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Abstract
The RecQ helicases are guardians of the genome. Members of this conserved family of proteins have
a key role in protecting and stabilizing the genome against deleterious changes. Deficiencies in RecQ
helicases can lead to high levels of genomic instability and, in humans, to premature aging and
increased susceptibility to cancer. Their diverse roles in DNA metabolism, which include a role in
telomere maintenance, reflect interactions with multiple cellular proteins, some of which are
multifunctional and also have very diverse functions. The results of in vitro cellular and biochemical
studies have been complimented by recent in vivo studies using genetically modified mouse strains.
Together, these approaches are helping to unravel the mechanism(s) of action and biological
functions of the RecQ helicases.

RecQ helicases: guardians of the genome
The RecQ protein family is a highly conserved group of DNA helicases with diverse roles in
multiple DNA metabolic processes, including DNA recombination, replication and repair, and
a possible role in transcription. Only one RecQ homolog has been identified in Escherichia
coli and the lower eukaryotes Saccharomyces cerevisiae and Schizosaccharomyces pombe, but
five RecQ homologs have been identified in mammals, including humans. The human RecQ
helicases include WRN (Werner), BLM (Bloom), RECQ4, RECQ1 and RECQ5. WRN and
BLM helicases are relatively well studied, but comparatively little is known about human
RECQ1, RECQ4 and RECQ5, and it is not yet clear whether the five human RecQ homologs
provide partially redundant, complementary or independent cellular functions.

Three human RecQ helicases are associated with rare recessive genetic disorders: Werner
syndrome (WS) is associated with defects in WRN helicase and exonuclease, Bloom syndrome
(BS) is associated with defects in BLM helicase and Rothmund Thomson syndrome (RTS) is
associated with defects in RECQ4. WS and RTS are characterized by premature aging.
Although BS patients have a less pronounced, premature-aging phenotype, they have a strong
predisposition to several types of cancer [1]. These phenotypes reflect the prominent role that
human RecQ helicases have in maintaining genome stability and the response to cellular stress
and/or DNA damage.

Succesful cloning, expression and purification of the human RecQ helicases has permitted
detailed biochemical, molecular and cellular studies on these enzymes. Cellular studies, in a
broad range of biological systems, show that deficiencies in the RecQ helicases lead to genome
instability [2], a hallmark of both cancer and aging. Mouse models of RecQ syndromes have
been developed with complete or partial defects in several RecQ helicases; however, only some
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of the mouse models recapitulate the clinical features of WS, BS or RTS. Regardless, these
animal-model systems have provided valuable insights into the roles of RecQ helicases in
cancer susceptibility and premature aging. In many cases, the molecular basis of the phenotypes
of mice with RecQ helicase defects remains poorly understood. Nevertheless, these are
invaluable experimental models that will eventually help to unravel the molecular and cellular
functions of the RecQ helicases. Here, I focus on recent advances in molecular, biochemical
and cellular studies of the RecQ helicases involved in the inherited human genetic disorders
WS, BS and RTS, with emphasis on the role of RecQ helicases in the response to DNA damage
and in other aspects of DNA metabolism.

The RecQ family
E. coli RecQ is the prototypical member of the RecQ helicase family. Alignment of E. coli
RecQ with other RecQ family members reveals strong conservation of the helicase domain
(Figure 1). This amino acid sequence conservation is reflected in the functional DNA helicase
activity found in all RecQ homologs with the exception of RECQ4 [3]. The RQC (RecQ
conserved) domain is less well conserved than the helicase domain but is present in most RecQ
family members, including E. coli RecQ. However, the nuclear localization signal (NLS) and
the exonuclease and acidic domains of the RecQ proteins are unique to mammalian RecQ
family members. The precise biological functions of these distinct domains are not yet fully
understood.

WRN and BLM
In addition to their helicase activity, WRN and BLM also have intrinsic DNA-dependent
ATPase activity and single-strand (ss)DNA-annealing activity [3]. Although the biological
importance of their ssDNA-annealing activity remains to be determined, it has been proposed
that this activity might facilitate strand migration during recombination or replication fork
movement at the site of DNA damage in vivo [3].

WRN and BLM (Figure 2a) both unwind various DNA helicase substrates with a 3′ to 5′
directionality. The preferred substrates of these enzymes are DNA structures that resemble
homologous recombination (HR) intermediates such as Holliday junctions and G-rich
quadruplex structures [4]. Other structures for which RecQ helicases have a high affinity
include normal and blocked or collapsed replication forks, telomeric structures and
recombination intermediates (Figure 2b). Using a wide range of DNA substrates, the
specificities of WRN and BLM helicases are similar [4]. Because WRN and BLM interact with
each other physically and functionally [5], they might function synergistically on some DNA
substrates. However, to date, there is no evidence for such collaboration between these or other
human RecQ helicases.

