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Accurate repair of DNA double-strand breaks is essential to life. Indeed, defective DNA

double-strand break repair can lead to toxicity and large scale sequence rearrangements that

cause cancer and promote premature aging. Here, we highlight the two major repair systems

for handling DNA double-strand breaks: homologous recombination and non-homologous

end joining. To clarify recombination mechanisms, we present animations that illustrate

DNA strand movements. In addition to describing how these pathways operate, we also

describe why appropriate pathway choice is critical to genomic stability, and we summarize

key pathway control features related to cell cycle checkpoint and apoptosis signaling. Impor-

tantly, recent progress in delineating the effects of specific defects in repair and checkpoint

control has helped to explain several disease phenotypes, including cancer and premature

aging. Improved understanding of these pathways has also sparked development of novel
chemotherapeutic strategies that kill tumors with increased specificity and efficacy. This

review aims to provide a foundational understanding of how the homologous recombina-

tion and non-homologous end joining pathways operate, and to demonstrate how a better

understanding of these processes has advanced both our understanding of the underlying

causes of cancer and our ability to innovate novel cancer treatment strategies.

critical for genetic recombination between homologous chro-
. DNA double-strand breaks and the
eplication connection

aithful propagation of genetic material and transmission
nto daughter cells is critical to life, yet our genomes are
ncessantly exposed to environmental and endogenous agents
hat create thousands of DNA lesions per cell each day [1].

hile some DNA lesions are considered to be relatively

enign, other lesions can be quite toxic. The DNA double-
trand break (DSB) is one of the most toxic and mutagenic
NA lesions experienced in human cells: a single DSB can
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potentially lead to loss of more than 100 million base pairs
of genetic information (e.g., loss of an entire chromosome
arm). Interestingly, despite the potential danger of DSBs,
mammals have evolved clever ways of exploiting the inten-
tional generation of DSBs to control biological processes. For
example, programmed DSBs occur to initiate rearrangements
during maturation of immunoglobulin genes [2], and DSBs are
mosomes during meiosis [3]. Furthermore, DSBs also occur as
transient intermediates when the topoisomerase II–DNA com-
plex decatenates two DNA strands [4]. To combat the risk of

mailto:d.vangent@erasmusmc.nl
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Fig. 1 – Three major classes of recombinogenic structures.
(A) Two-ended DNA double-strand break, created by direct
fracture of a DNA duplex. (B) One-ended DNA double-strand
break, created when a replication fork encounters a DNA
single-strand break. (C) Daughter strand gap, created when
lagging or leading strand progression is inhibited by a DNA

Fig. 2 – Replication fork breakdown and repair. Upon
encounter with a DNA single-strand break, the replication
fork can breakdown to create a one-ended DNA
double-strand break. Invasion of the 3′ overhang into what
had been the sister chromatid creates a D-loop. Cleavage of
lesion.

large scale sequence rearrangements that could potentially
result from both intentional and unintentional DSBs, mam-
mals have evolved intricate DNA damage response and repair
mechanisms. Here, we describe the major DSB sensor and
repair processes, with a particular focus on the importance of
accurate coordination among repair pathways in combating
cancer and disease.

Historically, attention to DSBs has been focused primar-
ily on two-ended DSBs that can be formed when a duplex
molecule is fractured into two parts (Fig. 1A). Such two-ended
breaks can be formed at any time during the cell cycle, and
they can be accurately repaired by the non-homologous end
joining in a process that rejoins the broken ends. While such
two-ended DSBs are important DNA lesions, it is becoming
increasingly clear that a significant portion of DSBs do not
arise from direct fracture of a DNA duplex, but rather as a con-
sequence of DNA replication. For example, one-ended DSBs
can arise when the replication fork collides into an unrepaired
DNA single-strand break (SSB) (Fig. 1B) [5]. Replication forks
may also stall or breakdown when they run into certain base
lesions. Homology directed repair provides a mechanism for
accurate repair of such a broken replication fork [6,7] (Fig. 2,
for a detailed description of this repair process, see Section
2.2.4). Importantly, non-homologous end joining of a one-
ended DSB could be disadvantageous, since joining ends from
independent loci will inevitably result in large scale sequence
rearrangements (Fig. 3). Thus, DNA replication is associated
with the risk of converting base damage and SSBs into highly
toxic DSBs, and these one-ended breaks require complex sig-
naling and processing in order to be accurately repaired.

