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Abstract

The study of how DNA repair mechanisms change with aging is central to our understanding of the aging process. Here,
I review the molecular functions of a key aging protein, Werner protein (WRN), which is deficient in the premature aging
disorder, Werner syndrome (WS). This protein plays a significant role in DNA repair, particularly in base excision repair and in
recombination. WRN may be a key regulatory factor in these processes and may also play a role in coordinating them. WRN
belongs to the RecQ helicase family of proteins, often referred to as the guardians of the genome. These proteins appear to
integrate with the more classic DNA repair pathways and proteins.
Published by Elsevier B.V.
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Prologue

It is a pleasure to contribute to this special issue in
honor of Philip Hanawalt. I have known Phil for about
25 years. I came from Copenhagen, Denmark in 1982
to join his laboratory at Stanford and I spent 4 years
there during a very intense time when many advances
were made. Phil had been a postdoc in Måløes labora-
tory in Copenhagen 1958–1960, and thus had a good
appreciation of Denmark and its culture and even some
tidbits of its language. On festive occasions Phil would
sing some Danish songs and I would often be the only
one there who could truly appreciate the sophisticated
details of his pronunciation. Phil often tells good sto-
ries from the M̊aløe lab in 1950s. This was one of the
birthplaces of molecular biology with many of M̊aløe’s
students going on to become leading scientists. While
there was a stimulating atmosphere in this lab, it was
also full of smoke from M̊aløe’s cigars. It is fun to
hear Phil describe this situation. One of Phil’s great at-
tributes is his sense of humor, and this gift comes to use
in many a situation. The years in Phil’s laboratory were
important for my career development. The discoveries
we made in those years did have significant impact
on the field and opened opportunities that I have later
pursued within the study of DNA repair mechanisms.
Also, my interest in aging began through discussions
with Phil and others in his lab. Several years later, when
I was offered the opportunity to head a department at
the National Institute on Aging, I saw this as a great op-
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anistic studies. Thus, the convergence of DNA repair
and aging is a revived area of study and provides new
and challenging opportunities.

In this review I will briefly discuss some of the stud-
ies on human premature aging, one important approach
to the study of aging. As a model system, we have been
interested in Werner syndrome (WS), because it has
a particularly close resemblance to the normal aging
phenotype. The Werner protein (WRN) belongs to the
family of RecQ helicases, guardians of the genome,
and this is also befitting for a tribute to Phil Hanawalt,
because he has contributed significantly to the under-
standing of the function of RecQ fromEscherichia coli,
the original member of the family.

2. Multiple roles of the Werner protein in DNA
repair

For many years, we have been used to thinking about
the different DNA repair pathways as being distinct
processes defined to a large degree by the nature of the
lesion that is being repaired. But in recent years it has
become more and more evident that the different path-
ways interplay in important ways. As will be argued
in the following, Werner syndrome protein (WRN) is
an example of a protein that functions in at least two
pathways of DNA repair.

2.1. RecQ helicases and the Werner protein
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ortunity to explore the interphase of aging and D
epair, a line of work that I have followed since.

. Introduction

It is not a new idea that a deficiency in DNA rep
ay be an important factor in the aging phenoty
arious studies have documented a decline in D
epair capacity in analyses of aging. Deficiencie
NA repair may lead to age associated diseases
s cancer and neurodegeneration rather than chan

ongevity, and this is the general hypothesis with wh
e are working. The study of DNA repair has bro
ned enormously in recent years and so has the m
nistic insight and the tools for analysis. The study
ging has also broadened considerably and the m
ystems used have expanded to allow for more m
RecQ helicases are a family of conserved enzy
hat play roles in maintaining genomic integrity a
uppressing deleterious recombination events. M
ions in E. coli RecQ and in theS. cerevisiaeRecQ
omolog, Sgs1, result in an increased frequenc

llegitimate recombination[1]. In humans, defects
hree RecQ family members, WRN, Blooms s
rome (BLM), and RECQL4, are associated w
are autosomal-recessive disorders characterized b
omic instability and increased cancer susceptib
utations in WRN, BLM, and RECQL4 give rise to t
isorders Werner syndrome (WS), Bloom syndro
BS) and Rothmund–Thomson syndrome (RTS)
pectively, whose clinical features have been ex
ively reviewed elsewhere[2]. Briefly, BS patients ar
redisposed to many types of cancer with a mean a
nset of 24. WS patients are especially predispos
arcomas, premature aging and aging-associate
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eases. RTS patients have a characteristic rash, poik-
iloderma, and are predisposed to osteosarcomas and
some features of premature aging. The molecular basis
of genomic instability in patients with these syndromes
is not well understood. Gene expression profiles in WS
individuals are similar to those of normal older indi-
viduals[3], indicating that WS may be a useful model
for normal aging.
E. coliRecQ is the prototypical member of the RecQ