Despite biochemical similarities between BLM and WRN, WRN is unique in the RecQ helicase
family in having an intrinsic 3′ to 5′ exonuclease activity [6] (Figure 2a). WRN exonuclease
degrades DNA substrates with a 5′ overhang, and this substrate has been widely used to assay
for its activity; but WRN 3′ exonuclease can also degrade blunt-end and various other normal
DNA structures in addition to those that contain bubbles and mismatches [7,8].

BLM and WRN have several protein interacting partners in common, but each protein also has
unique protein interactions (Figure 3). Such differential interactions might contribute to the
different roles of BLM and WRN in specific DNA metabolic pathways and to the distinct
clinical and cellular phenotypes of BS and WS patients (Figure 4). The interacting proteins are
discussed further here in the context of the DNA metabolic pathways in which they are
involved. Many WRN protein interactions are mediated by the RQC domain. This non-catalytic
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region in WRN is also the primary DNA-binding domain [9] and the nucleolar targeting
domain, which facilitates the localization of WRN to nucleoli in unstressed cells [10].

RECQ4
The native RECQ4 protein has proven to be difficult to purify and characterize. Recent studies
of homogeneous recombinant human RecQ4 purified from E. coli revealed that the
recombinant protein has DNA-annealing activity but no detectable helicase activity in vitro
[11]. This is despite the presence of the conserved helicase domain in the primary sequence of
the protein. Therefore, additional studies are required to determine whether native and/or
recombinant RecQ4 can act as a helicase, for example under certain conditions of post-
translational modification or in association with another protein.

RECQ1 and RECQ5
Studies of the molecular functions of RECQ1 and RECQ5 are at an early stage, and no disease
has been associated with defects in either of these two human RecQ helicases. RECQ1 seems
to be the most abundant RecQ helicase in human cells. Both RECQ1 and RECQ5 have helicase-
and ssDNA-annealing activities in vitro [12,13]. A recent study indicated that higher-order
oligomers of RECQ1 catalyze ssDNA annealing, whereas lower-order oligomers catalyze
DNA unwinding [14]. Little is known about the protein interacting partners or biological
function(s) of RECQ5. RECQ5 interacts with the DNA polymerase processivity factor PCNA
(proliferating cell nuclear antigen) [15], indicating that PCNA might recruit RECQ5 to stalled
replication forks. Very recently, RECQ5 has been shown to interact with RNA polymerase II
[16]. RECQ5 exists as three splice variants, and the most studied form is RECQ5β (Figure 1),
which is discussed in the following.

For further details on the biochemical characteristics of RecQ helicases, interested readers
should consult Refs [3,8,17,18].

RecQ helicase syndromes
Several of the clinical features of WS and BS are identical, whereas other clinical features are
unique to one or the other syndrome (Figure 4). Clinical features common to WS and BS include
slow growth, abnormal facial features, infertility and high incidence and/or early onset of
aging-related diseases. WS patients have a more pronounced premature-aging phenotype and,
unlike normal individuals and BS patients, WS patients are highly susceptible to early onset
of mesenchymal tumors such as sarcomas [1,19]. Microarray analysis of WS primary
fibroblasts revealed a gene-expression profile more similar to normal fibroblasts from old
individuals than to normal fibroblasts from young individuals [20]. Although WS and BS
patients show early onset of many features of normal aging, not all features of normal aging
are accelerated in these patients; thus, WS and BS are known as segmental progerias.

BS cells are characterized by higher levels of sister chromatid exchange (SCE) than wild-type
cells, and both BS and WS cells exhibit higher-than-normal levels of chromosomal aberrations
and hypersensitivity to inhibitors of topoisomerase I and DNA interstrand crosslinking agents
[21,22]. BS and WS cells also progress more slowly through S-phase than wild-type cells,
indicating that cell-cycle or replication checkpoints might be activated in these cells, even in
the absence of induced DNA damage [18,23].