In addition to the complexities of repair pathway choice,
the cell also has to cope with a variety of DNA end struc-
tures. DNA ligase can readily rejoin juxtaposed broken ends
with ligatable 3′ hydroxyl groups and 5′ phosphates. However,
many conditions simultaneously introduce both strand breaks
and covalent modifications to nearby nucleotides. For exam-
ple, DSBs caused by ionizing radiation result in a large fraction

of DNA ends that contain additional DNA lesions at or close to
the end, so-called ‘difficult’ DSBs [8]. Here, we describe the
non-homologous end joining and homology directed repair
pathways required to repair different types of DSBs. In order

the resulting Holliday Junction restores the replication fork.
See animation at http://web.mit.edu/engelward-lab/
animations/forkHR.html

http://web.mit.edu/engelward-lab/animations/forkHR.html
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Fig. 3 – Mis-joining resulting from non-homologous end
joining of a one-ended DNA double-strand break.
Replication fork encounter with a DNA single-strand break
can lead to replication fork breakdown. The resulting
one-ended DNA double-strand break is normally repaired
by homologous recombination (see Fig. 2).
Non-homologous end joining of this one-ended break to
another double-strand end located elsewhere in the
genome can result in a misjoining event. See animation at
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DNA-dependent protein kinase (DNA-PK) and the ligase
IV/XRCC4/XLF complex (Fig. 4). The Ku70/80 heterodimer is the
DNA binding component of DNA-PK, which forms a ring that
can specifically bind to DNA ends [11]. This DNA–Ku complex

Fig. 4 – Model of the key steps required for
non-homologous end joining of two ends. DNA ends are
first bound by the Ku70/80 heterodimer, which then attracts
DNA-PKcs to form the DNA-PK complex. DNA-PK then
attracts the ligase IV complex (comprised of ligase IV,
XRCC4 and XLF), which together seal the DNA ends. Note
ttp://web.mit.edu/engelward-lab/animations/forkNHEJ.
tml

o present strand exchange processes in their simplest form,
e have created animations that demonstrate some of the key

trand rearrangement processes associated with homologous
ecombination.

. Non-homologous end joining and
omologous recombination—partners in repair

.1. Non-homologous end joining
.1.1. The core non-homologous end joining machinery
he simplest repair mechanism for a DSB is non-homologous
nd joining. In essence, this DSB repair pathway directly
ejoins the two severed DNA ends in a sequence independent
7 ) 923–935 925

fashion [9]. This DSB repair pathway is mostly precise for sim-
ple breaks, such as blunt ends [10], but can lead to sequence
alterations at the breakpoint when the ends are not compati-
ble. Although the term “non-homologous” is used to describe
this repair pathway, a tiny 1–6 bp region of sequence homology
(microhomology) near the DNA end often facilitates rejoin-
ing. In contrast to non-homologous end joining, homology
directed repair is guided by much longer stretches of homol-
ogy, generally encompassing 100 bp or more. Thus, a major
difference between non-homologous end joining and homol-
ogy directed repair is the span of homologous sequences
associated with repair processing.

Many proteins are required to efficiently perform non-
homologous end joining. The core machinery consists of
that in some cases the DNA ends require covalent
modification prior to ligation, which is not shown in this
model (see text for details). See animation at
http://web.mit.edu/engelward-lab/animations/NHEJ.html

http://web.mit.edu/engelward-lab/animations/forkNHEJ.html
http://web.mit.edu/engelward-lab/animations/NHEJ.html
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then attracts and activates the catalytic subunit (DNA-PKCS),
a serine/threonine protein kinase. After juxtaposition of the
two DNA ends, DNA-PKCS is autophosphorylated [12–14] and
the ends become available for ligation by the ligase IV com-
plex, which also contains the XRCC4 and XLF cofactors that
are probably required for proper targeting of the ligase to DNA
ends [15–18]. The Mre11, Rad50 and Nbs1 protein complex may
facilitate tethering of the two DNA ends, and may be less crit-
ical under conditions where ends can be directly ligated than
under conditions when ends require processing [19–21].

2.1.2. Non-homologous end joining of ‘difficult’ DSBs
As a result of associated lesions, not all DNA ends are read-
ily ligatable. DNA ends can contain aberrant 3′ phosphate
groups, 5′ hydroxyl groups, damaged backbone sugar residues
and damaged DNA bases. Such DNA ends require process-
ing before proper joining can proceed. DNA ends carrying 3′

phosphates or 5′ hydroxyl groups can be polished by polynu-
cleotide kinase, which interacts with XRCC4 [22,23]. Another
subclass of incompatible DNA end structures can be pol-
ished by the structure-specific Artemis nuclease, which can
cleave both DNA hairpins (which are intermediates in V(D)J
recombination) and 3′ overhanging single-stranded regions
[24,25]. Furthermore, the WRN protein, which is mutated in
Werner syndrome patients, may polish another subset of DNA
ends with its exonuclease activity [26]. Finally, several DNA
polymerases, including polymerases � and �, can fill in 5′

single-stranded extensions [27]. It is to be expected that addi-
tional processing factors will surface in the future.

