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Abstract

Hereditary breast and ovarian cancers are frequently attributed to germline mutations in the 

tumor suppressor genes BRCA1 and BRCA2. BRCA1/2 act to repair double-strand breaks and 

suppress the demise of unstable replication forks. Our work elucidated a dynamic interplay 

between BRCA2 and the WRN DNA helicase/exonuclease defective in the premature aging 

disorder Werner syndrome. WRN and BRCA2 participate in complementary pathways to stabilize 

replication forks in cancer cells, allowing them to proliferate. Whether the functional overlap 

of WRN and BRCA2 is relevant to replication at gaps between newly synthesized DNA 

fragments, protection of telomeres, and/or metabolism of secondary DNA structures remains to 

be determined. Advances in understanding the mechanisms elicited during replication stress have 

prompted the community to reconsider avenues for cancer therapy. Insights from studies of PARP 

or topoisomerase inhibitors provide working models for the investigation of WRN’s mechanism 

of action. We discuss these topics, focusing on the implications of the WRN-BRCA2 genetic 

interaction under conditions of replication stress.
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Suppression of WRN helicase’s action to remodel stalled DNA replication forks in BRCA2-
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Introduction

The plethora of evidence for a causal relationship of DNA damage to cancer and aging 

has prompted the community of DNA repair experts, cancer biologists, gerontologists, 

and physician scientists alike to ask what are the key sources of endogenous and 

exogenously induced DNA damage that contribute to cancer, aging and age-related disease. 

Still an understudied area, replication stress is a strong driving force of mutagenesis 

and chromosomal instability that underlies cellular transformation, senescence, tissue 

malfunction, and clinical features of age-related disease, including cancer. An illuminating 

window for study in this area has been the characterization of mutated genes (e.g., DNA 

helicases [1, 2]) linked to diseases of premature aging that often display a propensity to 

cancer, as well as those mutations in tumor suppressors or proto-oncogenes associated with 

various cancers. Recent advances have helped to unravel the critical roles of WRN helicase 

and the BRCA2 tumor suppressor in fork protection and restart, the subject of this rubric: 

BioEssays Problems and Paradigms.

WRN and BRCA2 help cells cope with replication stress, a driving force in cancer and 
accelerated aging

Our most recent work [3] identified a genetic interplay between WRN, the gene in which 

bi-allelic mutations are linked to the premature aging disorder Werner syndrome (WS) [4], 

and the breast/ovarian cancer tumor suppressor BRCA2 [5], both of which play an important 

role in the maintenance of genomic stability. While a significant body of work has provided 

experimental evidence that the WRN helicase-nuclease and BRCA2 are involved in DNA 

repair and replication, it is yet unclear how cells balance pathways involving WRN and 

BRCA2 to preserve chromosomal integrity. Our research elucidated mechanistically how 

WRN helicase helps to stabilize replication forks in cancer cells when BRCA2 is mutated 

or deficient (Figure 1). During replication stress, WRN helicase prevents irreversible fork 

collapse and promotes fork restart when forks lack the protection of BRCA2. This is 

essential for the suppression of deleterious double-strand breaks (DSBs) that directly 

contribute to increased chromosomal instability.

During replication stress, the forks are thought to become remodeled in a manner that allows 

cellular machinery to repair or bypass the DNA damage or region of replication stalling and 

restart DNA synthesis. BRCA2 helps to protect stalled replication forks or mediate repair of 

DSBs via homologous recombination (HR). Genetic complementation studies demonstrate 

that in BRCA2-deficient cells WRN helicase acts to rescue stalled forks by limiting hyper-

degradation of the nascently synthesized DNA [3]. Supporting this model, treatment of 

BRCA2-mutant cells with a pharmacologically active WRN helicase inhibitor (WRNi), 

NSC617145, caused enhanced degradation of hydroxyurea (HU)-stalled forks; moreover, 

pharmacological inhibition of the MRE11 nuclease implicated in stalled fork degradation 

restored fork stability in the NSC617145-treated BRCA2-mutated cells. RNA interference 

(RNAi)-mediated depletion of cellular DNA translocases (SMARCAL1, ZRANB3, HLTF) 

that remodel stalled forks also restored fork stability in the WRNi-treated BRCA2-mutated 

cells, supporting a model that WRN acts to protect the stalled forks downstream of fork 

reversal [3].
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In BRCA2-proficient cells, WRN helicase and exonuclease have distinct functions at stalled 

replication forks. WRN exonuclease protects stalled forks from uncontrolled nucleolytic 

degradation [6], whereas WRN helicase facilitates DNA2-mediated restart of stalled forks 