Mutations in RECQ4 cause three distinct clinical diseases: RTS, RAPIDILINO and Baller-
Gerold syndromes. RTS is an autosomal recessive condition with skin manifestations
(poikiloderma), juvenile cataracts, growth deficiency, premature aging and a predisposition
for malignancies, particularly osteosarcoma. The other two syndromes are not as strongly
associated with premature aging or cancer [24].
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Recent studies indicate that expression of WRN and other premature-aging-associated proteins
might be regulated epigenetically [25,26]. For example, the WRN gene is silenced by promoter
hypermethylation in many tumors of mesenchymal and epithelial origin, including those
commonly observed in WS patients [25]. In addition, when cancer cells are treated with DNA
demethylating agents to reverse hypermethylation of the WRN promoter, the defect in WRN
exonuclease and the cancer phenotype are rescued [25]. Epigenetic regulation of genes
involved in premature aging has been observed by others; for example, the lamin A/C genes,
mutations in which lead to premature aging, are regulated by hypermethylation [25]. Other
studies also indicate that global changes in DNA methylation have a role in cancer and aging
[27]. Epigenetic regulation is a newly recognized mechanism for modulating genes involved
in aging; clearly, this is an area of considerable interest for further study.

Mouse models for the RecQ syndromes
The phenotype of RecQ-helicase-deficient mammalian cells typically includes genomic
instability and sensitivity to DNA-damaging agents, which is consistent with the idea that RecQ
helicases are ‘guardians of the genome’. In contrast to the cellular phenotype, the phenotypes
of some RecQ-deficient mice are difficult to interpret. Those with homozygous deletion of
BLM die during embryogenesis (for a review, see Ref. [28]). Heterozygous BLM mice display
some features of human BS patients including increased frequency of SCE; however, increased
frequency of SCE is only observed in humans that are homozygous for a BLM mutation. Mice
expressing varying levels of BLM have also been generated; in these animals, the level of BLM
correlates inversely with the frequency of SCE, the extent of genomic instability and cancer
susceptibility [28]. Whether a similar correlation exists in humans remains to be determined.

Curiously, mice carrying a homozygous deletion of WRN are phenotypically normal.
However, mice in which both WRN and Tert (which encodes telomerase) have been mutated
have a complex WS-like phenotype characterized by premature death, hair graying, alopecia,
osteoporosis, type II diabetes, cataracts and increased incidence of nonepithelial malignancies
[29]. The cellular phenotype of WRN-deficient Tert-deficient double mutants includes
accelerated replicative senescence and increased chromosomal instability [29]. These data
indicate that the latent clinical features of WS might be caused by telomere shortening [29]
and that WRN might play an important part in telomere maintenance.

RECQ1-deficient mice have been constructed and they seem to be normal, but mouse
embryonic fibroblasts from these mice display genomic instability [27]. Mice deficient for the
coding portion of RECQ4 show some typical features of RTS, such as genomic instability,
abnormal skin pigmentation, skeletal defects and kyphosis, indicating that it might be a useful
model of the human disease [30]. Moreover, cells from these mutant mice have a high frequency
of premature centromere separation and aneuploidy, indicating a role for RECQ4 in sister
chromatid cohesion. Additional genetic and biochemical studies are needed to elucidate the
primary biological roles of RECQ4. Lastly, a recently developed mouse model for RecQ5
displayed an increased cancer susceptibility but normal development and lifespan [31].
Interestingly, the RECQ5-gene knockout mice cells aberrantly accumulated double-strand (ds)
DNA breaks (DSBs) and have increased DSB repair (DSBR) by HR repair.

Additional RecQ-homolog-deficient mouse strains are currently being constructed and
characterized, and it is hoped that the phenotypes of these mice will provide novel insights into
the biological functions of mammalian RecQ proteins. In particular, it will be interesting to
determine the phenotype of mice deficient in two or more RecQ helicases to understand whether
or not they cooperate in specific pathways of genome maintenance.
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RecQ helicases and DNA repair
Cellular DNA is continuously damaged by exogenous and endogenous agents and chemicals,
which together generate many types of lesions throughout the genome. Many of the oxidative
DNA modifications that accumulate in nucleic acids over time are thought to be caused by
endogenous reactive oxygen species (ROS), which are produced as normal byproducts of
oxidative phosphorylation in mitochondria and other metabolic processes. It has been estimated
that 50 000–100 000 oxidative DNA lesions are generated per mammalian genome per day
[32]. If DNA damage persists, it can cause errors in DNA replication or transcription leading
to point mutations or chromosomal rearrangements or induce a stress response via various
signaling pathways. Prokaryotic and eukaryotic cells express multiple DNA-repair pathways,
which provide distinct but overlapping mechanisms to remove many of the DNA lesions that
accumulate in cellular DNA (Figure 5). Recent studies indicate that the cellular response to
DNA damage is mediated by a complex network of DNA-repair proteins, many of which form
multifunctional multiprotein complexes that participate in more than one DNA-repair pathway
[33].