Indeed, in addition to these relatively well-defined activ-
ities, several other genes have been found to be required
for efficient repair of a subset of ill-defined ‘difficult’ breaks
(also referred to as ‘dirty’ or ‘complex’ breaks). Although the
mechanistic details of such non-homologous end joining sub-
pathways are not yet fully elucidated, they probably involve
the ATM, 53BP1 and Mre11/Rad50/Nbs1 proteins and require
phosphorylation of histone H2AX [28].

2.2. Homology directed repair

While non-homologous end joining operates in a template-
independent fashion by rejoining two broken ends (and this
process is often error-prone), homology directed repair has
the capacity to accurately resynthesize damaged or missing
sequence information at the break site by using a template
located elsewhere in the genome. This error-free process can
be accomplished by finding homologous sequences, prefer-
ably in the sister chromatid, and inserting a 3′ end so that
repair synthesis occurs across the breakpoint. All homology
directed repair pathways are initiated by 5′–3′ resection at the
DSB end, which is facilitated by the Mre11/Rad50/Nbs1 com-
plex [29]. From here on, several possible homology directed
repair subpathways have been identified. Here, we discuss
the synthesis-dependent strand annealing pathway, the clas-
sical double-Holliday Junction model for DSB repair [30], and
single-strand annealing, all of which contribute to the repair of

two-ended DSBs. In addition, we will also describe how homol-
ogy directed repair can mend a one-ended DSB in replication
fork repair. Finally, in addition to these traditional models of
homology directed repair subpathways, we also briefly discuss
0 0 7 ) 923–935

template switching events, which are potentially initiated by
single-stranded gaps.

2.2.1. Synthesis-dependent strand annealing at
two-ended DSBs
Synthesis-dependent strand annealing is thought to be
the predominant mechanism by which homology directed
repair handles two-ended DSBs. To demonstrate the inher-
ent simplicity of synthesis-dependent strand annealing, an
animation accompanies the text below. In addition, we have
separated the text description of this process into two parts:
the first section focuses on the movement of DNA strands,
whereas the latter describes some key features of the proteins
that catalyze each of the major steps in this process.

In common with all homology directed repair subpath-
ways, the synthesis-dependent strand annealing pathway is
initiated by resection of a broken end to create single-stranded
DNA (Fig. 5). After resection and protein binding, the resulting
nucleoprotein filament invades the sister chromatid, form-
ing heteroduplex DNA wherever it base pairs. This process of
strand invasion and formation of heteroduplex DNA displaces
a DNA strand, forming a so-called D-loop. Strand invasion is
then followed by DNA synthesis beyond the original break
site to restore the missing sequence information at the break
point. The sister chromatid provides an ideal template for such
error-free repair synthesis, and indeed it is the preferred tem-
plate for homology directed repair [31]. On the other side of
the D-loop, an “X” shaped structure called a Holliday Junc-
tion is formed at the border between hetero- and homoduplex
[32]. Several proteins can bind Holliday Junctions and modu-
late the ability of these junctions to slide in either direction
(this process is often called ‘branch migration’). If the Holliday
Junction is transported in the same direction as replication,
it will release the newly synthesized strand. It is noteworthy
that only one DNA end needs to invade the template DNA,
as long as replication extends beyond the gap and into the
region that is homologous to the opposite DNA end. Thus,
by sliding the Holliday Junction, the invading strand can be
released, and the newly synthesized 3′ single-stranded end
can then anneal to the other side of the DSB. Final process-
ing to remove flaps, fill in gaps, and ligate remaining nicks
then completes this pathway. It is important to point out
that repair synthesis requires that sequence information be
copied into the breakpoint in the synthesis-dependent strand
annealing model for two-ended homology directed repair. This
associated transfer of sequence information, termed gene
conversion, has indeed been demonstrated experimentally in
mammalian cells [33–37].

