing of a DNA substrate harbor-
ing a psoralen-ICL, a form of damage that locally constrains and 
distorts the DNA double helix.15 Moreover, results from cellular 
genetic rescue experiments suggested that WRN helps to process 
psoralen-ICL by its helicase activity.16 NSC 617145 may sensitize 
cancer cells to ICLs induced by MMC by a mechanism of action 
whereby WRN helicase inhibitor blocks initial cross-link pro-
cessing; however, an effect of the small molecule on ICL unhook-
ing remains to be shown.

WRN was previously shown to interact with several transle-
sion DNA polymerases,17 suggesting a second site of action for 
the WRN helicase inhibitor. Interference with TLS mediated 
by an interaction of the WRN helicase-inhibitor drug complex 
with the damaged DNA molecule and associated histones or 
DNA metabolic proteins would be consistent with the demon-
strated enriched association of WRN protein with chromatin 
when cells are treated with the WRN helicase inhibitor NSC 
617145.1 Therefore, it would be of interest to determine what 
chromatin-associated factors are bound by the WRN-helicase 
inhibitor complex, and if WRN is sequestered at the site of a 
defectively processed DNA cross-link. It is generally believed that 
recruitment of TLS polymerases to sites of action is governed by 
protein interactions. We would predict that disruption of timely 
recruitment of DNA repair proteins to sites of ICLs occurs in a 
WRN-dependent manner, and that the trapped WRN helicase 
inhibitor-protein complex elicits a unique situation predisposing 
cells to elevated genomic instability.

Third, NSC 617145 bound to WRN may interfere with HR 
repair of the replication fork-associated DSBs. This possibility 
would be consistent with the elevated RAD51 foci in FANCD2 
mutant cells exposed to low doses of MMC and NSC 617145, 
suggesting WRN helicase inhibition interferes with later steps 
of HR at ICL-induced DSBs. Indeed, the elevated RAD51 foci 
observed in FA-D2 cells co-treated with sub-toxic doses of MMC 
and NSC 617145 may reflect hyper-recombination triggered by a 
WRN helicase-inhibitor drug complex. As discussed nicely in a 
recent review by Kottemann and Smogorewska,14 competition for 
DSBs between protein factors implicated in HR vs. NHEJ may 
determine the fate of DNA repair and extent of chromosomal 
instability incurred by the lesion. Normally, the FA pathway 
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plays a pivotal role in pathway choice; however, in the absence 
of an intact FA pathway, exposure to the WRN helicase inhibi-
tor may conceal the DNA end from HR machinery, leading to 
illegitimate repair by NHEJ. By analogy, it has been suggested 
that the DNA end-binding factor 53BP1 exclude HR factors 
from their role in HR repair in BRCA1 mutant mammalian 
cells by preventing their access to the DNA break sites.18,19 Thus, 
drug-mediated inhibition of WRN helicase activity may serve to 
activate the toxic NHEJ pathway in the cellular context of FA 
pathway deficiency and DSBs incurred by MMC-induced DNA 
damage. If so, the paradigm would follow that of reported genetic 
interactions between the FA pathway and NHEJ in mammalian 
cells.20,21 Alternatively, defective resolution of HR intermediates 
by pharmacological inhibition of WRN helicase activity would 
lead to NHEJ activation and genomic instability, as observed 
experimentally by the accumulation of DNA-PKcs pS2056 foci 
and chromosomal aberrations in FA-D2 cells exposed to the syn-
ergistic concentrations of MMC and NSC 617145.

