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Repair of DNA double strand breaks (DSBs) plays a critical role in the maintenance of the

genome. DSB arise frequently as a consequence of replication fork stalling and also due to

the attack of exogenous agents. Repair of broken DNA is essential for survival. Two major

pathways, homologous recombination (HR) and non-homologous end-joining (NHEJ) have

evolved to deal with these lesions, and are conserved from yeast to vertebrates. Despite

the conservation of these pathways, their relative contribution to DSB repair varies greatly
HEJ

u70

T40

between these two species. HR plays a dominant role in any DSB repair in yeast, whereas

NHEJ significantly contributes to DSB repair in vertebrates. This active NHEJ requires a regu-

latory mechanism to choose HR or NHEJ in vertebrate cells. In this review, we illustrate how

HR and NHEJ are differentially regulated depending on the phase of cell cycle and on the

nature of the DSB.
© 2006 Elsevier B.V. All rights reserved.

. Introduction

SBs are the most critical damage to the cells, as it is believed
hat a single unrepaired DSB is sufficient for inducing apop-
osis [1,2]. DSBs are generated by environmental factors such
s ionizing radiation, by cellular metabolic products and as
ecombination intermediates. In cycling cells, DSBs occur

ainly during replication in the following way: Chemical
odifications of the genomic DNA, e.g. hydrolysis, oxidation

nd non-enzymatic methylation of DNA, occur at signif-
cant rates in vivo [3]. To deal with such chemical insults
owards individual bases, multiple pathways have evolved.
ovalently modified bases are usually repaired before DNA
eplication. However, when unrepaired lesions or nicks are
ncountered by replication forks, replication block at these

The nature of DSBs caused by replication block is quite dif-
ferent from that caused by ionizing radiation. DNA lesions
associated with DNA replication can be readily repaired by
homologous recombination by using the other intact sister
as a template, because the two sisters are localized in close
proximity [4]. On the other hand, ionizing radiation results
in “accidental” DSB at packed chromatin structure (Fig. 1B).
Moreover, such DSB could hardly interact with intact homol-
ogous sequences either in homologous chromosomes or even
sister-chromatids, because after replication, extensive con-
densation packs replicated DNA sequences in a highly ordered
chromatin structure and thereby significantly separates the
two sisters (Fig. 1C and D) [5]. Thus, extensive chromosome
condensation may make homology search extremely difficult
in the G2 as well as G1 phase in higher eukaryotic cells. Due
esions results in more critical damage, including single-
trand gaps and lethal DSBs in the relevant sister-chromatids
Fig. 1A).

∗ Corresponding author. Tel.: +81 75 753 4410; fax: +81 75 753 4419.
E-mail address: stakeda@rg.med.kyoto-u.ac.jp (S. Takeda).
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to this difficulty of homology search, vertebrate cells have to
use NHEJ more frequently than yeast, to simply re-ligate the
broken ends, even though NHEJ frequently results in errors in

mailto:stakeda@rg.med.kyoto-u.ac.jp
dx.doi.org/10.1016/j.dnarep.2006.05.022


1022 d n a r e p a i r 5 ( 2 0 0 6 ) 1021–1029

Fig. 1 – Two different types of DSBs. (A) In a DSB associated with replication, the broken ends are in close proximity to a
template for repair, i.e. an intact sister-chromatid. (B) Ionizing radiation induces DSB in packed chromatin structure, and
resulting DSBs hardly access a homologous template for repair. (C) In situ hybridization of OVALBUMIN locus in
chromosome 2, which is in trisomy in wild-type DT40. Note that three doublet signals in two sisters of chromosome 2 are
detectable, indicating that homologous sequences in two sisters are extensively separated by condensation of
chromosomes after DNA replication, as illustrated in (D). Red cross and open red circle represent the site of DSB and its

y. (Fo
e.)
homologous region of the intact sister chomatid, respectivel
legend, the reader is referred to the web version of the articl

the form of sequence deletions [6,7]. Collectively, the nature
of DSB determines the usage of DSB repair pathways, in a way
that the DSB caused by replication blockage are repaired by
sister homologous recombination, whereas “accidental” DSB
in packed chromosomes are frequently repaired by NHEJ.