The four main DNA-repair pathways are: base excision repair (BER), which repairs oxidative
DNA base modifications such as 8-oxoguanine (8-oxoG), alkylation base damage and ssDNA
breaks (SSBs); nucleotide excision repair (NER), which repairs bulky helix-distorting DNA
lesions; mismatch repair (MMR), which repairs single-nucleotide mismatches and small
insertion–deletion mispairs; and DSBR, which repairs DSBs. Several DNA-repair
subpathways have been characterized, including long patch (LP-BER) and short patch (SP-
BER) subpathways of BER, the global genome repair (GGR) and transcription-coupled repair
(TCR) subpathways of NER, and HR and nonhomologous endjoining (NHEJ), which are
subpathways of DSBR (Figure 5). Recent molecular studies show that RecQ helicases interact
with DNA-repair proteins and might participate in specific DNA-repair pathways. This is
consistent with the observation that RecQ helicases demonstrate structure-specific DNA
binding and have higher affinity for DNA susbstrates that resemble DNA-repair intermediates
(Figure 2b) than for simple duplex DNA [3,4,34].

BER
BER involves five important steps: removal of a damaged base by DNA glycosylase, incision
of the phosphodiester backbone by an abasic (AP) site endonuclease, diesterase- or lyase-
mediated modification of DNA termini, DNA synthesis to fill in gapped DNA, and ligation of
nicked DNA by DNA ligase. Several DNA glycosylases have been identified in mammals
(including TDG, MBD4, UDG, MPG, MYH1, OGG1, NEIL1 and NTH1). These proteins
recognize a specific subset of base modifications and hydrolyze the N-glycosylic bond, which
releases the damaged base and initiates BER. Collectively, the DNA glycosylases can remove
a wide range of damaged bases, and there is considerable overlap in their substrate specificities.
The next enzymatic step in BER is catalyzed by DNA polymerase β (POLβ) [35]. POLβ can
fill short gaps in DNA and remove residues at a ssDNA break. BER proceeds either via single-
nucleotide replacement (i.e. SP-BER) or multiple-nucleotide strand displacement (i.e. LP-
BER). SP-BER most commonly involves POLβ, whereas LP-BER typically engages the
replicative PCNA-dependent polymerases, although POLβ can also be involved. The LP-BER
pathway also involves the flap endonuclease FEN1, which removes the flap structure generated
after the polymerase progresses.

Several enzymes exist to deal with specific intermediates that arise in the context of SSB
processing. These proteins are more commonly considered to be components of SSB repair
(SSBR), a pathway associated with BER.
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WRN and BLM interact functionally with many proteins involved in BER and SSBR (Figure
3). These protein interactions have been demonstrated in vitro and in vivo. In particular, APE1,
the endonuclease that incises abasic sites during BER, inhibits WRN; this interaction could
possibly prevent promiscuous unwinding of DNA-repair intermediates [36]. WRN and BLM
can also stimulate DNA POLβ, enhancing base incorporation and facilitating strand
displacement [37]. WRN and BLM strongly stimulate FEN1 [38,39]. In vitro evidence also
indicates that WRN exonuclease can act as an autonomous proofreading enzyme for DNA
POLβ during LP-BER [40]. Collectively, these data indicate that WRN could participate in
BER, specifically in LP-BER [37]. Although WRN is not essential for BER, its role in this
process is supported by the in vivo finding that WRN-deficient cells accumulate 8-oxoG [41]
and are sensitive to some DNA-damaging agents that generate BER substrates [37,42].
Although WRN does not seem to interact with human OGG1, the most important glycosylase
for 8-oxoG in human cells, it does interact in vivo and in vitro with NEIL1 [41], a human
glycosylase for formamidopyrimidine lesions [41,43]. These lesions are common [44] but not
well characterized [45], and they accumulate in cells deficient in WRN [41]. WRN also
interacts functionally and reciprocally with polyADP ribose polymerase (PARP-1), a protein
with a key role at various steps during BER and SSBR. PARP-1 ribosylates many cellular
proteins but it does so at a lower level in WRN-deficient cells, indicating that PARP-1 is
activated or stimulated by WRN [46]. PARP-1 also colocalizes with RECQ4 [24]. Thus, WRN
has several roles in BER and SSBR, and RECQ4 might also function in SSBR [24].

