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The Role of WRN Helicase/Exonuclease in DNA
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1. Introduction

1.1. WRN is a RecQ helicase/exonuclease required for genome stability and to prevent
premature ageing

1.1.1. Clinical phenotype of Werner’s syndrome

Humans possess five distinct RecQ helicases (see Figure 1), all of which possess a hallmark
RecQ helicase domain. Mutation or loss in any one of three human RecQ helicases give rise
to genetic instability syndromes: WRN mutation gives Werner’s syndrome (WS), BLM loss
results in Bloom syndrome (BS), and Rothmund-Thomson syndrome (RTS) is caused by mu-
tation of RECQL4'. WRN has come to prominence because its loss of function results in hu-
man Werner’s syndrome, a segmental progeria (premature ageing) characterised by many
signs and symptoms of normal ageing at both the organismal and cellular levels, with short-
ened lifespan (median age of death 47 years [2]). In particular WS patients suffer from osteo-
porosis, athero-and arterio-sclerosis and a high cancer incidence (particularly sarcoma)
together with metabolic disorders normally associated with increased age, especially type II
diabetes and lipodystrophy. Furthermore, patients show outwardly recognisable signs of
ageing such as cataracts, greying hair and skin wrinkling, while female WS patients suffer
premature menopause and both sexes show hypogonadism, with decreased fertility (re-
viewed in ref. [2]).

1 RTS is found in a subset of patients with RECQL4 mutation; different mutations in the same gene give rise to RAPA-
DILLINO syndrome [1]
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220 The Mechanisms of DNA Replication

1.2. Cellular phenotype on WRN loss

This premature ageing phenotype is also observed at the cellular level: fibroblasts from WS
patients undergo highly premature replicative senescence in culture, failing to proliferate af-
ter only 9-11 population doublings, compared with the 50-60 doublings characteristic of
wild type fibroblasts [3]. Transcriptomic studies have demonstrated that >90% gene expres-
sion changes associated with normal ageing are seen in young WS cells [4], while glycosyla-
tion of blood albumin (a biomarker of ageing) in young WS patients is equivalent to levels
detected in normal centenarians [5]. Importantly, loss of function of WRN is associated with
significant genome instability with a high frequency of chromosomal translocations and de-
letions [6, 7], which is thought to contribute to the increased cancer risk. Genome instability
is a hallmark of defective S phase checkpoint proteins (reviewed in ref. [8]), suggesting ei-
ther than WRN is directly involved in the checkpoint, or that it normally serves downstream
of the checkpoint such that its loss prevents correct execution of the arrest and recovery
pathways. Notably, it is not only WS patients who are more susceptible to cancer on WRN
loss: epigenetic inactivation by methylation of CpG islands in the WRN gene promoter has
been reported in epithelial and mesenchymal cancers with value in prognosis in colorectal
cancer [9], while specific WRN SNPs have been correlated with breast cancer incidence [10],
even though such genetic changes do not alter the helicase or exonuclease activities of the
protein or modulate the levels expressed. WRN is therefore of interest not only to those at-
tempting to understand the molecular basis of human ageing, but also to cancer biologists —
indeed WRN knockdown is likely to promote cancer cell death and hypersensitise cells to
current chemotherapeutic agents such as camptothecin that impact on DNA replication [9,
11, 12]. Small molecules that specifically inhibit WRN but not other RecQ helicases are there-
fore likely to have therapeutic potential [13].

1.3. WRN protein

The wide range of ageing-associated phenotypes in WS patients and their cells indicates a
fundamental role for WRN in preventing premature ageing, but how can loss of one protein
lead to the pleiotropic outcomes of human ageing? The most important clue came from clon-
ing the WRN gene [14], which showed for the first time that the human WRN gene encodes
a large protein of 1432 amino acid (~162kDa) with an amino terminal exonuclease domain
conserved with proteins of the DnaQ family, and a central helicase domain of the RecQ fam-
ily. In addition, DNA binding (RQC) and protein interaction (HRDC) domains exist distal to
the helicase domain (Figure 1A). Immunofluorescence and mutational studies have demon-
strated that WRN is a nuclear protein with both NLS and NoLS sequences situated at the C
terminus [15]), that appears to be sequestered in the nucleolus [16] except during S phase or
upon DNA damage, when it is redistributed to sites of DNA replication or repair ([17-19].

Of the five human RecQ proteins, WRN is the only one to possess exonuclease activity [20].
Acting in a 3’-5" direction (as shown using 3’- or 5-end labelled substrates), WRN exonu-
clease has been demonstrated to bind onto overhanging 5" ends of the guide strand of du-
plex DNA and cleave the target strand sequentially, though with relatively low processivity
[21]. While it cannot cleave blunt ended substrates, nor those where ends are blocked by
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bulky lesions [22], WRN exonuclease degrades substrates that are likely to be found both
during DNA repair and as intermediates in DNA replication, including forks and bubble
substrates [23] (see Table 1). Despite early reports of lack of activity on short single-stranded
DNA (e.g. [21]), WRN exonuclease can digest single stranded oligonucleotides over 50 bases
in length [24, 25].
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Figure 1. The RecQ helicase family. (A) Domain organization of human WRN. Note that for human WRN, the RQC
serves in DNA binding and the HRDC is probably involved in protein-protein interaction, though these roles may be
reversed in other RecQs. (B) Humans have 5 RecQ helicases (boxed), named after the archetypal RecQ of E. coli. Human
WRN is unique in the family in possessing an exonuclease domain. In invertebrates such as Drosophila and C. elegans,
the exonuclease (red) and helicase (blue) activities are encoded by separate genes.

Helicase substrates Exonuclease substrates
Holliday junction Holliday junction
Bubble duplex Bubble duplex

3'-recessed duplex 3'-recessed duplex
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Helicase substrates Exonuclease substrates
D-loop duplex D-loop duplex

Duplex with 5'-flaps Looped duplex
G-quadruplex Nicked looped duplex

Partial duplex

Forked duplex

Triplex

NOT blunt duplex

NOT 5'-recessed duplex

Table 1. Substrates unwound by WRN helicase or degraded by WRN exonuclease. (Note that BLM also unwinds the
same substrates as WRN helicase)

The helicase activity of WRN is highly conserved with other RecQ helicase family members,
acting 3’-5to unwind duplex DNA in an ATP-dependent manner [26]. Within the helicase
domain are seven conserved motifs characteristic of the RecQ family. In general, RecQ heli-
cases are adept at unwinding unusual DNA structures that can inhibit the course of normal
DNA replication. Examples are tailed and forked duplexes, small gaps and flaps (commonly
found as DNA repair and recombination intermediates), bubble substrates and displace-
ment-loop triplex and Holliday junctions (common at telomeres and during recombinational
repair and sister chromatid exchange), and G-quadruplexes which are often found at tracts
rich in guanine such as at the telomere (e.g. [27], reviewed in ref. [28], see Table 1). It is im-
portant to note that the helicase and exonuclease activities do not simply act as independent
entities in cells, but that their actions are almost certainly co-ordinated and interlinked. For
example, co-operation between them is required during telomere maintenance ([29]; see sec-
tion 4 below for more detail).