protein family, which is conserved from bacteria to
humans. Helicases separate complementary strands of
nucleic acids in a reaction coupled to NTP hydroly-
sis. RecQ helicases have a common helicase domain
with seven conserved motifs which bind and hydrolyze
ATP. A recent report on the X-ray crystal structure
for theE. coli RecQ catalytic core indicates that the
RQC domain contains DNA and protein binding mo-
tifs [4]. RecQ helicases prefer substrates that resemble
DNA metabolic intermediates, including forked and
flap structures (intermediates in DNA replication and
repair), bubble structures (intermediates in DNA re-
pair and transcription), D-loop and Holliday junction
structures (intermediates in DNA recombination) and
G-quadruplex DNA and D-loop structures (associated
with telomere DNA). Thus, the in vitro biochemistry
suggests that WRN, BLM and other RecQ helicases
may play roles in DNA repair, recombination, replica-
tion, telomere processing and transcription (reviewed
in [5,6]). The mammalian genome contains a variety
of sequences that may generate specific substrates for
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Fig. 1. Major protein partners for WRN protein. Protein interactions
representing documented functional interactions are shown. These
interactions suggest that WRN is involved in the specific processes
listed and particularly in DNA repair.

Functional interaction implies that the proteins affect
each other’s catalytic activity. In some cases, there are
reciprocal interactions.

2.2. Role of WRN in DNA double strand break
repair (DSBR)

Two important pathways of DSBR are homolo-
gous recombination (HR) and non homologous end-
joining (NHEJ). RecQ helicases may function in HR
to promote proper intermediate resolution and suppress
strand cross-over events. HR is important for repair-
ing chromosomal double strand breaks (DSB), which
result when the replication fork encounters a single
strand break (SSB) or gap. The substrate specificity
of the RecQ helicases and their protein interactions
are consistent with roles in HR. BS cells and yeast
sgs1mutants display a high frequency of HR-mediated
sister-chromatid exchanges, which likely result from
DSBs during DNA replication[14]. WS and RTS cells
display an increased frequency of chromosomal re-
arrangements, including translocations and deletions
[5,14], which may result partly from DSBs. WRN may
participate both at early and late stages of HR. WRN co-
localizes and interacts with Rad52, and in vitro shows
modest stimulation of Rad52 mediated ssDNA anneal-
ing [15]. Recent in vivo data suggest that WRN partic-
ipates in late stages of HR resolution[16,17]. This is
supported by the observation that WRN interacts func-
tionally with Nbs1[9] as Nbs1 is thought to function
d
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ecQ helicases. These sequences can form DNA
elices and G-quadruplex structures that have the

ential to block unwinding and other DNA transactio
Consistent with their ability to act on multiple i

ermediates in DNA processing, RecQ helicases i
ct with many proteins involved in DNA metabolis

5–7]. Some are significant functional interactions.
xample, the Ku heterodimer strongly stimulates W
xonuclease[8–10] and the telomere binding prote
RF2, stimulates WRN helicase activity[11]. Other
roteins, such as p53 and BLM, inhibit WRN exo
lease activity[12,13], while nucleolin inhibits its he
icase activity (Indig et al., unpublished). Based on
iochemistry described above and on the known pro
artners of WRN, it is likely that the main functions
RN are in DNA repair and in telomere maintenan
ome of the important functional protein interacti
etween WRN and other proteins are shown inFig. 1.
ownstream of Rad51[18].
Essential components of the NHEJ pathway

SBR [19] have been found to interact with WR
search for protein interactions with the WR

-terminal region identified the Ku heterodimer
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the most prominent binder[8]. Ku stimulates the
WRN 3′–5′ exonuclease and increases its processiv-
ity [8,20,21]. Ku is part of the DNA–PK complex, and
associates with DNA and the DNA–PK catalytic sub-
unit to form an active kinase[19]. DNA–PK-dependent
phosphorylation of WRN has been observed in vitro
and in vivo, and regulates the WRN helicase and exonu-
clease activities[22,23]. Aberrant products of NHEJ
reactions have been observed in WS cells[24]. Precise
roles for WRN, and potentially other RecQ helicases,
in NHEJ, remain to be determined.

