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Abstract
Werner (WRN) helicase belongs to the RECQL class of DNA helicases. Mutation in Werner (WRN) RECQL 
helicase leads to premature aging syndrome, Werner syndrome (WS), and predisposition to multiple cancers. WS 
patients exhibit heightened incidence of neoplasia, e.g., soft tissue sarcoma, osteosarcoma, malignant melanoma, 
meningioma, thyroid cancer, breast cancer, and leukemias. Extensive research on WRN helicase has revealed its 
important and diverse roles in DNA repair pathways, especially in double-strand break repair. Consequently, WRN 
deficiency is causally associated with genomic instability and cancer predispositions. In this review, we summarize 
recent studies unraveling the fundamental roles WRN helicase plays in DNA repair and genome stability and its 
implications in cancer therapy and resistance.
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INTRODUCTION
In 1904, Otto Werner identified an autosomal recessive disorder characterized by premature aging. The 
disease, subsequently named Werner syndrome (WS), is caused by specific mutations in the WRN gene 
located on chromosome 8p12[1]. WRN, a large protein of 162 KDa, belongs to the five-member family of 
RECQ helicases in humans[1]. Structurally, WRN has four folded domains: exonuclease (bearing 3′→5′ 
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exonuclease activity), ATPase, DNA binding RQC (RecQ C-terminal) domain, and a protein interacting 
HRDC (helicase-and-ribonuclease D C-terminal) domain [Figure 1]. WRN also has the distinction of being 
the only RECQL helicase to possess an exonuclease domain. WRN exonuclease acts in 3′-5′ direction, while 
helicase unwinds DNA duplex with 3′ or 5′ ssDNA overhang of minimum 10 nucleotides. The helicase and 
exonuclease domains act both independently and in a concerted manner to resolve a diverse array of DNA 
substrates, e.g., duplex DNA, D-loops, replication forks and bubble structures, G-quadruplexes, Holliday 
junctions, DNA flaps, etc.[2,3]. The RQC domain includes α2-α3 loop and β-wing motifs, which help in DNA 
binding and also facilitate interactions with many proteins. The WRN HRDC domain has weak DNA 
binding properties[4,5], while its hydrophobic pocket mediates interaction with multiple repair proteins at 
sites of DNA damage[6]. Several WRN-interacting proteins, such as MRN complex, KU heterodimer, RPA, 
and TRF2 (telomere protein), are known to boost its helicase activity. Interestingly, the exonuclease domain 
of WRN has structural homology with bacterial replication associated DNA-Q family exonucleases[7]. WRN 
has been shown to perform multifaceted roles in DNA repair-associated genomic stability (DNA editing, 
replication, processing of DNA ends, and switching repair process). The current review is focused on these 
recent reports on WRN and its role in various DNA damage response processes to limit genomic instability. 
Besides, targeting WRN deficient cancers as a strategy to enhance therapeutic outcomes is also discussed 
based on recent reports.

CELLULAR ROLES OF WRN-RECQL HELICASE
The role of WRN helicase in maintenance of DNA replication fork stability
Replication forks encounter multiple hindrances due to DNA damage, topological constraints, base 
modifications, nucleotide depletion, etc., leading to replication stress stemming from fork slowing, stalling, 
or collapse. Classically, replication stress is elicited by exogenous chemotherapeutic agents, such as 
hydroxyurea, camptothecin, cisplatin, doxorubicin, etc., during S-phase of the cell cycle. Extensive fork 
stalling during replication stress can cause loss of the replication machinery at the fork, leading to fork 
collapse. This in turn may jeopardize duplication and segregation of the entire genome with high propensity 
of genomic instability[8]. To cope with the dire consequences of replication stress, eukaryotic cells have 
evolved several elegant mechanisms to prevent and/or rescue stalled or collapsed replication forks. In vitro 
studies have shown that the RECQ helicases WRN and BLM, RAD54 translocase, and FANCM helicase 
trigger the generation of fork reversal, thereby preventing mutagenesis and neoplastic transformation[9]. 
Under unperturbed conditions, WRN primarily resides in nucleoli; however, under replication stress, it 
rapidly translocates to DNA damage sites. WRN has both NLS and NoLS sequences situated at the C-
terminus, which enable sequestration of WRN in the nucleolus except during S-phase or upon DNA 
damage[10,11]. WRN localization is regulated through a balance between p300/CBP-mediated acetylation 
(which promotes redistribution of WRN to DNA damage sites) and SIRT1-mediated deacetylation (which 
favors re-localization of WRN to nucleoli on resolution of DNA damage)[12]. At collapsed replication forks, 
endonuclease activity of MRE11 introduces an internal nick followed by resection of double-strand break 
(DSB) ends and repair by HR pathway[13]. Besides, PARP1 is known to recruit MRE11 and promote fork 
reversal. Interestingly, RAD51 recognizes reversed forks and subsequently recruits and regulates the activity 
of MRE11 and other nucleases for the degradation and repair of reversed forks[14]. In the absence of RAD51, 
reverse forks are amenable to uncontrolled processing, leading to the disappearance of the regressed 
replication arm[14]. In another study, it has been shown that BRCA2 or BRCA1 protects reversed nascent 
replication forks from MRE11- and EXO1-mediated extensive degradation[15]. However, reverse forks with 
partially resected regressed arms are rescued by a MUS81- and POLD3-dependent mechanism[15]. WRN has 
been shown to prevent excessive degradation of stalled unprotected replication forks and facilitate efficient 
restart of forks in BRCA2-deficient cancer cells[16]. Intriguingly, in the BRCA1/2 proficient condition, 
DNA2/WRN promotes resection of degraded nascent strands[17]. Moreover, restart of collapsed replication 
forks is determined by RECQ1, by blocking PARP1 activity[18]. Hence, the status of BRCA1/2 determines the 
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Figure 1. Functional domains of WRN RECQL helicase. RQC: RecQ C; HRDC: helicase-and-ribonuclease D/C.

involvement of the nucleases (MRE11, DNA2, EXO1, and WRN) for well-regulated degradation of nascent 
replication forks. In addition to the known roles of helicase and exonuclease functions of WRN in 
replication fork maintenance, the importance of individual catalytic (helicase/exonuclease) functions, as 
well as non-enzymatic functions of WRN, has also been demonstrated in replication stress. In response to a 
low dose of CPT, the exonuclease activity of WRN plays a crucial role in protecting the nascent replication 
forks from MRE11- and EXO1-mediated degradation[19]. In contrast, WRN helicase function is essential for 
stimulating regulated exonucleolytic degradation of nascent DNA strand and suppressing genome 
instability[19]. Besides, it has been demonstrated that WRN has a prominent non-enzymatic role in 
protecting nascent strands during replication stress[20]. At the sites of replication-associated DSBs, Nijmegen 
breakage syndrome protein 1 (NBS1) interacts with WRN and recruits MRE11. The physical presence of 
WRN at collapsed replication forks stabilizes the interaction of RAD51 with replication breaks, which 
blocks the access of MRE11 and hence suppresses MRE11 mediated fork degradation[20]. Hence, WRN is 
also critically involved in protecting replication forks to maintain genomic integrity in a non-enzymatic 
manner.