WRN helicase template specificity requires DNA binding that is probably mediated through
the conserved RQC domain. X-ray crystallographic analysis has shown some unusual fea-
tures, in that binding of WRN to DNA does not occur through a standard ‘recognition helix’,
but instead through a beta wing of the RQC domain that inserts like a wedge between the
terminal bases of blunt duplex DNA to unwind one base even in the absence of ATP [30].
How this binding correlates with WRN’s lack of unwinding of blunt ended substrates re-
mains to be determined. In addition to binding to DNA, WRN binds to many different pro-
teins at the replication fork, the telomere and during fork recovery after stalling. Protein
interaction with WRN may occur through the helicase-and-ribonuclease D/C-terminal
(HRDC) domain; while this region is through to be important for DNA binding in E. coli
RecQ and yeast Sgsl, the conserved for DNA interaction surface is lacking in human WRN,
and the domain is unable to bind DNA in vitro, but that reveals many exposed alpha helicas-
es that are likely to bind to protein partners [31].
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1.4. WRN orthologues

While the exonuclease and helicase activities are both encoded by the same gene in verte-
brates, giving rise to one multifunctional protein, the enzymes are encoded by separate ge-
netic loci in plants, invertebrates and prokaryotes (Figure 1B, reviewed in ref. [32]), with
physical and/or functional interaction between the helicase and nuclease proposed in vivo.
(Figure 1, reviewed in ref. [32, 33] For example, in the fruit fly Drosophila melanogaster, we
have cloned and characterised the orthologue of human WRN exonuclease encoded by the
fly locus CG7670 [34]. Drosophila WRN exonuclease (DmWRNexo) is a 3’-5” exonuclease [35]
that shows remarkable substrate conservation with human WRN exonuclease and utilises
conserved residues at the active site for nucleic acid cleavage [36]. Flies homozygous for a
strong hypomorphic mutation in CG7670 have greatly elevated levels of recombination that
appears to occur through reciprocal exchange, and are hypersensitive to the topoisomerase
poison camptothecin, that leads to replication fork collapse [37]. Hence loss of only the
WRN exonuclease activity in flies results in many features characteristic of human WS, sug-
gesting a key role for the exonuclease in preventing premature ageing. We consider the pos-
sible role(s) of WRN exonuclease in replication fidelity, restart of stalled forks and telomere
maintenance in more detail below (see sections 2.2, 3.4 and 4 below).

A limitation to studying WRN in flies is the lack of a fully characterised WRN helicase or-
thologue. However, the nematode worm C. elegans has a highly conserved WRN-like heli-
case, encoded by the wrn-1 gene, and two candidate exonucleases, at loci ZK1098.8 (mut-7
[38]) and adjacent ZK1098.3. RNAi knockdown of wrn-1 results in shortened lifespan [39]
and perturbation of the S phase checkpoint via ATM/R kinases [40], suggesting both that
WRN is important during DNA replication, and that its role is critical in maintaining normal
longevity of the organism. These outcomes are of particular interest since they so closely
echo the findings in humans, but in a genetically tractable and short-lived lower eukaryotic
model organism. In plants, WRN has been most studied in Arabidopsis, where physical and
function interaction has been described between the exonuclease (AtWEX) and helicase
(AtWRN) orthologues [41]. In budding yeast and fission yeast, there is only one RecQ heli-
case (Sgsl and Rqghl, respectively); whether these proteins interacts directly with an exonu-
clease to reconstitute human WRN-like activity is yet to be determined, though genetic
interaction between Rgh1 and Mus81/Emel has been reported [42].

Because of the phenotypes resulting from WRN loss or mutation, it has been implicated in
many aspects of DNA metabolism, including transcription, DNA repair, recombination and
telomere maintenance. Its role in DNA replication will be discussed in this chapter, includ-
ing not only a direct role in normal processive DNA replication, and replication of the telo-
meres, but also in preventing replication fork stalling or assisting fork recovery after arrest.

1.5. S phase defects in WS cells

Fibroblasts and lymphoblastoid cells from Werner’s syndrome patients show a defect in pro-
gression through S phase [17, 43]. FACS analysis demonstrates both a longer duration of S
phase and an overall significant increase in cell cycle time in primary fibroblasts from WS pa-
tients ([17] and in normal primary fibroblasts in which WRN was depleted by shRNAi by
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80-90% [44]. Early studies on replication rates in WS fibroblasts used alkaline sucrose gradi-
ents to detect the size of nascent DNA, demonstrating slower replication in WS cells compared
with normal controls [45]. The ability of WS cells to incorporate Texas-red-dUTP into nascent
DNA is also significantly impaired [46]. Interestingly, while acute shRN Ai-mediated WRN de-
pletion in SV40 T antigen-transformed cells had no impact on cell cycle progression in the ab-
sence of imposed replication stress, primary fibroblasts depleted of WRN did show an S phase
delay [44]. Hence it appears that loss of WRN protein results in an S phase phenotype.

WRN has been isolated within a large multi-protein replication complex [47]and found to
interact in vitro with purified PCNA. The binding region has been localised to a PIP-like mo-
tif on WRN towards the amino terminus [18], which is likely to bind within the hydrophobic
pocket of PCNA, as described for other PIP-containing proteins (see section 2.1). Studies on
Xenopus egg cell-free extracts depleted of the frog orthologue of WRN, called FFA-1 (focus-
forming activity-1) initially suggested that the protein was required for establishment of rep-
lication foci and thus served a central role in DNA synthesis [48]. (Note however that
immunoprecipitation from Xenopus egg extracts is fraught with difficulties and accidental
removal of other components such as membranes may inadvertently lead to loss of replica-
tion capacity). Subsequently, FFA-1 was shown to localise to sites of DNA synthesis coinci-
dent with RPA, and expression of a dominant negative GST-FFA-1 fusion protein blocked
replication activity [49]. Similar immunofluorescence studies in both HeLa cells and primary
human fibroblasts, supported by high-resolution immuno-electron microscopy, also showed
WRN present at a subset (~60%) of replication foci, colocalising with PCNA [18]. This locali-
sation is in the absence of replication stress, while on HU arrest, the majority of WRN relo-
cates from the nucleolus to RPA-containing foci that are suggested to represent stalled forks
[19]. Hence WRN is present at replication sites, and in its absence, cell cycle and DNA syn-
thesis phenotypes are consistent with a replication defect.

