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ABSTRACT 
 

DNA damage accumulates with increased chronological age and may contribute to 

both cell senescence and cancer. However, the importance and role(s) of DNA damage in 

promoting ageing is difficult to analyze experimentally at the molecular level since 

ageing results from a complex interplay of genetic and environmental factors. Premature 

human ageing syndromes offer a route to determining the molecular basis of at least some 

of the changes in DNA associated with normal ageing, as they are caused by mutation of 

individual genes whose protein products can be characterized in vitro. Furthermore, 

experimental manipulation of DNA stability may permit analysis of the contribution of 

DNA damage to the ageing process. 

Here, we assess the types of DNA instability observed in premature human ageing, 

particularly progeroid Hutchison Guilford Progeria and Werner‘s syndrome, and 

experimental models of these. The role for RecQ helicases and cognate exonucleases in 

maintaining DNA stability and preventing premature ageing is discussed in the context of 

studies in vitro and in model organisms. We conclude that it is by combining studies in 

various experimental systems that the true in vivo activities of these critical proteins can 

be elucidated. 
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1. INTRODUCTION 
 

1.1. Causes of Genome Damage 
 

The human genome is subject to an enormous range of insults including spontaneous 

damage (e.g. deamination of cytosine), oxidative damage from cellular production of reactive 

oxygen species (ROS), defects from nucleic acid metabolism including rare errors during 

DNA replication, or environmental agents such as UV light, radiation and toxic chemicals 

(Figure 1). Such lesions must be rapidly repaired to prevent irreversible changes to, or loss of, 

genetic information. A variety of repair mechanisms have evolved to deal with such damage, 

including mismatch repair (MMR), base excision repair (BER), nucleotide excision repair 

(NER), non-homologous end-joining (NHEJ), and homologous recombination (HR), together 

with lesion tolerance mechanisms such as trans-lesion synthesis (TLS) (Figure 1). In addition, 

organelle genomes are also vulnerable to DNA damage, especially ROS-induced lesions in 

mitochondrial DNA. Whilst repair processes are remarkably adept at maintaining DNA intact, 

with time it is inevitable that some lesions accumulate. Increase in DNA damage and 

mutation with increasing chronological age is thought to underpin at least some of the 

phenotypic changes associated with ageing. Indeed, an increase in cells with 53BP-positive 

nuclear foci (indicative of DNA damage) has been observed with increasing age in baboons 

[1, 2], correlating with an increase in cells staining positive for SA-β gal, a classic indicator of 

senescent cells [3]. Moreover, loss of telomeric DNA at the end of chromosomes because of 

the end replication problem is detected by the cell as DNA damage, and telomere-associated 

damage foci are observed to increase with age [2].  

 

 

1.2. Causes of Cell Senescence 
 

Senescence is defined as the irreversible loss of proliferative capacity of cells, and occurs 

in somatic cells after a fixed number of population doublings (e.g. 55 PD in primary 

fibroblasts [4, 5]). Various drivers of senescence have been proposed including progressive 

telomere shortening at each cell division, accumulation of genomic DNA damage, increased 

ROS and damage to mitochondrial DNA, failure of autophagy to remove accumulated 

damaged cellular components such as glycated proteins and oxidized lipids, and oncogene 

activation (Figure 2). Senescence may therefore act as a tumour suppressive mechanism, 

preventing damaged cells from dividing and possibly becoming transformed [6]. However, 

senescent cells, whilst non-proliferative, are still metabolically active, and their 

transcriptional profile is markedly altered from young cells of the same lineage [6]). In 

particular, senescent cells acquire a secretory phenotype, releasing enzymes such as 

metalloproteases [7], and inflammatory mediators such as IL-6 and TNF-α into their 

environment, termed a senescence-associated secretory phenotype (SASP) associated with 

chronic DNA damage signalling, promoting phenotypic changes in surrounding tissues which 

may predispose to tumour development ([8], reviewed in [9], see Figure 2). DNA damage and 

genome instability is commonly associated with both cell senescence and organismal ageing 

(reviewed [10]). 
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Figure 1. Genome damage and repair pathways. A variety of insults, endogenous and exogenous, can 

damage the genomic DNA. Deamination of cytosine, a very common change, is reversed by the action 

of uracil DNA glycosylase and the base excision repair pathway (BER). Similarly, lesions such as  8-

oxoG caused by reactive oxygen species (ROS) that affect only a single base can often be repaired by 

BER. Ultraviolet light causes different types of damage including cyclobutane pyrimidine dimers 

(CPDs), 6-4 photoproducts and DNA breaks of one strand or both depending on intensity. Immediate 

reversal of the lesions by photolyase is not shown. Nucleotide excision repair is usually engaged to 

repair CPDs, and is also used to repair larger lesions that affect only one strand. DNA replication is 

highly accurate with an overall error rate of ~1 error in 10
9
 bases, but stalling of replication at unusual 

secondary structures or lesions caused by genotoxins can results in ss DNA breaks that become 

converted to DSBs on fork passage. Ionizing radiation often causes DSBs directly, while some 

genotoxic agents (e.g. cisplatin) form interstrand cross links (ICLs) that must be repaired by 

recombination, either homologous recombination (HR) if a suitable template is available (e.g. an intact 

sister chromatid after replication) or non-homologous end joining (NHEJ).  

 

1.3. Genomic Instability Diseases 
 

A number of heritable human diseases have been associated with defects in DNA repair, 

and these are generally associated with increased chromosomal instability and a 

predisposition to develop cancer (Table 1). Such syndromes provide an invaluable resource 

for dissecting molecular pathways in DNA repair or damage-response checkpoints, as they 

each result from mutation of a single gene, or in some cases, various complementation groups 

represent individual steps in a biochemical pathway. For example, Xeroderma pigmentosum 

complementation group A is caused by mutation of XP-A, the protein required for recognition 

of lesions such as pyrimidine dimers and 6-4 photoproducts while other complementation 

group proteins act at subsequent steps in the NER pathway [11]. Complementation groups 

have also been indentified for several of the other syndromes, including Cockayne‘s 

syndrome (e.g. [12, 13]) and Fanconi‘s anemia [14].  
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Figure 2. Triggers of cell senescence. Exogenous agents that damage DNA or oxidize lipids or proteins 

can promote cell senescence. Intrinsic changes such as telomere shortening every time the 

chromosomes are replicated, or oncogene activation also trigger senescence which may act as a tumour 

suppressive mechanism to prevent proliferation of cells with damaged DNA. Other pathways 

responding to nutrient status (e.g. TOR) regulate autophagy, and a failure of autophagy results in 

accumulation of proteins and other cellular components that is visible as dark material in the cytosol. 

Once the senescence pathway has been triggered (often via p53, p21 and/or p16), the cellular phenotype 

changes, including a shift to the senescence-associated secretory phenotype (SASP). While senescent 

cells themselves can no longer proliferate, they create a proinflammatory environment that may 

predispose to neoplastic transformation of surrounding cells.  