Both NHEJ and HR are carried out by multiple step reactions.

NHEJ is initiated by DNA end-binding proteins Ku70 and Ku80,
which rapidly associate with exposed DNA breaks, followed by
the recruitment of the catalytic subunit of the DNA-dependent

Fig. 2 – Resection of DSB determines the choice of HR and NHEJ.
subsequent homology search in HR dependent DSB repair. (B) In
[30]. Alternatively, resection does not occur, and instead, reversib
r interpretation of the references to color in this figure

protein kinase (DNA-PKcs) [8]. The Ku/DNA-PKcs complex ulti-
mately recruits ligase IV, which completes the repair of the
break [9]. HR dependent DSB repair involves strand resection
of DSB, and forming 3′ single-strand (ss) overhangs (Fig. 2A). 3′

Overhangs associate with Rad52 and subsequently with poly-
merized Rad51, a key enzyme in HR [10]. The complex of Rad51

and ssDNA invades intact homologous sequences to form
heteroduplexes with a help of Rad54 (reviewed in Ref. [11]).
Despite the high degree of conservation of the HR effectors, the

(A) In yeast, 3′ overhang formation at DSB precedes
vertebrates, 3′ overhang can be repaired by Pol� in NHEJ
le unwinding of DSB allows parallel actions of HR and NHEJ.
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ontribution of each ortholog protein to the HR reaction seems
o have dramatically changed during evolution. For example,
east mutants in Rad51, Rad52 and Rad54 exhibit similar phe-
otypes. In marked contrast, in vertebrate cells, the relative
ontribution of the three major HR factors is significantly dif-
erent, in the manner that the depletion of Rad51 results in
ellular lethality, whereas RAD52 and RAD54 gene disrupted
ice exhibit no developmental abnormality and are even pro-

cient in meiosis [12,13].
The relative contribution of the NHEJ and HR pathways

aries greatly between budding yeast and mammalian cells.
n yeast, HR plays a dominant role in DSB repair following ion-
zing radiation in the G1 as well as G2 phase, and NHEJ plays
nly a minor role [14,15]. In contrast, NHEJ repairs over 60% of
xogenously induced DSBs in mouse ES cells [6]. Furthermore,
enes involved in HR, e.g. RAD51 or RAD54, are not expressed
n resting mammalian cells even after exogenous genotoxic
tresses [16]. Thus, a majority of the “accidental” DSBs are
epaired by NHEJ in vertebrate cells. In yeast, the first step
f DSB repair appears to determine which pathway is chosen
or repair, because 3′ overhang formation correlates with the
sage of HR [17]. However, it remains to be elucidated whether
he resection of DSB should be the decisive event that chan-
els the subsequent steps into either HR or NHEJ, because 3′

verhang formation has not yet been demonstrated in mam-
alian cells (Fig. 2B). Taken together these observations lead

o several questions: how do cells differentially employ HR and
HEJ, and control the balance between them? What are the
olecular mechanisms of this control? If such control mech-

nisms exist, what is the consequence of their abrogation?
In this review, we illustrate how research over the past

ecade has begun to address these questions. We will focus

n genetic experiments in yeast and DT40 cells, as these two
odel systems have been used for pioneering studies, and will

ntegrate these findings with genetic data from mammalian
odel systems.

ig. 3 – HR and NHEJ are complementary to each other in the rep
utation cause a synergistic increase in sensitivity to ionizing ra
SB induced by ionizing radiation; �ku70 is sensitive in the G1 t
2 phases. Each mutant cells were synchronized in the G1 phase
as released into cell cycle progression, �-irradiated at the indic
) 1021–1029 1023