WRN deficiency leads to hyper-oxidation [47] and rapid and premature accumulation of
protein carbonyls [48], which normally accumulate primarily in older individuals. Increased
protein oxidation might explain high frequency and early onset of cataracts in WS patients,
possibly due to oxidation of lens proteins. The increased incidence of cataracts in WS patients
might also be mediated by a direct association between WRN and NBS1 [49], a protein
involved in DSBR. Mice deficient in NBS1 develop cataracts at an early age and demonstrate
aberrant lens-fiber differentiation [50]. High levels of oxidative stress and oxidative DNA
damage correlates with increased risk for sarcomas; thus, hyper-oxidation and dysfunctional
or decreased BER could potentially explain the high incidence of sarcomas in WS patients
[51].

DSBR and recombination
DSBs are common DNA lesions induced by many types of stress and exposure, including
ionizing radiation. DSBs can be visualized by immunochemical staining for foci enriched in
phosphorylated histone H2AX (γ-H2AX) or by biochemical and cell biological methods that
directly identify DSBs. Two main pathways repair DSBs: HR and NHEJ. Our current
understanding of these pathways has been summarized in recent reviews [52,53].

RecQ helicases seem to have an important role in DSBR (Figure 6). For example, RecQ
helicases interact with several proteins that have essential roles in DSBR. RAD51, which is a
key player in the strand-invasion event during HR, interacts with WRN [31,54], BLM [55],
RECQ4 [56] and RECQ5β [31]. The physical interaction between BLM and RAD51D
stimulates branch migration by BLM on Holliday junctions [57]. RAD52 both inhibits and
enhances WRN helicase activity in a DNA structure-dependent manner, whereas WRN
increases the efficiency of RAD52-mediated strand annealing [58], indicating that RAD52 and
WRN might cooperatively facilitate rescue of stalled or blocked DNA replication forks.
RAD54, another key protein in this pathway, co-localizes with WRN in response to replicative
stress [54]. WRN also associates with the MRE11–RAD50–NBS1 complex via NBS1 [49] and
the tumor suppressor BRCA1 [59]. Some of these protein interactions are functional; for
example, BRCA1 stimulates WRN helicase [59], which is required for HR in cell extracts
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[60]. Furthermore, WS cells are deficient in the removal of DNA interstrand crosslinks, a
process that requires recombination [59,61].

As already mentioned, WRN and BLM helicases bind preferentially in vitro to DNA substrates
that resemble recombination intermediates such as Holliday junctions (Figure 2b). BLM is the
only RecQ helicase that, in cooperation with topoisomerase IIIα [62] and BLAP75 [63], can
resolve double Holliday-junction substrates to exclusively generate non-crossover products;
this observation is consistent with the fact that BLM-defective cells are deficient in SCE.

WRN and BLM both play a part in assembly of DSBR complexes at γ-H2AX foci, an early
step in DSBR. However, WRN and BLM also have downstream roles in NHEJ and DSBR
(Figure 6). For example, WRN interacts with the Ku70–Ku80 heterodimer, a primary mediator
of NHEJ [64], and this interaction strongly stimulates WRN exonuclease activity in vitro
[65]. WRN also interacts with the catalytic subunit of DNA-dependent protein kinase (DNA-
PK) [64], indicating that WRN might participate in NHEJ and/or telomere repair. It has been
proposed that WRN might be a partner in the end-joining process, at least in part because both
WRN exonuclease and helicase are required for NHEJ. However, WS cells are not particularly
sensitive to γ-irradiation, which generates DSBs. It remains possible that WRN participates in
a NHEJ subpathway or in end-joining in a sub-genomic region such as telomeres or ribosomal
(r)DNA (which encodes pre-rRNA transcripts).

WRN might also play a part in DNA mismatch repair. For example, like other proofreading
nucleases with which it shares homology [66], WRN can remove a mismatched nucleotide
incorporated by a DNA polymerase during DNA replication [67] or DNA repair [40]. Although
WRN interacts with human DNA polymerase δ (Polδ) [68] and stimulates the extension activity
of yeast DNA Polδ and human translesion DNA polymerases [69], interaction with WRN
reduces the fidelity of Polδ [69]. Also, WRN exonuclease fails to bypass some DNA lesions
[70]. Further work is needed to understand how WRN interacts with DNA mismatches and
many other types of DNA lesions.

In summary, a substantial body of biochemical, genetic and cell biological data strongly
indicates that RecQ helicases are key regulators and/or modulators of genetic recombination
and DSBR, especially in response to replicative stress (Figures 2c and 6).

RecQ helicases, replication, transcription and chromatin structure
Replication defects in WS and BS cells were first described many years ago. In BS cells, the
rate of fork progression is slower than in wild-type cells [71], whereas, in WS cells, progression
through S-phase is delayed [23,72]. Decreased proliferation in mouse embryonic fibroblasts
was also reported after silencing of RECQ4 [73] and in UV-treated RTS human cells [74].