Of these heritable DNA instability syndromes, a subset show aspects of premature ageing 

in addition to the repair defects, suggesting that some specific aspects of DNA repair are 

critical in staving off ageing. By studying such genetic diseases, we hope to understand how 

pathways by which normal cells maintain their genome are important in delaying ageing, and 

eventually to exploit such pathways to manipulate cellular ageing with a view to reducing 

age-associated morbidity and increasing the period of the human lifespan that is spent free of 

disease. 

 

 

1.4. Premature Human Ageing Syndromes 
 

Several DNA instability syndromes show significant signs of premature ageing in 

addition to the defective DNA repair phenotype: Hutchinson-Gilford Progeria (HGP, OMIM: 

176670), the closely-related Restrictive Dermopathy (RD, OMIM: 275210), Dyskeratosis 

Congenita (DKC, OMIM: 305000), Bloom syndrome (BS, OMIM: 210900), Werner 

syndrome (WS, OMIM: 277700) and Rothmund-Thompson syndrome (RTS, OMIM: 

268400) (Table 2). Such ‗segmental progerias‘ mimic to some extent the normal processes of 

human ageing [15, 16], but are caused by mutation of a single gene, allowing molecular 

analysis and, potentially, intervention.  



 

Table 1. DNA repair defects and related human genome instability syndromes 

 
Genomic stability 

process 

Gene Function of encoded protein Syndrome Cellular phenotype Clinical phenotype 

      

DNA synthesis on UV-

damaged DNA 

POLH DNA polymerase eta, translesion synthesis 

especially over UV-induced lesions 

Xeroderma 

pigmentosum variant 

(XP-V) 

Unable to synthesize DNA on 

UV-damaged templates; no 

defects in nucleotide excision 

repair 

Photosensitivity with high  

incidence skin cancer 

Nucleotide excision 

repair 

XP- A 

XP-B  

XP-C 

 

XP-D (ERCC2) 

XP-F (ERCC4) 

XP-G (ERCC5) 

Binds to photo-damaged DNA 

DNA helicase 

DNA damage recognition and/or chromatin 

modulation 

ATP-dependent 5'-3' DNA helicase 

Structure-specific endonuclease (5‘ incision) 

Single-stranded structure-specific DNA 

endonuclease (3‘ incision) 

Xeroderma 

pigmentosum 

(XP) 

 

Nucleotide excision repair 

defects, UV-sensitive 

Sun sensitivity, high cancer 

incidence on sun-exposed 

skin, some neurological 

abnormalities 

Transcription coupled 

repair 

XP A-G As above Cockayne‘s syndrome 

(CS) 

 

 

 

Trichothiodystrophy 

(TTD) 

Defects in transcription-

coupled repair 

Photosensitivity, growth 

failure, impaired 

development of nervous 

system, hearing loss, 

pigmentary retinopathy.  

Brittle hair 

Recombinational repair FANC-A, B, C, 

D1,E, G, L, M 

 

 

 

 

BRCA2 (FANC-

D1) 

Form a large complex required for 

ubiquitination of FANCD2, which promotes 

homologous recombination and single-

strand annealing (loads BRCA2 onto 

chromatin) 

 

Double-strand break repair and/or 

homologous recombination 

Fanconi‘s anaemia 

(FA) 

 

 

 

 

 

 

 

Hypersensitivity to DNA-

damaging agents, 

chromosomal instability 

(increased chromosome 

breakage), and defective DNA 

repair 

Progressive pancytopenia, 

congenital malformations, 

cancer predisposition  

Mismatch repair RecQL1 3‘-5‘ ATP-dependent DNA helicase No correlation with 

clinical syndrome yet 

described 

Interacts with mismatch 

protein MLH1 and EXO1 

No correlation with clinical 

syndrome yet described 

 



 

Table 1. (Continued) 

 
Genomic stability 

process 

Gene Function of encoded protein Syndrome Cellular phenotype Clinical phenotype 

      

DNA damage 

signalling 

ATM 

ATR 

 

 

 

 

 

 

NBS1 (nibrin, 

NBN) 

Protein kinase 

ATM-related 

 

 

 

 

 

 

Recruits ATM/R, and Mre11/Rad50 via 

H2AX to damage sites 

Ataxia telengectasia 

(AT) 

 

 

 

 

 

 

Nijmegen breakage 

syndrome (NBS) 

Sensitive to ionizing radiation 

and DBS agents (e.g. 

bleomycin), also sensitive to 

replication stress e.g. HU, 

aphidicolin 

Ataxia, 

immunodeficiency, 

increased chromosome 

breakage, 

immunodeficiency and an 

increased risk of 

malignancy. 

 

Stunted growth, abnormal 

face structure, cafe au lait 

spots, mental retardation 

by 7 years. 

 

Table 2. Premature aging syndromes 

 
Syndrome Gene Biochemical activity Cellular phenotype Clinical phenotype Outcome 

Bloom syndrome (BS) RecQL3 ATP-dependent DNA helicase,  

suppresses illegitimate  

recombination, can regress  

stalled replication forks 

Hyperrecombination  

with sister chromatid  

exchange 

Growth deficiency, sun-sensitive  

telangiectatic hypo- and hyper 

pigmented skin, predisposition to 

 malignancy, and chromosomal  

instability. Very high cancer  

 incidence – all cancer types 

Death from  

cancer 

Werner syndrome (WS) 

(and atypical late onset  

‗Hutchinson Gilford  

 progeria‘) 

RecQL2 ATP-dependent DNA helicase 

3‘-5‘ DNA exonuclease 

 

Role in recombinational repair  

e.g. at stalled replication forks. 

Suppresses illegitimate  

recombination. 

 

May also be involved in BER 

Very low proliferation  

capacity, extended cell  

cycle with delayed S phase, 

stalled replication forks. 

 

Mutator phenotype,  

hyperrecombination with  

sister chromatid exchange  

at telomeres. 

Premature onset of multiple age- 

related disorders, including  

atherosclerosis, cancer, non-insulin- 

dependent diabetes mellitus, ocular  

cataracts and osteoporosis. 

Median death  

~48 years from  

cancer or  

cardiovascular  

disease 



 

 
Syndrome Gene Biochemical activity Cellular phenotype Clinical phenotype Outcome 

Rothmund-Thompson  

syndrome (RTS) 

 

 

Baller-Gerold syndrome (BGS) 

RAPADILINO syndromes 

RecQL4 ATP-dependent DNA helicase  

(also described as DNA dependent  

ATPase) 

 

Putative role in chromosome  

segregation? 

 Atrophy, pigmentation, and  

telangiectasia, often juvenile 

cataract, saddle nose, congenital 

bone defects.  

Radial and patellar aplasia or  

hypoplasia disturbances of hair  

growth, hypogonadism 

 

Dyskeratosis congenita  TERC1 

 

DKC1  

(Dyskerin) 

Telomerase – telomere 

maintenance 

Probable catalytic subunit of 

H/ACA  

small nucleolar ribonucleoprotein  

(H/ACA snoRNP) complex,  

Catalyzes pseudouridylation of 

rRNA 

 Nail dystrophy, oral leukoplakia,  

pigmentation of the cellular  

connective tissue of the skin,  

and anaemia progressing to  

pancytopenia 

Death ~7 years 

Hutchinson Gilford Progeria  

(HGP) 

Atypical early onset  

Werner‘s syndrome (AWS) 

 

LMNA Nuclear intermediate filament 

(lamin A) 

Abnormal nuclear  

morphology with blebs in 

nuclear envelope;  

excess apoptosis. 