The central player in almost all homology directed repair
events is Rad51. With the help of a series of associated pro-
teins (i.e., BRCA2, RAD52, RAD54, RAD54B, and likely also
the RAD51 paralogues RAD51B, RAD51C, RAD51D, XRCC2
and XRCC3), Rad51 forms the nucleoprotein filament that
facilitates homology searching and strand invasion [38–44].
Interestingly, vertebrate cells rapidly accumulate chromo-
some aberrations and cease to divide when Rad51 expression

is suppressed [45] and mice lacking Rad51 are inviable [46,47].
These studies clearly demonstrate that Rad51 is an essential
protein and call attention to the critical role that homology
directed repair plays in maintaining genomic integrity.
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Fig. 5 – Synthesis dependent strand annealing. This
pathway is initiated by a two-ended DNA double-strand
break. After resection to create single-stranded 3′

overhangs, strand invasion allows for 3′ extension. Branch
migration of the resulting Holliday Junction allows for
release of the invading strand, which subsequently anneals
to the opposite side of the original break. See animation at
http://web.mit.edu/engelward-lab/animations/SDSA.html
7 ) 923–935 927

After D-loop formation, the annealed 3′ end is then
extended by repair synthesis. Recent studies show that DNA
polymerase � (eta) can perform 3′ end extension at a D-loop
[48], which is consistent with the observation that cells lacking
polymerase � showed a defect in homologous recombination
[49]. Although Pol �, clearly affects homology directed repair,
it remains likely that other DNA polymerases can compensate
in absence of Pol �, since humans with mutant Pol �, are alive
and mostly healthy, which likely would not be the case if they
were completely defective in homology directed repair.

Once repair synthesis is complete, the next step in this
pathway is to release the newly synthesized end, which can be
accomplished simply by sliding the Holliday Junction toward
the 3′ end. Many proteins have been shown to bind and/or
modulate Holliday Junctions in vitro (e.g., WRN, BLM, p53,
RAD54, BLAP75 and hMSH2-hMSH6) [50–54], but exactly how
these proteins are coordinated during synthesis-dependent
strand annealing is not yet fully elucidated. For example, while
it is clear that RAD54, WRN and BLM facilitate Holliday Junc-
tion migration [53,55,56], it is not clear how the direction of
migration is controlled, nor is it clear whether these proteins
are involved in all homologous recombination events or only
in certain subpathways. Following branch migration, the freed
3′ end likely becomes rapidly bound by RPA. If the opposite
end of the DSB was similarly recessed, then simple anneal-
ing is all that is required to reconnect the two broken ends,
and this annealing step can be facilitated by Rad52 or possibly
p53 [57–59]. Depending on the degree to which the 3′ end was
extended during repair synthesis, there may or may not be a
flap following the annealing step. If such a flap is formed, it
can potentially be removed by structure specific endonucle-
ases, such as XPF/ERCC1 [60,61]. Finally, remaining gaps are
filled and ligase seals the nicks. It is to be expected that the
normal cadre of proteins involved in repair synthesis would
be recruited for these final steps (e.g., polymerase �/�, PCNA,
and DNA ligase I) [62].

2.2.2. Double-Holliday Junction model for DSB repair
The double-Holliday Junction model for DSB repair was ini-
tially designed to explain gene conversion and crossover
events occurring simultaneously following a DSB during meio-
sis [30]. In this model, both DNA ends invade the homologous
DNA template and form a double Holliday Junction that
may be resolved to create a crossover or a non-crossover
product (Fig. 6). The model is very elegant and gained pop-
ularity to also explain repair of DSBs during mitosis. However,
there are several complications that arise when applying this
model to explain how mammalian mitotic DSB repair occurs.
Importantly, when resolution products are analyzed following
introduction of a site-specific double-strand break, crossover
products are rarely observed [33]. Furthermore, there is lit-
tle direct evidence to support the possibility that this model
accurately reflects strand processing in vivo. Nevertheless, it
is important to point out that the human BLM and topoiso-
merase III proteins may resolve double Holliday Junctions to
avoid cross-over products [54,63], which is consistent with the

possibility that such double crossover intermediates indeed
can form in mitotic cells. Furthermore, extensive studies
of polymorphism patterns associated with sites of loss of
heterozygosity in human and rodent cells have shown that

http://web.mit.edu/engelward-lab/animations/SDSA.html
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Fig. 6 – Classical double Holliday Junction model of
two-ended DNA double-strand break repair. Ends of the
two-ended break are recessed and one DNA end invades a
homologous duplex to create a D-loop. The opposite DNA
end of the break then anneals to the D-loop to create a
double Holliday Junction. Depending on the orientation of
cleavage, resolution of the Holliday Junctions either
preserves flanking sequence continuity or results in a
crossover event. Note that regardless of the resolution
pattern, repair synthesis results in gene conversion at the
location of the break point. See animation at
http://web.mit.edu/engelward-lab/animations/DSBR.html

Fig. 7 – Single-strand annealing model for repair of a
two-ended DNA double-strand break. Darkened regions

indicate stretches of homologous sequence. See animation
at http://web.mit.edu/engelward-lab/animations/SSA.html

large stretches of chromosomes can be exchanged in mitotic
cells [64–67]. Although the underlying mechanism of such
large scale exchanges is not yet known, it remains possible
that cleavage of double Holliday Junctions could drive these
events.