[7]. Mechanistically, WRN utilizes its ATP hydrolysis to unwind the regressed arm of 

a stalled fork which allows nucleolytic processing of reversed forks by DNA2 nuclease 

and subsequent replication restart [7]. Consistent with the WRN helicase/DNA2 nuclease 

model, WRN depletion results in the suppression of nascent strand degradation in BRCA2-

proficient cells [3, 7].

Fork restart in BRCA2-mutated cells is severely impaired upon loss of WRN or WRN 

helicase inhibition [3]. The combined biochemical and cell biological results suggest that 

WRN helicase catalyzes fork restoration via its ATP-dependent branch-migration activity 

to limit MRE11 nuclease attack on the unprotected fork, thereby promoting fork restart 

[3]. Thus, unlike BRCA2-proficient cells, WRN helicase-mediated fork restart in a BRCA2-

deficient setting is not attributed to its role in nucleolytic processing of reversed forks. In 

this manner, WRN helicase switches its role from stalled fork resection in BRCA2-proficient 

cells to fork protection and restoration in BRCA2-mutated cancer cells. Here, we will 

discuss some salient points pertaining to the crosstalk between WRN and BRCA2 as they 

relate to genome homeostasis in different scenarios and how they might be relevant for new 

ideas in cancer treatment modality.

Does WRN act to suppress replication gaps in BRCA2-deficient cells?

There is great interest in the molecular mechanisms of replication gap suppression or 

tolerance in the context of how cancer cells respond to therapeutic agents [8]. Replication 

stress and genomic instability can arise when forks are unrestrained and achieve an 

unregulated high speed [9]. BRCA2 restrains DNA synthesis and suppresses single-strand 

gaps when replication stress arises [10, 11]. Our studies define a role of WRN in recovery 

of stalled replication forks under condition of BRCA2 deficiency, but they do not exclude 

the possibility that WRN, like the chromatin remodeling factor CHD4 and its interacting 

proteins (EZH2, FEN1, ZFHX3) [11], may also help to suppress replication gaps, thereby 

contributing to chemoresistance in BRCA2-deficient cells. Indeed, the post-replicative gap 

filling/repair elicited in the wake of PRIMPOL repriming and DNA synthesis in human 

cells appears to be complex with multiple factors and mechanisms involved [12–14]. A 

role of WRN in gap suppression may be elucidated by DNA fiber experiments designed 

to detect single-stranded DNA regions by S1-nuclease or an antibody directed against a 

nucleoside analog incorporated into single-stranded DNA in BRCA2-deficient or BRCA2-

proficient cells, depleted of WRN or exposed to WRNi. Determination if and how WRN is 

involved in gap suppression or gap filling will advance our understanding of the replication 

abnormalities apparent in WS patient cells. WRN may play a critical role in replication-

centric mechanisms whereby cancer cells become resistant to chemotherapy treatments in 

defined genetic backgrounds (e.g., BRCA2).
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WRN’s role in telomere replication and potential interplay with BRCA2 at chromosome 
ends

One of the classic phenotypes of WS is compromised telomeric DNA replication. A 

significant role of WRN in mammalian telomere maintenance was first discovered with the 

observation that mice co-deficient in WRN and telomerase display premature aging features; 

moreover, the corresponding mouse embryonic fibroblasts (MEFs) display chromosomal 

instability characteristic of WS [15, 16]. Further studies with the mTERC−/− WRN−/− 

mouse model revealed elevated telomere-telomere recombination (exchange) of the sister 

chromatids (T-SCE) in the doubly deficient MEFs and dependence on the alternative 

lengthening of telomere (ALT) pathway for telomere maintenance [17]. These findings 

pointed toward an essential role of WRN to limit telomere-based pathogenesis in critically 

short telomeres using the genetic mouse models.