Subsequent studies indicate that RecQ helicases are recruited to collapsed or arrested DNA
replication forks, where they stabilize the replication complex, facilitate DNA repair and
promote replication re-start (Figure 2b,c). Recent developments indicate that this could be one
of the most important functions of the RecQ helicases [3,18,75]. Insight into the role of RecQ
helicases in replication comes from biochemical studies (including analysis of protein–protein
interactions) and cell biological studies. RecQ helicases interact physically and functionally
with several key proteins involved in replication, such as replication protein A (RPA), PCNA,
DNA Polδ and FEN1 [76]. RPA has essential and integral roles in DNA replication and repair.
RPA interacts with WRN and BLM and strongly stimulates their respective helicase activities.
Thus, interaction between RPA and RecQ helicases might be required for efficient unwinding
of large regions of duplex DNA [77,78].
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Numerous in vitro studies have examined the effect of induced replication arrest on the
interactions between specific DNA substrates and purified RecQ helicases. The results of these
studies indicate that RecQ helicases, in conjunction with DNA polymerases and other proteins,
play an important part in resolving stalled or collapsed replication forks (for examples, see
Refs [3,8,17]).

It is also possible that the DNA-strand-annealing activity of RecQ helicases, including WRN
and BLM, might be important for their function at blocked DNA replication forks (Figure 2a,c).
For example, BLM, but not E. coli RecQ, can facilitate DNA-replication-fork regression in
vitro [79]. The BLM helicase can promote the regression of a model replication fork [3].
Furthermore, WRN and BLM (but not other helicases including UvrD, Rep, PriA, E. coli RecQ)
can regress a model replication-fork substrate in vitro [8]. Several detailed studies indicate that
uncoupling of leading and lagging strand DNA synthesis is required to enable RecQ helicases
to promote replication-fork regression at DNA replication forks blocked by DNA lesions [3].
The helicases might have several functions at replication forks that are blocked by DNA
damage. They unwind unusual structures in the vicinity, they promote replication and repair
proteins via physical interactions, thus facilitating lesion removal, and they promote unwinding
and strand exchange to facilitate the progression of replication. More studies are needed to
understand the molecular details of such reactions and how they promote restart of replication
by a non-recombinogenic mechanism.

RecQ helicases might also play a part in transcription. For example, biochemical and cellular
evidence indicates that WRN modulates RNA polymerase II transcription [80], which could
explain differences between gene-expression patterns in normal and WS cells [81]. BLM and
WRN might also play a part in regulating chromatin structure via interactions with chromatin
accessibility factor 1 [82,83]. This notion is supported by a recent demonstration that WRN-
dependent changes in chromatin structure can reduce the incidence of DNA-strand breaks
[22]. However, the molecular basis of this effect is not yet clear. Some, but not all, oxidative
and bulky DNA base modifications inhibit WRN exonuclease activity [70]; thus, it is possible
that RecQ helicases have a role in the early response to and recognition of DNA damage before
initiation of DNA repair [70].

RecQ helicases and telomere maintenance
Early studies of WS fibroblasts revealed that WRN deficiency is associated with a defect in
telomere maintenance [84]. Furthermore, in vitro experiments with oligomeric telomere
substrates demonstrated that WRN processes telomeric DNA and activates a DNA damage
response [85]. Previous studies showed that WRN and BLM both interact with telomere
proteins TRF1 and TRF2 [86–87], both of which are components of shelterin, a protein
complex involved in telomere maintenance. WRN is enriched at the telomeres only during S-
phase of the cell cycle, as revealed by live-cell imaging and direct chromatin
immunoprecipitation of synchronized cells [88]. In vitro, both BLM and WRN unwind an
artificial D-loop substrate in coordination with TRF1 and TRF2 [88], and a tetromeric G-
quadruplex is an excellent substrate for WRN and BLM helicases [89]. TRF1 and TRF2 bind
with high affinity to telomere repeat sequences but, because they have no known catalytic
activity, one likely function of TRF1 and TRF2 is to recruit proteins that are essential for
telomere maintenance and/or repair. The binding of TRF1 and TRF2 to telomere repeat
sequences is disrupted by oxidative DNA damage in vitro [90], leading to the accumulation of
oxidative lesions in telomere sequences that might hamper the early stages of telomere
maintenance. Such lesions will, therefore, need to be rapidly repaired to maintain genome
stability. POT1 (protection of telomeres 1) is a ssDNA-binding protein that binds with high
specificity to telomere repeats and strongly stimulates WRN and BLM helicases [87]. Together
with these helicases, POT1 plays an important part in telomere maintenance. Thus, WRN might
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help to resolve aberrant DNA structures that tend to form as the replication fork progresses
through telomeric repeats. This model is consistent with the observation that the frequency of
chromosome fusions is higher in WS fibroblasts than in normal fibroblasts and that
overexpression of telomerase reduces the frequency of chromosomal aberrations in cells
lacking WRN [91]. In this way, genomic instability, one of the hallmarks of WS cells, might
be linked to the defect in telomere maintenance in these cells. As mentioned previously,
although WRN-deficient mice seem to be normal, WRN-deficient Tert-deficient double-
mutant mice have a complex WS-like phenotype [29]. This result and many other recent
biochemical and cell biological studies (for a review, see Ref. [92]) imply that WRN might
have a particularly important role in telomere maintenance.