2.2.3. Single-strand annealing in repair of two-ended
DSBs
If two adjacent repeat sequences are present, single-strand
annealing may be utilised to repair a two-ended DSB. In this
case the two 3′ overhangs are simply aligned and annealed
(Fig. 7). This process is facilitated by RPA and RAD52 in a
RAD51-independent manner [57,68]. It is noteworthy that
single-strand annealing is associated with inevitable loss of
the sequences between the repeats, as well as one of the
repeats. As such, single-strand annealing is always error-
associated, since it leads to permanent large deletions. Haber
has made a strong case that single-strand annealing is actu-
ally a ‘spandrel’ [69] (a term applied by S.J. Gould to describe
an unintentional consequence [70]) in this case referring to
the possibility that single-strand annealing is an uninten-
tional consequence of the need to create single-stranded DNA
in order to initiate synthesis-dependent strand annealing.
Despite the inevitable loss of sequence information, single-
strand annealing may play a role in DSB repair. The human
genome is repleat with repetitive elements, e.g., there are
>106 Alu repeats in the human genome [71], and more than
10% of the human genome is comprised of repeat sequences
[72]. However, it is noteworthy that these repeats exhibit high
sequence diversity [73], and mismatches between the repeat

elements can dramatically suppress single-strand annealing
in mammalian cells [74]. Thus, although single-strand anneal-
ing between Alu elements can occur at repeat sequences
in the human genome, this pathway is likely to play a

http://web.mit.edu/engelward-lab/animations/DSBR.html
http://web.mit.edu/engelward-lab/animations/SSA.html
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Fig. 8 – Template-switching model to bypass lesions with
homologous recombination. Homologous recombination is
initiated by a DNA single-strand gap that allow replication
d n a r e p a i r 6

airly limited role in the repair of DSBs in human mitotic
ells.

.2.4. Replication fork repair of one-ended DSBs
ne-ended DSBs arise when replication forks break down,

or example upon encounter with a SSB [5]. Resection at this
NA end provides a 3′ overhang which is a substrate for
AD51-mediated strand invasion (Fig. 2). Strand invasion is
hen followed by Holliday Junction cleavage, which allows
esumption of DNA replication. This recombination pathway
as been called break-induced replication, as suggested by
aber [75,76], or replication fork repair. If the replication fork
reaks down when the leading strand encounters a single-
trand break (as shown in Fig. 2), then the leading strand
emplate can potentially become covalently joined to the
ewly forming lagging strand (this depends on the direction
y which the single Holliday Junction behind the replication
ork is resolved) [31,77]. In this fashion, cleavage of the Holl-
day Junction can result in a sister chromatid exchange (SCE)
hat can be detected by BrdU labeling. Indeed, consistent
ith this model, mammalian cells with a defect in SSB repair

how increased susceptibility to SCEs. For example, high lev-
ls of SCEs have been observed in cells harboring mutations
n XRCC1 or Poly(ADP-ribose) polymerase 1 (PARP-1), presum-
bly as a result of deficiencies in key proteins necessary to
ssemble repair factors at SSBs or to prevent replication fork
ncounter with SSBs [78–81]. Furthermore, one-ended DSBs
t replication forks trigger a RAD51-dependent homologous
ecombination event that can result in a SCE [6,34]. It is inter-
sting to consider the possibility that the need to repair broken
eplication forks may be the driving force behind the evolu-
ion of homology directed repair, which is supported by the
bservation that a complete lack of homology directed repair

s lethal at the single cell level [45].

.2.5. Template switching
merging evidence suggests that homologous recombination
s also part of a bypass mechanism for handling replication-
locking lesions. If replication on the lagging strand is
bstructed by lesions, persistent gaps between Okazaki frag-
ents (shown in Fig. 1C) could potentially stimulate template

witching (Fig. 8). Indeed, the RAD51 paralog proteins have
een shown to assist formation of a RAD51 filament on gapped
NA [42], suggesting that homologous recombination can
e initiated in the absence of a DNA end. Lesions obstruct-

ng leading strand synthesis may similarly induce template
witching in the absence of a DSB. It is important to note that
emplate-switching is transient, and it only facilitates bypass
f DNA lesions; other repair pathways are needed to actually
emove the offending lesion.

