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Abstract
Break-induced replication (BIR) is the pathway of homologous recombination (HR) conserved
from phages to eukaryotes that serves to repair DNA breaks that have only one end. BIR
contributes to the repair of broken replication forks and allows telomere lengthening in the
absence of telomerase. Nonallelic BIR may lead to translocations and other chromosomal
rearrangements. In addition, BIR initiated at sites of microhomology can generate copy-number
variations and complex chromosomal changes. The level of mutagenesis associated with DNA
synthesis in BIR is significantly higher than during normal replication. These features make BIR a
likely pathway to promote bursts of genetic changes that fuel cancer progression and evolution.

Multiple functions of BIR
One of the major types of spontaneous DNA damage is a single-stranded nick. When a
replication fork encounters a nick, a single-ended double strand break is formed and needs to
be repaired by HR. DNA single end substrates for HR can also form at chromosome ends in
telomerase-deficient cells or upon missegregation of fragmented chromosomes. BIR is an
efficient way to repair such breaks. BIR is initiated by invasion of a single strand into a
homologous DNA molecule followed by DNA synthesis that may continue as far as the next
replication fork or even to the end of the chromosome. BIR has been described in various
organisms including viruses, bacteria, and eukaryotes (reviewed in [1-4]).

BIR has been examined in great detail in bacteriophage T4, where it is referred to as RDR
(for recombination-dependent replication) and represents a mechanism to replicate
chromosome ends [2]. The initial round of phage T4 replication is initiated by an R- loop,
however lagging strand synthesis never reaches the chromosome ends. This produces 3′-
ssDNA overhangs, a common problem of replication of linear chromosomes. These ssDNA
substrates are recognized by HR proteins that mediate strand invasion into homologous
DNA found either at the end of the same DNA molecule or within other co-infecting phage
DNA molecules (Figure 1A). Following strand invasion, cycles of late bacteriophage
replication produce multiple T4 chromosomes. RDR is also used in the recovery of broken
replication forks.
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In E. coli, which does not experience an end replication problem due to the circular nature of
its genome, RDR functions to recover broken replication forks (Figure 1B). The recovery
begins with the invasion of the sister chromatid by the broken chromosome end followed by
the assembly of a new replication fork (reviewed in [5]). This is an essential process for
E.coli because its replication involves just two replication forks moving in opposite
directions from a single replication origin and terminating at a single locus, affording no
opportunity for complete genome duplication upon replication fork failure (Figure 1B).

Eukaryotic cells are less dependent on BIR for completion of scheduled replication, as they
rely on telomerase to solve the end replication problem. Moreover, eukaryotes have multiple
replication origins per chromosome, eliminating the need for extensive DNA synthesis from
a broken fork. Nevertheless, BIR has been preserved in eukaryotes and under certain
circumstances becomes essential (reviewed in [3,4]). BIR may play an important role in the
recovery of collapsed replication forks, particularly in regions where there is no replication
fork coming from the opposite direction, such as at subtelomeric regions. In the yeast
Saccharomyces cerevisiae and likely in most eukaryotes that lack telomerase, BIR plays an
essential role in maintaining chromosome ends (Figure 1C) [6,7]. BIR can also efficiently
repair double-strand breaks that are created in such a way that only one end can find
homology in the genome, or when both ends can find homology, but in different places
[7-9]. Several recombination assays were developed in yeast to study the mechanisms and
enzymology of BIR, while in higher eukaryotes such a convenient experimental system is
currently not available [7,10,11]. However, recent studies using Xenopus laevis egg extracts
directly demonstrate the existence of BIR and its ability to re-start broken replication forks
in vertebrates [12].