The role of WRN in DSB repair in switching between c-NHEJ vs. alt-NHEJ and NHEJ vs. HR repair
In DSB repair, WRN plays a key role in intrinsic repair of DSBs by classical non-homologous end joining 
(c-NHEJ) and homologous recombination repair (HRR). Imperatively, WRN interacts with various crucial 
proteins, involved in pathway switch, to make temporal dynamic sub-complexes for making a choice of 
repair process[21]. In the c-NHEJ pathway, KU70/80 heterodimer and DNA-PK form a stable complex and 
initiate a cascade of events for DSB repair. Direct interaction of the KU70/80 heterodimer is known to 
stimulate the exonuclease activity of the WRN[22]. Two putative binding motifs, at N-terminus and C-
terminus, of WRN interacts with KU proteins. N-terminal motif-mediated interaction with KU proteins is 
necessary for stimulation of its exonuclease activity[23]. At DSBs, DNA-bound KU70/80 interact and 
stimulate the kinase activity of DNA-PKc to mediate phosphorylation at serine-440 and serine-467 sites of 
WRN, leading to change in the exonuclease activity of WRN. This in turn helps in processing of DSB ends, 
amenable for XRCC4-DNA ligase IV-mediated ligation[24] [Figure 2]. C-NHEJ-mediated DSB repair is 
prevalent and dominant in all phases of cell cycle, while KU deficiency switches the DSB repair process 
from c-NHEJ to alternate NHEJ (alt-NHEJ)[25]. Several HRR proteins (MRN, CTIP, PARP, etc.) and other 
proteins (DNA ligase I and DNA ligase III) participate in alt-NHEJ for microhomology-dependent 
repair[26]. In alt-NHEJ repair, DSB ends are recognized by PARP and MRE11, while it is processed/resected 
by MRN complex and CTIP. DNA ligases I and III help in the sealing of the resected ends [Figure 2]. The 
role of WRN in the DSB repair process is quite complex and slowly evolving, as evident from recent 
findings. Shamanna et al.[27] demonstrated that catalytic activities of WRN are instrumental in stimulating c-
NHEJ. Interestingly, non-enzymatic WRN inhibits MRE11-CTIP-mediated alt-NHEJ[27] [Figure 2]. WRN 



Page 150 Gupta et al. J Transl Genet Genom 2022;6:147-56 https://dx.doi.org/10.20517/jtgg.2021.60

Figure 2. The role of WRN RECQL helicase in switching DSB repair pathway choice. WRN plays a crucial role in promoting c-NHEJ and 
suppressing alt-NHEJ. In HRR, WRN plays an indispensable role in late DSB resection and CHK1-mediated RAD51 loading in HRR. In the 
absence of WRN, regulation is switched to p38-MAPK-mediated RAD51 loading during HRR in cancer cells. The dashed arrow shows 
the compensatory pathway activated in the absence of WRN. DSB: Double strand break; SSB: single strand break; NHEJ: 
nonhomologous end joining; cNHEJ: canonical NHEJ; alt-NHEJ: alternative NHEJ; HRR: homologous recombination repair; CHK: 
checkpoint kinase 1; RAD5: DNA repair protein RAD51 homolog 1; MRE: meiotic recombination 11; CTIP: CtBP (carboxy-terminal binding 
protein) interacting protein; ATM: ataxia telangiectasia mutated; ATR: ataxia telangiectasia and Rad3 related.

favors NHEJ, especially in G1 phase, by inhibiting the recruitments of MRE11 and CTIP to the DSB sites. In 
contrast, cyclin-dependent kinase 1 (CDK1) phosphorylates at the serine-1133 site of WRN, which switches 
repair the process between HRR and NHEJ through regulation of MRE11 recruitment to DSB sites in S- and 
G2-phases[28]. During HRR, DSB end resection is initiated by MRN and CTIP initiate resection of DSB ends 
for shorter range, while DNA2, BLM, or EXO1 is required for extensive resection at a longer range[29]. It is 
also known that physical interaction of WRN and DNA2 influences their enzyme activities to stimulate DSB 
end processing and resection[30]. A recent study has shown that CDK2 also phosphorylates WRN at S426, 
which stabilizes its interaction with single-strand DNA binding protein RPA, leading to extensive resection 
at a long range at the DSB ends[31]. We observed that MRE11-CTIP, but not WRN, plays a key role in 
resection of DSBs, generated at early time points in response to ionizing radiation. In contrast, both CTIP 
and WRN are indispensable in resection of late and/or secondary DSBs generated in response to ionizing 
radiation[32] [Figure 2]. Therefore, the choice of proteins for resection may vary depending on the nature of 
DSB ends, generated under different conditions. Recently, we showed the role of WRN at different steps of 
HR. WRN also regulates CHK1-mediated RAD51 loading, while this was compromised by switching to 
CHK1-p38 MAPK regulated RAD51 loading in WRN-deficient cancer cells[32] [Figure 2]. Taken together, 
WRN plays a major and critical role in DSB repair and pathway choice[28].

The role of WRN in genomic maintenance and G4-DNA quadruplex regulation
Guanine-rich regions of the genomic DNA forms unusual G4-quadruplexes, which create obstacles for 
normal functioning of replication and transcription machinery[33]. Guanines are interlinked through 
Hoogsteen pairing in G4-DNA quadruplexes. Besides, non-B forms of DNA structures and fragile sites also 
pose hindrance to replication and transcription machinery. Several repair proteins are known to melt G4-
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quadruplexes. WRN and Pol δ form a proofreading complex which mainly helps in dissolution of non-B 
DNA structures (e.g., DNA bubbles, four-way Holliday junctions, and D-loops) and processing of 
unmatched 3’-terminals[34]. At fragile sites (e.g., FRA16D), especially hairpins and microsatellite regions, 
DNA pol δ processive activity is promoted by the WNR helicase activity[35]. Thus, association of WRN and 
Pol δ plays a critical role in the maintenance of replication fidelity at the lagging strand. Moreover, WRN 
helicase facilitates hairpin repair at large (CTG)n repeats by promoting DNA pol δ-catalyzed DNA synthesis 
and preventing the genomic instability due to expansion or contraction of the microsatellite region[36].