2. Complementary and competitive roles of
HR and NHEJ in DSB repair

2.1. Cell cycle phase specific usage of repair for
ionizing radiation-induced DSB

A genetic study published by our laboratory several years ago,
first demonstrated that the stage of the cell cycle is a deci-
sive factor in the control of DSB repair [18]. In this study,
we generated chicken DT40 cells lacking Rad54 or Ku70. In
�rad54 cells, HR is only moderately impaired, and the mutant
is able to proliferate [19], whereas in �ku70 cells, NHEJ is defec-
tive. As shown in Fig. 3A, both �rad54 cells and �ku70 cells
are sensitive to killing by ionizing radiation, suggesting that
both pathways contribute to the repair of DSB. However, the
phase specific sensitivity profile to ionizing radiation of these
mutants clearly shows that HR and NHEJ are differentially
employed during the cell cycle (Fig. 3B). DT40 wild-type as
well as mammalian cells acquire ionizing radiation-resistance
as they proceed through S-phase. In contrast, �rad54 mutant,
which shows a relatively flat IR sensitivity pattern, is ionizing
radiation-sensitive only during the late S to G2 phases. This
corresponds well with studies of HR mutants in mammalian
cell lines [20]. Hence, an increase in the radio-resistance of
wild-type cells is most likely a consequence of the increased
employment of HR after the appearance of sister-chromatids.
In addition, although Rad54 is dispensable for HR dependent
DSB repair at replication blockage, Rad54 appears to be essen-
tial for HR dependent repair of ionizing radiation-induced DSB
presumably by acting as a chromatin-remodeling factor.

�ku70 cells are extremely sensitive in the G1 and early S-

phases (Fig. 3B). This indicates that NHEJ is the sole machinery
for DSB repair in the G1 phase, while HR starts to be employed
in addition to NHEJ in the late S to G2 phases. Given that HR
needs a homologous template for repair, this differential usage

air of X-ray induced DSBs. (A) �ku70 and �rad54 double
diation. (B) Cell cycle phase specific usage of the repair of

o early S-phases, while �rad54 is sensitive in the late S to
of the cell cycle by elutriation. An enriched G1 cell fraction

ated time points, and subjected to colony survival assay.
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of the two pathways makes sense. In a diploid organism, the
only available template for HR during the G1 phase is the other
homologous chromosome. Employment of HR under such cir-
cumstances, would lead to a gradual loss of heterozygosity
[21]. As replication proceeds, sister-chromatids become avail-
able as suitable homology donors. Thus, with the progression
of S-phase, HR increasingly becomes the pathway of choice for
DSB repair.

Having established a cell cycle regulation of DSB repair, the
question arises what constitutes the molecular mechanism
of this phenomenon. Transitions between cell cycle phases
are controlled by a group of protein kinases, termed CDK
(cyclin dependent kinase), and their regulatory cyclin subunits
[22,23]. Each cell cycle phase is characterized by the distinct
activity of different cyclin CDK complexes. A straightforward
model to explain the cell cycle control of DSB repair would
thus imply that a component of NHEJ or HR is either acti-
vated or inhibited by CDKs. Accordingly, two studies from S.
pombe first pointed to a direct involvement of CDKs in this cell
cycle control of DSB repair [24,25]. Subsequently, Ira et al. [17]
firmly established a role for cdc28 (the budding yeast CDK that
is active during the S and G2 phases) in activating HR, using
the well established HO-meganucleotide recognition endonu-
clease system. According to Ira et al.’s results, CDK facilitates
the resection stage of the HR reaction (Fig. 2A). However, the
downstream targets of Cdc28 in this pathway remain to be
established. In budding yeast, the resection of DSB appears to
prevent NHEJ, which could not simply ligate 3′ overhang ends.
It is unclear whether the resection determines the selective
usage of HR and NHEJ in vertebrates (Fig. 2B). The reduction of
Rad51 foci formation in the G1 phase [26,27] and by the CDK
inhibitor roscovitine in human cells [28] does, however, point
to an important role of CDKs in the vertebrate HR reaction.