2.3. Role of WRN in single strand break
repair/base excision repair (SSBR/BER)

Roles for RecQ helicases in repair of single strand
breaks (SSB) have also been proposed. WS cells dis-
play sensitivity to 4-nitroquinoline 1-oxide (4 NQO)
and ionizing radiation[5], which generate various types
of DNA damage, including oxidative damage. Re-
cently it has been shown that WRN knockdown cells
are hypersensitive to the methylating agents methyl-
lexitropsin and temozolomide compared to isogenic
controls [25]. In addition, WRN has been shown to
physically interact with several proteins involved in
SSBR/BER including: DNA polymerase� (pol�) [26],
DNA polymerase� (pol �) [27], proliferating cell nu-
clear antigen (PCNA)[28], replication protein A (RPA)
[29], flap endonuclease 1 (FEN-1)[30], and poly(ADP-
ribose) polymerase 1 (PARP-1)[31]. WRN has been
s
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Fig. 2. WRN protein participates at different steps in the base exci-
sion repair process. See text for discussion.

proteins and complexes. We have recently exam-
ined the potential role of WRN in this process. AP-
endonuclease 1 (APEndo) inhibited the helicase activ-
ity of WRN [35], and this inhibition was relieved in the
presence of pol� [35]. Thus, it is possible that WRN
participates in the BER process, affecting other proteins
in this pathway and its functions are regulated such that
the helicase activity can be involved in the pol� de-
pendent strand displacement synthesis, but otherwise
is inhibited from performing promiscuous, undesirable
functions.

Fig. 2shows the general steps in BER as subdivided
into the long patch and short patch subpathways. The
figure also shows some of the auxiliary proteins in-
volved. Protein partners of WRN are indicated as are
the steps in the process where WRN protein may be
operating. This model is based on in vitro studies, but
recently, we have also obtained cellular data demon-
strating that WS cells accumulate the oxidized DNA
base lesion 8-oxoG[36], thus supporting the in vitro
work with more in vivo observations, and further cor-
roborating that WS cells are defective in BER.

3. Roles for the Werner protein at telomeres

3.1. Role of RecQ helicase activity in telomere
maintenance

Telomeres function to protect and cap the chromo-
s ed as
hown to stimulate FEN-1 flap cleavage[30] and nu-
leotide incorporation by pol� [32]. WRN helicase
ctivity stimulates pol� strand displacement DNA sy

hesis[27] and cooperates with pol� on 3′ mismatche
Harrigan et al., unpublished). RPA stimulates W
elicase activity[29] and the poly(ADP-ribosyl)atio
tate of PARP-1 regulates WRN helicase and ex
lease activities[33]. PARP-1 binds strongly to stra
reaks and acts in the DNA damage surveillance
ork, partly by ribosylating a variety of nuclear p

eins in response to DNA damage. WS cells are
ient in poly(ADP-ribosyl)ation in response to H2O2
nd methyl methane sulfonate[31], indicating that th
trand breaks may not be properly processed in
ells. These findings suggest that WRN, together
ts protein partners, functions in SSBR/BER.

The BER pathway is a hand-off process[34] where
he DNA substrate is passed through a numbe
 ome ends and prevent them from being recogniz