Closely following the discoveries with mice, WRN-deficient human cells were reported 

to display defective replicative synthesis of the telomeric lagging guanine (G)-rich strand 

[18]. It was subsequently shown that primary human fibroblasts deficient in WRN displayed 

elevated T-SCE but normal global SCE in telomerase-negative backgrounds [19]. It was 

suggested that the elevated T-SCE was a major contributing factor to replicative senescence 

that underlies the accelerated aging phenotypes of WS. The localization of WRN to 

human telomeres [20] and the demonstrated interactions of WRN with proteins involved 

in telomere maintenance [2, 21] suggest a unique role of WRN to facilitate replication of 

telomeric DNA. For example, WRN was found to interact with the structure-specific flap 

endonuclease 1 (FEN-1) [22–25], an enzyme that plays an essential role in processing of 

Okazaki fragments required for genomic stability. Furthermore, WRN’s interaction with 

FEN-1 was indeed shown to be important for telomere maintenance [26]. WRN helicase was 

also shown to resolve telomeric D-loops (T-loops) [20] and G-quadruplex (G4) DNA [27, 

28] in vitro, suggesting its biochemical role to smooth out unusually folded DNA structures 

at chromosome ends.

Several studies have implicated BRCA2 in maintenance of telomeres during replication. 

BRCA2 was found to associate with telomeres in the S/G2 phases of the cell cycle, 

suggesting that it loads onto telomeres during the replication process or onto replicated 

DNA ends at chromosomes [29]. Conditional loss of BRCA2 prevented Rad51 to load 

onto telomeres in MEFs, induced telomere shortening, and resulted in the accumulation 

of fragmented telomeric DNA. Interestingly, these defects were not observed in BRCA1-

inactivated cells, suggesting a unique role of the tumor suppressor BRCA2 for telomere 

stability [29]. A similar important role of BRCA2 to suppress telomere instability was 

found independently, with the additional observations that the BRCA2-deficient MEFs 

accumulated common fragile sites most abundant in the G-rich lagging strand, as well as 

elevated T-SCE [30]. Moreover, both common fragile sites and T-SCE were even further 

increased in a significant manner in MEFs treated with replication inhibitors, suggesting a 

requirement for BRCA2 to maintain telomere stability during replication stress.

The common denominator of defective G-rich lagging strand synthesis in cells deficient in 

WRN or BRCA2 raises the possibility that the two proteins act to protect replication forks at 

telomeres in parallel pathways. One of the provocative DNA structures formed by the G-rich 
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telomeric strand is G4, which has been shown to interfere with smooth DNA synthesis by 

various DNA polymerases in vitro (for review, see [31]). A useful tool to investigate G4 

DNA metabolism in cells has been the pharmacologically active G4 binding ligands [32]. 

G4 structures, as detected immunologically, accumulate in WRN-deficient cells exposed to 

G4 binding drugs, and show an enrichment at telomeres compared to genome-wide loci 

[33]. Pharmacological inhibition of WRN helicase activity in human cells sensitized them 

to the G4-binding drug telomestatin [34], supporting the biological importance of WRN to 

suppress accumulation of G4 DNA structures. Exposure of BRCA2-deficient cells to a G4 

binding drug was also found to cause increased telomere fragility and replication defects 

[35]. It is plausible that WRN and BRCA2 play synergistic roles to protect telomeres during 

replication of their G4 structures that persist in the G-rich lagging strand. Upon replication 

fork stalling at telomeric G4 DNA structures that lead generationally to DNA damage in 

WRN-deficient cells, BRCA2 may be required for fork protection and/or HR to prevent fork 

collapse and fork-associated DSBs. This working hypothesis can be experimentally tested 

and may help to elucidate a role of WRN at telomeres in parallel to its involvement at 

microsatellite repeat elements (discussed below).

WRN as an alternative or ancillary target for PARP inhibitor induced synthetic lethality

When the Ashworth and Helleday labs demonstrated that BRCA1/2- mutated cancer cells 

are selectively killed by drug inhibitors of the DNA repair enzyme poly(ADP-ribose) 

polymerase (PARP), a whole new field of cancer chemotherapy known as synthetic lethality 

(SL) began [36, 37]. The approval and use of PARP inhibitors for chemotherapy treatment 

of patients with BRCA1/2-mutated ovarian and breast cancers has established a paradigm 

for exploiting genomic DNA damage inflicted by chemotherapy drugs to fight cancer. PARP 

inhibitors act to cripple HR repair of DNA breaks or cause PARP to become trapped on 

DNA, forming a toxic complex requiring HR repair (for a perspective, see [38]). However, 

certain cancer cell types can be resistant to PARP inhibitors, either intrinsically or by 

adaptation, thereby compromising drug efficacy in the clinic [39]. Tumor resistance to 

PARP inhibitors has prompted research to identify other targets important for replication 

fork stability/DNA repair that may be suitable targets to achieve SL [40]. Our own 

experimental studies of WRN illustrate this principle [3]. As reported by others, we found 

that the BRCA2-mutated ovarian cancer cell line PEO1 displayed reduced sensitivity to 

the PARP inhibitor Olaparib, a chemotherapy drug that is currently used in the clinic. 

