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Abstract
Double-strand breaks in DNA can be repaired by homologous recombination including break-
induced replication. In this reaction, the end of a broken DNA invades an intact chromosome and
primes DNA replication resulting in the synthesis of an intact chromosome. Break-induced
replication has also been suggested to cause different types of genome rearrangements.

The ability of cells to repair double-strand breaks (DSBs) is critical for cell viability. Failure
to correct such damage can result in cell cycle arrest, cell death and, if repaired incorrectly,
the loss of genetic information or the accumulation of mutations. DSBs can arise in cells by
exposure to ionizing radiation1 and other types of DNA-damaging agents or through
mechanical stress. In addition, some cellular processes, like DNA replication, can generate
DSBs. These could arise by the action of nucleases at unprotected sites where replication
forks stall, as a consequence of DNA polymerases (Pols) replicating across nicked
chromosomes, as well as by the active processing of stalled replication forks by specific
enzyme systems2-4. DSBs can also occur naturally and play important roles in processes
such as meiosis5, mating-type switching6 and mammalian V(D)J recombination7.

Cells have developed a number of mechanisms to repair such lesions. In Saccharomyces
cerevisiae, most of the repair of DSBs is carried out by mechanisms that promote
homologous recombination. This requires the existence in the cell of sequences that are
homologous to those affected by the DSB. Non-homologous end-joining also rejoins DSBs
in S. cerevisiae albeit less efficiently than homologous recombination; non-homologous end-
joining appears to be of greater importance in mammalian cells8.

General models of recombination
Several recent reviews have discussed recombination and the repair of DSBs in detail4,9-14.
Given the increasing evidence that translocations and other types of genome rearrangements
arise from inappropriate repair of DSBs, we will focus on the repair of DSBs by a
homologous recombination pathway that involves extensive DNA synthesis. Such a process,
termed break-induced replication (BIR), has been suggested based on the observations by
Voelkel-Meiman and Roeder15,16. In this study, activation of the transcription enhancer
element HOT1 creates a recombination hotspot suggested to act by generating DSBs that are
processed resulting in strains with distal markers converted to those present in the
homologous chromosome. The resulting gene conversion, which could extend over regions
as long as 75 kb, was proposed to arise by replication of a primer structure generated by the
centromere-containing fragment invading the homologous chromosome in a process
analogous to that described for bacteriophage T4 (Ref. 17). Subsequent studies have
provided greater mechanistic detail of this type of repair18,19. Additional evidence for a BIR
mechanism is suggested by Morrow et al.20 who describe a process by which a chromosome
fragment acquires all sequences of an endogenous targeted chromosome. This event can be
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explained as unscheduled DNA replication initiated by the free end of the chromosomal
fragment.

The BIR model for the repair of DSBs incorporates many features of the DSB repair model
proposed by Szostak et al.21 (Fig. 1a). In both cases the ends of the broken DNA molecule
are degraded by exonucleases creating 3′ overhangs that invade the homologous template.
The result is the formation of a D-loop in which the annealed invading end serves as a
primer that is extended by the DNA synthesis machinery. This propagates the D-loop,
which, in the DSB repair model, will allow pairing of the second 3′ single-strand terminal
end of the DSB, which then primes DNA synthesis generating two symmetrical Holliday
junctions. In this case, resolution can occur with or without crossing-over, and the resulting
DNA molecules will contain replicated regions comprising both a newly synthesized DNA
strand and a complementary template DNA strand, the result of which is essentially
semiconservative DNA replication. Alternatively, the BIR model (Fig. 1b) involves
extensive leading-strand synthesis, which occurs within the D-loop. This occurs as branch
migration follows the replication fork assembled on the invading strand. Coordinated
lagging-strand synthesis then converts the single strand produced by leading-strand
synthesis to a double strand. The final result is conservative DNA synthesis, where the
recipient chromosome has both strands newly synthesized. This model is equivalent to
recombination-dependent replication proposed for E. coli and bacteriophage T4 (Refs
17,22). One interesting implication of this model is that copying of the template DNA could
reach the end of the homologous chromosome, thus allowing the recipient chromosome to
acquire telomere sequences23.