2.2. Functional overlap between HR and NHEJ for
ionizing radiation-induced DSB repair in the late S–G2
phase

Although the choice between HR and NHEJ is determined by
the processing of DSB ends in yeast, the two DSB repair path-
ways appear to act simultaneously in the G2 phase in higher
eukaryotic cells, as suggested by the following experiment.
In DT40 cells, HR is preferentially used over NHEJ in the G2
phase, as shown by X-ray hypersensitivity of �rad54 cells but
not �ku70 cells at this stage (Fig. 3B). Interestingly, a signifi-
cant increase in ionizing radiation-sensitivity is observed in
�ku70/�rad54 DT40 cells in comparison with �rad54 cells,
indicating that NHEJ can substitute for lack of Rad54 in DSB
repair in the G2 phase. This is surprising, because in the
absence of Rad54, HR can be initiated and Rad51 foci, a hall-
mark of successful strand resection, form normally, but the
HR reaction is blocked at a later stage [29]. This suggests that
even after the initiation of HR, there is a way back to NHEJ, pos-
sibly by either removal of the 3′ overhang, or Pol�-dependent
DNA synthesis from the 3′ overhand using a template from the
other end of the DSB [30] (Fig. 2B). Alternatively, DSB ends are

unwound by a DNA helicase without being resected, so that
NHEJ and HR could act in parallel.

Similarly, the prior binding of Ku might not be an unsur-
passable hindrance for the HR machinery [27]. Collectively,
0 6 ) 1021–1029

even after the repair reaction is initiated by either HR or
NHEJ, intermediate molecules could be taken over by the other
DSB repair pathway, which may account for the synergistic
increase in the X-ray sensitivity in cells deficient in both Rad54
and Ku (Fig. 3B).

2.3. Competition between HR and NHEJ for ionizing
radiation-induced DSB repair during S and G2 phase

Although the two DSB repair pathways could act in parallel
as discussed above, the initial binding of repair factors to the
DNA break may affect the choice of HR or NHEJ. Given that
both HR and NHEJ are active in the S and G2 phases of the cell
cycle [31], it is conceivable that early players are competing to
gain access to the DSB. Upon induction of DSB, the Ku70/Ku80
heterodimer is recruited to DSBs more quickly than HR factors
[27], implying that NHEJ could interfere with HR but not neces-
sarily vice versa (Fig. 4A). The Ku complex is abundant in the
nucleus and appears to form a pore that glides onto a broken
DNA end [32], followed by the recruitment of DNA-PKcs, XRCC4
and ligase IV to complete NHEJ [33]. As shown Fig. 4A, the bind-
ing of the Ku proteins to DSBs may interfere with HR. If this
hypothesis is correct, deletion of Ku should result in higher
HR efficacy. Deletion of other NHEJ factor, on the other hand,
should not diminish the competitive effects of Ku and should
not result in more efficient HR. To test this model, we assessed
the competition between Ku and HR, by studying ionizing
radiation-sensitivity in the late S to G2 phases and recombi-
nation induced by a rare cutting endonuclease I-SceI in cells
lacking either Ku70, DNA-PKcs or ligase IV [34]. As shown in
Fig. 4B, Ku70 deficiency confers ionizing radiation-resistance
to the cells in the G2 phase. A radio-resistant fraction is also
present in murine ES cells deficient in Ku [35]. The increased
radio tolerance is likely caused by more efficient usage of HR,
because Ku70 deficiency up-regulates the efficiency of DSB
repair induced by the restriction endonuclease I-SceI. On the
other hand, deletion of DNA-PKcs or ligase IV does not con-
fer ionizing radiation-resistance or higher HR efficacy in DT40
cells [36] (Fig. 4B and unpublished data). Collectively, binding
of the Ku proteins, but not other components of NHEJ, to DSBs
may moderately interfere with the initiation of HR at ioniz-
ing radiation-induced DSBs or I-SceI mediated DSBs. A similar
competition between HR and Ku has also been documented in
mouse ES cells [37] and correlates with in vitro studies [38].