The role of WRN in telomeric maintenance and senescence
In WS patients, WRN-deficient cells have slower growth coupled with higher rates of telomere attrition, 
thus conferring a fatal growth disadvantage to these cells. This telomeric dysfunction contributes to aging as 
well as cancer[1,2]. Telomeric integrity is faithfully guarded by large telomeric DNA structures, e.g., T-loops, 
D-loops, and G-quadruplexes, which prevent exonuclease-mediated telomere degradation[37]. Moreover, 
TRF1 associates with TTAGGG repeats of telomeres, forming the shelterin complex with TRF2, TIN2, 
TPP1, POT1, and RAP1[38]. The shelterin complex protects telomeres from various exonuclease-mediated 
insults, damages, and DSB repair-mediated chromosome fusions[39]. WRN interacts with several proteins of 
the shelterin complex; for instance, WRN is known to interact with POT1, leading to its enhanced helicase 
activity for D-loop structures[40]. Interestingly, WRN recruitment to D-loops is facilitated by TRF2, leading 
to stimulation of its DNA unwinding activity. TRF2 can be displaced from telomeric regions by WRN, 
independent of its ATPase and helicase activities[41,42]. In the case of oxidative damage at telomeric regions, 
WRN is recruited at the N-terminal of TRF1 (which is PARylated) and repairs the oxidative insults at 
telomeric regions. Hence, WRN plays a critical role in limiting telomeric loss-induced cellular 
senescence[38]. Recently, WRN has been shown to be degraded by MDM2- or MIB1-mediated ubiquitin 
proteasome pathway in response to etoposide and camptothecin, respectively, leading to cellular senescence 
through p53-dependent or -independent pathways. Hence, it is evident that degradation of WRN by the 
MDM2/MIB1-mediated ubiquitin proteasome pathway eventually promotes senescence by telomeric 
loss[43,44]. Interestingly, pathological features and premature aging phenotype were not observed in WRN 
knockout mice[1]. This may be attributable to abundant and long mouse telomeres, which may suppress the 
manifestation of telomere instability.

The role of WRN in transcription and RNA metabolism
It has been well established that WRN is essential for the activation of ATR/CHK1 and ATM signaling 
pathways under replication stress[45,46]. Recently, a study demonstrated that WRN helicase limits genomic 
instability arising from transcription-associated R-loops[47]. The authors demonstrated that ATR/CHK1 
pathway regulates the Ddx19 RNA helicase, which is responsible for the removal of R-loops derived from 
replication-transcription conflicts. However, the ATR/CHK1 pathway is impaired in WRN-deficient 
cells[45]; this leads to disruption of Ddx19 nuclear localization, resulting in defective R-loop clearance[47]. 
Under mild replication stress, R-loop-associated genomic instability is suppressed by DSB-induced ATM 
activation in WRN-deficient cells[47]. Oncogene-induced replication stress is known to trigger transcription-
replication conflicts, which in turn are linked to genomic instability. Interestingly, RNA polymerase I/II-
mediated transcription is influenced by WRN, as evidenced by reduced transcription in WRN deficient 
cells[48,49]. Together, the role of WRN in transcription, replication stress, and resolution of R-loop is 
important to suppress genomic instability mediated cancer.

The role of WRN in cellular metabolism, energy homeostasis, and autophagy
It is interesting to note that WS patients suffer from severe metabolic dysfunctions, and several recent 
findings have unraveled the causal link of WRN with metabolism. Fang et al.[50] showed low NAD+ levels 
and defective mitophagy in WS models (WS patient samples, Caenorhabditis elegans, and Drosophila 
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melanogaster). WRN is associated with the transcription of nicotinamide nucleotide adenylyl transferase 1, 
which is a key enzyme for biosynthesis of NAD+[50]. Interestingly, supplementation of NAD+ delayed or 
suppressed WS phenotypes, e.g., aging and stem cell dysfunction, and extended the lifespan of WS models 
in C. elegans and D. melanogaster. Interestingly, supplementation of vitamin C extended the lifespan and 
rescued other age-related dysfunctions (inflammation and adipose and liver tissue abnormalities) in WRN 
mutant mice[51]. Mechanistically, it has been shown that vitamin C suppresses expression of genes which are 
overexpressed in WS fibroblasts and cancers[51]. In support of the role of WRN in autophagy, the acidic 
domain of WRN was shown to positively regulate the transcription of key autophagic proteins such as 
BECLIN-1, ATG5, and LC3II, which promote autophagy and prevent aging[52]. PARP inhibition and DNA 
damage are known to activate autophagy mediated de novo resistance in BRCA proficient cancers[53,54]. Since 
WRN plays a pivotal role in interacting with PARP and fork protection in BRCA-deficient cells[16], it is 
imperative to understand the precise role of WRN in crosstalk for regulating autophagy and its therapeutic 
implications in BRCA1/2-proficient and -deficient cancers.

TARGETING WRN FOR DEVELOPMENT OF CANCER THERAPEUTICS
WRN as a synthetic lethal target in microsatellite unstable cancers
With the advancement in high throughput sequencing techniques, functional genomics have been 
thoroughly explored by screening a large number of cancer cell lines. Four large recent independent studies, 
based on silencing or CRISPR technology, showed that knocking out WRN gene or depletion of WRN 
protein led to selective or synthetic lethality in cancer lines with higher microsatellite instability, due to 
defective DNA mismatch repair (MMR)[55-58]. Further, Project DRIVE and Project Achilles were conducted 
by Novartis[59] and Broad Institute[60], respectively, to analyze two large-scale cancer cell line encyclopedias. 
These studies analyzed large numbers of human cancer cell lines of different tissue origin and identified 
various synthetic lethal interactions between a large, curated set of genes. Besides, Project Achilles and 
Project DRIVE validated several novel druggable targets and narrowed them down to the two best targets: 
PRMT5 and WRN. Behan et al.[55] reported that the growth of colon xenograft tumors derived from MSI+ 