However, co-treatment of PEO1 cells with Olaparib and sub-lethal doses of the WRNi 

NSC617145 was SL. Similar observations were made for BRCA2−/− colorectal cancer cells 

[3], demonstrating that WRN helicase inhibition potentiates the cytotoxicity of a PARP 

inhibitor in cancer cells deficient for BRCA2.

While combination strategies for anti-cancer strategies have gained traction, it may be that 

targets other than or in addition to PARP are worthwhile to pursue for tumors of breast and 

ovary, as well as other tissues. For example, BRCA2 mutations are known to exist in tumors 

of the pancreas and prostate [41]. Potential target genes are represented by those implicated 

in the replication stress response or DNA repair. A good example of the latter is RAD52, 
implicated in the healing of DSBs, which displays a SL interaction with mutations in 
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BRCA1, BRCA2 or MUS81 [42–44]. Of course, there are numerous DNA damage response 

factors that might be exploited to treat cancer.

Protein trapping by small molecule DNA repair inhibitors: a case for WRN following the 
path of the PARP inhibitor paradigm

Our recent work demonstrated that replication forks in BRCA2-deficient cancer cells were 

degraded to a significantly greater extent by treatment with the WRN helicase inhibitor 

compared to WRN depletion, suggesting that the WRN-drug complex exerts a more 

deleterious effect on cellular DNA replication than loss of WRN altogether [3]. Given the 

evidence that WRN directly binds the radiolabeled NSC617145 [3], we sought to address if 

toxic static WRN-DNA complexes were enriched in the NSC617145-treated cells. Indeed, 

chromatin fractionation experiments demonstrated a dose-dependent increase of WRN 

bound to chromatin in BRCA2-mutated cells [3]. In cells that were counterstained with 

the S-phase specific marker PCNA, WRN showed increased nucleoplasmic foci (as opposed 

to nucleolar where WRN primarily resides in unstressed cells [45]), indicative of WRN’s 

preferential localization to replication forks in BRCA2-deficient cells. WRN’s enrichment 

in the chromatin fraction was enhanced even further in cells co-treated with NSC617145 

and HU, suggesting that WRN trapping preferentially occurs during replication stalling. 

Altogether, the results from DNA fiber and chromatin fraction experiments suggest that 

the pronounced fork instability in NSC617145-treated BRCA2-deficient cells is attributed 

to WRN helicase inhibition and formation of static WRN-DNA complexes that perturb the 

progression of the replication fork.

The formation of static WRN-DNA complexes induced by the small molecule WRN 

helicase inhibitor follows a paradigm set by other compounds that target DNA metabolic 

enzymes in cancer cells. For example, topoisomerase inhibitors [46] or PARP inhibitors [47] 

act as cytotoxic DNA damaging agents by trapping their target proteins on DNA, causing the 

formation of static protein-chromatin complexes refractory to repair. Recently, new insight 

was gained to explain the mechanism whereby the trapped PARP1-DNA complexes are 

processed in cells [48]. The interactomes of trapped PARP1 and non-trapped PARP-1 were 

determined. A ubiquitin-regulated p97 ATPase/segregase was identified to be a member 

of the trapped PARP1 interactome; furthermore, it was determined that p97 is implicated 

in the removal of trapped PARP1 from chromatin. PARP1 is first SUMOylated and then 

ubiquitylated, which promotes recruitment of the ATPase p97 that facilitates removal of 

trapped PARP1 from chromatin [48]. Small molecule inhibition of p97-catalyzed ATP 

hydrolysis causes prolonged residence of PARP1 on chromatin and elevates cytotoxicity 

in HR-defective cells treated with the PARP inhibitor, as well as patient-derived tumor 

organoids. It is plausible that the metabolism of trapped WRN-DNA complexes induced by 