3. Repair of DSB at stalled replication forks

HR-deficient mutants generally exhibit a prominent increase
in spontaneously arising chromosomal breaks [39,40] and
gene disruption mice of a number of HR factors are embryonic
lethal [41]. In particular, �rad51 mutant cells are not viable
even at a cellular level, and display extensive spontaneous
chromosomal breaks [42]. In contrast, cells deficient in NHEJ
are viable and exhibit only few spontaneous chromosomal
breaks. Given that NHEJ repairs the majority of exogenously

induced DSB in mammals, this requirement of HR but not
NHEJ for cellular survival is surprising. Conceivably, “acciden-
tal” DSBs, such as ionizing radiation-induced DSBs (Fig. 1B),
occur only occasionally. HR, on the other hand, seems to be
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Fig. 4 – Competition between HR and NHEJ. (A) It was assumed that after the occurrence of a DSB, the initial events decide
which pathway is chosen for repair. If HR is initiated, Rad51 and Rad52 cover the 3′ overhang, leading to inhibition of Ku’s
access to the DSB (top). However, this model has not been substantiated by genetic data. On the other hand, when Ku has
gained access to the DSB, execution of HR is partially suppressed (bottom). (B) �ku70 is sensitive to ionizing radiation in the
G1 phase but exhibits more resistance than wild-type cells in the late S to G2 phases. �ligIV cells do not show such
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esistance in the G2 phase, presumably due to the partial in
ssociated with DSBs.

ssential for the repair of another type of DSB that occurs
uch more frequently during each cell cycle. These DSB are
ost likely the result of replication fork stalling that arises fre-

uently during each S-phase (Fig. 1A). Accordingly, HR factors
orm spontaneous foci during S-phase in both budding yeast
nd HeLa cells [43,44], and HR repairs the majority of DSB at
ollapsed replication forks [45,46]. A role for NHEJ in genome
aintenance has been implicated during mouse development

rom the following finding. Xrcc4 and ligase IV gene disruption
ice are embryonic lethal, and fibroblasts derived from these

mbryos exhibit retarded growth and marked genomic insta-
ility, including chromosomal translocations [47,48]. However,
hese findings should be carefully interpreted, because this
evere phenotype is caused not only by defective NHEJ but also
y suppression of HR by the Ku proteins, as shown by the par-
ial suppression of ligase IV deficient phenotype by additional
utation of Ku70 in DT40 [36]. The virtually exclusive usage of
R over NHEJ at stalled replication suggests that another reg-
latory mechanism is required for the choice of HR and NHEJ,
s discussed in the following paragraph.
ion of HR dependent DSB repair by the Ku proteins

4. Competition between HR and NHEJ for
replication block induced DSB repair

In principle, the structure of DNA breaks at replication forks
should not differ from other types of DSB, and should be recog-
nized by the initiating factors of both NHEJ and HR. This raises
the question to what extent NHEJ competes with HR for repli-
cation block induced DSBs. To address this question Adachi
et al. analyzed the effect of Camptothecin (CPT), a topoiso-
merase I inhibitor on various DT40 mutants in NHEJ genes
[49]. Topoisomerase-I is covalently linked to nicked DNA, and
CPT blocks the release of the enzyme from DNA. Replica-
tion fork stalling at Topoisomerase-I associating single-strand
breaks results in the formation of DSBs, which are subse-
quently repaired by HR, using the intact sister-chromatid as a

template. Consequently, yeast HR mutants in the RAD52 epis-
tasis group are sensitive to CPT [50], as are several DT40 cell
lines defective in HR genes (Takeda lab. unpublished results)
[51]. Interestingly, Adachi and coworkers found that �ku70
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cells, are more resistant to CPT than wild-type. Competition
between Ku and HR for DSB binding, as discussed above, is
a straightforward explanation of this finding. Indeed, CPT-
induced HR is enhanced in �ku70 cells as judged by increased
levels of sister-chromatid exchange (SCE) (Takeda lab. unpub-
lished results), which reflects HR mediated repair associated
with replication [52]. However, this hypothesis does not fully
explain several other observations. Although only �ku muta-
tion, but not �ligIV deficiency, confers ionizing radiation-
resistance to the cells in the G2 phase, �ligIV show a similar
increase in CPT resistance as does �ku mutation. Thus, upon
DSB following replication blockage, NHEJ dependent ligation,
rather than binding of Ku to DSB, is toxic to the cells. The ques-
tion remains, why the execution of NHEJ at CPT induced DSBs
has a negative impact on cell survival, and which repair path-
way is affected by NHEJ. Possible candidates for this pathway
are the replication bypass via HR and template switch [53].
Such bypass is achieved either by using the other sister as a
template or by a hypothetical structure, termed “chicken foot”,
which ends in a DSB [54]. If such DSB like structures were re-
ligated by NHEJ, the cell would end up in an irresolvable mess.
However, this hypothesis has to date not been explored and
remains speculation.