HCT116 cells is drastically reduced upon depletion of WRN through CRISPR-Cas9. Mechanistically, WRN 
deficiency led to enhanced DSBs, cell cycle arrest, genomic instability, and apoptosis in MSI+ cells[56-58]. It is 
quite interesting to note that the synthetic lethal interaction of MMR deficiency is associated specifically 
with WRN but not with other RECQL helicases. MSI-high cells harbored few endogenous DSBs but had 
extensive DSBs at specific genomic loci following shRNA- or siRNA-mediated WRN depletion; again, this 
effect was not seen in MSS (microsatellite stable) cells. Because of defective DNA mismatch repair, some 
cancer cells exhibit microsatellite instability, a predisposition to frequent mutations resulting in expansion 
or contraction of DNA elements called microsatellites, which are short, repetitive sequences scattered 
throughout the genome[61]. Mechanistically, a protein complex containing the structure-specific 
endonuclease subcomplex MUS81-EME1 and the scaffold protein SLX4 is the source of DNA DSBs 
observed around (TA)n dinucleotide repeats[61]. Detection of stalled replication forks around (TA)n-repeat 
loci induced by the generation of non-B form DNA secondary structures in these genomic regions triggers 
phosphorylation-based activation of the checkpoint kinase ATR, which subsequently recruits WRN to 
resolve stalled forks via its helicase activity. Notably, (TA)n-repeat regions undergo extensive repeat 
expansion in MSI-high cells, leading to accumulation of non-B form DNA structures throughout the 
genome, thus explaining the indispensability of WRN in these cells[61]. This observation was further 
translated to preclinical and clinical models, by testing 60 heterogeneous dMMR colorectal cancer 
preclinical models, which confirmed WRN as a promising synthetic lethal target in dMMR/MSI-H 
colorectal cancer tumors as a monotherapy or in combination with targeted agents, chemotherapy, or 
immunotherapy[62]. Collectively, these results reveal the molecular mechanism underlying WRN 
dependency in MSI-high cancer cells and suggest that WRN may be an effective therapeutic target for 
personalized/precision cancer treatment.
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Other synthetic lethality interactions of WRN
WRN deficient cells were observed to be hypersensitive to replication fork inhibitors such as hydroxyurea in 
the absence of MUS81. During replication fork stalling in WRN deficient cells, MUS81 cleaves stalled forks 
and generates DSBs, which initiate RAD51-mediated recombination, resulting in restarting of the 
replication fork and preventing cell death. Hence, WRN shows synthetic lethality with MUS81[63]. Further, 
the recruitment of RAD51 to stalled replication forks is crucial for protecting nascent DNA strands from 
degradation. Therefore, WRN and RAD51, acting independently on replication forks, display a synthetic 
lethal interaction. Recently, we showed that HR is a target for cancer treatment with IR[32]. We showed an 
important role of the CHK1-p38-MAPK axis in loading of RAD51 during HRR, which is significantly 
downregulated in WRN-silenced cells. Moreover, targeting CHK1 or p38-MAPK through pharmacological 
inhibitors rendered WRN-deficient cells hypersensitive to IR. IR treatment along with a CHK1 inhibitor 
(undergoing various clinical trials) showed strong synergy in reducing the growth of WRN-deficient 
melanoma tumors in vivo. This suggests that the therapeutic response of radiation treatment of WRN-
deficient cancer patients may be enhanced under specific clinical settings[32].

WRN inhibitors
High-throughput screening of chemical compound databases and various synthetic lethal vulnerability tests 
against a diverse variety of tumors have led to the discovery of two novel WRN inhibitors, NSC19630 and 
NSC617145. NSC19630 inhibits the helicase activity of WRN. This leads to enhanced replication stress-
associated DNA damage[64,65]. In addition, WRN deficiency acts synergistically with topoisomerase I 
inhibition, thus leading to increased cell death in combination with topotecan at sublethal doses[66]. A recent 
study has suggested that NSC19630 induces apoptosis and acute cytotoxicity in normal human epithelial 
and primary mesenchymal cells in a caspase-9-dependent and p53-independent manner[67]. NSC617145 
inhibits WRN helicase to induce DSBs and chromosome abnormalities in cells harboring defects in the 
Fanconi anemia (FA) pathway in response to low doses of mitomycin C[68]. It is implicated that inhibition of 
WRN by NSC617145 leads to abrogation of HR and elicitation of NHEJ in FA defective cells. WRN plays an 
important role in the repair of interstrand cross link in FA-defective cells[69]. Therefore, FA-defective tumors 
may be sensitized by simultaneous targeting of WRN along with cross-linking agents.

CONCLUSION AND FUTURE PERSPECTIVES
The current review summarizes some of the interesting involvements of WRN in DNA repair (replication 
forks, DSB, TOP1-DNA cross-links, G4-DNA quadruplexes, and telomeres), transcription, and autophagy. 
Besides, this review also covers the role of WRN in genomic instability, cancer resistance, and the possibility 
of pharmacological targeting of WRN for better therapeutic outcomes. Growing evidence from recent 
literature not only suggests important molecular roles of WRN helicase in several DNA repair processes and 
maintenance of genomic stability, but it also highlights several hitherto putative roles of WRN helicase in 
DNA repair. Considering the following seminal roles of WRN helicase in various cellular functions, future 
research may yield interesting answers for some of the open-ended questions: (1) WRN plays a critical role 
in DSB repair pathway choice in NHEJ, alt-NHEJ, and HRR. Interestingly, WRN-depleted cells are 
dependent on a critical but compromised CHK1-mediated HRR pathway for repairing ionizing radiation 
(IR)-induced DSBs for their survival. It would be worth exploring the role of WRN in DSB repair pathway 
choice at single-ended DSBs, which are generated during the recovery of IR treatment and/or replication 
stress. (2) Growing evidence suggests that, in addition to its enzymatic functions (exonuclease and helicase) 
in DNA repair, non-enzymatic functions of WRN helicase are also involved in key DNA repair and 
signaling processes. It would be interesting to dissect the enzymatic and non-enzymatic functions of WRN 
in various DNA repair processes, e.g., DSB resection and pathway choice, resolution of TOP1-DNA 
complexes and G4 quadruplexes, maintenance of microsatellite stability, and DDR signaling (e.g., ATM and 
ATR activations). (3) WRN is known to regulate autophagy-mediated resistance in cancer, but it would be 
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interesting to address how nuclear WRN regulates a very important process in cytoplasm and how it cross-
talks and regulates autophagy. Extensive work is required to glean an in-depth understanding of the 
molecular mechanisms of the involvement of WRN in various DNA repair and cellular processes. This will 
help in developing personalized therapy for patients with deregulated WRN expression in cancer.

DECLARATIONS
Authors’ contributions
Prepared the manuscript: Gupta P, Majumdar AG, Patro BS

Availability of data and materials
Not applicable.

Financial support and sponsorship
None.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2022.

REFERENCES
Luo J. WRN protein and Werner syndrome. N Am J Med Sci (Boston) 2010;3:205-7.  DOI  PubMed  PMC1.     
Croteau DL, Popuri V, Opresko PL, Bohr VA. Human RecQ helicases in DNA repair, recombination, and replication. Annu Rev 
Biochem 2014;83:519-52.  DOI  PubMed  PMC

2.     