cellular treatment with a WRN helicase inhibitor operates by a similar or related mechanism 

of action, prompting further study (Figure 2). It will be informative to determine what 

other proteins are trapped with WRN in the WRNi-treated cancer cells. Characterizing the 

chromatin trapped WRN interactome induced by exposure to the WRNi will provide insight 

to the cellular phenotypes, attributed to sequestration of key genome stability factors.
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The parallel between WRN/DNA and PARP1/DNA complex trapping induced by small 

molecule inhibitor exposure suggests a potential generality of the sequestration mechanism 

and cytotoxicity that may cause more severe consequences for genomic DNA damage in 

cancer cells that have compromised DNA repair, as suggested [47]. Furthermore, like PARP 

inhibitors [47], the potential development of WRN helicase inhibitors for clinical translation 

will require evaluation of molecular tumor profiles and assessment of the relationship 

between WRN trapping and maximal tolerated dose in the clinic.

Clinically relevant helicase-inactivating mutations may share common pathways and 
consequences as that of DNA helicase inhibitors

Similar to the WRNi trapping model, helicase-inactivating missense mutations may lead 

to toxic helicase-dead: genomic DNA complexes that interfere with cellular nucleic acid 

transactions such as replication, transcription, and DNA repair (for a perspective, see 

[49]). There are a number of reported helicase-inactivating missense mutations genetically 

linked to diseases characterized by chromosomal instability [50]. In the case of FANCJ 

missense mutations, some were found to exert dominant negative effects in cell-based 

models [51, 52]; however, their biological mechanism of action remains to be characterized. 

Interestingly, patient-derived WRN mutations, with just a few exceptions, result in 

frameshift or early stop codons that yield truncated proteins which either destabilize the 

protein or negate its ability to localize to the nucleus because the nuclear localization 

sequence resides in the extreme carboxyl terminus [53]. For those genetic disorders 

in which helicase-inactivating mutations have been implicated, it will be valuable to 

determine the protein members of the putative chromatin trapped helicase interactome 

and relate this information to the mutant cellular phenotypes to determine if there are 

any causal relationships. In collaboration with Stewart, Harel, and others, we reported a 

new genome instability and progeroid disorder, RECON syndrome, linked to homozygous 

missense mutations located in the conserved zinc binding domain of RECQL1 that seriously 

compromise its catalytic activities but only modestly affect DNA binding or impair its 

ability to oligomerize [54]. In cells, the RECQL1 mutation interferes with the response 

to replication stress/DNA damage imposed by a topoisomerase poison. Future studies 

to characterize chromatin-enriched protein interactomes of helicase-disease states, like 

RECON syndrome, may yield insights to disease pathogenesis, diagnosis and potential 

therapies that compensate for the deficiencies of helicase-interacting proteins due to their 

stress-induced sequestration.

Fate of trapped WRN complexes: potential insights from DNA-protein cross-link studies

Encounters of replication forks with tight protein DNA complexes, such as those induced by 

certain PARP inhibitors, may be highly relevant to the trapped WRN-DNA complex induced 

by cellular exposure to a WRN helicase inhibitor. Experimental evidence using a model 

Xenopus reconstituted system demonstrated the repair of DNA-protein crosslinks (DPCs) 

by a replication-coupled proteolysis mechanism [55, 56], that subsequently implicated the 

SPARTAN (SPRTN) metalloprotease [57], which is conserved in humans [58]. Using a 

biochemical approach with purified recombinant human SPRTN and oligonucleotide-based 

model DPC substrates, the Stingele lab characterized a novel DNA structure-specific DPC 

cleavage mechanism by SPRTN protease [59]. Furthermore, results from the reconstituted 
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Xenopus egg extract system for replication-dependent DPC repair suggest that the 

replicative helicase collaborates with the Fe-S helicase RTEL1 to ensure SPRTN activation 

[57, 60], but the overall process(es) involved are quite complex.

Returning to the PARP story, SPRTN deficiency in human cells causes a hypersensitivity 

to those PARP inhibitors that act by forming trapped PARP1-DNA complexes [61]. The 

epistatic relationship of SPRTN with translesion (TLS) synthesis suggests a parallel pathway 

that cells use to bypass PARP1-DNA complexes during replication. Determination if SPRTN 

or a TLS pathway is directly involved in the cellular response to trapped WRN-DNA 

complexes will be informative and lead to insights into potential SL interactions.