2. WRN at the replication fork

In order to appreciate where WRN acts during DNA replication, it is necessary to under-
stand the core structure of the DNA replication fork during the elongation stage of DNA
replication. During elongation, processive polymerisation of the leading strand is carried
out by DNA polymerase epsilon (pol €) and the leading strand by DNA polymerase delta
(pol d) (based on mutational studies of the proof-reading domains of each in yeast) [50-52].
The replicative polymerases are tethered to the template by association with the homotri-
meric sliding clamp protein PCNA (proliferating cell nuclear antigen) [53]. Co-ordination
between leading and lagging strands may be achieved through the action of the GINS/
Cdc45 complex that has been proposed to act as a replisome progression complex (RPC)
[54]. On the lagging strand, repeated cycles of priming by DNA pol a-primase results in
synthesis of 7-10 nucleotide of RNA primer followed by ~20 nucleotides of initiator DNA
(with error rates of 102 and 10 respectively), followed by switching to the higher fidelity
and more processive DNA pol d on the lagging strand and pol ¢ on the leading strand. This
switch occurs through a multistep loading process essentially requiring recognition of the
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primer-template junction (where RPA is bound to the unwound single-stranded parental
DNA) by RFC, an AAA+ ATPase that serves to load the sliding clamp PCNA. Pol d is then
recruited to PCNA through its p66 subunit to synthesise approximately 200 nucleotides of
the Okazaki fragment. (For a more detailed discussion of fork establishment, see ref. [55]).

2.1. Okazaki fragment processing

Because of the low fidelity of pol a-primase, it is essential to remove both the RNA primer and
iDNA during Okazaki fragment processing (OFP) This is coincident with continued synthesis
of nascent DNA on the lagging strand; processive replication by pol o results in displacement
of the RNA-iDNA primer as a 5 flap and its removal by one of a range of postulated pathways
involving RNase H1, FEN1, Dna2 (on long RPA-coated flaps) and other helicases/nucleases in-
cluding Pifl and possibly a RecQ helicase (Sgsl in yeast, WRN in humans) (reviewed in ref.
[56]). Pol 6 synthesises DNA to fill the gap and DNA ligase seals the nick in the phosphodiest-
er backbone. These steps in Okazaki fragment processing (OFP) may be co-ordinated through
differential binding of the separate enzymes to PCNA, which has been suggested to act as a
molecular ‘toolbelt” in OFP [57]. Association of the OFP proteins? with PCNA occurs through a
conserved PCNA-interacting peptide (PIP) of the general motif QxxL/M/IxxFF to the hydro-
phobic pocket of PCNA formed at the interdomain connector loop (e.g. [58, 60], reviewed in
ref. [61]). Each PIP is likely to bind by an induced fit mechanism, since the crystal structures of
PCNA bound by its various partners shows variation in this loop region [62]. Notably, WRN
has a conserved PIP, and peptide ELISA studies showed that this region is sufficient for PCNA
binding in vitro [18]. Additionally, WRN binds to and stimulates the nuclease activity of Fen1,
which may contribute to efficiency of Okazaki fragment processing [63]; as WRN binds to Fen1
immediately adjacent to its PCNA binding site, it is likely that there is some interplay between
the three proteins [64] that may be important in Okazaki fragment processing, though this has
not been fully explored.

2.2. Proof-reading during processive DNA synthesis

DNA replication overall has an extremely low error rate of 10°, achieved in part by the very
high fidelity of the processive replicative polymerase € and 9, and also by additional “extrin-
sic’ proofreading activities together with mismatch repair (MMR) to remove incorrectly in-
corporated bases. The high fidelity DNA polymerases ¢ and d achieve an error rate of ~2
x10~ (reviewed in ref. [65]) through two key structural features. Firstly, the active site is only
fully formed upon acceptance of the correct incoming dNTP to create a solvent-inaccessible
site that is partially specified by correct helical geometry of duplex DNA, thus increasing en-
thalpy and decreasing entropy for correct nucleotides and allowing high discrimination
over incorrect nucleotides. Secondly, these polymerases each possesses a 3’-5" exonuclease
active site whereby the nascent DNA swings through ~40° to present to this site [66], and
where incorrect nucleotides are removed by hydrolysis of the phosphodiester backbone just
created. X-ray crystal structures of the isolated WRN exonuclease domain have shown that

2 Many other proteins also bind to PCNA in this manner — some regulate PCNA’s activity (e.g. p21) [58] while others are
regulated by such binding (e.g. Cdt1 degradation is PIP-dependent) [59].
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WRN shares structural homology with exonuclease domains of the high fidelity DnaQ fami-
ly of replication polymerases, suggesting a possible role for WRN in editing DNA, either
during DNA synthesis or in processing free ends, in collaboration with and stimulated by
the end-binding protein Ku [67]. Very recently, it has been shown that WRN assists pol &
(possibly on the lagging strand during Okazaki fragment synthesis) by removing 3" mis-
matches, thus allowing the polymerase to extend primers [68]. This supports a direct role for
WRN in Okazaki fragment synthesis.

3. Replication fork stalling — the role of WRN

3.1. High rates of replication fork stalling in WS

Early electron microscopy studies of *H-T labelled DNA in fibre autoradiographs suggested
a problem with replication origin spacing in WS [69, 70], though subsequent higher resolu-
tion studies using fluorescent antibodies to halogenated nucleotides suggest rather that it is
replication fork rate, not inter-origin distance, which is abnormal in WS cells [17, 44]. In-
deed, these DNA combing studies, that analyse individual DNA molecules labelled during
replication, have demonstrated a problem with replication fork progression in WS cells, re-
sulting in a high degree of replication fork asymmetry from what should be bidirectional
origins [17]. Such studies led to the proposal that replication forks stall at high frequency in
cells lacking WRN protein. Why should WS cells be particularly prone to fork stalling?