Biochemistry of recombination
A number of genes have been suggested to encode proteins that participate in the repair of
DSBs by homologous recombination. Many of these are the so-called RAD genes that were
identified as the genes defective in yeast mutants that were sensitive to X rays. Many of
these genes are members of the RAD50 epistasis group and include RAD50, RAD51,
RAD52, RAD54, RAD55, RAD57, MRE11 and XRS2 (Refs 9-11). The biochemical
properties of the gene products of these recombination genes are presently the subject of
extensive analysis. Rad52p has been shown to possess ssDNA-binding activity, to interact
with another ssDNA-binding protein, replication protein A (RPA), and to promote single-
strand annealing24-26 (Fig. 2). Strand exchange activity has been demonstrated in vitro for
the RecA homolog Rad51p (Refs 27-29), which forms nucleoprotein filaments with either
ssDNA or dsDNA. Strand exchange by Rad51p is facilitated by its association with Rad52p,
which might help overcome the inhibitory effect of RPA under some reaction conditions
(Fig. 2). A similar Rad51p accessory role has been assigned to the Rad55p–Rad57p
complex30 (Fig. 2). The role of Rad54p is still unclear, although its sequence shows
homology to DNA helicases and displays DNA-dependent ATPase activity in vitro31.
Multiple interactions have been described between the above mentioned proteins. This has
led to the proposed existence of a ‘recombinosome’ that could function early in
recombination32. The composition of this recombinosome might vary depending on the type
of repair required, because certain factors are not essential for each repair mechanism. For
example, Rad51p is not entirely essential for BIR (Ref. 33).

Biochemistry of replication
Less is known about the steps that follow strand invasion. However, certain predictions can
be made based on the proposed models (Fig. 1). The Szostak model21 only calls for
continuous DNA synthesis, because strand invasion is carried out by two 3′ ends that are
extended until the double Holliday junction is formed. This type of synthesis is carried out
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by the Pol δ or ε systems that assemble on the DNA primer, which, in homologous
recombination, is generated by strand invasion. Assembly of the Pol δ or ε systems begins
by recognition and binding of the primer end by the multi-subunit protein complex,
replication factor C (RFC), which loads the processivity factor PCNA onto the primer end in
an ATP-dependent reaction34,35 (Fig. 2). The PCNA–primer complex is efficiently
recognized by Pol δ or ε, which subsequently extends the primer in a stable processive
manner36-38 (Fig. 2). There is also genetic evidence supporting the role of lagging-strand
synthesis in the repair of DSBs (Ref. 39). However, DSB repair by BIR requires both
leading- and lagging-strand synthesis, essentially as it occurs in recombination-dependent
replication in E. coli and bacteriophage T4 (Refs 18,19,22). In this case, RNA priming is
essential for lagging-strand synthesis. Priming in eukaryotes is carried out by the primase
activity of the RNA-primase–Pol-α complex40,41 and is essential for lagging-strand
synthesis, as well as for the initiation of leading-strand synthesis in normal DNA replication.
Once the RNA primer is synthesized, it is extended by the Pol α generating a short DNA
primer onto which the Pol δ system is assembled, similar to the leading-strand synthesis step
(Fig. 2). The loaded Pol δ or ε now extends the primer until it reaches the 5′ end of the next
Okazaki fragment. The switch from Pol α to Pol δ is referred to as polymerase switching42.
RNA primers are removed by the concerted action of RNase H and FEN1 and the gap
created is filled in by Pol δ or ε (Ref. 37). Finally, the resulting nick is then sealed by DNA
ligase.