Persistent covalent topoisomerase DNA protein crosslinks (TOP-DPC) resulting from 

cellular exposure to certain topoisomerase inhibitors used as chemotherapy drugs can 

result in DSBs and genomic instability [62]. TOP-DPC are removed by specific tyrosyl-

DNA phosphodiesterases or structure-specific endonucleases, made accessible by members 

of the aforementioned proteasome and metalloprotease SPRTN family. Expanding the 

scope, a recent review from the Pommier lab provides a comprehensive discussion 

of the metabolism of TOP-DPC by proteasome, non-proteasome and non-proteolytic 

pathways [63]. Interestingly, but perhaps not surprisingly, like the PARP inhibitor story, 

SUMO modification followed by ubiquitylation targets TOP-DPCs for proteasome-mediated 

proteolytic degradation [64]. Indeed, recent evidence suggests that sumoylation of target 

proteins in the vicinity of the TOP-DPC fine-tunes the available DPC repair pathways 

to ensure faithful correction of the toxic and DNA damage-inducing lesion [65]. In 

another development, experimental evidence was presented that poly(ADP)-ribosylation 

(PARylation) of TOP-DPCs acts in a regulatory manner to deubiquitylate the complexes 

thereby suppressing their proteasomal degradation [66].

DPC repair need not always require replication interference to signal pathway activation. 

Recently, a mechanism whereby DPC repair of a DNMT-type methyltransferase covalently 

linked to genomic DNA in human cells was found to be mediated by a SUMO-RNF4 

pathway independent of replication as a salvage mechanism when the interphase DNA 

damage checkpoint is not activated [67].

In contrast to the aforementioned studies, there is little known about the fate of trapped 

WRN-DNA complexes. We reported that exposure of HeLa cells to the WRNi NSC617145 

not only induced WRN binding to chromatin, but also WRN degradation in a proteasome-

mediated pathway, as evidenced by the suppression of WRN degradation with cellular 

exposure to the proteasome inhibitor MG132 [68]. Future studies should address if the 

pathways that metabolize trapped PARP or trapped topoisomerase DNA complexes become 

engaged to deal with trapped WRN-DNA complexes, and how they are regulated (Figure 2).

New library screens for WRN helicase inhibitors (e.g., [69]), advanced molecular docking 

approaches, and further detailed analysis of small molecule inhibitors of DNA helicases 

are warranted [70, 71]. Characterizing the mechanisms of action for helicase inhibitors 

and their basis for cytotoxicity in cancer cells should prove informative for translational 

efforts to develop new and improved cancer chemotherapy strategies. Characterization 
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of small molecule helicase inhibitors in preclinical models, such as the case for WRNi-

induced shrinkage of BRCA2-deficient xenograft tumors in mice [3], will help to advance 

translational efforts.

WRN and genetic-based or chemically induced synthetic lethality

In addition to WRN being an alternative to PARP as a target for SL, we find the idea 

of combinatorial anti-cancer treatments that exploit WRN and other genes to be attractive. 

For example, dual inhibition of WRN and a genetic factor implicated in single-stranded 

or DSB repair or a unique pathway of fork protection may behave synergistically. In 

support of this idea, we found that HeLa cells were sensitized to a very low concentration 

of the PARP inhibitor KU0058948 (1 nM) by co-treatment with the WRNi NSC19630 

[34]. The attractiveness of chemical induced SL should not overshadow the potential of a 

combined chemical and genetic SL in specific genetic mutant backgrounds. We determined 

that cancer cell lines from Fanconi Anemia (FA) patients displayed hypersensitivity to a 

very low concentration (9 nM) of the DNA cross-linking drug Mitomycin C (MMC) upon 

co-treatment with the WRNi NSC617145 [68]. Thus, the super-reliance on WRN helicase 

to deal with DNA damage that directly perturbs replication fork progression may serve 

as a lamppost for development of anti-cancer drug modalities dependent on the genetic 

background of the tumor.