3.2. Causes of fork stalling

The replication fork encounters barriers during normal replication, such as unusual DNA
structures arising at G-rich regions (G4-quadruplex) or fragile sites. These structures must
be unwound to present a single stranded template suitable for copying; a high incidence of
replication fork stalling is likely if the normal mechanisms for tackling the unusual struc-
tures is lacking. Alteration in nucleotide pools through treatment with hydroxyurea (HU),
or polymerase inhibition with the dCTP mimic aphidicolin results in replication fork arrest
in the absence of template abnormalities or lesions. In addition, exogenous agents can cause
formation of lesions in the DNA that the replication fork cannot easily pass over — for exam-
ple, methylated or oxidized bases.

Replication fork pausing or stalling is therefore likely to be a common occurrence, and the cell
has mechanisms to stabilise the fork, deal with the unusual structure or repair the damaged re-
gion, and allow fork restart. Where DNA synthesis pauses but the MCM replicative helicases
proceed to unwind the duplex template, regions of single stranded parental DNA arise, that
are rapidly coated with RPA. This forms a signal to the S phase checkpoint machinery, particu-
larly the kinase ATR, that, together with other checkpoint kinases such as Mecl, Chk1l and
Chk2 (Rad53) and mediator Mrcl, leads both to recruitment of proteins to deal with the partic-
ular fork progression barrier, and to stabilisation of the replisome at the stalled fork, reviewed
in ref. [8]. Indeed, DNA pol € has been shown to stay associated with stalled forks in yeast [71]
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under the influence of Rad53 signalling. Replication fork restart then occurs once the damage
has been resolved and the checkpoint lifted. More serious to the cell is the collapse of replica-
tion forks as they traverse regions of the template containing single strand breaks — single-
stranded breaks are converted to double-strand breaks (DSBs) by the passage of the replication
fork, forming highly cytotoxic and potentially recombinogenic lesions. Hence surveillance and
rescue mechanisms must exist in the cell to deal both with stalled and collapsed forks. The
RecQ helicase family has been implicated as key in this mechanism.

3.3. Dealing with unusual structures before they arrest the fork

The most efficient mode of replication involves the removal of barriers to fork progression
before they lead to fork stalling. Importantly, WRN has been shown to be required by DNA
pol d (but not a or €) to unwind G4 DNA [72], bubbles and D loops [68] to allow pol d-medi-
ated synthesis over such template sequences without leading to fork stalling. In addition,
the helicase activity of WRN is also required to limit the formation of single stranded DNA
regions and gaps during replication of common fragile sites (CFS) [73, 74] and enhances
processivity of DNA pol d on fragile site FRA16D over hairpins and microsatellite regions,
requiring either the helicase or DNA binding activities of WRN [75]. Hence one important
role of WRN in DNA replication is to present the replisome with a template that is easy to
replicate, but does it act at any other point to ensure efficient replication?

3.4.Is WRN involved in fork restart or progression following restart?

Where replication forks have stalled, replication restart can occur in one of a number of
ways: (i) the block may be repaired (or removed); (ii) it may be bypassed using error-prone
translesional synthesis (TLS), or (iii) it may be avoided by using an alternative template (e.g.
the newly synthesised region on the opposite strand, resulting from fork regression or gen-
erated by recombination). The first option is usually the easiest and the least likely to have
mutational consequences; translesional synthesis is inherently more likely to cause mutation
(pol iota (1), for example, has an error rate of 0.72 i.e. it incorporates nucleotides almost at
random, irrespective of the template sequence [76, 77]), whilst recombination requires a suit-
able donor template that is not always available. The type of lesion, whether it is on the
leading or lagging strand, and the surrounding environment all contribute to how the repli-
cation block is dealt with. For example, nucleotide depletion following HU treatment impos-
es replication stress and can lead to fork stalling, but such stalling may be ‘seen” differently
by the checkpoint and restart machinery to forks that stall at physical barriers caused by
damaging agents such as MMS.

It appears that RecQ helicases may aid in pathway ‘choice’, although the mechanisms that
dictate which pathway is utilised are not fully understood. For instance, yeast complementa-
tion studies in rad50 mutants have demonstrated that BLM is important in resistance to ion-
ising radiation that causes double-strand breaks [78], while WRN confers resistance to drugs
such as MMS that lead to replication fork stalling [79, 80]. In human cells, dual labelling of
DNA before and after either HU or MMS treatment and analysis by fibre spreading (DNA
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combing) has shown that cells acutely depleted of WRN using shRNAi were still able to pre-
serve replisome integrity upon HU- or MMS-induced fork stalling, though following recov-
ery, replication fork rates were slower in WRN-depleted cells than controls, as evidenced by
much shorter tracts of labelled DNA post-treatment compared with those synthesised before
treatment [44]. It has been proposed [44] that WRN leads to rapid elimination of single-
stranded DNA tracts by promoting recombination (using the sister chromatid as template),
by enhancing translesion polymerase-mediated gap filling, or by removing DNA immedi-
ately after fork passage. It has therefore been suggested that the genome instability in WS
results from a defective response to stalled replication forks.

3.5. Error-prone translesional synthesis to relieve the replication block

Some lesions such as those caused by MMS or 4NQO present an insurmountable barrier to
templating for the high fidelity B family DNA polymerases, but error-prone replication
through these small lesions is often less costly for the cell than replication pausing and re-
cruitment of repair complexes. Such error-prone synthesis is conducted by the Y family
translesion DNA polymerases (TLS pols). These can pair nucleotides opposite modified and
unusual bases, but at the cost of fidelity (ranging from error rates of ~6 x 107 for pol kappa
(x), through 3.5 x 102 for pol eta (1) to the essentially random 0.72 error rate for pol L [76, 77,
81, 82]). The active site of such polymerasis is much larger than that of the proofreading pol-
ymerasis, allowing for unusual base pairing geometry, helical distortion of the template
DNA, and solvent access [83]. Consistent with an important role for WRN in replication fork
progression after pausing, WRN has been found to promote the processivity of Y-family
TLS pols on a wide range of substrates including oxidized bases, abasic sites, and thymine
dimers [84]. This activity is specific to WRN, and appears to increase the apparent V_,, of
polymerisation. This does not require either catalytic activity of WRN, as proteins with point
mutations that ablate both helicase and exonuclease activities can still promote pol 1 poly-
merisation, although neither catalytically-active BLM nor RecQ5 can substitute [84].