DNA instability, altered 

transcriptome. 

Premature stem cell  

differentiation 

Severe growth retardation in 

infancy, atherosclerosis, 

osteoporosis, highly accelerated 

ageing.  

Note no increased cancer incidence  

or neurodegeneration 

Median age of  

Death 13 years 

cardiovascular / 

vascular  

occlusion 

Restricted dermopathy (RD) Zmpste24 Protease that cleaves off farnesyl  

group from prelamin A to form  

mature lamin A 

 Severe intrauterine growth  

retardation, tight sclerodermatous  

skin 

Neonatal death 
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While all share hallmark genetic instability, they vary significantly in their cause and 

disease course. Below, we will focus particularly on HGP and WS (see excellent recent 

reviews dealing with DNA instability consequent on loss of RecQ helicases in BS [17] and 

RTS [18], and recent studies on the role of telomeres in DKC [19]). 

 

 

2. HUTCHINSON-GILFORD PROGERIA (HGP) 
 

HGPS is a severe segmental progeria manifesting within the first year of life, and with 

median age of death 13 years. Clinically, HGP children fail to thrive, lose sub-cutaneous fat, 

show signs of skin scleroderma, skeletal abnormalities (including stiff joints), osteoporosis 

and cardiovascular disease [20, 21].  

 

 

2.1. Lamin a Mutation Causes HGP 
 

HGP results from autosomal dominant spontaneous mutation of the lamin A gene in 

either the parental germ line or the very early dividing zygote [20]. The most common 

mutation (~76%, [21]) is found at nucleotide 1824, leading to an ostensibly silent mutation 

(Gly608Gly) that nevertheless results in constitutive activation of a cryptic splice site [20] 

such that the protein product, termed progerin, is 50 amino acids shorter than full length 

lamin A. Prelamin A is normally processed by farnesylation (isoprenylation and geranylation) 

to allow association with the nuclear envelope, and then the farnesyl group is subsequently 

cleaved by the Zmpste24 protease to form mature lamin A [22-24]. The absence of the 

cleavage site in progerin means that progerin remains farnesylated and persistently 

membrane-associated.  

 

 

2.2. Abnormal Nuclear Structure and Gene Expression in HGP 
 

Staining for lamin A in HGP cells shows an abnormal nuclear envelope that is folded, 

irregular in shape and eventually (at later population doublings) fragments such that 

micronuclei form [25], causing DNA breakage and genome instability [26]. This phenotype is 

conserved across evolution as even nematode worms with mutant LMNA show HGP-like 

nuclear deformities [27]. A related and even more severe human progeroid disease, 

Restrictive Dermopathy (RD) is caused by autosomal recessive homozygous mutation of the 

Zmpste24 protease, or in some cases, autosomal dominant mutation of LMNA [28, 29]. 

Intrauterine growth is restricted, and infants die usually within the first weeks of life.  

The alteration in nuclear structure in HGP adversely impacts on nuclear function not 

simply at an organizational level, since transcriptomic studies show that gene expression 

patterns are very different in Progeria compared with those in normal cells [30, 31]. Such 

studies highlight the mesenchymal origin underlying many of the clinical manifestations [30]. 

Various nuclear proteins important in chromatin organization are down-regulated including 

lamin-associated protein LAP2, and chromatin methylation patterns are altered, especially a 

decrease in histone H3 lysine 9 trimethylation [32].  



DNA Instability in Premature Aging 9 

2.3. DNA Instability in HGP 
 

Proliferation followed by high rates of apoptosis has been observed for HGP cells in 

culture [33], while p53 inhibition rescues the loss of proliferation [34]. Since p53 is a key 

‗guardian of the genome‘ [35], and its induction on DNA damage leads to apoptosis, the role 

of p53 in Progeria suggests that DNA damage may be a major player in the premature ageing 

phenotype. Consistent with this, genome instability is noted in HGP and RD, even though 

DNA repair and recombination factors are apparently normal. Instead, these factors are 

sequestered at the protein level by accumulated progerin. Sensitivity to UV, ionizing radiation 

and DNA damaging drugs (camptothecin, etoposide, mitomycin C) was noted in Zmpste24 

null mice as well as in human HGP cells, together with micronuclei formation and 

aneuploidy, with γ-H2AX foci indicative of high levels of DNA damage [26]. 

A key resulting phenotype is stalling of replication forks (highly reminiscent of the 

cellular phenotype in WS [36, 37], see section 3.2.1 below), which then collapse to form 

double strand DNA breaks (DSBs), as marked by γ-H2AX [26]. While DSB repair would 

then normally occur through a recombinational pathway, in HGP and RD, the DSBs instead 

bind to XP-A (involved in nucleotide excision repair, see Table 1), and there is a concomitant 

failure to recruit 53BP1 [26], Rad50 (a component of the DSB signalling complex, MRN 

[38]), and Rad51 protein [39]. There are two major consequences of this XP-A-DSB 

association: (i) activation of DNA damage checkpoint kinases ATM/R, leading to cell cycle 

arrest, and (ii) sensitivity to UV and similar mutagens, since effective levels of XP-A are 

diminished by its binding to the DSB ends [40]. Remarkably, RNAi knockdown of XP-A 

leads to partial restoration of DSB repair [39]. Chromosome ends are also affected by 

defective lamin organization: HGP fibroblasts that express progerin show markedly shortened 

telomeres by Q-FISH, while haematopoietic cells (which do not normally express lamin A) 

show normal rates of telomere shortening, strongly suggesting that defective lamin A 

processing is also responsible for short telomeres in HGP [41]. Moreover, telomerase 

expression can overcome early loss of proliferation in Progeria cells [42], though not all HGP 

cell lines can be immortalised in this way [43]. 

 

 

2.4. Premature Stem Cell Differentiation 
 

The affected tissues in HGP are predominantly of mesothelial origin, with the most 

severe and penetrant clinical phenotype being constrictive vascular disorders that constitutes 

the major cause of death in Progeria children [44]. Investigation of mesothelial stem cell 

differentiation has yielded exciting insights into why this is so, as it likely that premature 

stem cell differentiation is a major contributor to ageing. Scaffidi and Misteli [45] have 

demonstrated abnormal Notch signalling in Progeria cells (e.g. 8 fold increase in Notch-

regulator HES1 expression 5 days after progerin induction, with similar changes in Notch 

transcriptional regulator HES5 and TLE1, a transcriptional repressor acting downstream of 

HES), resulting in very early and aberrant differentiation, and loss of the stem cell 

compartment [45]. Thus the ability of Progeria patients to self-renew rapidly turned-over cells 

is likely to be decreased, and this is consistent with phenotypes such as alopecia, digestive 

problems and scleroderma-like skin.  
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2. 5. Therapeutic Options in HGP 
 

Phenotypic rescue of HGP cells has been achieved using shRNAi [46] or morpholino-

mediated down-regulation of progerin [32]. Levels of factors associated with cell senescence 

(e.g. p21, IGFBP3 and GADD45B) were decreased, and a 30% increase in DNA replication 

was detected (assayed by BrdU incorporation), equivalent to levels of replication detected in 

young control cells, while nuclear morphology was corrected and the number of senescent 

cells diminished [32, 46]. 