Oshima J, Sidorova JM, Monnat RJ Jr. Werner syndrome: clinical features, pathogenesis and potential therapeutic interventions. 
Ageing Res Rev 2017;33:105-14.  DOI  PubMed  PMC

3.     

Opresko PL, Cheng WH, von Kobbe C, Harrigan JA, Bohr VA. Werner syndrome and the function of the Werner protein; what they 
can teach us about the molecular aging process. Carcinogenesis 2003;24:791-802.  DOI  PubMed

4.     

Kitano K, Yoshihara N, Hakoshima T. Crystal structure of the HRDC domain of human Werner syndrome protein, WRN. J Biol Chem 
2007;282:2717-28.  DOI  PubMed

5.     

Lan L, Nakajima S, Komatsu K, et al. Accumulation of Werner protein at DNA double-strand breaks in human cells. J Cell Sci 
2005;118:4153-62.  DOI  PubMed

6.     

Perry JJ, Yannone SM, Holden LG, et al. WRN exonuclease structure and molecular mechanism imply an editing role in DNA end 
processing. Nat Struct Mol Biol 2006;13:414-22.  DOI  PubMed

7.     

Sidorova JM, Li N, Folch A, Monnat RJ Jr. The RecQ helicase WRN is required for normal replication fork progression after DNA 
damage or replication fork arrest. Cell Cycle 2008;7:796-807.  DOI  PubMed  PMC

8.     

Bugreev DV, Rossi MJ, Mazin AV. Cooperation of RAD51 and RAD54 in regression of a model replication fork. Nucleic Acids Res 
2011;39:2153-64.  DOI  PubMed  PMC

9.     

Constantinou A, Tarsounas M, Karow J K, et al. Werner’s syndrome protein (WRN) migrates Holliday junctions and co-localizes with 
RPA upon replication arrest. EMBO Rep 2000;1:80-4.  DOI  PubMed  PMC

10.     

Li K, Casta A, Wang R, et al. Regulation of WRN protein cellular localization and enzymatic activities by SIRT1-mediated 
deacetylation. J Biol Chem 2008;283:7590-8.  DOI  PubMed

11.     

Kahyo T, Mostoslavsky R, Goto M, Setou M. Sirtuin-mediated deacetylation pathway stabilizes Werner syndrome protein. FEBS Lett 
2008;582:2479-83.  DOI  PubMed

12.     

Stracker TH, Petrini JH. The MRE11 complex: starting from the ends. Nat Rev Mol Cell Biol 2011;12:90-103.  DOI  PubMed  PMC13.     
Hashimoto Y, Ray Chaudhuri A, Lopes M, Costanzo V. Rad51 protects nascent DNA from Mre11-dependent degradation and 14.     

https://dx.doi.org/10.7156/v3i4p205
http://www.ncbi.nlm.nih.gov/pubmed/22180828
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3237395
https://dx.doi.org/10.1146/annurev-biochem-060713-035428
http://www.ncbi.nlm.nih.gov/pubmed/24606147
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4586249
https://dx.doi.org/10.1016/j.arr.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/26993153
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5025328
https://dx.doi.org/10.1093/carcin/bgg034
http://www.ncbi.nlm.nih.gov/pubmed/12771022
https://dx.doi.org/10.1074/jbc.M610142200
http://www.ncbi.nlm.nih.gov/pubmed/17148451
https://dx.doi.org/10.1242/jcs.02544
http://www.ncbi.nlm.nih.gov/pubmed/16141234
https://dx.doi.org/10.1038/nsmb1088
http://www.ncbi.nlm.nih.gov/pubmed/16622405
https://dx.doi.org/10.4161/cc.7.6.5566
http://www.ncbi.nlm.nih.gov/pubmed/18250621
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4362724
https://dx.doi.org/10.1093/nar/gkq1139
http://www.ncbi.nlm.nih.gov/pubmed/21097884
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3064783
https://dx.doi.org/10.1093/embo-reports/kvd004
http://www.ncbi.nlm.nih.gov/pubmed/11256630
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1083680
https://dx.doi.org/10.1074/jbc.M709707200
http://www.ncbi.nlm.nih.gov/pubmed/18203716
https://dx.doi.org/10.1016/j.febslet.2008.06.031
http://www.ncbi.nlm.nih.gov/pubmed/18588880
https://dx.doi.org/10.1038/nrm3047
http://www.ncbi.nlm.nih.gov/pubmed/21252998
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3905242


Page 155Gupta et al. J Transl Genet Genom 2022;6:147-56 https://dx.doi.org/10.20517/jtgg.2021.60

promotes continuous DNA synthesis. Nat Struct Mol Biol 2010;17:1305-11.  DOI  PubMed  PMC
Lemaçon D, Jackson J, Quinet A, et al. MRE11 and EXO1 nucleases degrade reversed forks and elicit MUS81-dependent fork rescue 
in BRCA2-deficient cells. Nat Commun 2017;8:860.  DOI  PubMed  PMC

15.     

Datta A, Biswas K, Sommers JA, et al. WRN helicase safeguards deprotected replication forks in BRCA2-mutated cancer cells. Nat 
Commun 2021;12:6561.  DOI  PubMed  PMC

16.     

Sidorova J. A game of substrates: replication fork remodeling and its roles in genome stability and chemo-resistance. Cell Stress 
2017;1:115-33.  DOI  PubMed  PMC

17.     

Berti M, Ray Chaudhuri A, Thangavel S, et al. Human RECQ1 promotes restart of replication forks reversed by DNA topoisomerase I 
inhibition. Nat Struct Mol Biol 2013;20:347-54.  DOI  PubMed  PMC

18.     

Iannascoli C, Palermo V, Murfuni I, Franchitto A, Pichierri P. The WRN exonuclease domain protects nascent strands from 
pathological MRE11/EXO1-dependent degradation. Nucleic Acids Res 2015;43:9788-803.  DOI  PubMed  PMC

19.     

Su F, Mukherjee S, Yang Y, et al. Nonenzymatic role for WRN in preserving nascent DNA strands after replication stress. Cell Rep 
2014;9:1387-401.  DOI  PubMed  PMC

20.     

Newman JA, Gileadi O. RecQ helicases in DNA repair and cancer targets. Essays Biochem 2020;64:819-30.  DOI  PubMed  PMC21.     
Karmakar P, Snowden CM, Ramsden DA, Bohr VA. Ku heterodimer binds to both ends of the Werner protein and functional 
interaction occurs at the Werner N-terminus. Nucleic Acids Res 2002;30:3583-91.  DOI  PubMed  PMC

22.     