256 V.A. Bohr / Mutation Research 577 (2005) 252–259

DNA DSBs. Indeed, the induction of telomere dysfunc-
tion, by interfering with telomere maintenance pro-
teins, activates a DNA damage response pathway[37].
The exact nature of the telomere cap is not understood,
but it is known to consist of telomeric DNA and associ-
ated proteins. Human telomeres consist of 5–15 kb of
TTAGGG tandem repeats and end in a 3′ single strand
G-rich tail that is at least 100 nucleotides long. Main-
tenance of this precise sequence is critical for proper
function[38] and loss of telomeres has been linked to
the aging process[39]. Telomere repeat binding factors
1 and 2 (TRF1 and TRF2) bind specifically to human
telomeric sequence, and regulate telomere length and
access[40] and these proteins interact with other pro-
teins that function in DNA DSBR[40]. Human Pot1
binds specifically to human single strand telomeric
DNA and regulates telomere length. Loss of Pot1 in
yeast results in rapid loss of telomeric DNA[41]. How
these proteins cooperate with telomeric DNA to pro-
tect telomeres and to regulate accessibility of telom-
eric 3′ tail is an active area of investigation. We pre-
viously identified a physical and functional interaction
between TRF2 and the RecQ helicases WRN and BLM
[11]. We and others have evidence that WRN and BLM
likely function in recombination repair pathways that
lengthen telomeric ends. It is becoming increasingly
apparent that specialized DNA helicases function in
telomere maintenance. In yeast the helicases Rrm3 and
Pif1 influence DNA replication at the telomeres[42],
and other helicases have been found to regulate telom-
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duced by various means including hyperoxia and mi-
tochondrial dysfunction[46]. In these studies, treat-
ment with antioxidants prevented the telomere attri-
tion. Hydrogen peroxide treatment increased extra-
chromosomal fragments in cultured fibroblasts, and at
a higher frequency in ATM-deficient cells[47]. The
mechanism of telomere attrition is unknown, but stud-
ies in human fibroblasts[46] and with telomeric DNA
in vitro, indicate that telomeric DNA may be highly sus-
ceptible to oxidative and alkylation lesions[46]. A pref-
erential accumulation of single stranded regions was
found in telomeres of primary fibroblast compared to
bulk DNA in response to oxidative and alkylation dam-
age[46]. In addition, the telomeric sequence is highly
susceptible to UVA irradiation-induced 8-oxo-guanine
adducts, which induces telomere erosion in primary
fibroblasts[48]. The roles of repair pathways at telom-
eric ends, including BER and recombination repair, in
maintaining telomere function are virtually unknown.
Recently, we observed that TRF2 binds specifically to
a number of proteins involved in BER including pol�
and FEN-1 (our unpublished results). TRF1 and TRF2
also interact with proteins that function in DNA DSB
repair[40]. It has been proposed that defects in telom-
ere repair may result in accelerated senescence and ag-
ing [47]. Consistent with this idea, it was observed that
WS cells were deficient in repair of the telomere repeat
sequence[49].
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.2. DNA damage and repair of telomeres

Increasing evidence indicates that DNA dam
ay contribute directly to telomere dysfunction.
umber of studies have reported increased telo
rosion in response to mild chronic oxidative stres
. Role of the Werner protein in coordinating
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There appears to be good evidence for involvem
f Werner protein in two major DNA repair pathwa
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Fig. 3. WRN protein as a coordinator in DNA repair. WRN par-
ticipates in BER and recombination and its functions are greatly
affected by its state of post translational modification, such as phos-
phorylation, acetylation and oxidation. It prefers substrates such as
replication forks, G-quartet structures and triple helical structures,
and these are found throughout the genome, but with a preponder-
ance for telomeric DNA and ribosomal regions. In its function, WRN
likely cooperates with other RecQ helicases such as Blooms protein.

bition of its helicase and exonuclease functions[22].
These aspects are depicted inFig. 3. WRN may coor-
dinate the BER and double strand break repair (DSBR)
pathways and this coordination may be regulated at
least in part by the extent of WRN posttranslational
modification. WRN operates in association with the
DNA repair machinery, and particularly at stalled repli-
cation forks or at other special DNA structures, such
as Holliday junction recombination intermediates and
G4 quartet structures. Here, WRN may cooperate with
BLM or other RecQ helicases. An interaction between
WRN and BLM has been demonstrated[13], the first
observation of functional interaction between human
RecQ helicases, and there may well be others.

An interesting feature about WRN is that possesses
three different enzymatic activities, the helicase, ex-
onuclease and ATPase functions. It is a special chal-
lenge to speculate on metabolic pathways where these
different catalytic activities are needed and thus where
WRN might operate. In the process of non homolo-
gous end joining (NHEJ) these three activities are re-
quired, and this has helped fuel the idea that WRN
operates here. Since the helicase function would be
needed before that of the exonuclease in the course of
this process, it is tempting to speculate that the relative
activities of the different WRN activities might be reg-
ulated throughout a pathway such as NHEJ by relative
changes in the phosphorylation of the protein allowing
one and not the other catalytic activity to function at
a given time. It is also likely that the different WRN

catalytic activities are needed in telomere maintenance
[50], and this in another process where relative post
translational modifications of WRN could play a regu-
latory role.

RecQ helicases are called “guardians of the
genome” or “genome caretakers”, but they are also par-
ticipants in the more classic schemes of DNA repair
pathways. The helicases may preferentially operate at
specific DNA structures such as arrested replication
forks, hairpins, G-quartets, or triple helix structures in
DNA. They represent an integrated component of the
DNA repair machinery by working in conjunction with
the repair proteins of the BER and recombination path-
ways.
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