The finding that the primary cause of Progeria is aberrant farnesylation of progerin 

highlights clinically relevant routes to treating the disease. Farnesyl transferase inhibitors 

(FTIs), already licensed for treatment of childhood cancer, have been shown to restore normal 

nuclear structure to Progeria fibroblasts (eg. [47]). In a mouse model of Progeria, lacking the 

Zmpste24 protease, FTIs halt disease progression, particularly the cardiovascular defects that 

are so serious in Progeria [24, 48]. Given these very positive results, FTIs moved into clinical 

trials with 28 Progeria children participating [49]. Results from this first trial are due April 

2010. While this trial was underway, further studies in a rodent model suggested not only a 

halt in disease progression but also reversal of key phenotypes, especially cardiovascular 

disease, on combination of FTIs with bisphosphonates and statins [48] which appears to block 

not only farnesylation but also geranylation of progerin. Hence a new clinical trial with this 

triple therapy is underway, with 45 Progeria children recruited (see http://www. 

progeriaresearch.org/).  

 

 

2. 6. Relevance of HGP to Normal Human Ageing 
 

Progeria is extremely rare, with an estimated 200 children worldwide suffering from the 

syndrome. However, accumulation of progerin has been detected in normal human ageing 

[50] with nuclear defects reminiscent of Progeria observed in multiple dermal fibroblast lines 

from old donors (age 81-96 years); given the impact of progerin on nuclear structure and 

stability, it is likely that normally aged cells with progerin will be genetically unstable, as 

indicated by a significant increase in γ-H2AX staining [50]. Moreover, a genome-wide SNP 

analysis has identified high frequency of a normally rare allele of LMNA (1242 T/C) in the 

healthy oldest old [51]; it is conceivable that this alteration impacts on accumulation of 

progerin with age, though this is yet to be confirmed experimentally. Thus lessons learned 

and therapies developed for treatment of Progeria may have significant benefit in preventing 

or treating age-related cardiovascular deterioration in the general human population, perhaps 

using drugs such as statins and bisphosphonates already licensed for the target treatment 

group i.e. older adults. 

 

 

3. WERNER SYNDROME (WS) 
 

Werner syndrome (WS) is the progeroid syndrome that most closely resembles normal 

human ageing, with patients suffering from many of the signs and diseases of old age, 

including skin wrinkling, hair greying, osteoporosis, type 2 diabetes, atherosclerosis, 
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cardiovascular disease and increased cancer risk (the cancer profile suggests that tissues of 

mesothelial origin are predominantly affected, with a high incidence of sarcomas observed 

[52]). It is inherited in an autosomal recessive manner, though many cases are probably via 

spontaneous mutation, possibly because haploinsufficiency in heterozygotes may predispose 

to loss of heterozygosity (LOH) at the WRN locus. The gene responsible was positionally 

cloned in 1996 [53] and found to encode a member of the RecQ family of helicases, highly 

related within the helicase domain to BLM, mutation of which results in the cancer prone 

Bloom syndrome (Table 2) and RecQ5, mutation of which causes Rothmund-Thompson 

syndrome (RTS). All these proteins share 7 characteristic helicase motifs, an RCQ domain 

and an HRDC domain implicated in DNA recognition (reviewed in [54, 55]). While there are 

five characterized RecQ helicases in humans, WRN is unique in possessing an exonuclease 

domain, towards the amino terminus [56] (Figure 3). There is significant overlap between the 

progeroid signs in HGP and in Werner syndrome (below) and indeed, mutation in lamin A is 

implicated in early onset atypical Werner syndrome (AWS) [57].  

 

 

 

Figure 3. WRN domain organisation. The key regions of human WRN are shown, with amino acid 

numbers given (see text for details; NLS = nuclear localisation sequence). 

 

 

3.1. WRN Mutations in Premature Ageing 
 

WRN mutations found in WS patient cells have been catalogued [58], and while many 

are nonsense mutations that result in protein truncation prior to the C terminal nuclear 

localisation sequence, mis-sense mutations, deletions, insertions and non-synonymous SNPs 

have been described, in the exonuclease, helicase, HRDC and other regions of the gene ([58], 

see International Registry of Werner syndrome: http://www.pathology. 

washington.edu/research/werner/registry/gene.html). Measurements of WRN mRNA in 

patient cells suggest a marked decrease in mRNA compared with normal controls, arising 

from nonsense-mediated decay of the message [59]; furthermore, protein levels are essentially 

undetectable in patient cells [60], perhaps because WRN may be unstable and degraded by 

the proteasome if not correctly localized within the nucleus. Several polymorphisms of WRN 

have also been reported, though there is some controversy over whether they associate with 

lifespan - for example 1367 cys/arg is found at higher than expected levels in Finnish 

centenarians [61], though this polymorphism was not identified in the oldest old in a genome-

wide SNP study [51]. HapMap analysis identifies distinct differences in WRN SNPs between 
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Caucasian and Asian populations. A founder mutation effect has been described in Japan [62] 

and in Sardinia [63]. 

 

 

3.2. DNA Instability in WS 
 

Loss of WRN results in a hypermutator phenotype [64]. Karyotypically, cells from WS 

patients show chromosomal abnormalities with deletions, inversions and translocations [64-

68]). Although the basis of the observed karyotypic abnormalities in WS cells has not yet 

been fully explained, the relative contribution of the helicase and nuclease activities has been 

investigated. WRN has been implicated in all of the following processes: 

 

 DNA replication 

 DNA recombination 

 Nucleotide excision repair 

 Base excision repair 

 Non-homologous end joining 

 Mismatch repair 

 

DNA repair aspects of WRN function have been excellently covered in both the primary 

and review literature (e.g. [69-72]). Below, we will focus on the role of WRN in the interface 

between DNA replication and recombinational repair. 

 

3.2.1. WRN Is Important in Preventing DNA Breakage During DNA Replication 

WS patient cells demonstrate a delay in S phase [36, 73], and WRN protein co-

precipitates with a large replication protein complex and interacts directly with the essential 

replication sliding clamp protein PCNA [74, 75]. Moreover, WRN co-localises with PCNA at 

replication foci and with sites of nascent DNA synthesis in replication factories in actively 

replicating cells [75], while upon HU-induced replication arrest, WRN also localises with 

RPA, presumably at sites of stalled replication forks [76]. In vitro, WRN helicase unwinds 

replication-like substrates and is stimulated in this by RPA [77] while its 3‘-5‘ exonuclease 

activity is similarly observed to act on substrates thought to be present at replication forks 

[78] but not at blocked 3‘ termini that are repaired by alternative pathways e.g. via APE1 

[79]. 