Grundy GJ, Rulten SL, Arribas-Bosacoma R, et al. The Ku-binding motif is a conserved module for recruitment and stimulation of 
non-homologous end-joining proteins. Nat Commun 2016;7:11242.  DOI  PubMed  PMC

23.     

Kusumoto-Matsuo R, Ghosh D, Karmakar P, May A, Ramsden D, Bohr VA. Serines 440 and 467 in the Werner syndrome protein are 
phosphorylated by DNA-PK and affects its dynamics in response to DNA double strand breaks. Aging (Albany NY) 2014;6:70-81.  
DOI  PubMed  PMC

24.     

Brosh RM Jr, Bohr VA. Human premature aging, DNA repair and RecQ helicases. Nucleic Acids Res 2007;35:7527-44.  DOI  PubMed  
PMC

25.     

Brosh RM Jr. DNA helicases involved in DNA repair and their roles in cancer. Nat Rev Cancer 2013;13:542-58.  DOI  PubMed  PMC26.     
Shamanna RA, Lu H, de Freitas JK, Tian J, Croteau DL, Bohr VA. WRN regulates pathway choice between classical and alternative 
non-homologous end joining. Nat Commun 2016;7:13785.  DOI  PubMed  PMC

27.     

Palermo V, Rinalducci S, Sanchez M, et al. CDK1 phosphorylates WRN at collapsed replication forks. Nat Commun 2016;7:12880.  
DOI  PubMed  PMC

28.     

Nimonkar AV, Genschel J, Kinoshita E, et al. BLM-DNA2-RPA-MRN and EXO1-BLM-RPA-MRN constitute two DNA end 
resection machineries for human DNA break repair. Genes Dev 2011;25:350-62.  DOI  PubMed  PMC

29.     

Sturzenegger A, Burdova K, Kanagaraj R, et al. DNA2 cooperates with the WRN and BLM RecQ helicases to mediate long-range 
DNA end resection in human cells. J Biol Chem 2014;289:27314-26.  DOI  PubMed  PMC

30.     

Lee JH, Shamanna RA, Kulikowicz T, et al. CDK2 phosphorylation of Werner protein (WRN) contributes to WRN’s DNA double-
strand break repair pathway choice. Aging Cell 2021;20:e13484.  DOI  PubMed  PMC

31.     

Gupta P, Saha B, Chattopadhyay S, Patro BS. Pharmacological targeting of differential DNA repair, radio-sensitizes WRN-deficient 
cancer cells in vitro and in vivo. Biochem Pharmacol 2021;186:114450.  DOI  PubMed

32.     

Chu B, Zhang D, Paukstelis PJ. A DNA G-quadruplex/i-motif hybrid. Nucleic Acids Res 2019;47:11921-30.  DOI  PubMed  PMC33.     
Kamath-Loeb AS, Shen JC, Schmitt MW, Loeb LA. The Werner syndrome exonuclease facilitates DNA degradation and high fidelity 
DNA polymerization by human DNA polymerase δ. J Biol Chem 2012;287:12480-90.  DOI  PubMed  PMC

34.     

Shah SN, Opresko PL, Meng X, Lee MY, Eckert KA. DNA structure and the Werner protein modulate human DNA polymerase delta-
dependent replication dynamics within the common fragile site FRA16D. Nucleic Acids Res 2010;38:1149-62.  DOI  PubMed  PMC

35.     

Chan NL, Hou C, Zhang T, et al. The Werner syndrome protein promotes CAG/CTG repeat stability by resolving large 
(CAG)(n)/(CTG)(n) hairpins. J Biol Chem 2012;287:30151-6.  DOI  PubMed  PMC

36.     

Baird DM, Davis T, Rowson J, Jones CJ, Kipling D. Normal telomere erosion rates at the single cell level in Werner syndrome 
fibroblast cells. Hum Mol Genet 2004;13:1515-24.  DOI  PubMed

37.     

Sun L, Nakajima S, Teng Y, et al. WRN is recruited to damaged telomeres via its RQC domain and tankyrase1-mediated poly-ADP-
ribosylation of TRF1. Nucleic Acids Res 2017;45:3844-59.  DOI  PubMed  PMC

38.     

Diotti R, Loayza D. Shelterin complex and associated factors at human telomeres. Nucleus 2011;2:119-35.  DOI  PubMed  PMC39.     
Opresko PL, Mason PA, Podell ER, et al. POT1 stimulates RecQ helicases WRN and BLM to unwind telomeric DNA substrates. J 
Biol Chem 2005;280:32069-80.  DOI  PubMed

40.     

Machwe A, Xiao L, Orren DK. TRF2 recruits the Werner syndrome (WRN) exonuclease for processing of telomeric DNA. Oncogene 
2004;23:149-56.  DOI  PubMed

41.     

Edwards DN, Orren DK, Machwe A. Strand exchange of telomeric DNA catalyzed by the Werner syndrome protein (WRN) is 
specifically stimulated by TRF2. Nucleic Acids Res 2014;42:7748-61.  DOI  PubMed  PMC

42.     

Liu B, Yi J, Yang X, et al. MDM2-mediated degradation of WRN promotes cellular senescence in a p53-independent manner. 
Oncogene 2019;38:2501-15.  DOI  PubMed

43.     

Li M, Liu B, Yi J, et al. MIB1-mediated degradation of WRN promotes cellular senescence in response to camptothecin treatment. 
FASEB J 2020;34:11488-97.  DOI  PubMed

44.     

Patro BS, Frøhlich R, Bohr VA, Stevnsner T. WRN helicase regulates the ATR-CHK1-induced S-phase checkpoint pathway in 45.     