3.6. WRN suppresses illegitimate recombination at stalled forks

Whilst the experiments described above strongly support the assertion that WRN is re-
quired for fork progression after restart, others have suggested that WRN is itself required
to promote restart, possibly through preventing either the accumulation of recombinogenic
substrates or in suppressing recombination itself. High levels of spontaneous Rad51 foci in
WS cells indicate the presence of an increased number of DNA double-strand breaks (DSBs)
and elevated recombination when WRN is absent, supporting the assertion that WRN
blocks excessive and illegitimate recombination. Indeed, stalled forks are thought to regress
to “chicken foot; structures with 4-way Holiday junctions that can either be removed by exo-
nuclease degradation of the free ends, by branch migration to a point at which replication
can simply restart, or by recombination at the junction (see Figure 2). WRN is likely to sup-
press the recombinational route, as shown by partial complementation of yeast cells defec-
tive in Sgsl by expression of human WRN. Accumulation and persistence of Holliday
junctions is likely, since ectopic expression of the bacterial RusA resolvase allows WS cells to
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proliferate as rapidly as control cells, and to resist treatment with CPT or 4NQO (fork col-
lapse and fork stalling agents) to which WS are normally hypersensitive [46].

WRN helicase may branch migrate the chicken foot to ‘fold back’ the regressed form and
thus re-establish a normal fork structure (Figure 2). Indeed, fork regression by WRN on
RPA-coated DNA has recently been reported [85]. Alternatively, WRN exonuclease may de-
grade regions of the chicken foot and allow reformation of a normal replication fork. In ad-
dition to its own exonuclease activity, WRN associates with human Exonuclease 1 (Exol),
stimulating its activity [86]. It may therefore be the case that the two nuclease activities com-
bine to remove regressed forks. It has been suggested that in the absence of WRN, the re-
combinational route is used to process the accumulated HJs, and that this requires the action
of the nuclease Mus81; fission yeast Rgh1 suppresses Mus81 mutation [42] and human WRN
suppresses Mus81-mediated recombination [87].
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Figure 2. Possible roles of WRN in replication restart after fork stalling (see text for details)
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3.7. Template switching at stalled forks

Leading strand blockage often uncouples the replicative helicases from the rest of the repli-
some, allowing significant unwinding to form long tracts of single-stranded DNA, with lag-
ging strand synthesis continuing for a distance [88]. The accumulated long single stranded
loop of leading strand DNA is highly susceptible to damage. Replication fork restart on the
leading strand might simply utilise new priming by RPA-mediated recruitment of pol a-pri-
mase to the region of transition between singe stranded and duplex DNA (i.e. where the
previous polymerase ceased synthesis), in much the same way that it normally reassociates
with the primer-template junction in Okazaki fragment synthesis. Alternatively, regression
of the replication fork may permit annealing to the new lagging strand using ‘template
switching’ to give a Holliday junction that can then be reversed past the lesion [89, 90]. In
bacteria, this can be done by RecQ helicase, with Rec] exonuclease to remove the protruding
lagging strand flap [91].

In mammals this is likely to require WRN and the flap endonuclease activity of FEN-1 [92].
WRN (and BLM) can induce fork regression over the lesion by local unwinding, and can
lead to the formation of the chicken-foot. WRN can also reverse a regressed fork. Both BLM
and WRN helicase activities can also catalyse branch migration of the DNA leading to recov-
ery of the template daughter strand annealing via Rad51 [93], formation of a double Holli-
day junction and strand exchange. If the product here is a hemicatenenes, it can be resolved
into either a chicken foot or a HJ and processed the same way. Ultimately, functional repli-
cation forks may be reformed [94]. Alternatively, the Holliday junction can then be cleaved
by a resolvase and DSB repair as before. See Figure 2 (above) for a schematic of replication
fork restart.

3.8. How is WRN recruited to stalled forks?

Stalling of replication forks initiates the caffeine-sensitive S phase checkpoint, mediated by
RPA, ATR and Rad53. WRN recruitment to, or retention at, stalled forks may be direct
through binding to RPA [85], but it also appears to require phosphorylation by the check-
point kinase ATR [95]. When such phosphorylation is prevented, WRN cannot accumulate
at repair sites and DNA strand breaks are detected [73]. That WRN is an in vivo as well as in
vitro target of ATR has been confirmed by phosphoproteomic studies [96]. However, it is
still the subject of research and debate as to whether WRN is an upstream sensor or down-
stream effector in the S phase checkpoint that responds to replication stress or stalled forks.
For example, shRNAi-mediated WRN knockdown abrogated the S phase checkpoint on
CPT treatment but did not affect checkpoint induction on HU exposure [97], suggesting that
WRN may be an important ‘sensor” of collapsed but not stalled forks, although the mecha-
nism has yet to been defined. Perhaps fork collapse (e.g. upon CPT treatment) requires
ATM, with its double-strand break sensing activity through recruitment by Ku and activa-
tion by DNA-PKcs (DNA-dependent protein kinase catalytic subunit), while fork stalling
(e.g. on HU) uses the ATR pathway. This is consistent with differential regulation of WRN
by the two kinases [73], and with a requirement for WRN not only in replication fork pro-
gression after stalling (see above) but also in directing recombination in concert with RAD51
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and RAD54 [93]. Recently, it has been shown that WRN also interacts with the repair sliding
clamp 9-1-1 (homologous structurally and functionally to PCNA, though acting in repair
rather than replication), and that upon fork arrest, the 9-1-1 complex recruits TopBP1 that in
turn recruits ATR which phosphorylates WRN [98]. Perhaps the initial type of damage that
leads to fork arrest is therefore a deciding factor in the pathways of WRN recruitment and

post-translational modification.

3.9. Role of WRN at stalled forks on the lagging strand

Lagging strand blocks do not uncouple the replication fork; rather, lagging strand polymer-
ase merely stutters to the next primer to restart synthesis of the next Okazaki fragment [99,
100]. The resulting single-stranded gap is repaired by translesional synthesis as above
(which may be error-prone) or by homologous recombination with the sister chromatid
(which is more likely to retain fidelity). In E. coli, this requires formation of a double Holli-
day junction and resolution via non-crossover [101]. In mammals, BLM has the ability to
mobilise double Holliday junctions and the resulting catenated DNA is resolved by topoiso-
merase III without crossover [102]. WRN does not interact with Topolll and cannot migrate
a double Holliday junction [103], although structures involved in intermediate formation
(D-loops, G-quadruplex) might require either WRN or BLM. WRN can process a mobile D-

loop [104] using the co-ordinate action of both helicase and exonuclease.