It is interesting to consider whether, how and under what circumstances WRN helicase and
exonuclease activities might be coordinated or compartmentalized. In vitro evidence indicates
that both exonuclease and helicase functions are required for some biological functions, for
example, for the unwinding of a telomeric D-loop substrate [88] (see also later).

Post-translational modification of RecQ helicases
Early studies identified post-translational modifications of RecQ helicases, some of which
might have a regulatory role (Figure 7). For example, WRN is phosphorylated on serine,
threonine and tyrosine residues in vitro and in vivo. Phosphorylation of WRN increases in cells
exposed to bleomycin or other types of replication stress [64,93]. Bleomycin-induced serine/
threonine phosphorylation of WRN requires ataxia telangiectasia mutated protein (ATM) and
the DNA-PK complex, as it is not observed in MO59J cells that are deficient in these two
proteins [64]. At present, it remains unclear how ATM modulates the phosphorylation status
of WRN and whether ATM activity affects downstream WRN activity in cells with DNA
damage or other types of replication stress. However, WRN phosphorylation clearly depends
on the heterotrimeric DNA-PK complex in vivo and in vitro [64,94] and, importantly, serine/
threonine phosphorylation of WRN by the DNA-PK complex inhibits the WRN helicase and
exonuclease activities [64]. This negative regulatory mechanism might have a role in
facilitating NHEJ-mediated repair of DSBs.

WRN is also phosphorylated by c-Abl, a protein tyrosine kinase, with which it is constitutively
associated [93]. c-Abl is activated by and dissociates from WRN in response to bleomycin,
indicating that c-Abl-mediated tyrosine phosphorylation might destabilize the interaction
between c-Abl and WRN. This cAbl-mediated tyrosine phosphorylation, like the serine/
threonine phosphorylation mediated by the DNA-PK complex, inhibits WRN exonuclease and
helicase activities [93]. It has been reported, but not confirmed, that WRN is also
phosphorylated by ATR during activation of the S-phase checkpoint [95].

WRN is also sumoylated in vitro and in vivo. The small ubiquitin-related modifier (SUMO)-1
conjugating system requires a SUMO-activating (E1) enzyme, a SUMO-conjugating (Ubc9)
enzyme, and a SUMO-ligating enzyme. WRN interacts with Ubc9 [96], which is required for
conjugation of SUMO-1 to WRN. However, the functional consequences of sumoylation of
WRN remain to be established. In addition to sumoylation, acetylation and tyrosine
phosphorylation of WRN (or of a putative ‘WRN-nucleolar carrier’) have been proposed to
modulate nucleolar trafficking of WRN [93]. Indeed, acetylation of WRN by the transcriptional
co-activator and acetylase p300 results in translocation of WRN from the nucleolus to nuclear
foci [97]. The precise role of WRN or other RecQ helicases in the nucleoli is not yet understood.

It will also be interesting to determine whether and how post-translational modification of
WRN is coordinated and how one post-translational modification might promote or inhibit
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additional modifications of WRN or other RecQ helicases. Initial studies indicate that BLM is
phosphorylated and sumoylated in vitro and in vivo [28,98,99].

Post-translational modification of RecQ helicases might facilitate DNA repair or otherwise
regulate RecQ-associated enzymatic functions. As such, post-translational modification of
RecQ helicases could ultimately modulate multiple pathways, including HR, NHEJ, BER and
DNA replication.

Conclusions
RecQ helicases have an important role in maintaining genome stability. Defects in RecQ
helicases are associated with susceptibility to cancer and premature aging in humans and
genome instability and hypersensitivity to DNA damaging agents in cultured cells. Purified
RecQ helicases from higher organisms bind preferentially to DNA substrates that resemble
intermediates in DNA repair, replication or recombination. Extensive characterization of the
human RecQ helicases indicates that they have important roles in DNA replication, telomere
maintenance and DNA repair.