Previous evidence has implicated a role of WRN in TLS22 
and HR.23,24 This coupled with our observations that NSC 
617145 and MMC synergistically induce DNA damage and 
chromosomal instability, activate ATM, and cause accumula-
tion of DNA-PKcs pS2056 foci suggest it is likely that inhibition 
of WRN helicase activity by NSC 617145 interferes with TLS 
or HR. NSC 617145-mediated WRN helicase inhibition may 
hamper HR by blocking the functions of FA proteins (PALB2, 
BRCA2, RAD51C) or other HR proteins. Understanding the 
precise molecular steps whereby the WRN helicase inhibitor 
induces cellular DNA damage will not only yield insight to the 
compensatory mechanisms involving WRN that cells use to cope 
with cross-links and other forms of DNA adducts, but also to 
the potential improvement of anticancer therapies, since MMC 

and other DNA cross-linking drugs are prominently used in the 
clinic to treat leukemia and other types of cancer.13

Results

Inhibition of WRN helicase elevates sensitivity to endog-
enous or MMC-induced stress in cells that are deficient in both 
the FA and NHEJ pathways

Interestingly, previous work demonstrated that depletion of 
NHEJ factors (Ku80 or DNA-PKcs) or inhibition of Ligase IV 
suppressed the toxic effects of MMC observed in mammalian 
cells that are defective in the FA pathway.20,21 It was reasoned 
that NHEJ is toxic in FA-deficient cells, and that the FA path-
way serves to channel MMC-induced DNA damage into the 
HR pathway, which is characterized by far greater fidelity than 
error-prone NHEJ. The interaction of WRN with KU protein25 
and results from cell-based plasmid end-joining assays23 had sug-
gested a possible role of WRN in NHEJ. This might lead to the 
hypothesis that co-treatment of FA-deficient cells with MMC 
and NSC 617145 would suppress DNA damage accumulation 
and chromosomal instability if the WRN helicase inhibitor acts 
by blocking WRN’s function in NHEJ. However, this hypoth-
esis may be oversimplified because of the complex relationships 
between DNA repair pathways and how they are regulated.26 For 
example, as mentioned above, a mouse study of DNA cross-link 
repair demonstrated that deletion of the DNA double-strand 
break responders 53BP1 or KU exacerbates genomic instability 
in cells lacking FANCD2.19 Another possible outcome of WRN 
helicase inhibition hinges on the possibility that WRN helicase 
is engaged in a pathway (e.g., alternative NHEJ27) besides error-
prone NHEJ in certain cancers when cross-linked DNA damage 
builds up in FA-deficient cells. In that scenario, WRN helicase 

Figure 1. Potential sites of action where the WRN helicase inhibitor interferes with DNA cross-link repair during S phase, resulting in the accumulation 
of double-strand breaks and chromosomal instability. See text for details.
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inhibition may lead to enhanced processing of MMC-induced 
DNA damage (DSBs) by NHEJ, resulting in genomic instability.

To explore these possibilities, we examined the effect of NSC 
617145 and MMC co-treatment on FA-D2−/− cells when NHEJ 
was defective. For this, we utilized human glioblastoma MO59K 
(DNA-PKcs-proficient) and MO59J (DNA-PKcs-deficient) 
cells. Initially, we examined the effect of FANCD2 depletion on 
MMC sensitivity of DNA-PKcs-deficient and -proficient cells. 
FANCD2 expression in MO59K and MO59J cells was reduced 
by ≥90% compared with siRNA control (Fig.  2A). FANCD2 

depletion in MO59K cells resulted in reduced proliferation upon 
MMC exposure, whereas FANCD2-depleted MO59J cells were 
MMC-resistant (Fig.  2B), consistent with previous results.20 
There was no significant difference in MMC sensitivity of 
MO59K and MO59J cells transfected with NS-siRNA (Fig. 2B).

We then assessed the effect of pharmacological WRN helicase 
inhibition on proliferation of cells deficient in both DNA-PKcs 
and FANCD2. DNA-PKcs proficient (MO59K) cells transfected 
with NS-siRNA showed moderately greater sensitivity to NSC 
617145 as compared with DNA-PKcs deficient (MO59J) cells 