However, WRN is also linked to the functionality of the lagging strand polymerase, pol .
WRN stimulates the base incorporation of pol o (but not a or €) even in the absence of
PCNA [105]. Pol d is slowed at fragile sites and repetitive runs likely to cause hairpin or
bubble structures, but this can be alleviated by the helicase functionality of WRN [75]. Like
WRN, pol d has a 3’-5" exonuclease capability which it can use to proofread bases after inser-
tion [106]. WRN can substitute at this proofreader, and cells with low levels of WRN show
increased mutation of the lagging strand [107]. Interestingly, the exonuclease activity of pol
d is active on WRN-preferred DNA substrates such as Holliday junctions, D-loops and bub-
ble duplex, and can form a complex with WRN [107] that increases the degradation of these
substrates. WRN exonuclease is blocked by many common lesions [22, 108]; it will be inter-
esting to find out whether the nuclease activity of pol 0 is complementary to this, and might

suggest why the two would functionally substitute within the lagging strand complex.

Ultimately, fork restart requires proximal repositioning of the replication complex; this re-
modelling may make use of WRN nuclease activities to further process DNA ends and al-
low removal of damage. Interactions with PCNA and either strict (pol 9, pol a) or
promiscuous (TLS pathway) repair polymerases and FEN1 flap removal activity can al-
low bypass of nicks and modified DNA bases at the same time as restart positioning, al-
lowing many lesions to be handled.
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4. Involvement of WRN in telomere maintenance

4.1. Telomere structure and replication

Mammalian telomeres consist of a few kilobases of repetitive non-coding G-rich sequence
(the human sequence is (TTAGGG)n) which must be ‘capped’ rather like a bootlace in order
to stop the DNA end being recognised as a DSB via p53/p21 signalling [109] and instigating
profligate double-strand break (DSB) repair [110]. Functional capping forms a lasso-like
structure [111] called the telomere-loop (T-loop) where the repetitive telomere sequence
folds back upon itself to displace a short segment of proximal sequence with a 3" single
stranded end to give a displacement-loop (the D-loop)[112]. The proteins that make up the
telosome (or core shelterin complex [112]) include TRF1 and TRF2 [113], which bind and sta-
bilise telomeric duplex DNA at the T-loop [114], and POT1 [115], a DNA-binding protein
which coats and protects the tracts of single stranded telomeric sequence that occur at the
telomeric D-loop and during telomeric replication and processing. Figure 3 shows the T and
D loop structure with associated proteins.

Telomeres are replicated by passage of a replication fork that initiated upstream of the chro-
mosome end: obviously it is not possible to load the replisome or prime DNA synthesis be-
yond the end of the chromosome. At each round of replication, the telomeric sequence is
unwound from the D (and possibly also the T) loops, and passively replicated by an incom-
ing fork. While early reports suggested that priming on the lagging strand was defective at
the very end of the chromosome, it has become apparent that both leading and lagging
strands are normally replicated but that regeneration of a 3" overhang for strand invasion to
form the D loop involves end resection of the leading strand, thus removing sequence infor-
mation and shortening the telomere at each round of replication.

4.2. Telomere shortening leads to replicative senescence and genome instability

Telomere shortening acts as a counting mechanism to indicate the number of cell divisions a
somatic cell has passed through, and normal fibroblasts generally arrest at the Hayflick limit
of 55-60 population doublings [3] under the influence of this telomere attrition. Hence cellu-
lar ageing is in a large part caused by progressive telomere loss — cells that lose telomeres
more rapidly senesce more quickly that those with long telomeres, and people with prema-
turely short telomeres (e.g. mothers of chronically sick children[116], carers of partners with
dementia and low paid workers experiencing

work-related stress) age prematurely [117, 118]. (Note that this is not the case in mice, where
lab strains have extremely long telomeres and cells senesce prior to telomeres reaching a
critical length).

To overcome this cellular ageing, it is vital that immortal cells such as those of the germline
have a mechanism to restore telomeric DNA at every round of replication. Such cells express
active telomerase, a reverse transcriptase which utilises its endogenous RNA template to re-
generate telomeric sequence [119], but telomerase levels are extremely low or absent in most
somatic cells [120]. Notably, immortalisation of cancer cells is accompanied by re-expression
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of telomerase [121] in about 85% of all human cancers, while the remaining 15% are able to
maintain their telomere lengths in the absence of telomerase, by alternatives mechanisms,
reviewed in ref. [122] (see section 4.6).

Repair of
oxidative damage

Uncapping /
recapping

B 0B BB—soones

Figure 3. The structure of the telomere, showing the large telomere (T) loop and the smaller displacement (D) loop.
Proteins TRF1, TRF2 and POT1 are critically important in stabilising the telomeric structure. WRN binds to all of these
proteins

Dysfunctional telomeres that become uncapped are liable to degradation or immediate re-
pair by homologous recombination (HR) or non-homologous end-joining (NHE]), the latter
causing chromosome fusions that are usually catastrophic for the cell. However, the tightly
capped telomere cannot serve as a template during replication, so regulated disassembly of
the shelterin complex and unwinding of the D (and possibly T) loop is necessary for efficient
copying of telomeric regions. The transient uncapping that occurs during replication is rec-
ognised by repair proteins as DNA damage [123], and the correct reformation of the T-loop
requires correct handling and processing by repair enzymes. Uncontrolled uncapping is
therefore a powerful cause of genomic instability, and loss of telomeres shortens replicative
lifespan; both are hallmarks of WS.

4.3. Are telomeres defective in WS?

The major clinical characteristics of WS are premature ageing, presumably resulting from
the highly premature replicative senescence, and elevated cancer risk, which is caused by
excess genome instability. Since replicative senescence is caused, at least in part, by telomere
shortening, and chromosome fusions result from telomere loss, it has been of major impor-
tance to determine whether telomeres are indeed defective in WS cells, and whether WRN
plays any role in telomere maintenance. Human WS cells in culture show elevated rates of
telomere loss [124]. Contradictory to this, however, are data from single telomere length
analysis (STELA) that suggest WS cells do not experience exceptional rates of telomere
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shortening, at least in clonal populations, though in bulk cultures of WS fibroblast, telomere
loss ranges from a normal 99bp/PD to a four fold increase at 355 bp/PD [125].

Support for the importance of telomeric dysfunction in WS replicative senescence comes
from studies of mouse models that are null for WRN. However, mice lacking WRN do not
exhibit the premature ageing symptoms seen in humans [126] because laboratory mouse
strains possess much longer telomeres than humans (40-80kb compared to 2-10kb) and de-
tectable levels of telomerase even in somatic cells [127]. When mice deficient in telomerase
are bred for several generations to reduce their telomere lengths to that approaching the
normal human mean, removal of WRN gives similar premature ageing characteristics to
those seen in human WS [128, 129]. Crucially, later-generation telomerase-null mice that still
retain longer telomeres do not show this phenotype even though premature senescence is
seen in their littermates that have short telomeres. Hence short telomeres combined with
lack of WRN results in premature ageing.