One of the best characterized SL interactions of WRN is with the structure-specific 

endonuclease MUS81 [72]. Based on their experimental data, the Pichierri lab proposed 

a model that when replication forks collapse in WRN-deficient cancer cells, MUS81 

becomes engaged and cleaves the collapsed replication forks, resulting in DSBs. These fork-

associated DSBs undergo Rad51-mediated break-induced repair (BIR), allowing forks to 

restart but at the cost of genomic instability. These findings can be placed in a new context, 

given our recent work which showed that pharmacological inhibition of WRN helicase 

resulted in elevated MUS81-dependent DSBs, which in turn activate nonhomologous end-

joining (NHEJ) and cause genomic instability in BRCA2-mutated cancer cells [3]. It will be 

of interest to assess the effect of WRN deficiency versus WRN helicase inhibitor treatment, 

in the genetic background of mutated BRCA2 and MUS81 deficiency, to tease out their 

SL relationships and cellular reliance on BIR versus NHEJ to suppress DNA damage and 

retain viability. Interestingly, our earlier work demonstrated that pharmacological inhibition 

of WRN helicase activity caused an increased MMC sensitivity for cells deficient in 

both FANCD2 (a key protein in the FA pathway of interstrand cross-link (ICL) repair) 

and DNA protein kinase catalytic subunit (DNA-PKcs), a central player in NHEJ [73]. 

Thus, small molecule inhibition of WRN helicase activity exacerbated the cytotoxicity 

of MMC-induced DNA damage when both the FA ICL repair pathway and NHEJ were 

compromised. This led us to propose a model in which cells deficient in the DNA damage 

response or a specific DNA repair pathway exposed to a WRNi would be hypersensitive 

to replication stress, introduced by cellular exposure to different classes of agents (ICL-

inducing compounds (MMC), nucleotide pool depleting drugs (HU) or base alkylating 

agents (e.g., Methylmethanesulfonate) (see Figure 3 in Ref. [73]). Our latest results which 

demonstrate a marked sensitization of BRCA2-deficient cells to WRN helicase inhibition 

in multiple contexts and biological endpoints support this model [3]. We can now better 
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appreciate how disruption of WRN helicase activity under conditions of replication stress 

leads to fork collapse and chromosomal instability.

Targeting WRN in cancers characterized by microsatellite instability

Mounting evidence from multiple laboratories using different experimental approaches [74–

79] has solidified the essential role of WRN helicase in cancer cells characterized by 

microsatellite instability (MSI), a unique form of genomic instability involving repeated 

sequences of DNA from one to six base pairs in length. The tandem repeats are believed to 

arise during faulty DNA replication, leaving frame-shift mutations due to DNA polymerase 

slippage that fail to be recognized by the mismatch repair machinery. WRN might be 

a valuable target in mismatch repair-deficient tumors that are refractory to conventional 

treatments including radiation, chemotherapy and immunotherapy [80–85].

Particularly unstable TA-dinucleotide repeats in MSI cells act to stall replication forks 

and require WRN helicase-catalyzed resolution to prevent MUS81 nucleolytic cleavage 

and “massive chromosome shattering” [79]. The idea that WRN helps cells to deal with 

stalled replication forks at these difficult-to-replicate genomic foci is supported by earlier 

observations that WRN is recruited to stalled forks in a fashion that is dependent on the 

phosphorylation of the ATR checkpoint kinase [86]. Importantly, the model proposed by 

van Wietmarschen et al. implicates that longer uninterrupted TA repeats which occur in late-

replicating regions and prone to form secondary DNA structures require WRN-catalyzed 

resolution to avoid MUS81-mediated DSBs and consequential genomic instability [79]. 

Van Wietmarschen et al. further suggest that once (TA)n repeats exceed a critical length 

threshold, the DNA sequence elements would assemble into cruciform-like structures that 

stall replicative DNA synthesis and activate the ATR checkpoint kinase, targeting WRN 

and other factors to enable completion of DNA replication. When WRN is deficient, the 

aforementioned massive chromosome shattering ensues.

Taking all the experimental evidence into account, it seems likely that WRN’s genetic 

interaction with BRCA2 to suppress replication fork instability at DNA sequence elements 

prone to form secondary structures is highly relevant. If the frontline fork protection 

measures mediated by BRCA2 and other fork-associated factors are compromised by 

mutation, then WRN becomes a paramount player to prevent uncontrolled nascent strand 

degradation and suppress chromosomal instability. This hypothesis, supported by our recent 

findings [3], requires further experimental investigation. Translational efforts may lead to a 

better assessment of the potential for personalized medicine to treat cancer in individuals 

with specific genetic mutant backgrounds.