Molecular mechanism of BIR
BIR, like other HR processes, is initiated by strand invasion mediated by RecA in bacteria or
Rad51 in eukaryotes to form a displacement loop (D-loop) [8,9,13,14]. However, what
follows strand invasion, specifically replication fork assembly and extensive DNA synthesis,
distinguishes BIR from other HR pathways. Proteins important for BIR in phage, bacteria
and eukaryotes are listed in Figure 2. In bacteria, the mediator protein PriA recognizes the
D-loop and with the help of several additional proteins promotes loading of the replicative
helicase dnaB and primase dnaG onto the D-loop [5]. Once helicase and primase are loaded,
the polymerase Pol III is recruited along with a clamp, and DNA synthesis is initiated
(Figure 2B).

In yeast and other eukaryotes, replication fork assembly during BIR is not well understood,
and the functional counterparts of PriA are yet to be identified. In BIR repair that occurs
outside the context of a collapsed replication fork, initial DNA synthesis is a very slow
process [8] that involves the replicative helicase Mcm2-7 (Figure 2C) and almost all of the
proteins that normally start the S-phase replication fork, with the exception of Orc and Cdc6.
Pol δ also plays an essential role in BIR, whereas the role of Pol ε is still under debate [7].
Thus far investigations of BIR have been limited to DNA damage checkpoint-arrested G2/M
cells [8], as an experimental system to study BIR during S-phase of the cell cycle has not yet
been developed. It remains unknown how cells assemble an active replication fork at a DSB
in G2/M phase because cells normally tightly regulate Mcm2-7 activity to prevent
unscheduled replication licensing [15] and certain components of replication are inhibited
upon DNA damage [16,17]. Importantly, it has been shown that Pif1 helicase is needed for
efficient BIR while it is mostly dispensable for regular replication [18]. The recent data
demonstrate that Pif1 is required for the proper recruitment of Polδ to the D-loop and is
capable of promoting Polδ-mediated synthesis via bubble migration (Grzegorz Ira and
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Patrick Sung, manuscript submitted). Further studies are needed to evaluate the respective
roles of Pif1 and Mcm2-7 helicases in BIR.

Two major models were postulated to describe the nature of the BIR replication fork. In the
first model, the D-loop is resolved to form a normal replication fork associated with
synchronous leading and lagging strand synthesis and semi-conservative inheritance of
newly-synthesized strands [7,8,19]. (Figure 3A). In the second model, BIR is carried out by
a migrating D-loop (bubble), where branch migration of an unresolved HJ promotes
displacement of a newly synthesized strand and therefore leads to conservative inheritance
of newly synthesized strands [10], (reviewed in [3,20]) (Figure 3B, C). Testing the proposed
models of BIR is the focus of ongoing experiments in model systems including
bacteriophage, bacteria and budding yeast.

Several in vitro studies have been undertaken to model DNA synthesis associated with BIR.
Initial results from a reconstituted bacteriophage T4 recombination assay supported the D-
loop migration mechanism [14]. However, these experiments were inconclusive because a
protein essential for the recruitment of the replicative helicase and for initiation of lagging
strand DNA synthesis was not included in the reaction [2]. Subsequent studies that included
all necessary enzymes supported a model of synchronous synthesis of leading and lagging
strands (see [21]). Analogous in vitro studies performed with a complete set of purified
E.coli proteins also provided support for this model. Thus, it was proposed that DNA
synthesis in BIR proceeds via a semi-conservative mechanism as in S-phase replication [22].

Other attempts have been made to determine the mode of BIR synthesis in vivo. Analysis of
phage lambda recombination in E. coli using isotope density transfer implicated
conservative segregation of newly synthesized strands [23]. To address this question in
yeast, we used dynamic molecular combing coupled with FISH to analyze BIR products and
found that conservative inheritance of DNA strands predominates (Malkova and Lobachev,
manuscript submitted). Similarly, during gap repair that shares some similarities with the
BIR pathway [24], a conservative mode of strand inheritance was observed [25].