Figure 2. Effect of NSC 617145 exposure on FA-D2 mutant and NHEJ-deficient cells upon co-treatment with MMC. (A) Western blot analysis of FANCD2 
knockdown in DNA-PKcs-proficient and -deficient cell lines. DNA-PKcs-proficient (MO59K) and DNA-PKcs-deficient (MO59J) cells were transfected with 
siRNA targeted specifically against FANCD2 (FANCD2 siRNA) or non-specific siRNA (NS siRNA) for 4 h. Cell lysates were then prepared and analyzed by 
immunoblotting with anti-FANCD2 antibody. As a control blot was reprobed with anti-actin antibody. The arrow indicates the position of the FANCD2 
and actin bands.  (B and C) DNA-PKcs-proficient (MO59K) and -deficient (MO59J) cells lines were transfected with FANCD2-specific siRNA (siRNA FA-D2) 
or non-specific siRNA (NS siRNA). Sensitivity of these cell lines to MMC (B) or NSC 617145 (C) was determined with WST-1 reagent. Percent proliferation 
was calculated. (D and E) DNA-PKcs-proficient (MO59K) and -deficient (MO59J) cells were transfected with FANCD2-specific siRNA (siRNA FA-D2) (D) or 
NS siRNA (E). Cells were treated with MMC (19 nM), NSC 617145 (0.5 μM), or both for 3 d. Cell proliferation was determined with WST-1 reagent. Cell pro-
liferation data are mean of at least 2 independent experiments. Error bars represents standard deviations.
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transfected with NS-siRNA (Fig.  2C). This result suggested 
that when NHEJ is operational, WRN helicase inhibition causes 
greater genomic instability. Exposure of FANCD2-depleted, 
DNA-PKcs-deficient cells to NSC 617145 resulted in a dose-
dependent decrease in proliferation, culminating in approxi-
mately 95% inhibition at 1 nM WRN inhibitor (Fig. 2C). This 
reduction in proliferation was significantly greater than that for 
FANCD2-depleted, DNA-PKcs-proficient cells exposed to 1 
μM NSC 617145 (Fig. 2C), suggesting WRN helicase inhibition 
in cells deficient in both FA and NHEJ pathways further com-
promises their ability to proliferate. In the absence of exogenous 
stress, WRN helicase activity may help to protect FANCD2-
deficient cells from error-prone NHEJ that is deleterious to 
genomic stability.

Cells deficient for DNA-PKcs and FANCD2 exposed to 19 
nM MMC and NSC 617145 (0.5 μM) displayed significantly 
reduced proliferation compared with similarly treated DNA-PKcs-
proficient cells depleted of FANCD2 (Fig. 2D). In NS-siRNA 
experiments in which FANCD2 status was unaffected, DNA-
PKcs-proficient and -deficient cells exposed to MMC and NSC 
617145 displayed a very similar level of proliferation (Fig. 2E). 
These results suggest that the combined deficiency in the FA 
pathway and NHEJ renders human cells even further sensitive to 
MMC-induced DNA damage when the WRN helicase is phar-
macologically inhibited by a small molecule. We would suggest 
that under these conditions, when the FA pathway and NHEJ 
fail to operate efficiently, then the targeted inhibition of WRN 
helicase activity leaves cells further compromised in their ability 
to tolerate cytotoxic MMC-induced DNA damage.

Discussion

Implications for anticancer therapy targeting DNA repair 
with helicase inhibitors

Experimental data from our lab and others would suggest 
that WRN (1) as well as other DNA damage response factors 
may be candidates for chemically induced synthetic lethality in 
FA-deficient tumors28 and other cancers.5 However, depending 
on the molecular target for pharmacological inhibition, different 
results may be observed. For example, treatment of FA-deficient 
cells with the WRN helicase inhibitor sensitized them to low 
doses of MMC. In contrast, treatment of FA-deficient cells with 
a DNA-PKcs inhibitor rendered them resistant to MMC.20 These 
findings demonstrate that in the setting of a FA pathway defi-
ciency, pharmacological inhibition of 2 DNA repair enzymes 
(a helicase implicated in recombinational repair and a normal 
replication stress response, or a kinase implicated in NHEJ) 
operates by distinctive mechanisms. In this study, we found that 
treatment of human cells deficient in both FANCD2 and DNA-
PKcs with the WRN helicase inhibitor rendered them sensitive 
to MMC. This may be akin to the recent observation that cells 
from FANCD2−/− 53BP1−/− mice showed hypersensitivity to cis-
platin and MMC.19 Thus, in certain contexts, the FA pathway 
and NHEJ collectively help to relieve stress in cells that become 
overburdened with accumulated ICLs. It was also reported that 
mice double null for FANCD2 and Ku80 were inviable, lead-
ing the authors to suggest that a combined deficiency in the FA 
pathway and NHEJ posed extreme developmental defects.19 Our 
work would suggest that inhibition of WRN helicase activity by 