.2.6. A case for one-ended DSBs as the critical
ndogenous substrate for homologous recombination

hile it is clear that two-ended DSBs are preferentially
epaired by non-homologous end joining [82], it remains
nclear to what extent two-ended breaks drive spontaneous

ecombination, which is a question that is important to
ddress if we are to understand the role of homologous recom-
ination in disease. There is now substantial data supporting
he notion that homology directed repair is critical for repair at
using opposite template to bypass replication lesion.

the replication fork [83]. We have discussed several potentially
recombinogenic lesions that can be formed during replica-
tion (e.g., one- or two-ended DSBs, as well as single-stranded
gaps) [84]. Here, we argue that one-ended DSBs are likely to be
the underlying cause of a significant portion of spontaneous
homology directed repair events. First, it has been shown
that inability to efficiently repair SSBs increases the frequency
of one-ended DSBs [34,85] and also increases the sponta-
neous levels of both SCEs and RAD51 foci in mammalian
cells, in some cases by more than an order of magnitude
[34,79,86–88]. Second, analysis of recombination products
shows that approximately a third of spontaneous recombina-
tion events in mouse embryonic stem cells are consistent with
repair of broken replications forks [35]. Finally, most sponta-
neous recombination events in human cells showed similar
resolution products as those created when cells were sub-
jected to increased levels of single-strand breaks [34]. Thus,
it is clear that single-strand breaks induce replication fork

breakdown, and it has been shown that a significant portion
of recombination products show resolution patterns that are
consistent with the repair of broken replication forks.
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3. How does the cell choose between
homology directed repair and non-homologous
end joining?

Choosing between homology directed repair and non-
homologous end joining depends on several factors. One quite
obvious factor is the cell cycle stage at which the DSB is gener-
ated. Most homologous recombination events occur between
sister chromatids and should therefore be largely confined to
the S and G2 phases of the cell cycle [89,90]. A question thus
arises: how does the cell know whether a certain part of the
genome has already been replicated? Although the complete
answer to this question is not yet known, several findings sug-
gest that the initiation of homologous recombination is tightly
cell-cycle regulated. One way to restrict homologous recom-
bination activity to the S/G2 phases is to link initiation of
this pathway to cyclin-dependent kinases that are specifically
active during these stages of the cell cycle. Indeed, it has been
demonstrated that generation of the 3′ ssDNA overhang is reg-
ulated by CDK activity, which prevents resection of DNA ends
outside the S and G2 phases of the cell cycle in eukaryotic cells
[91,92]. By preventing homologous recombination outside of S
and G2, exchanges between homologous chromosomes can be
reduced, thus suppressing loss of heterozygosity events that
potentially could result from such exchanges [89].

In addition to confining homology directed repair to S/G2,
the cell needs to ensure that non-homologous end joining
does not act on one-ended DSBs, since this activity could pro-
mote misjoining between different loci (see Section 1, Fig. 3).
Interestingly, the Ku70/80 heterodimer appears at DNA ends
much more quickly than homologous recombination factors
[18,93]. This observation is consistent with the possibility that
non-homologous end joining is the preferred DSB repair path-
way for two-ended DSBs, even in S phase, and also implies
that mechanisms must exist to prevent non-homologous end
joining from acting at broken replication forks. Possibilities
for ensuring that one-ended breaks are acted upon by homol-
ogous recombination include the fact that a one-ended break
in the lagging strand could have a relatively long 3′ single-
stranded extension that could prevent Ku70/80 binding [94].
In addition, the leading strand may exploit a hand-off mech-
anism from the replication machinery to the homologous
recombination pathway.

The DSB repair pathway choice may also be influenced
by the structure of the DNA end. A simple, directly ligatable
DSB makes a good substrate for non-homologous end joining,
whereas more difficult breaks may be more prone to attract
the homologous recombination machinery. A more detailed
investigation of the influence of DNA end structure on DSB
repair has been hampered by the absence of agents that can
specifically produce one type of DNA end. However, it is clear
that difficult DSBs require more time for repair [28], which is
consistent with the possibility that they are somehow shunted
toward homologous recombination.

An additional layer of control over DSB repair pathway

choice is provided by DNA damage signaling pathways. It
has been clear for many years that ionizing radiation directly
impairs replication origin firing through ATM signaling [95,96],
in a process that is facilitated by the MRN complex [97]. This
0 0 7 ) 923–935

intra-S phase checkpoint suppresses creation of new repli-
cation forks, and thus diminishes the odds that replication
forks will run into lesions that might otherwise stimulate
fork breakdowns. Furthermore, an intra-S checkpoint may
also help to provide the time required to perform homologous
recombination.