https://dx.doi.org/10.1038/nsmb.1927
http://www.ncbi.nlm.nih.gov/pubmed/20935632
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4306207
https://dx.doi.org/10.1038/s41467-017-01180-5
http://www.ncbi.nlm.nih.gov/pubmed/29038425
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5643552
https://dx.doi.org/10.1038/s41467-021-26811-w
http://www.ncbi.nlm.nih.gov/pubmed/34772932
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8590011
https://dx.doi.org/10.15698/cst2017.12.114
http://www.ncbi.nlm.nih.gov/pubmed/29355244
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5771654
https://dx.doi.org/10.1038/nsmb.2501
http://www.ncbi.nlm.nih.gov/pubmed/23396353
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3897332
https://dx.doi.org/10.1093/nar/gkv836
http://www.ncbi.nlm.nih.gov/pubmed/26275776
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4787784
https://dx.doi.org/10.1016/j.celrep.2014.10.025
http://www.ncbi.nlm.nih.gov/pubmed/25456133
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4782925
https://dx.doi.org/10.1042/EBC20200012
http://www.ncbi.nlm.nih.gov/pubmed/33095241
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7588665
https://dx.doi.org/10.1093/nar/gkf482
http://www.ncbi.nlm.nih.gov/pubmed/12177300
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC134248
https://dx.doi.org/10.1038/ncomms11242
http://www.ncbi.nlm.nih.gov/pubmed/27063109
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4831024
https://dx.doi.org/10.18632/aging.100629
http://www.ncbi.nlm.nih.gov/pubmed/24429382
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3927811
https://dx.doi.org/10.1093/nar/gkm1008
http://www.ncbi.nlm.nih.gov/pubmed/18006573
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2190726
https://dx.doi.org/10.1038/nrc3560
http://www.ncbi.nlm.nih.gov/pubmed/23842644
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4538698
https://dx.doi.org/10.1038/ncomms13785
http://www.ncbi.nlm.nih.gov/pubmed/27922005
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5150655
https://dx.doi.org/10.1038/ncomms12880
http://www.ncbi.nlm.nih.gov/pubmed/27634057
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5028418
https://dx.doi.org/10.1101/gad.2003811
http://www.ncbi.nlm.nih.gov/pubmed/21325134
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3042158
https://dx.doi.org/10.1074/jbc.M114.578823
http://www.ncbi.nlm.nih.gov/pubmed/25122754
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4175362
https://dx.doi.org/10.1111/acel.13484
http://www.ncbi.nlm.nih.gov/pubmed/34612580
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8590104
https://dx.doi.org/10.1016/j.bcp.2021.114450
http://www.ncbi.nlm.nih.gov/pubmed/33571504
https://dx.doi.org/10.1093/nar/gkz1008
http://www.ncbi.nlm.nih.gov/pubmed/31724696
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7145706
https://dx.doi.org/10.1074/jbc.M111.332577
http://www.ncbi.nlm.nih.gov/pubmed/22351772
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3320997
https://dx.doi.org/10.1093/nar/gkp1131
http://www.ncbi.nlm.nih.gov/pubmed/19969545
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2831333
https://dx.doi.org/10.1074/jbc.M112.389791
http://www.ncbi.nlm.nih.gov/pubmed/22787159
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3436269
https://dx.doi.org/10.1093/hmg/ddh159
http://www.ncbi.nlm.nih.gov/pubmed/15150162
https://dx.doi.org/10.1093/nar/gkx065
http://www.ncbi.nlm.nih.gov/pubmed/28158503
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5397154
https://dx.doi.org/10.4161/nucl.2.2.15135
http://www.ncbi.nlm.nih.gov/pubmed/21738835
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3127094
https://dx.doi.org/10.1074/jbc.M505211200
http://www.ncbi.nlm.nih.gov/pubmed/16030011
https://dx.doi.org/10.1038/sj.onc.1206906
http://www.ncbi.nlm.nih.gov/pubmed/14712220
https://dx.doi.org/10.1093/nar/gku454
http://www.ncbi.nlm.nih.gov/pubmed/24880691
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4081078
https://dx.doi.org/10.1038/s41388-018-0605-5
http://www.ncbi.nlm.nih.gov/pubmed/30532073
https://dx.doi.org/10.1096/fj.202000268RRR
http://www.ncbi.nlm.nih.gov/pubmed/32652764


Page 156 Gupta et al. J Transl Genet Genom 2022;6:147-56 https://dx.doi.org/10.20517/jtgg.2021.60

response to topoisomerase-I-DNA covalent complexes. J Cell Sci 2011;124:3967-79.  DOI  PubMed  PMC
Cheng WH, Muftic D, Muftuoglu M, et al. WRN is required for ATM activation and the S-phase checkpoint in response to interstrand 
cross-link-induced DNA double-strand breaks. Mol Biol Cell 2008;19:3923-33.  DOI  PubMed  PMC

46.     

Marabitti V, Lillo G, Malacaria E, et al. ATM pathway activation limits R-loop-associated genomic instability in Werner syndrome 
cells. Nucleic Acids Res 2019;47:3485-502.  DOI  PubMed  PMC

47.     

Balajee AS, Machwe A, May A, et al. The Werner syndrome protein is involved in RNA polymerase II transcription. Mol Biol Cell 
1999;10:2655-68.  DOI  PubMed  PMC

48.     

Shiratori M, Suzuki T, Itoh C, Goto M, Furuichi Y, Matsumoto T. WRN helicase accelerates the transcription of ribosomal RNA as a 
component of an RNA polymerase I-associated complex. Oncogene 2002;21:2447-54.  DOI  PubMed

49.     

Fang EF, Hou Y, Lautrup S, et al. NAD+ augmentation restores mitophagy and limits accelerated aging in Werner syndrome. Nat 
Commun 2019;10:5284.  DOI  PubMed  PMC

50.     

Massip L, Garand C, Paquet ER, et al. Vitamin C restores healthy aging in a mouse model for Werner syndrome. FASEB J 
2010;24:158-72.  DOI  PubMed  PMC

51.     

Maity J, Das B, Bohr VA, Karmakar P. Acidic domain of WRNp is critical for autophagy and up-regulates age associated proteins. 
DNA Repair (Amst) 2018;68:1-11.  DOI  PubMed  PMC

52.     

Bellare G, Saha B, Patro BS. Targeting autophagy reverses de novo resistance in homologous recombination repair proficient breast 
cancers to PARP inhibition. Br J Cancer 2021;124:1260-74.  DOI  PubMed  PMC

53.     

Pai BG, Gupta P, Chakraborty S, Tyagi M, Patro BS. Cross-talk between DNA damage and autophagy and its implication in cancer 
therapy. In: Bhutia SK, editors. Autophagy in tumor and tumor microenvironment. Singapore: Springer; 2020.  DOI

54.     

Behan FM, Iorio F, Picco G, et al. Prioritization of cancer therapeutic targets using CRISPR-Cas9 screens. Nature 2019;568:511-6.  
DOI  PubMed

55.     

Chan EM, Shibue T, McFarland JM, et al. WRN helicase is a synthetic lethal target in microsatellite unstable cancers. Nature 
2019;568:551-6.  DOI  PubMed  PMC

56.     

Kategaya L, Perumal SK, Hager JH, Belmont LD. Werner syndrome helicase is required for the survival of cancer cells with 
microsatellite instability. iScience 2019;13:488-97.  DOI  PubMed  PMC

57.     