Using DNA combing, marked defects in replication fork progression were noted in WS 

fibroblasts, with ~75% of replication origins showing asymmetry indicative of premature 

stalling of replication forks [36], presumably at intrinsically ‗hard-to-replicate‘ secondary 

structures (e.g. fragile X sites [80, 81]). Replication fork stalling was further confirmed using 

dual labelling [37]. Restart of replication was shown to be dependent on the presence of WRN 

[82, 83]. WRN is also required to repair replication defects consequent upon hexavalent 

chromium CR(VI) treatment [84, 85]. Depletion of WRN (FFA-1) from Xenopus egg extracts 

results in a high level of DNA break accumulation, due to a failure of the homology-

dependent single-strand annealing DSB repair pathway [86], while single-strand annealing 

activity dependent upon the C terminal region of WRN [87] has recently provided a potential 

mechanism to explain this finding. The role of WRN in end-joining processes is becoming 
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apparent [88]. Recently it has been demonstrated that acceleration of DNA synthesis by 

overexpression of myc requires the presence of functional WRN to prevent accumulation of 

replication-associated DNA damage and activation of a damage checkpoint involving 

ATM/R, Chk1, Chk2 and p53 [89]. Moreover, WRN interacts with topoisomerase I and is 

thought to prevent conversion of DNA single strand breaks at the replication fork into DSBs 

[90], explaining the hypersensitivity of WS cells to the topo I inhibitor camptothecin [91-93]. 

These lines of evidence together strongly support a physiological role of WRN in protecting 

the genome during DNA synthesis.  

 

3.2.2. WRN in DNA Recombination  

A defect in homologous recombination was suggested by the finding that suppression of 

Rad51-dependent recombination enhanced survival of WS cells after DNA damage, while 

Holliday junction resolution by a bacterial HJ resolvase (RusA) rescued recombination in WS 

to the same levels as rescued by wt WRN [94]. That this defect in recombination is 

manifested during S phase (e.g. to remove or prevent accumulation of recombinogenic 

intermediates formed on replication fork stalling or collapse), is further suggested by the 

finding that HJ resolution by RusA also corrects the S phase defect of WS cells (as measured 

by labelled nucleotide incorporation into nascent DNA), and restores proliferative capacity 

and normal sensitivity to fork-stalling or fork-collapsing drugs 4-nitroquinoline oxide and 

camptothecin in WS cells [93]. 

By using DNA damaging agents in human cells bearing WRN point mutations in either 

the exonuclease (D82A) or helicase (K577M), or both, the Monnat group demonstrated that 

the both helicase and exonuclease enzyme activities were required for recombination but that 

the presence of either activity was sufficient for cell survival in the absence of recombination 

[95]. Further confirmation of a role in recombination comes from the observed co-localisation 

of WRN with the recombination protein Rad51 on DNA damage [85, 96] while Rad51 focus 

formation is aberrant in the absence of WRN [85]. It is likely that the cell attempts (but fails) 

to repair some template-blocking lesions, such as those caused by Cr(VI), via the mismatch 

repair pathway (MMR), since shRNA-mediated knockdown of MSH6 in WRN-knockdown 

cells prevented accumulation of DSBs [85]. Notably, the tumour suppressor p53 is thought to 

regulate WRN-mediated junction unwinding [97], possibly via its interaction with RPA [98]; 

it is provocative that WRN helicase-mediated DNA branch migration is stimulated by RPA 

[99, 100]. 

Drosophila lacking the orthologous WRN-like exonuclease activity, DmWRNexo, show 

a very high incidence of recombination, though mathematical modelling suggests that the 

bulk of recombination is via reciprocal exchange rather than chromosome breakage, as cell 

proliferation following recombination is relatively normal, which would not be predicted for 

aneuploid cells [101]. Scoring for recombination uses the multiple wing marker observed in 

the adult wing: more severe recombination defects that prevent development through to 

adulthood will not be detected by this assay. That lack of DmWRNexo predisposes to severe 

replication/recombination defects is borne out by detailed analysis of embryos from 

homozygous DmWRNexo mutant mothers, where major problems in nuclear division are 

observed, resulting in loss of defective nuclei from the organism and very low hatch rates 

(Lasala et al., in preparation).  

The findings discussed above all point towards the likelihood that WRN functions in a 

recombinational (or anti-recombinational) role predominantly during S phase to cope with 
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stalling and/or collapse of replication forks, and to assist in telomere maintenance. Its ability 

to unwind unusual DNA structures (e.g. [102]) is consistent with either preparing the template 

for replication over secondary structures (including those arising from natural sequence 

variations or lesions caused by mutagens), or dealing with the secondary structures or fork 

stalling that arise once such sites have been copied. That WRN is required for fragile site 

replication [81, 103] is further demonstration of its importance in stabilising the genome 

during replication of templates with unusual secondary structures.  

 

3.2.3. WRN in Telomere Recombination 

There is significant similarity between the T loop at the telomeres, where WRN acts in 

co-operation with POT1 and TRF2 [99, 104], and the D (displacement) loop formed during 

homologous recombination. While telomere attrition is not thought to be a major cause of 

premature cell senescence in WS [105, 106], ectopic expression of Tert in WS patient 

fibroblasts leads to very high proliferative potential [107]. WRN interacts biochemically with 

components of the shelterin complex at the telomere, particularly POT1 [100, 104], and 

telomere replication is defective when WRN is mutant [108, 109]. By transfecting cells with 

T-oligos that resemble telomeric ends, a role for WRN was demonstrated in dealing with 

telomere-like DNA damage and in activating DNA damage responses (including γ-H2AX and 

p53) at telomeres [110].  

 

3.2.4. WRN Protects DNA from Breakage on Chromatin Modification 

During DNA replication, it is not only the structure of the DNA itself that the replication 

fork must deal with, but also the chromatin structure. While nucleosome displacement and 

replacement may be the main mechanism for the fork to pass through chromatin [111], it is 

likely that WRN is also involved in preventing DSBs arising from problems with chromatin 

structure during DNA replication. For example, human and mouse WRN-null cells 

accumulate DNA breaks following treatment with drugs chloroquine (CHL) and trichostatin 

A (TSA) that impact on chromatin structure, even though such treatment does not result in 

DSBs in normal cells. Moreover, topoisomerase I over-expression partially prevented DNA 

break formation in TSA- or CHL-treated WRN-null cells, suggesting that WRN protein, in 

co-operation with topoisomerase, normally prevents DNA breakage upon changes to 

chromatin structure [112]. It is possible that such protection occurs through WRN recruitment 

of chromatin assembly factor CAF-1 after DNA damage [113]. 

 

3.2.5. Action of WRN and Related Proteins in Stalled Fork Regression 

High rates of replication fork stalling are observed in WS cells, especially on aphidicolin 

treatment [36]. Reinitiation of DNA replication after fork stalling can be accomplished by 

either cleavage, template switching or translesion synthesis pathways [114]. Central to both 

the cleavage and non-cleavage pathways is the view that stalled forks can unwind to form 

Holliday junction (HJ)-like ‗chicken-foot‘ structures [115, 116]. Fork regression aids the 

repair of damage forks and during this process, the replication machinery disengages from the 

fork DNA which permits unwinding [116, 117]. Homologous recombination may be 

responsible for generating DNA structures that lead to replication restart and replisome 

reassembly at sites away from the origin, and in bacteria the PriA helicase is crucial for these 

events [118].  
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So what is driving fork regression in vivo? Numerous data from electron and atomic force 

microscopy imply that positive supercoiling ahead of blocked forks may promote fork 

regression in vitro [119-121], but whether this happens in vivo still remains uncertain [116]. 