Nevertheless, even under optimal conditions for DNA repli-
cation, replication forks are likely to encounter DNA lesions,
and these encounters require signaling and appropriate path-
way choice to prevent catastrophe in S phase. Mammalian
cells sustain more than 10,000 abasic sites per day [1] and it
is estimated that hundreds of thousands of damaged bases
are formed each day [98]. Therefore, one would expect the
replication fork to run into DNA lesions multiple times per
round of replication, which is consistent with the observations
that normal human cells undergo about 10 sister chromatid
exchanges per round of replication [99] (see Fig. 2), and that
recombination events accumulate throughout the lifespan of
mammals [100].

Conceptually, one could envision two ways to counteract
the problem of encounters with DNA lesions and single-strand
breaks during replication: repairing the broken replication fork
and preventing the replication fork from advancing through
DNA lesions. Among researchers interested in homologous
recombination, most research has focussed on the first sce-
nario, repairing one-ended DSBs to restore replication fork
integrity. Clearly, this process requires homology directed
repair, as elaborated above. Equally important is the ques-
tion of how cells prevent replication forks from encountering
DNA lesions in the first place. Many signaling proteins, such
as ATR and Chk1 [101–103] are required for maintenance of
replication fork integrity under conditions that cause replica-
tion stress (e.g., hydroxyurea treatment, which depletes the
nucleotide pool). Furthermore, depletion of the MRN complex
or ATM and ATR from Xenopus egg extracts causes accumu-
lation of DSBs during normal replication [104,105], suggesting
that replication is not properly regulated under these condi-
tions. Interestingly, exposure to an alkylating agent has been
shown to inhibit origin firing and also to slow down replication
fork progression [106], which may result from direct inhibition
of replication fork progression by 3-methyladenine [107,108]. It
is tempting to speculate that DNA damage ahead of the repli-
cation fork might lead to signals not only to suppress origin
firing (as described above), but also possibly to slow down or
halt replication fork progression in order to repair the damage
before a DSB might be formed. It will be interesting to learn
the extent to which DNA lesions that slow replication fork pro-
gression do so via active signaling versus passive inhibition of
DNA polymerases.

4. Defective DSB repair in association with
cancer and aging

4.1. Non-homologous end joining defects are
associated with cancer
Chromosomal instability is a hallmark of many tumors.
Interestingly, careful analysis of translocation breakpoints in
lymphoid malignancies has revealed that most junctions have
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haracteristics of normal non-homologous end joining [109].
herefore, one might expect that non-homologous end joining
eficient mice would have a reduced incidence of transformed
ells containing chromosomal translocations. However, the
pposite effect has been observed in several non-homologous
nd joining mouse models [110,111]. Deficiencies in non-
omologous end joining most often lead to an increased risk
f cancer, with enhanced chromosomal instability, including
ranslocations. This phenomenon was particularly obvious in
ombination with a mutation in the tumor suppressor gene
53 [111], probably because of a decreased apoptosis rate.
trikingly, a relatively subtle decrease in non-homologous
nd joining capacity (caused by heterozygosity at the ligase
V locus) resulted in a cancer-prone phenotype in an Ink4a
eficient background, suggesting that subtle variations in non-
omologous end joining capacity in the population might
ontribute to carcinogenesis [112]. Indeed, patients with hypo-
orphic mutations in the Artemis gene have been found to

evelop thymic lymphomas, showing that a decrease in non-
omologous end joining capacity can increase the risk of
ancer in humans as well as mice [113].

.2. Deregulated homologous recombination leads to
ancer and aging

iven the high stakes involved in assuring accurate rejoining
f two-ended breaks, and accurate reinsertion of one-ended
reaks during replication fork repair, it is not surprising that
efects in key proteins involved in homologous recombina-
ion are also associated with an increased risk of cancer [114].

hile many proteins that modulate homologous recombina-
ion are known to be cancer genes (e.g., BRCA1 and FANC
enes, MMR genes, p53, and ATM [115–118]), these genes have
leiotropic effects, so it is difficult to dissect out the impor-
ance of homologous recombination in these cases. On the
ther hand, there are also cancer genes where a direct link
o homologous recombination is more apparent. For example,
RCA2 plays a central role in displacing RPA and facilitat-

ng loading of Rad51 onto single-stranded DNA [119]. The
esulting homology directed repair deficiency in BRCA2 null
ells results in the accumulation of chromosome aberrations
120], which is quite similar to what has been observed in
ertebrate cells depleted of Rad51 [45]. Thus, a defect in the
bility to initiate homologous recombination is associated
ith an increased cancer risk. Another interesting example