Figure 3. Potential pathways whereby pharmacological inhibition of WRN helicase activity may impose genetic-based or chemically induced synthetic 
lethality. See text for details.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

3334	 Cell Cycle	 Volume 12 Issue 20

a small molecule further prevents compensatory mechanism(s) 
to deal with ICL-induced DNA damage. This may be relevant 
for personalized medicine to combat cancer in which targeted 
therapy exploits existing genetic deficiencies of the tumor, such 
as those in DSB repair.29

The outcome for cell survival from treatment with chemo-
therapy agents may also depend on the type of drug used to 
impose replication stress. From our recent work, we observed 
that the WRN helicase inhibitor did not sensitize FA-deficient 
cells to the replication inhibitor hydroxyurea,1 suggesting that 
impairment of WRN unwinding during processing of cross-
linked DNA molecules that accumulate when the FA pathway is 
defective is responsible for cytotoxicity rather than an effect that 
is simply related to fork stalling. Interference of WRN helicase 
function at sites of replication fork-associated DNA damage is 
also likely to be the case for the synergism between the WRN 
helicase inhibitor NSC 19630 and the topoisomerase inhibitor/
chemotherapy drug topotecan, resulting in the inhibition of cell 
proliferation and induction of DNA damage.11 Exposure to NSC 
19630 also sensitized cancer cells to the G-quadruplex-binding 
compound telomestatin or a PARP inhibitor,11 providing further 
proof-of-principle for chemically induced synthetic lethality that 
involves small-molecule modulation of WRN helicase function. 
A WRN-specific helicase inhibitor may interfere with the role of 
WRN to accurately replicate human G-rich telomeric sequences, 
which may ultimately lead to the loss of telomeres and cellular 
senescence.30 Chemically induced synthetic lethality by means 
of G4 targeting ligands that act synergistically with a mutation 
or drug inhibition of a DNA repair protein has attracted inter-
est and may be a useful strategy for compounds that target G4 
resolving enzymes such as WRN, BLM, FANCJ, and PIF1.31 In 
addition, proteins such as WRN helicase that regulate chromatin 
structure may be a bull’s eye for anticancer drugs. For example, 
the introduction of a WRN helicase-inactivating allele was found 
to inhibit immortalization of mouse cells lacking Scaffold attach-
ment factor 1, a protein important for higher-order chromatin 
structure.32 Future studies will hopefully yield new insights to 
improving cancer therapy strategies by targeting DNA helicases.10

Perspective for the FA pathway and synthetic lethality
It has been postulated that the FA pathway may serve as a 

good target for the development of anticancer therapeutic mol-
ecules. First, inhibition of the FA pathway itself by small-mol-
ecule inhibitors or siRNA depletion of key FA proteins may 
sensitize cancer cells to DNA damaging agents, particularly 
those that impose replication stress. Second, inhibition of the 
FA pathway by the aforementioned small molecules or RNAi in 
cancers that are already defective in key DNA damage response 
factors may result in a synthetic lethal situation. Third, tumors 
that are already deficient in the FA pathway may be sensitized to 
inhibitors or depletion of certain DNA damage response or DNA 
repair factors. This aspect may be highly relevant, because it is 
estimated that 15% of all cancers harbor defects in the FA path-
way.33 Moreover, a diverse spectrum of solid tumor (e.g., head 
and neck, lung, ovarian, cervical) and hematological cancers are 
epigenetically silenced in expression of wild-type FA genes.34 
Therefore, exploitation of FA pathway defects may be one way 