5. The inhibitory effect of Ku on HR is
controlled by PARP
So far we have discussed the control of HR during the cell cycle,
and the competition between HR and NHEJ. In summary, a
model emerges, that suggests that HR activity starts during

Fig. 5 – Poly[ADP ribose]polymerase controls the balance betwee
experiments in DT40 cells. In wild-type cells (left), Parp is rapidly
of Ku and allows access of HR factors. In the absence of Parp (mi
is suppressed. This leads to a reduction in HR efficacy. When Ku
initiated effectively. (B) The relative usage of HR and NHEJ for rep
repair at replication block (right). Parp and Rad18 may limit acces
0 6 ) 1021–1029

S-phase and competes with NHEJ for access to DSBs. The ratio
between HR and NHEJ should consequently depend on the
affinity of the initiation factors for the DSB. Alternatively, the
process of initiation could be subjected to additional controls.
One could imagine an activity that suppresses the binding of
one initiation factor in favor of the other. For example, certain
factors might inhibit the access of Ku to DNA and thus allow
unperturbed initiation of HR. This hypothetical factor should
be activated shortly after DSB formation and biochemically
interact with Ku.

Poly[ADP-ribosylation], the covalent attachment of ADP-
ribose moieties derived from NAD to target proteins, is one of
the earliest cellular responses to DNA strand breaks [55]. Bio-
chemical studies revealed a physical interaction between Parp
and the Ku/DNA-PKcs complex, which is involved in the NHEJ
pathway of DSB repair [56–58]. These studies also implied that
Ku and DNA-PKcs are substrates of Parp, and Li et al.’s study
suggests that Parp could decrease the affinity of Ku to DSB.
PARP is thus a good candidate for the activity that limits the
access of Ku to DSB in favor of HR. If this was true, deletion of
PARP should result in decreased HR efficacy, which should be
normalized by concomitant deletion of Ku. In order to confirm
this hypothesis genetically, we have deleted chicken PARP-1
in DT40 wild-type and �ku70 cells, and analyzed the HR effi-
cacy in these cell lines [59]. Note that another paralog, PARP-2
gene [60] is not present in the chicken genome. Thus, DT40
�parp-1 cells should be equivalent of mammalian �parp-1/2

double mutants, which are embryonic lethal despite normal
development of �parp-1 and �parp-2 deficient mice. Surpris-
ingly, our observations match the theoretical predictions, dis-
cussed above (Fig. 5A). DT40 �parp-1 cells show reduced levels

n HR and NHEJ. (A) This model is derived from genetic
and transiently activated by the DSB. This inhibits binding

ddle), the affinity of Ku for DNA increases and access of HR
is deleted in DT40 �parp mutants (right), HR can again be
air of ionizing radiation-induced DSBs (left) and for DSB
s of NHEJ factors to DSBs particularly at replication block.
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f HR, and this defect depends entirely on the presence of
u, because �parp-1/�ku70 cells show increased levels of HR.
hicken PARP-1 also seems to be essential for suppressing
HEJ during replication stress, because �parp-1 but not �parp-
/�ku70 and �parp-1/�ligIV cells, are highly sensitive to CPT.
e have also observed a similar interaction between PARP

nd NHEJ in human cells, using PARP inhibitors. We there-
ore conclude that PARP limits the competitive effects of Ku on
R. Moreover, another regulatory mechanism involving Rad18,
hich is essential for all post replicational repair pathways

n budding yeast, also seems to suppress NHEJ at replication
locks in Hela cells as well as DT40 (manuscript in prepara-
ion). Conceivably, suppression of NHEJ at replication block-
ge by PARP and possibly by Rad18 may be crucial in higher
ukaryotes, because their relative usage of NHEJ in compar-
son to HR is significantly higher than that of yeast, while
HEJ is frequently associated with deletion and mis-pairing

Fig. 5B).