Surprisingly, there is a deficit of experimental work that addresses the putative involvement 

of BRCA2 in its fork protection role to respond to replication stress caused by DNA 

sequences prone to form secondary structures. While genomic instability and cancer risk 

have been considered in the context of compromised DNA repair, including HR repair 

mediated by BRCA2 and other factors (see [87] for a recent review), the assessment of 

BRCA2’s fork protective role that might influence MSI is understudied. As we consider the 

genomic landscape of mutated cancer cells for predictive diagnosis, treatment and cure, it 
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will be valuable to undertake studies that assess the role of fork protection factors, and their 

genetic interactions, in cancer cells of distinct origins and lineages.

Returning to WRN, based on our studies of its role to safeguard unstable replication forks in 

BRCA2-mutated cancer cells, it is plausible that their genetic interaction at unstable genome 

sequence elements requires WRN to resolve persistent DNA structures that interfere with 

smooth fork progression. Furthermore, molecular characterization of pharmacologically 

induced toxic WRN-DNA complexes at sites of repeat sequence elements in mismatch 

repair defective cancer cells exposed to WRNi may prove to be informative.

WRN is considered a potential target for SL. Tumors with MSI are predictable targets for 

WRN [74–79]. However, beyond tumors characterized by MSI, we propose that targeted 

WRN inhibition by its genetic loss or pharmacological inhibition may be useful more 

broadly for SL strategies. In our work, we showed that small molecule inhibition of WRN 

helicase activity in a BRCA2-deficient background led to SL in multiple cell types/genetic 

backgrounds, including osteosarcoma, ovary, and colorectal adenocarcinoma [3]. For a more 

comprehensive discussion of the experimental evidence for SL interactions of WRN, see 

[81].

Conclusion

In this review, we have elaborated upon our recently published work to provide further 

mechanistic insight into stalled fork stabilization in cancer cells by WRN when the tumor 

suppressor BRCA2 is deficient. In addition, we have placed this field of study in the context 

of cancer biology and dynamic cellular DNA transactions at the replication fork to provide 

food-for-thought and working hypotheses that might be explored further. Replication stress 

is a driving force behind cancer and aging; consequently, understanding the complex 

interplay among factors that operate at the replication fork in rapidly dividing cells is 

both challenging and rewarding. Crosstalk between WRN and BRCA2 has significant 

implications for translational studies, which we hope will offer advances in cancer diagnosis 

and treatment. SL approaches, and more broadly personalized medicine, continue to benefit 

from basic research experimentation, which will inform future therapies in cancer and 

age-related disease. WRN, as well as other DNA helicases and DNA translocases involved 

in key aspects of replication fork protection, have emerged as a prioritized target to achieve 

genetic or chemically induced SL. This is highly relevant to treatment of tumors with MSI, 

but likely applies to other tumor-associated mutations. We predict that the field is poised 

for significant developments in targeting WRN and other helicases in translational efforts to 

enhance emerging therapies.
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Figure 1. Targeted WRN helicase inhibition results in defective replication restart and fork 
degradation in BRCA2-deficient cancer cells.
Left side, WRN helicase helps BRCA2-deficient cancer cells to protect stalled forks and 

restart replication by converting the regressed fork to an intact fork, thereby limiting 

MRE11-mediated fork degradation and allowing replication restart. Right side, In contrast 

to WRN deficiency, pharmacological inhibition of WRN helicase causes rapid sequestration 

of inactive WRN on replicating chromatin leading to increased fork stalling and engagement 

by MRE11 and MUS81 nucleases leading to elevated fork degradation. This results in 

accumulation of DSBs at collapsed forks in BRCA2-mutated cancer cells and lethality. 

Thus, suppression of WRN helicase’s action to remodel stalled DNA replication forks 

causes genomic instability and cell killing in a BRCA2-deficient background. Created with 

BioRender.com.
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Figure 2. Potential fate of trapped WRN-DNA complexes.
Following the example of how trapped PARP complexes are metabolized, we propose a 

working model to study the fate of trapped WRN-chromatin complexes induced by cellular 

exposure to a WRNi. Other proteins may become sequestered with the trapped WRN-DNA 

complex on chromatin. Post-translational modifications (e.g., SUMOylation, ubiquitylation) 

of WRN, and perhaps associated factors, may regulate their proteolytic degradation by 

pathways which remain to be characterized.
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