s the BLM helicase. Unlike BRCA2, BLM mutant cells are
roficient in initiating homologous recombination, but the
utcome of these repair events is apparently shifted toward
xchange-associated events [63,121]. The resulting increase
n exchanges between homologous chromosomes leads to
ncreased rates of loss of heterozygosity, which has been pro-
osed to be the driving force behind the increased risk of
ancer in Bloom’s syndrome patients [122]. Finally, as another
xample, defects in the WRN helicase are associated with
ccelerated aging and increased cancer risk. In this case, the
ate of initiation of homologous recombination appears to be

ncreased, but there are problems in resolution of homolo-
ous recombination events, which apparently increases the
isk of cell death [123,124]. These three examples demonstrate
hat deficiencies in both homologous recombination initia-
7 ) 923–935 931

tion and resolution lead to disease and call attention to the
fundamental role of homologous recombination in genome
maintenance. Undoubtedly research in the next decade will
reveal additional connections between homologous recombi-
nation, genomic stability, and disease.

It is important to emphasize that loss of homologous
recombination in a normal cell is generally more toxic than it
is mutagenic. For example, conditional knock out of Rad51 in
vertebrate cells leads to increased levels of chromosome aber-
rations, but within a short time, no cells survive [45]. In other
words, severe deficiencies in homologous recombination are
as toxic as they are genome destabilizing. One might then ask
how loss of function of BRCA2 promotes cancer. At least two
possible explanations exist. First, cells might tolerate a partial
deficiency in homologous recombination more readily than
complete loss of function. Indeed, cells lacking BRCA2 retain
some homologous recombination capacity [125,126]. Another
possibility is that suppression of homologous recombination
capacity is a late event in tumorigenesis (as has been observed
in the case of pancreatic cancer [127]), preceded by muta-
tions that confer resistance to apoptosis, thus allowing highly
unstable cells to survive.

5. Exploiting DSB repair defects in cancer
therapy

Most cancer cells have acquired several mutations in key regu-
latory genes, such as those that control growth factors, growth
factor receptors or apoptosis. In order to accelerate the rate
of mutation accumulation, a large fraction of cancers display
genomic instability, a condition that is exacerbated by defects
in the DNA damage response. In principle, one could exploit
these inherent weaknesses to attack the cancer cell, poten-
tially without causing excessive damage to the surrounding
healthy cells that are proficient in DNA damage responses.
Recently, this idea has been put into practice for cells that are
mutated in the breast cancer susceptibility genes BRCA1 or
BRCA2. Heterozygous carriers of a mutation in one of these
genes have a dramatically increased risk of breast or ovarian
cancers that arise from cells that have lost the wild type copy.
After loss of heterozygosity, their capacity to carry out homol-
ogy directed repair is impaired, rendering cells highly prone to
spontaneous chromosomal aberrations [120,128]. In addition
to being prone to genomic instability, BRCA2 deficient cells are
also highly vulnerable to treatments that increase the level
of SSBs [129,130], which is entirely consistent with a model
wherein BRCA2 cells are deficient in the ability to repair the
one-ended DSBs that arise when replication forks encounter
SSBs. Therefore, inhibition of appropriate processing of SSBs
by interfering with Poly(ADP-ribose) polymerase (PARP) activ-
ity should result in an increased dependence on homology
directed repair. Two recent studies have indeed found that
BRCA1 or BRCA2 deficiency leads to a dramatic hypersensitiv-
ity to PARP inhibitors, raising hopes for developing a powerful,
targeted therapy for these tumors [85,131].
Importantly, we do not yet know how common it is for
tumor cells to be deficient in homologous recombination.
Thus, it is to be expected that a subset of other tumors will
also show PARP inhibitor sensitivity because of mutations in
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other genes that are required for efficient repair of one-ended
DSBs. A major challenge is therefore to identify tumors that
are sensitized to PARP inhibitors. Developments in expression
profiling of tumors using microarray technology will undoubt-
edly contribute to identification of expression patterns that
render a ‘BRCA-like’ phenotype, which may help identify other
PARP inhibitor sensitive tumors.

Although most tumors are genetically unstable, they do not
all show the same type of genome maintenance defect. The
challenge for the next decade will be to pinpoint the molecu-
lar defects in DNA damage response mechanisms and to use
this knowledge to specifically attack the cancer cell’s Achilles’
heel. This will require a profound knowledge of all aspects
of the DNA damage response, as well as development of spe-
cific inhibitors of key regulatory enzymes of the various DNA
repair and cell cycle checkpoint pathways. Identification of the
Achilles’ heels of various tumors will be aided tremendously
by the recent development of RNA interference screens, which
are able to identify genes and pathways that are indispensable
for tumor cell survival, but not for normal cells [132]. In com-
bination with the increasing basic knowledge of the intricate
interplay between repair, replication and cell cycle machin-
ery, these developments may revolutionize cancer treatment
in the 21st century.
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