. Variation in the balance between HR and
HEJ in different model systems

he balance between NHEJ and HR in DSB repair seems to
ary considerably between yeast and vertebrate cells. In the
udding yeast, HR plays a dominant role in virtually every type
f DSB repair. On the other hand, the contribution of NHEJ

s far greater in vertebrate cells in comparison with yeast.
his active NHEJ in the vertebrates raises the following two
roblems, (1) whether NHEJ may interfere with HR dependent
SB repair at replication block and (2) how the two DSB repair
athways operate at ionizing radiation-induced DSBs (Fig. 5B).
t replication block, higher eukaryotic cells seem to evolve
ew mechanisms involving PARP and probably Rad18, in order
o minimize the toxic effect of NHEJ and thereby facilitate
ister HR to accurately repair DSBs using the other intact sister
s a template (Fig. 2A). To solve the second problem, budding
east and higher eukaryotic cells appear to employ different
trategies. In yeast, prior to resection of DSBs, NHEJ can play
role, whereas relatively quick 3′ single-strand tail formation
llows only HR to execute DSB repair. In contrast with yeast,
significant increase in the X-ray sensitivity of �ku70/�rad54
T40 cells when compared with �rad54 cells (Fig. 3A) sup-
orts the notion that, even when Rad54 dependent HR fails
o complete DSB repair, Ku dependent NHEJ could operate as

back-up for the HR in DSB repair. Furthermore, vertebrate
ells might be able to undergo homology search for HR and
ttempt NHEJ simultaneously. The molecular mechanism
hat governs the choice between HR and NHEJ remains to be
lucidated.

The relative usage of the two DSB repair pathways is dis-
inctly different even between different cell lines from the
ame species. Mouse ES cells tend towards HR, while primary
ells tend towards NHEJ. DT40 appears to possess significantly
igher HR efficiency than any mammalian cell line, partly
ecause G1 phase constitutes only less than 20% of the whole

ell cycle. Besides, other unknown factors may also contribute
o the up regulation of HR in DT40. The special features of
T40 cells, for example, may underscore a defect of HR and
oncurrently underestimate a defect of NHEJ. Taken this into
) 1021–1029 1027

consideration, DT40 is a unique system to comprehensively
analyze the role for NHEJ, HR and their regulatory mechanisms
in DSB repair in different circumstances, as a panel of isogenic
repair mutants are available [61]. In general, both complemen-
tation and competition between the two DSB repair pathways
are also likely to take place in all cells.

7. Concluding remarks

Over the past decade the molecular mechanism of individ-
ual repair pathways have been intensively analyzed. Both
the considerable increase in knowledge and more and more
sophisticated techniques allow us to move on with this anal-
ysis to a more integral picture of DNA repair. As we seem to
have entered an age of systems biology [62], the focus of DNA
repair research is likely to shift more and more to the study of
how different players and pathways overlap and interact, and
how they are coordinated within the living cell. The case of
NHEJ and HR, as discussed in this review, is a relatively simple
example of how different repair pathways are differentially
employed, and are competing as well as collaborating for the
same lesion. A comprehensive genetic analysis has revealed
redundant, as well as essential roles in each DSB repair path-
way in different circumstances. This knowledge could help us
to manipulate their balance to our own ends. Thus, a clear
understanding of the control of NHEJ and HR could bene-
fit the development of novel chemotherapeutic treatments,
and genetic technologies such as gene therapy using gene
targeting.
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