Holmes and Haber39 analysed the effect of conditional mutations in replication genes on the
HO-induced mating-type switch in yeast. Repair of the DSB was inhibited by mutations
affecting DNA Pol α, Rad27p (the yeast homolog of the mammalian FEN1 nuclease) and
DNA primase, all components of the lagging-strand synthesis machinery. In addition,
mutations affecting PCNA, RFC Pol δ and Pol ε greatly inhibited the repair of the DSB
generated by the HO endonuclease. These results support the notion that both leading- and
lagging-strand synthesis are necessary for the repair of DSBs. These protein requirements
are likely to apply to BIR, although this has not been examined directly.

It would be interesting to examine how the DNA synthesis machinery engages the primer
structure that is thought to be part, at some point, of a nucleoprotein complex containing
recombination factors. No direct interaction between recombination and replication proteins
have been reported, except for that implied by the coprecipitation of Rad52p by a
glutathione S-transferase (GST)–RPA2 fusion protein43. Whether they have inhibitory or
stimulatory effects on each other’s activities can now be assessed in vitro.

Consequence of mutagenic repair of double-strand breaks
The correct repair of DSBs by BIR can occur because genetic information exists in a
redundant manner. In diploid cells, the homologous chromosome can serve as a template for
repair. However, this does not apply to haploid cells, which must use other homologous
sequences. In cells that have undergone replication, the repair of the DSBs can be achieved
using the genetic information on the sister chromatid. These events have been observed
when breaks occur in regions containing tandem repeats. The recombinants show a variable
number of repeats, a phenomenon known as unequal sister-chromatid exchange44,45. One
way to explain this is if the end of the broken chromosome anneals to a different repeat in
the sister chromatid resulting in either loss or gain of one or more repeats11.

The analysis of recombination products that arise when controlled DSBs are created in
haploid cells has yielded valuable information on how these cells cope with damage repair
in the absence of a homolog. Bosco and Haber23 observed that when a break is induced in a
haploid cell at a cleavage site for the HO endonuclease engineered between two selectable
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markers, LEU2 and URA3 at the left arm of chromosome III, 95% of the cells died. Among
the surviving cells 60% were still LEU+ URA+; these could have arisen by non-homologous
end-joining, where the ends are just rejoined, or by repairing the broken site by gene
conversion (Fig. 1a) with Mata or HMRa, which are homologous to the 72-bp sequence at
the break site. However, 35% of the survivors were LEU− URA+ and almost all of them
(92%) had an identical restriction pattern. Sequence analysis showed that they had acquired
part of the right arm of chromosome III, which was copied, initiating from HMRa to the end
of the telomere, resulting in a chromosome with identical ends. This process is called
intrachromosomal translocation (Fig. 3). The homology requirement for this mutagenic
repair of DSBs is indicated by a dependency on RAD52 (Ref. 23).

In another type of study, Chen et al.46,47 identified genes that, when mutated, resulted in
increased rates of chromosomal rearrangements. In one assay system, they inserted the
URA3 gene on chromosome V, which encodes a decarboxylase required for the synthesis of
uracil, distal to the CAN1 gene (between CAN1 and the telomere), which encodes an
arginine permease. Loss of function of these genes results in cells resistant to both
canavanine, a toxic arginine analog, and 5-FOA, which is converted into a toxic uracil
analog by the carboxylase. The inactivation of the genes was the result of three types of
rearrangements: (1) interstitial deletions, where a sequence between two very short direct
repeats is removed, (2) non-reciprocal translocations, where one end of chromosome V is
replaced by a region from another chromosome and (3) deletion of an end of chromosome V
accompanied by de novo addition of a new telomere. The deletion and translocation
breakpoints observed involved either no homology or in the order of 5-bp microhomologies.
The mutator genes identified included RFA1, RFA2 and RFA3 (encoding for the subunits of
RPA), and RAD27, RAD52, RAD50, MRE11 and XRS2, encoding proteins required for
replication, recombination and repair. Chen et al. postulated that the chromosomal
rearrangements seen in these mutator mutants resulted from DSBs that were repaired in a
mutagenic fashion by BIR involving sequences having little or no homology (Fig. 3). The
increased rates of rearrangements seen in these mutants were suggested to be due to either
increased rates of chromosome breakage, decreased repair of DSBs by normal homologous
recombination or failure to suppress mutagenic repair pathways normally. Much remains to
be learned about the mechanism of these mutagenic repair events.