Lieb S, Blaha-Ostermann S, Kamper E, et al. Werner syndrome helicase is a selective vulnerability of microsatellite instability-high 
tumor cells. Elife 2019;8:e43333.  DOI  PubMed  PMC

58.     

McDonald ER 3rd, de Weck A, Schlabach MR, et al. Project DRIVE: a compendium of cancer dependencies and synthetic lethal 
relationships uncovered by large-scale, deep RNAi screening. Cell 2017;170:577-92.e10.  DOI  PubMed

59.     

Cowley GS, Weir BA, Vazquez F, et al. Parallel genome-scale loss of function screens in 216 cancer cell lines for the identification of 
context-specific genetic dependencies. Sci Data 2014;1:140035.  DOI  PubMed  PMC

60.     

van Wietmarschen N, Sridharan S, Nathan WJ, et al. Repeat expansions confer WRN dependence in microsatellite-unstable cancers. 
Nature 2020;586:292-8.  DOI  PubMed  PMC

61.     

Picco G, Cattaneo CM, van Vliet EJ, et al; Cell Model Network UK Group. Werner helicase is a synthetic-lethal vulnerability in 
mismatch repair-deficient colorectal cancer refractory to targeted therapies, chemotherapy, and immunotherapy. Cancer Discov 
2021;11:1923-37.  DOI  PubMed

62.     

Franchitto A, Pirzio LM, Prosperi E, Sapora O, Bignami M, Pichierri P. Replication fork stalling in WRN-deficient cells is overcome 
by prompt activation of a MUS81-dependent pathway. J Cell Biol 2008;183:241-52.  DOI  PubMed  PMC

63.     

Aggarwal M, Sommers JA, Shoemaker RH, Brosh RM Jr. Inhibition of helicase activity by a small molecule impairs Werner 
syndrome helicase (WRN) function in the cellular response to DNA damage or replication stress. Proc Natl Acad Sci U S A 
2011;108:1525-30.  DOI  PubMed  PMC

64.     

Moles R, Bai XT, Chaib-Mezrag H, Nicot C. WRN-targeted therapy using inhibitors NSC 19630 and NSC 617145 induce apoptosis in 
HTLV-1-transformed adult T-cell leukemia cells. J Hematol Oncol 2016;9:121.  DOI  PubMed  PMC

65.     

Futami K, Takagi M, Shimamoto A, Sugimoto M, Furuichi Y. Increased chemotherapeutic activity of camptothecin in cancer cells by 
siRNA-induced silencing of WRN helicase. Biol Pharm Bull 2007;30:1958-61.  DOI  PubMed

66.     

Bou-Hanna C, Jarry A, Lode L, et al. Acute cytotoxicity of MIRA-1/NSC19630, a mutant p53-reactivating small molecule, against 
human normal and cancer cells via a caspase-9-dependent apoptosis. Cancer Lett 2015;359:211-7.  DOI  PubMed

67.     

Aggarwal M, Banerjee T, Sommers JA, Brosh RM Jr. Targeting an Achilles’ heel of cancer with a WRN helicase inhibitor. Cell Cycle 
2013;12:3329-35.  DOI  PubMed  PMC

68.     

Aggarwal M, Banerjee T, Sommers JA, et al. Werner syndrome helicase has a critical role in DNA damage responses in the absence of 
a functional fanconi anemia pathway. Cancer Res 2013;73:5497-507.  DOI  PubMed  PMC

69.     

https://dx.doi.org/10.1242/jcs.081372
http://www.ncbi.nlm.nih.gov/pubmed/22159421
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3244981
https://dx.doi.org/10.1091/mbc.e07-07-0698
http://www.ncbi.nlm.nih.gov/pubmed/18596239
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2526706
https://dx.doi.org/10.1093/nar/gkz025
http://www.ncbi.nlm.nih.gov/pubmed/30657978
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6468170
https://dx.doi.org/10.1091/mbc.10.8.2655
http://www.ncbi.nlm.nih.gov/pubmed/10436020
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC25497
https://dx.doi.org/10.1038/sj.onc.1205334
http://www.ncbi.nlm.nih.gov/pubmed/11971179
https://dx.doi.org/10.1038/s41467-019-13172-8
http://www.ncbi.nlm.nih.gov/pubmed/31754102
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6872719
https://dx.doi.org/10.1096/fj.09-137133
http://www.ncbi.nlm.nih.gov/pubmed/19741171
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3712979
https://dx.doi.org/10.1016/j.dnarep.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29800817
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6338341
https://dx.doi.org/10.1038/s41416-020-01238-0
http://www.ncbi.nlm.nih.gov/pubmed/33473172
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8007595
https://dx.doi.org/10.1007/978-981-15-6930-2_3
https://dx.doi.org/10.1038/s41586-019-1103-9
http://www.ncbi.nlm.nih.gov/pubmed/30971826
https://dx.doi.org/10.1038/s41586-019-1102-x
http://www.ncbi.nlm.nih.gov/pubmed/30971823
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6580861
https://dx.doi.org/10.1016/j.isci.2019.02.006
http://www.ncbi.nlm.nih.gov/pubmed/30898619
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6441948
https://dx.doi.org/10.7554/eLife.43333
http://www.ncbi.nlm.nih.gov/pubmed/30910006
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6435321
https://dx.doi.org/10.1016/j.cell.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28753431
https://dx.doi.org/10.1038/sdata.2014.35
http://www.ncbi.nlm.nih.gov/pubmed/25984343
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4432652
https://dx.doi.org/10.1038/s41586-020-2769-8
http://www.ncbi.nlm.nih.gov/pubmed/32999459
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8916167
https://dx.doi.org/10.1158/2159-8290.CD-20-1508
http://www.ncbi.nlm.nih.gov/pubmed/33837064
https://dx.doi.org/10.1083/jcb.200803173
http://www.ncbi.nlm.nih.gov/pubmed/18852298
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2568021
https://dx.doi.org/10.1073/pnas.1006423108
http://www.ncbi.nlm.nih.gov/pubmed/21220316
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3029756
https://dx.doi.org/10.1186/s13045-016-0352-4
http://www.ncbi.nlm.nih.gov/pubmed/27829440
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5103433
https://dx.doi.org/10.1248/bpb.30.1958
http://www.ncbi.nlm.nih.gov/pubmed/17917271
https://dx.doi.org/10.1016/j.canlet.2015.01.014
http://www.ncbi.nlm.nih.gov/pubmed/25617798
https://dx.doi.org/10.4161/cc.26320
http://www.ncbi.nlm.nih.gov/pubmed/24036544
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3885643
https://dx.doi.org/10.1158/0008-5472.CAN-12-2975
http://www.ncbi.nlm.nih.gov/pubmed/23867477
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3766423