The main enzymes that form HJs by unwinding DNA forks in vivo in E. coli belong to the 

four groups of helicases/translocases: RecG helicase, RuvAB helicase complex, UvrD 

helicase and RecQ helicase. While RecQ is probably involved in fork unwinding through its 

highly conserved helicase domain, it is also likely that RecQ performs various other functions 

in vivo since the RecQ family of proteins possess various non-helicase domains including 

HRDC and RQC regions [55, 122]. 

So does WRN act similarly to E. coli RecQ in homologous recombination? The helicase 

activity is an obviously candidate for unwinding and potentially resolving HJ substrates 

without leading to genetic exchange, by analogy to BLM which can dissolve double HJs in 

co-operation with topoIII and BLAP75 [123]. Consistent with this, RPA robustly stimulates 

WRN helicase‘s branch migration activity leading to disruption of D loops [100]. Moreover, 

RPA blocks WRN exonuclease-dependent degradation of the invading strand in HR. This 

suggests that the exonuclease activity would create a substrate suitable for strand invasion, a 

first step in HR mediated by Rad51 (and the interaction between WRN and recombination 

mediators Rad51, Rad54 and Rad54B on interstrand crosslink (ICL)- inhibition of DNA 

replication tallies with this hypothesis e.g. [124]), while the helicase uses non-

recombinational routes to unwind potentially recombinogenic intermediates such as those 

found during DNA replication. WRN also co-operates with BRCA in ICL repair [125].  

An anti-recombinogenic role of WRN is supported by many lines of evidence, 

particularly the hyper-recombination observed on WRN mutation (see above) and the ability 

of WRN to suppress recombination in Sgs1 mutant yeast ([126], as observed for RecQ in E. 

coli [127]. Co-ordination between the exonuclease and helicase activities is probably required 

in vivo, and has been explored experimentally (e.g. [128, 129]). The finding of alternative 

pathways of action of the helicase and exonuclease needs further dissection, and the 

separation of enzyme activities in discrete polypeptides in organisms other than vertebrates 

(i.e. invertebrates, single celled-animals, plants and Archaea; see Figure 4) allows such 

studies. 

 

 

4. INVERTEBRATE RECQS  
 

4.1. Drosophila WRN  
 

In flies, the WRN-like exonuclease activity is encoded on the CG7670 locus, and the 

protein is called DmWRNexo [101, 130]. This protein shows exonuclease activity in vitro on 

various substrates including those anticipated to be involved in DNA replication ([131]; 

Mason et al, manuscript in preparation). Hypomorphic mutation of the exonuclease results in 

hyper-recombination in flies [101], while a single point mutation distant from the active site 

also increases recombination but to a smaller extent [131]. While the cognate WRN-like 

helicase has not yet been definitively identified, the DmBLM helicase is a likely candidate 

partner for the DmWRNexo. Files mutant for this protein, encoded by the locus mus309, 

show hyper-recombination and accumulation of DSBs [132-134], consistent with a role for 
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the helicase in suppressing recombination or repairing breaks by the synthesis-dependent 

strand-annealing pathway of homologous recombination.  

 

 

Figure 4. WRN orthologues in invertebrate animals and plants. Organisms other than vertebrates appear 

to encode the exonuclease activity orthologous to human WRN exonuclease on a separate polypeptide 

from the WRN helicase. The Arabidopsis protein AtRECQl2 is the WRN helicase orthologue, and it 

associates physically and functionally with AtWRNexo. In worms, the exonuclease is thought to be 

encoded by mut-7, while in flies this activity resides in DmWRNexo that has been confirmed to have 

exonuclease activity very similar to human WRN exonuclease. exo = exonuclease, hel = helicase, R= 

RQC, H= HRDC. 

Note that sterility and chromosome segregation defects have been described for flies 

lacking DmBLM (mus309), DmRecQ4, DmRecQ5 [134-136] and DmWRNexo (Lasala et al. 

in preparation), consistent with similar defects in yeast RecQ mutants Sgs1 (S. cerevisiae 

[137]) and Rqh1 (S. pombe [138]).  

 

 

4.2. Worm WRN 
 

The helicase activity equivalent to human WRN has been identified as the wrn-1 protein 

in C. elegans. Consistent with a role in preventing premature ageing, worms in which wrn-1 

has been knocked down by RNAi show marked developmental abnormalities and a shortened 

lifespan [139]. Whether this is truly due to premature ageing or to sickness arising from the 

developmental defects is currently unclear, though some signs of ageing such as lipofuscin 

accumulation were detected [139]. Like human WRN helicase, wrn-1 can unwind replication-

like intermediates including forked substrates, and an in vitro association with RPA has been 

reported [140]. A role for worm wrn-1 in DNA damage responses, and in establishing RPA 

foci and ATM/R checkpoints has recently been described [141], consistent with the 
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interaction of human WRN with RPA (see above) and with components of the MRN complex 

[142]. 

The exonuclease activity of WRN has been assigned in C. elegans to the gene product 

mut-7, originally implicated in repressing transposition [143]. Mut-7 is related to the 

Neurospora ‗quelling‘ protein Qde3 that is not directly involved in post-transcriptional gene 

silencing but rather in response to DNA damage during replication [144] including CPT-

induced replication damage [145] – an activity shared with human WRN. Further analysis of 

the worm WRN exonuclease is required for this system to provide useful information on 

organismal ageing dependent on WRN loss.  

 

 

5. PLANT RECQS  
 

Compromised DNA replication or its impaired regulation can lead to loss of genetic 

integrity of plant cells resulting in genetic alterations such as microsatellite instability, 

chromosomal translocations and/or increased levels of homologous recombination. 

Examination of Arabidopsis thaliana lines exhibiting elevated frequencies of somatic 

homologous recombination, obtained from a forward genetic screen, identified a number of 

enzymes crucial in DNA metabolism including the catalytic subunit of DNA polymerase delta 

(POL delta [146], topoisomerase 3a (AtTOP3a) and its partner AtRM1 [147], endonuclease 

complexes AtMUS81-AtEME1A and AtMUS81-AtEME1B [148]. In all cases, these 

enzymes are involved in the resolution step of homologous recombination and/or restart of 

compromised replication forks working together or in parallel with RecQ family helicases 

[147, 148].  

To date, the largest number of RecQ like genes per specie has been described in plants. 