The above examples have suggested that DSBs can result in chromosomal rearrangements
when repaired by BIR in a mutagenic fashion. In addition, studies in bacteria have indicated
that stalled replication forks are actively converted to DSBs as part of the replication fork
restart process2,3,22 and, although not yet demonstrated, it seems likely that a similar
mechanism of replication fork restart might occur in eukaryotes. These types of damage/
processing events are likely candidates for activation of the G1/G2-phase damage and S-
phase checkpoints48. It is tempting to speculate that one function of these checkpoints is to
suppress chromosomal rearrangements resulting from mutagenic BIR, even in the case of
replication fork restart.
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Figure 1.
Two models for the repair of double-strand breaks (DSBs). (a) In this model, proposed by
Szostak et al.21, the ends of the DSB (1) are digested by 5′→3′ nucleases (2). The resulting
3′ overhang invades another DNA molecule at a homologous region (3) generating a primer
end that is extended by a DNA polymerase (4). The strand displaced by the propagation of
the D-loop can pair with sequences from the other end of the break (3), forming a primer for
repair synthesis (4), which is extended exclusively by leading-strand synthesis. Two
Holliday junctions are formed (5) that can be resolved independently, yielding products
without an associated crossover (6) of the flanking regions (if both Holliday junctions are
resolved by cleaving in the same manner) or with (7) an associated crossover (when both
Holliday junctions are resolved in an opposite manner). (b) In the break-induced replication
(BIR) model, the primer generated by the invading 3′ end (3) directs leading-strand
synthesis (4). Lagging-strand synthesis is initiated on the leading strand producing a double-
stranded DNA molecule with identical information to that of the template chromosome
(5,6).
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Figure 2.
Recombination and associated DNA synthesis. The resection of the ends of the double
strand creates a 3′ single-stranded DNA molecule. The binding of RPA to the single strand
protects the DNA from degradation and disrupts any secondary structure. RAD51 is then
loaded onto the DNA strand with the aid of RAD52, RAD55 and RAD57, and in the
presence of RAD54, the RAD51 filament carries out strand exchange. The primer generated
is recognized by the polymerase (Pol) δ accessory factor RFC, which loads PCNA onto the
primer end generating a complex that is recognized by Pol δ or ε, which will carry out
synthesis of the leading strand. Lagging-strand synthesis initiates when RNA primers are
synthesized on the leading strand by the primase activity of the Pol-α–primase complex and
are immediately extended by the Pol α into short DNAs. The Pol δ (or ε) system is then
assembled on these DNA primers, replacing Pol α. The primers are then extended to yield
Okazaki fragments. These accumulate on the lagging strand until they mature by the
combined action of FEN1 and RNase H nucleases, which remove the RNA moiety of the
fragment, leaving a gap that is then filled in by DNA Pol. DNA ligase seals the resulting
nick yielding an intact double-stranded DNA molecule.
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Figure 3.
Mutagenic repair of double-strand breaks (DSBs). Broken chromosomes are repaired by
break-induced replication. If tandem repeats (indicated as arrows) are present at the
breakpoint and repair is initiated out of register, it can lead to deletions (1) of the sequences
between the repeats. When the distal part of the chromosome is lost, the
centromerecontaining fragment (with the centromere depicted as a solid black circle) can be
repaired using another chromosome as the template leading to non-reciprocal translocations
(2) where the broken chromosome acquires sequences from another chromosome (shown as
gray shaded boxes) and in some cases it can be repaired using intrachromosomal regions (3).
In all cases, the broken chromosome can capture telomere sequences (depicted as colored
regions at the end of each chromosome) by BIR copying to the end of the template.
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