Telomenic replication fork
1
f \

iy ——
= G-nich strand

il " s -rich strand

G- Repairof
quadruplex oxidative
suppression damage

—

Figure 4. Roles of WRN at the telomere include unwinding of G4 DNA, that would otherwise lead to replication fork
stalling, and repair of oxidative damage to which the telomeric DNA is exquisitely sensitive.

4.4. WRN helicase and exonuclease co-operate at the telomere

The repetitive nature of telomeric DNA arises as a consequence of the short RNA template
within telomerase; this, combined with the G-rich nature leads to these sequences forming
secondary structures called G-quadruplexes, which stall replication machinery much as any
bulky lesion or DNA gap or break will. It is therefore essential for cells to unwind telomeric
DNA ahead of the replication fork to prevent stalling, or worse, collapse. As discussed
above, D-loops, recombination intermediates and G-quadruplexes may all require WRN and
other RecQ helicases to remove these blockages (Figure 4). Under experimental conditions in
vitro, WRN localises to a sub-set of telomeres during S-phase without the induction of stress
[29], and is enriched when cells are subjected to damaging agents that cause replication
stress such as CPT. Thus WRN catalysis is needed to police both endogenous replication
fork blocks and induced damage.
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WRN interacts with many of the proteins making up the shelterin complex or telosome
[130-133] (see also Figure 3, above). Such interactions are likely to have functional conse-
quences: for example, POT1 stimulates WRN helicase activity on linear and D-loop struc-
tures in vitro [134], whilst the presence of TRF1 and TRF2 can modulate their activity. TRF2
recruits WRN to D-loops and therefore stimulates unwinding [134], but it inhibits the heli-
case activity of WRN if binding to telomeric HJ substrates [135].

There are fewer pathways for replication fork recovery at telomeric ends because of the lack
of downstream origins [136]. This obviously increases the need for proteins such as WRN
that can dissolve or resolve replication blocks and promote fork progression before irreversi-
ble fork collapse occurs. One such block is G-quadruplex DNA: it has been shown to stall
the major replicative polymerase 0 [72]. G-quadruplex structures can arise spontaneously in
single-stranded telomeric sequence [137] and can be suppressed by the binding of POT1 to
release single stranded telomeric sequence during uncapping [138]. WRN preferentially un-
winds G-quadruplex DNA [139] and its presence will suppress polymerase o stalling [72],
suggesting it is a good candidate for this role.

Interestingly, WRN — the only human RecQ helicase to also have exonuclease activity — un-
winds D-loops in vitro in the absence of other proteins, using co-ordinate activity of both its
helicase and exonuclease functions (RecQ helicase activity on these substrates is not particu-
larly processive without stimulation for example by RPA [140]). The catalytic subunit of
DNA-PK has also been shown to interact with WRN at telomeres [141], acting to suppress
its exonuclease function and allow longer tracts to be unwound by the helicase activity.
Therefore in the presence of DNA-PKcs, WRN processing of telomeric DNA does not short-
en telomeric ends.

4.5. WRN acts on the lagging strand during telomere replication

Despite these detailed studies, the exact catalytic role(s) of WRN in telomere maintenance
are still not fully defined. There is good evidence that cells lacking WRN have defective lag-
ging strand synthesis at the telomere [142], as metaphase chromosomes in WRN helicase-
deficient cells show a characteristic (if low-level) loss of telomeric sequence on one but not
both sister chromatids. This is called sister telomere loss (STL), and suggests dysfunctional
processing of one strand of the telomere during replication. The sister telomere lost is al-
ways the one resulting from lagging strand synthesis [142] This phenotype is thought to
arise because in the absence of WRN activity, G-quadruplexes accumulate in the G-rich tem-
plate strand and cause failure of lagging-telomere replication. Expression of active (but not
inactive) telomerase suppresses STLs in cells lacking WRN [142], suggesting that sister telo-
mere loss occurs during WRN-dependent processing of telomeres at times other than nor-
mal S phase when telomeres are uncapped for replication elongation.

The low levels of STL that occur (if the experimental data from chromosomal FISH reflect
the underlying levels) suggest that the events that cause the telomere loss might be difficult
to process or close to irreparable, or are merely rare; they might be alternatively-processed
in a pathway that does not induce loss. Conversely, the catalytic activity supplied by WRN
might be substituted by other enzymes — its helicase role by one of the other RecQs, or its
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exonuclease function by another appropriate 3’-5" exonuclease such as Exol [143]. Whilst
this has not yet been determined, however it is notable that cells deficient in BLM also show
telomeric defects, although these are not the end-fusions arising from DSB repair as seen
with WRN, but seem to be catenated associations possibly from aberrant HR [131]. BLM
may thus have a role in resolving late-replicating DNA intermediates at telomeres distinct
from WRN, as the rate of telomere dysfunction seen in cells with either single-null genotype
is exacerbated in a double null [144].

Since the processing of Okazaki fragments during lagging strand synthesis gives rise to re-
gions of ssDNA, and G-rich sequences have a tendency to form G-quadruplex structures
spontaneously, at the telomere there is increased likelihood of G-quadruplex formation in
the single-stranded tracts. POT1 cannot actively dissociate the structure by binding, strongly
suggesting that the G-quadruplex must first be dissociated before POT1 can bind and pro-
tect the telomeric sequence, and implicating a role for WRN in removing the replication
block before problems arise (see review [145]). Interestingly, the available levels of POT1
may modulate the coupling of the leading and lagging strands at telomeres in the absence of
WRN, allowing uncoupled synthesis of leading strand without processing of the lagging
strand block [146].

Supporting this hypothesis, recent research in yeast suggests an alternative protein that may
function to suppress G-quadruplex formation at telomeres, but this time on the leading
strand. Pifl is a 5’-3" helicase that negatively regulates telomere length [147]. Loss of Pifl
leads to slow replication fork progression, and in vitro Pifl can unwind replication sub-
strates [148]. Recently it was shown that cells without Pifl have chromosome breakage at
sites of G-tracts, and Pifl can unwind G-quadruplex DNA that forms in the leading strand
[149]. The higher eukaryote C. elegans also possesses a helicase (DOG-1) that is able to inhibit
loss of guanine tracts, presumably by suppression of G-quadruplex structures [150]. It is
tempting to speculate that genome surveillance utilises Pifl on the leading strand and WRN
on the lagging strand to suppress G-quadruplex formation and subsequent replication fork
blockage at sites of high guanine content such as fragile sites and telomeric sequence.