Arabidopsis RecQ-like proteins were first described in 2000 by Hartung et al. [149]. cDNAs 

for six different proteins have been characterised: AtRecQ1 (606 aa), AtRecQ2 (705 aa), 

AtRecQ3 (713 aa), AtRecQsim (858 aa), and two bigger proteins AtRecQ4A and AtRecQ4B 

(1150 and 1182 aa, respectively) with high identity (nearly 70%) that may result from the 

duplication event during plant evolution. Using bioinformatics analysis another RecQ 

homologue has been detected in Arabidopsis – AtRecQ5 (870aa) [150]. Rice also possesses 

seven different RecQ genes [151, 152], and even in the genome of one of the mosses that has 

been sequenced (Physcomitrella patens), at least 5 RecQ homologues can be found [150]. All 

RecQ family members studied to date share a central helicase domain which contains seven 

conserved motifs including ATP binding Walker A and Walker B boxes [54]. The biggest 

distinction in plants RecQ family is shown for the RecQsim protein that has a substantial 

insertion of ~100 aa inside the 400 aa helicase domain; this insertion may lead to loss of 

helicase functionality [149]. Towards the end of the conserved RQC (RecQ conserved) 

domain lies a zinc finger that may be involved in protein folding and DNA binding [153], and 

this domain is important, because mutation in RQC impairs RecQ activity [154, 155]. The 

only RecQ homologue in Arabidopsis that does not contain an RQC region is AtRecQ5 [150].  

The third conserved region of the RecQ-like proteins, HRDC (Helicase-and-RNase-D C-

terminal) is located C terminal of the helicase domain. In Arabidopsis, the HRDC domain is 

only found in AtRecQ2 and two homologues of AtRecQ4, and thus it cannot be assumed that 

the HRDC domain is required for helicase activity. It is likely that HRDC is involved in 
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nucleic acid binding; RecQ and RNaseD both possess HRDCs and both bind to nucleic acids 

[150], and studies of human BLM have demonstrated the importance of the HRDC domain 

(especially lysine 1270) in DNA binding necessary for double Holliday junction resolution 

[156]. 

In plants, as in animals and yeast, increased recombination and genome instability can 

result from defects in RecQ-like proteins. It is currently unclear to what degree multiple RecQ 

homologues have overlapping or unique functions. In human cells, there is likely to be only 

limited redundancy, as mutation in three different human RecQ homologues WRN, BLM and 

RecQ4 lead to the major diseases WS, BS and RTS (see Table 2 above). The discovery of 

plant homologues of these human disease-related RecQs, together with analysis of their 

structures and functions, should be useful in elucidating whether their roles are universal or 

specific to kingdoms or even individual species, and perhaps in determining how multiple 

homologues evolved within same species [150]. 

 

 

5.1. AtRECQ4A is Plant BLM 
 

The Arabidopsis homologue of human BLM helicase has been identified as AtRECQ4A 

[157]. Analysis of AtRECQ4A mutant alleles in Arabidopsis shows a 7.5 fold increase in 

average frequency of intrachromosomal homologous recombination events, while mutant 

seedlings are hypersensitive to UV light and MMS [158]. Interestingly, ectopic expression of 

AtRECQ4A in yeast RecQ-deficient cells resulted in full suppression of the SGS1 mutant 

phenotype. In addition it was shown that a double mutant of the helicase AtRECQ4A and 

nuclease AtMUS81 (homologous to the Mus81 nuclease that co-operates with Rqh1, the 

RecQ helicase in S. pombe [159]) is lethal in Arabidopsis, but that mutation of AtRECQ4A in 

AtTOP3a background changes the lethal phenotype to viability [157]. In dicotyledonous 

plants, (in contrast to e.g. rice or moss Physcomitrella patens), a pair of RecQ4 homologues 

can be found which share nearly 70% identity. Despite this very significant homology, 

AtRECQ4B mutants show no sensitivity to DNA damaging agents and the protein is 

antagonistic to AtRECQ4A in homologous recombination. Thus AtRECQ4B is the first 

reported RecQ helicase that is positively involved in promoting (as opposed to suppressing) 

homologous recombination [157]. We can speculate that ancestral RecQ proteins in plants 

possessed functions both for crossover promotion and suppression, but after duplication 

events, new proteins evolved in different directions. Analysis of these proteins should answer 

the question of what differences in the respective amino acid sequences are responsible for 

functional differences between two homologues of AtRECQ4.  

 

 

5.2 AtRECQ2 with AtWRNexo Comprise the WRN Orthologue in 

Arabidopsis 
 

The Arabidopsis homologue of human WRN helicase is AtRECQ2 [160]. This protein is 

a typical d(NTP)-dependent 3‘-5‘ DNA helicase that can disrupt recombinogenic structures. 

By melting different D-loops, AtRECQ2 protein may prevent non-productive recombination 

events as well promote non-recombinogenic pathways of DNA repair [160]. AtRECQ2 

protein lacks the exonuclease domain found in human WRN helicase, but interacts in a yeast 
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two-hybrid yeast assay with AtWRNexo [149], which has significant homology with the 

exonuclease domain of human WRN. Biochemical analysis of purified recombinant 

AtWRNexo protein confirmed exonuclease function of this protein similar to that of the 

human WRN exonuclease. The AtWRNexo protein digests recessed strands of duplex DNA 

in the 3‘-5‘ direction, but has very limited activity on single-stranded or blunt end duplexes 

[161]. Further characterization of this protein including its requirement for divalent cations 

Mg
+2 

or Mn
+2

 and inhibition by oxidative damage or apurinic sites [161] showed that this type 

of WRN-like exonuclease activity is a common feature of the DNA metabolism of both 

animal and plant kingdoms. 

 

 

5.3. AtRECQ3 is Homologous to Human RecQ5β 
 

A further Arabidopsis helicase, AtRECQ3, differs from AtRECQ2 in its domain 

composition (it lacks the HRDC domain) [150], but despite this, it still exhibits similar 3‘- 5‘ 

helicase activities on partial duplex DNA. However they differ in activity on synthetic DNA 

structures that mimic Holliday junctions or replication forks; while AtRECQ2 catalyzes 

Holliday junction branch migration and fork regression, AtRECQ3 is inactive on intact 

Holliday junctions, but is still able to unwind nicked Holliday junctions. AtRECQ3 helicase is 

also more efficient in catalysing DNA strand annealing than AtRECQ2 protein [162] and thus 

it is obvious that these two helicases are responsible for different tasks in plant cells. In fact, 

AtRECQ3 has different biochemical properties from any other characterized eukaryotic RecQ 

helicase, but taking into account both its function and domain structure, it appears to be the 

closest Arabidopsis homologue to human RECQ5β [162].  