to target cancers. Examples of synthetic lethal interactions with 
the FA pathway include proteins such as a DSB response kinase 
(e.g., ATM34 or ATR35), a factor responsible for DSB sensing or 
ATM activation (e.g., NBS1), PARP1 implicated in base excision 
repair (BER) and single-strand break repair (SSBR), a protein 
such as PLK1 involved in cell cycle progression, as well as other 
proteins (e.g., NEIL1, 53BP1, RAD6, TREX1). Based on our 
finding that FANCA- or FANCD2-deficient cells are rendered 
even more sensitive to the DNA cross-linking agent MMC by 
WRN helicase inhibition, we would suggest that compounds 
which inhibit helicase activity of WRN or perhaps other DNA 
repair helicases represent a new class of small molecules that 
might be exploited to tailor anticancer drugs that act through 
a mechanism that behaves synergistically when the FA pathway 
is defective. It would be of interest to test if cancer cells that are 
deficient in other factors required for a robust DNA damage 
response or DNA repair, such as those depicted in Figure 3, are 
hypersensitive to a WRN helicase inhibitor or helicase inhibi-
tor combined with a DNA damaging agent. These studies may 
lead to new insights for therapeutic approaches to circumvent the 
resistance of tumors to DNA damaging treatments (e.g., cross-
linking agents) commonly observed.

Materials and Methods

Cell culture
DNA-PKcs-deficient (MO59J) and corrected (MO59K) cells 

were grown in Dulbecco modified Eagle medium: nutrient mix-
ture F-12 (DMEM/F12) with 10% fetal bovine serum (FBS), 
1% penicillin-streptomycin, 1% l-glutamine, and 0.5% MEM 
non-Essential amino acids at 37 °C in 5% CO

2
.

Cell proliferation assays
Proliferation was measured using WST-1 assay (Roche) as 

described.11

siRNA transfection and western blot analysis
FANCD2 siRNA (5′-AACAGCCAUG GAUACACUUG 

AUU-3′) and control siRNA (ThermoFisher Scientific 
Biosciences) was transfected in DNA-PKcs-deficient and cor-
rected cells using Lipofectamine 2000 as per the manufacturer’s 
protocol (Invitrogen). Cells were plated to 50–60% confluence 
in 10 cm dishes 24 h prior to transfection. siRNA (0.6 nmol) 
was mixed with 30 μl of Lipofectamine 2000 in 3 ml of Opti-
MEM (Invitrogen). The mixture was added to cells which were 
subsequently incubated for 4 h. Forty-eight hours after the trans-
fection, cells were harvested for preparing lysate or treated with 
small-molecule compound or DMSO and/ or mitomycin C 
(MMC) at the indicated concentrations, and cell proliferation 
was measured using WST-1 reagent (Roche) as described above.

For lysate preparation, cells were washed twice with 1× PBS. 
RIPA buffer (10 mM sodium phosphate [pH 7.2], 300 mM 
NaCl, 0.1% SDS, 1% NP-40, 1% sodium deoxycholate, 2 mM 
EDTA) was added to the cells, and the cells were incubated at 
4  °C for 30 min. Cells were scrapped, and the suspension was 
further incubated on ice for 30 min. Cell suspension was centri-
fuged at 18 500 × g for 10 min at 4 °C, and supernatant was col-
lected. Twenty μg of the lysate was loaded on 8–16% SDS-PAGE. 
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Protein was transferred onto a PVDF membrane, and blot was 
probed with anti-FANCD2 antibody (1:500, Abcam). For sec-
ondary antibody, peroxidase-labeled anti-rabbit IgG (GE health-
care) was used. Blot was developed using ECL Plus Western Blot 
Detection Kit as per manufacturer’s protocol (Amersham). As a 
loading control, blot was stripped and then re-probed with anti-
actin antibody (1:5000, Sigma).
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