The loss of WRN in this putative mechanism inherently implies loss specifically of lagging-
strand DNA at the telomeres. In this model, the rarity of STL may be explained by a low rate
of G-quadruplex formation at single-stranded telomeric tracts during Okazaki fragment rep-
lication, the ability of BLM (or another RecQ) to substitute for WRN, or the specific need for
WRN in a small subset of these events — perhaps because exonuclease processing is also re-
quired. The WRN exonuclease activity is itself specifically implicated in processing of the 3’-
end of the telomere, although other nucleases such as Exol or perhaps FEN-1 [151] might
possess the capability to substitute for WRN. Addition of exogenous DNA oligonucleotides
homologous to the 3’-overhang structure of an uncapped telomeric end to cells lacking
WRN results in an increase in DNA damage responses and ultimately cell senescence [152].

The loss of WRN in telomerase-positive cells in vivo causes the generation of extrachromoso-
mal telomeric structures [153], [154] and this requires both helicase and exonuclease activi-
ties. WRN has exonuclease activity here that requires telomeric sequence in both double-
stranded and single-stranded portions, and shows a characteristic limited degradation
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pattern [155]. TRF2 recruits WRN to telomeric sequence and in vitro it synergistically enhan-
ces the ability of WRN to degrade the G-rich 3’-overhangs of telomeric D-loops substrates
[132, 156]. POT1 inhibits WRN exonuclease activity here [155]. TRF2 or WRN alone exhibit
little or no stimulation on these substrates. Non-telomeric substrates show similarly little
WRN-dependent degradation, presumably because TRF2 does not bind/recruit and stimu-
late WRN exonuclease, whilst TRF2 bound to telomeric sequence completely inhibits the ac-
tivity of other nucleases such as Exolll [132]. WRN helicase and exonuclease, together with
TRF2, POT1, and Ku therefore probably act together to prevent telomeric free ends from be-
coming substrates for HR or other aberrant pathways. Taken together, these results support
the specificity of WRN exonuclease in reducing the length of the telomeric 3’-end to the opti-
mal length for regeneration of the T-loop after replication, and suppression of extrachromo-
somal telomeric circles.

4.6. WRN may be important in ALT

Telomeres can be lengthened without the use of telomerase using recombination to generate
the template DNA needed. In yeast, this ALT?® pathway requires Sgs1 (the RecQ homologue
in S. cerevisiae), for which WRN and BLM may both partially substitute [131, 157, 158]. Both
WRN and BLM have also been seen to interact with telomeric DNA in human cells that uti-
lize the ALT pathway [29, 130, 131], albeit only a small proportion. Although the ALT path-
ways are not yet elucidated, most models suggest recombinational mechanisms where
strand invasion into telomeric DNA of the same (or different) chromosome or chromatid is
utilized as template for resynthesis (e.g. see [159, 160]). BLM-deficient cells show elevated
rates of sister chromatid exchange [161] that were not detected in cells lacking WRN, how-
ever finer resolution experiments suggest that WS cells do show elevated SCE, but only at
telomeres [162, 163]. The WS mouse models with shortened telomeres (described in section
4.3 above) show elevated levels of this telomere-specific SCE [164], as do cells deficient in
POT1, or Ku and TRF2 together [165]. Ku stimulates both helicase and exonuclease activities
of WRN [166, 167], and suppresses telomeric recombination brought on by the absence of
TRF2 and consequent telomeric uncapping [110]. Taken together, these data suggest that
WRN is prominent in a pathway that specifically suppresses telomeric recombination or dis-
solves junctions, and it is at least partially distinct from the role of BLM.

4.7. Telomeric DNA is hypersensitive to oxidative lesions — a further role for WRN

The G-rich nature of telomeric sequence means it is a rich target for oxidative damage* [168],
and oxidative stress and mitochondrial dysfunction often give rise to concomitant telomeric
dysfunction [169], which can be reduced using antioxidants. Notably, artificial replicative
senescence can be induced with a burst of oxidative damage [170, 171]. Oxidation of telo-
meric bases can disrupt DNA binding of TRF1 and TRF2, and presumably therefore telo-

3 ALT = alternative lengthening of telomeres

4 8-0x0G is a common product of oxidative attack of DNA
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some and T-loop assembly [166], whilst over-expression of TRF2 protect cells with
shortened telomeres from early senescence [172].

WRN is a central component of base excision repair (BER) of oxidative lesions, interacting
with most of the key proteins in the pathway such as pol beta () and FEN1 [173, 174]. Con-
sistent with an important role for WRN in removing oxidative lesions, WS cells show in-
creased oxidative damage [175, 176].

It has been shown that D-loops containing oxidised bases can be bound by POT1 and are a
preferred substrate for WRN [177]. The strand-displacement activity of pol 3, the repair pol-
ymerase in BER, is also stimulated by TRF2 [178], and TRF1, TRF2 and POT1 can enhance all
the constituent steps of long patch BER [179]. As previously mentioned, WRN itself can also
stimulate TLS pols to replicate past an oxidative block [84]. This suggests active recruitment
and stimulation of anti-oxidative damage processes at telomeres involving RecQ helicases.
These findings partly illustrate how the activities of RecQ helicases are tightly controlled by
the surrounding milieu in order to differentiate their roles in replication and repair.

Although the wider significance of all these data is yet to be determined, it is obvious that
WRN is active at multiple points in telomere replication and repair.

5. Conclusions

The helicase/exonuclease WRN has been shown to be critically important in DNA replica-
tion, acting to enhance fidelity, regulate template unwinding to prevent fork stalling at un-
usual structures, assist with replication fork restart and/or enhance processivity post-restart,
aid translesion synthesis over otherwise unreplicatable lesions, promote regression of stalled
replication forks to allow error-free restart, modulate recombination at collapsed replication
forks, and aid telomere replication. It is recruited to sites of DNA synthesis, possibly
through association with the sliding clamp PCNA, and to sites of stalled/collapsed forks
probably by RPA in concert with the S phase checkpoint kinase ATR and its downstream
effectors and mediators Chk1, Rad53, Mecl and Mrcl. Loss of WRN results in high levels of
chromosomal instability and elevated cancer risk, and the defects in DNA replication on
WRN loss also results in premature onset of replicative senescence with concomitant organ-
ismal ageing, manifest as progeroid Werner’s syndrome. While much has been discovered
as to WRN’s mode of action, there is still an enormous amount to learn as to how its activi-
ties are co-ordinated with the cell during DNA replication.
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