 

 

6. STRUCTURE AND FUNCTION OF RECQ HELICASES IN ARCHAEA 
 

To study essential functions of RecQ helicases, a simple ―stripped down‖ model of 

replication would be of great benefit. It is well described that Archaea, the third domain of 

life, has a simplified version of the eukaryotic proteome and thus presents a valuable model to 

study mechanisms for genetic information processing pathways [163-166]. Whereas the DNA 

replication machinery of Archaea has been extensively investigated [165], still very little is 

known about functions of DNA helicases that are involved in restart of damaged replication 

forks. No significant sequence homologues of bacterial recombination helicases are found in 

most Archaeal genomes, though UvrD helicases are found in few species of the Halophiles, 

but not in other Archaea [167, 168] and a RecQ orthologue is found in some Archaea from 

the genus Methanosarcina [118]. Moreover it has been suggested that presence of UvrD 

helicase at least in Halobacterium salinarum and RecQ in genus Methanosarcina can be 

explained by lateral gene transfer from bacteria rather than conservation in evolution [118, 

168]. Helicases homologous to human Hel308 have been described in Archaea: Hel308a from 

Methanothermobacter thermautotrophicus [169], Hjm from Pyrococcus furiosus [170] and 

Hjm from Sulfolobus tokodaii [117, 171]. Despite divergent nomenclature of these three 

archaeal helicases and no sequence conservation with any known RecQ helicases in bacteria 

or human cells (being perhaps more closely related to the replicative MCM helicases), they 
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do exhibit RecQ-like genetic interactions with blocked replication sites in vivo [172] and with 

Hjc nuclease [117]. Further RecQ-like helicases include Hel112 and the FANCM-like 

helicase Hef. Recent advances in understanding their structure and function are described 

below. 

 

 

6.1. Hel308 Helicase is a Candidate for Unwinding Stalled Replication Forks 
 

In the clear absence from Archaea of sequence homologues to bacterial recombination 

helicases, it is tempting to look for analogous roles of different helicases annotated in 

Archaea species. One way of doing this is a simple genetic screen after inserting archaeal 

genes into bacterial strains that conditionally stall replication forks [118]. Using this 

technique, a Hel308a helicase, that is not present in bacteria or yeast, was found to be able 

restore the conditional fork-stalling phonotype in E. coli (dnaE486 ΔrecQ) that is 

indistinguishable from that obtained by reintroducing RecQ [118, 173]. This protein further 

was implicated in remodelling compromised replication forks [172]. More recently, another 

two helicases that show RecQ-like functions have been described in hyperthermophilic 

archaeon Pyrococcus furiosus [170] and crenarchaeon Sulfolobus solfataricus [176].  

The apo and DNA-bound crystal structure of archaeal Hel308 was first reported in 2007, 

suggesting a mode of action of the Hel308 enzyme [177]. A five-domain protein monomer 

that surrounds DNA and drives a β-hairpin plug through duplex DNA to separate the strands 

has been revealed (Figure 5). A crucial role for domain V has been described, in coupling 

ATP hydrolysis to binding of the helicase to single stranded DNA, thereby effectively putting 

a brake on ATP hydrolysis. This domain also promotes efficient unwinding of forked DNA 

by correctly positioning the DNA relative to the helicase ratchet domain IV [169]. Another 

Hel308 structure was published for Sulfolobus solfataricus [178], which further explains the 

apparent processivity of Hel308 helicase on in vitro substrates by the fact that the enzyme 

clasps DNA using all five domains. DNA is unwound from an initial 2bp ATP independent 

DNA melting by a β-hairpin loop in domain 2, followed by unwinding dependent upon 

hydrolysis of ATP bound to RecA folds shared between domains 1 and 2 that leads to co-

ordinated movements of a helicase ratchet generated by domains 2 and 4 [169, 178]. 

 

 

6.2. Hef 
 

Another potential candidate protein to deal with the blockage of replication forks is well 

conserved between Archaea species. This protein, Hef, has both helicase and nuclease 

domains [174, 175]. Structural and functional studies have revealed that the Hef protein 

consists of two distinct domains, a C terminal endonuclease that is similar to XPF nuclease 

and an N-terminal helicase homologous to DEAH helicases [174]. It was confirmed that this 

protein efficiently resolves stalled replication forks in two step process: a branch point 

transfer to the 5‘ end of the nascent lagging strand (helicase) and template strand incision for 

leading strand synthesis (endonuclease) [174, 175]. Archaeal Hef appears most closely 

homologous to the human FANCM protein [179] (involved in Fanconi's anaemia, Table 1), 

which may provide insight into the mechanisms of FANCM in protecting cells from DNA 

replication stress [180].  
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Figure 5. Structure of archaeal helicases. (A, B, C) Hel308 structure with DNA bound shows how the 

enzyme wraps around DNA and separates the duplex strands. (B) is a 180
o
 horizontal rotation of the 

molecule shown in (A). (C) shows the surface of the Hel308 enzyme and DNA, demonstrating the tight 

packing of DNA into the enzyme‘s active site. (D) Hjm helicase chains are shown in different colours, 

demonstrating the five major domains. The overall domain structure and organization is similar to 

Hel308. Structures were generated using Pymol (DeLano Scientific) with pdb co-ordinates 2P6R 

(Hel308) and 2ZJ5 (Hjm). 

 

6.3. Archaeal Hel112 
 

Detailed biochemical characterisation of Hel112 helicase has now has been achieved. 

This protein exists in monomeric and dimeric forms, both possessing strand annealing 

capability. The monomer additionally has 3‘-5‘ DNA helicase activity and is able to unwind 

forked and 3‘-tailed DNA structures with high efficiency, while it is almost inactive on blunt-

ended duplexes [176]. These properties are shared by human RecQ helicases BLM, WRN and 

RecQ5β. Nevertheless this protein does not contain the RQC and HRDC domains involved in 

protein interaction and DNA binding that are conserved in other RecQ family helicases, and it 

has only limited sequence similarity in the N terminus with RecQ5β helicase. Interestingly, 

Hel112 homologues are found in the genomes of all archaeal species sequenced to date [176], 

suggesting a critical function of these helicases in DNA metabolism in both crenarchaeal and 

euryarchaeal species.  
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6.4. Hjm Helicase 
 

Crystal structures are now available for Hjm helicase from Pyrococcus furiosus both in 

apo states and in the ADP and ATP analogue bound forms [181]. As seen also for Hel308 

helicase, Hjm folds into five domains with significant similarity both in N-terminal (domains 

1 and 2) and C-terminal regions (domains 3-5), and again as in Hel380, Hjm domain 5 

contains an HhH motif that interacts with ssDNA [177] (Figure 5) and regulates the helicase 

processivity, acting as a molecular brake [172, 181]. Hjm also possesses a PCNA interacting 

peptide (PIP) box [182] that explains the fact that the unwinding activity for forked DNA 

structures is enhanced by PCNA in vitro [170]. The protein possesses a concave surface 

(when viewed from the front) together with a central hole, and interacts with DNA in similar 

way to that of Hel308 helicase. Though currently known RecQ helicases do not share the 

unwinding characteristics established for Hel308/Hjm proteins, similar cellular functions of 

RecQ and Hel308 might have arisen by convergent evolution from different ancestral genes 

[172]. 

 

 

CONCLUSION 
 

Maintaining genome stability, particularly through the action of RecQ helicases and their 

cognate exonucleases, is critical in preventing premature ageing. We believe that it is through 

integrative studies of RecQ helicases and their cognate nucleases from all domains of life that 

we are likely to build a comprehensive picture of how the cell copes with replication stress 

and maintains a stable genome throughout the life course. This is of critical importance in 

maintaining crop yields, by indentifying strategies to deal effectively with replication stress in 

plants, and has marked additional significance for the human population, not only in 

highlighting new therapies for treating rare progeroid diseases but also in increasing the 

healthspan of the general population.  
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