More sophisticated protein-interaction technologies will be needed to further investigate the
interactions between RecQ helicases and other proteins. The relative affinity of different RecQ
helicase protein partners needs to be determined and their protein-interaction domains mapped
by site-directed mutagenesis. Additionally, RecQ helicase protein–protein interactions need to
be evaluated based on tissue specificity and/or developmental stages. The results of such studies
might indicate whether WRN and BLM interact simultaneously with their various protein
partners and which protein interactions are most important. Rigorous biophysical studies of
such interactions could also identify their functional effects and ultimately help to define the
emerging roles of RecQ helicases in different DNA metabolic pathways.

Eventually, it is hoped that experimental studies will reveal the role of RecQ helicases in
vivo; however, this research goal might not be easily achieved, especially because mouse
models have been less revealing than expected in this regard. Fortunately, new mouse models
are emerging with targeted or non-targeted deficiencies in RecQ helicases, some of which seem
to mimic human WS, BS or RTS, indicating that there could be more benefit from pursuit of
this avenue than the initial mouse models provided.

Individuals who lack RecQ family proteins suffer from high rates of cancer and/or premature
aging. Further studies are needed to clarify the molecular mechanisms by which the RecQ
helicases exert their effects on these processes in eukaryotic cells and in living organisms,
including humans. Lastly, it will be a challenge to understand how the activity of multiple
RecQ helicases are coordinated and regulated in human cells, which express five RecQ
homologues that might have overlapping, but distinct, functional roles.
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Figure 1.
The RecQ helicase family. Schematic diagram of RecQ helicases from diverse species.
Conserved domains are aligned and color-coded, as indicated at the bottom of the figure. The
size of each protein species in amino acids is indicated on the right. Protein name and species
of origin is indicated on the left. The five human RecQ helicases are indicated by the red box.
RECQ5 exists in three isoforms, the β form is shown.
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Figure 2.
RecQ enzymatic functions and possible functional roles. (a) Schematic summary of the
enzymatic properties of WRN and BLM. (b) Preferred DNA substrates of WRN and BLM are
shown. (c) Proposed functional roles of WRN and BLM at a stalled DNA replication fork.
Possible outcomes are indicated. DNA damage is present at the replication fork.
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Figure 3.
WRN and BLM functional protein interactions. (a) Protein interacting partners of WRN are
indicated according to functional effect. Note that this list only includes functional protein
interactions (i.e. interactions that modulate the function of one or both of the protein partners
(see elsewhere for further discussion). The target WRN activity is shown in parentheses. (i)
Proteins that stimulate WRN. (ii) Proteins that are stimulated by WRN. (iii) Proteins that inhibit
WRN. (iv) Proteins that are inhibited by WRN. Proteins that have analogous interactions with
both WRN and BLM are shown in red. (b) Same as part (a), except for BLM. Abbreviations:
exo, exonuclease; FLAP, DNA flap; hel, helicase; TOP1, topoisomerase I.
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Figure 4.
Clinical features of BS and WS.
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Figure 5.
Eukaryotic DNA repair. Schematic diagram summarizing eukaryotic DNA-repair pathways
and their target DNA lesions. Abbreviations: AID, activation-induced cytidine deaminase; AP,
apurinic or apyrimidinic; Gox, 8-oxoG; MM, mismatch; NHEJ, non-homologous end-joining;
SSBR, single-strand break repair; TCR, transcription-coupled repair; U, uracil. See text for
discussion of RecQ helicase roles in DNA repair.
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Figure 6.
WRN in the DSBR DNA-damage response. WRN protein interactions indicate possible roles
in early and late steps of the response to replication stress. Several of the proteins involved in
the formation of the DNA double-strand breaks repair formation are shown under upstream
signaling, and several of the proteins involved in the DNA-repair process of homologous
recombination are shown. Abbreviations: 53BP1, 53 binding protein; MDC1, mediator of DNA
damage checkpoint 1; M–R–N, MRE11–RAD50–NBS1 complex.
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Figure 7.
WRN post-translational modification. Schematic diagram summarizing post-translational
modifications of WRN including phosphoryation on Ser/Thr or Tyr (upper half of figure),
sumoylation (bottom left), acetylation (bottom middle) and oxidation (bottom right). Probable
mediators and modifiers of WRN post-translational modifications are indicated. Functional
effects of post-translational modifications are indicated, where known. The ‘?’ indicates
uncertainty. Arrows up or down: two arrows indicate stronger reaction than one arrow.
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