BIR promotes hyper-mutability
Deem et al. [26] determined that BIR is extremely mutagenic, as the frequency of frameshift
mutations associated with BIR was 1000 times higher as compared to S-phase replication.
Importantly, Pol δ, the main replicative polymerase, was responsible for the majority of
mutations induced by BIR. One possible reason for the reduced fidelity of Pol δ could be the
bubble-migration mechanism that drives BIR. Thus, during bubble migration, the newly
synthesized DNA is quickly dissociated from its template, likely interfering with mismatch
repair (MMR) that relies on the recognition of mismatches between the “old” and “new”
DNA strands (Figure 3B,C). Consistently, it was observed that while MMR is active during
BIR, it corrects errors less efficiently than it does during S-phase [26]. Similar model was
proposed by Kuzminov to explain increased mutagenesis associated with recombination in
bacteria [27].

BIR promotes structural chromosome changes
Several classes of chromosomal rearrangements including template switching, translocations
and half-crossovers result from BIR. It is likely that these instabilities are promoted by
frequent interruptions of DNA synthesis during BIR (Figure 4E).
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Template switching
The Symington lab investigated BIR in yeast diploid cells and observed frequent switches of
BIR between two homologous DNA templates [10]. Switching was especially frequent close
to the place of BIR initiation, but subsided after the first 10 kb of synthesis. The authors
proposed that BIR is initiated by an unstable replication fork, which is later transformed into
another “stabilized” form. It was suggested that template switching proceeds through
multiple rounds of dissociation and re-invasion events at the beginning of BIR. However,
the specific mechanisms of multiple strand invasions and D-loop displacements and
transition to a stable replication fork remain unknown.

Nonrecurrent copy number change
All organisms, particularly higher eukaryotes, show differences in the copy number of some
segments of the genome which is referred to as copy number variation (CNV) [15]. Non-
allelic homologous recombination between low copy repeats is the mechanism for recurrent
CNVs, whereas the mechanism of frequently observed nonrecurrent CNVs is not well
understood. Recent studies in bacteria, yeast, worms, and humans implicate a replicative
mechanism with similarities to BIR in nonrecurrent CNVs. These rearrangements are likely
initiated by DSB ends such as broken replication forks or severely shortened telomere ends,
and involve extensive DNA synthesis, frequent template switches and, in yeast, require
Pol32, all of which are hallmarks of BIR [28-31]. The major distinction between this CNV
mechanism and BIR is that 2-15 bp microhomologies mark the endpoints of these complex
rearrangements, which excludes Rad51-mediated strand invasion. Based on all of these
features, the mechanism was named microhomology-mediated BIR (MMBIR) (Figure 4F)
(reviewed in [20]). It is currently not known under what circumstances a cell would switch
from extensive homology- to microhomology-driven BIR. However, stress and loss of HR
component(s) likely play important roles [20].

Translocation
When BIR is initiated by the invasion of a broken DNA end at a non-allelic position, it leads
to non-reciprocal translocations (Figure 4I) [7,10,32]. Ectopic invasions occur at positions of
DNA repeats, which are highly dispersed throughout the genome [8,33]. Translocations are
especially frequent when BIR occurs in the absence of Rad51, but are also common in its
presence [33,34].

Half-crossover (HC)
HCs result from fusions between portions of recombining donor and recipient chromosomes,
while other portions of the participating chromosomes are lost (Figure 4H) [35-37]. HCs are
frequently observed following initiation of BIR in Pol δ mutants that successfully undergo
strand invasion but fail to initiate DNA synthesis [11,38]. This process leads to the
accumulation of joint molecules that are probably processed by nucleases to form HC
products. Although HCs are more frequent in mutants, they are also observed in wild-type
cells [11,38]. This raises the possibility that uninterrupted DNA synthesis during BIR is
important to prevent premature resolution into HC outcomes. Besides interrupted DNA
synthesis, checkpoint deficiency leads to the formation of HC products likely due to the
untimely onset of mitosis (Figure 4D), which interrupts BIR (Vasan and Malkova, in
preparation for publication). A dangerous feature of HCs is that they lead to the breakage of
a previously intact donor chromosome, which can potentially initiate cycles of HCs called
half-crossover cascades (HCC) (Figure 4J).
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BIR and human disease
BIR has not been systematically studied in mammals, but it is likely that several disease-
associated phenomena, including alternative lengthening of telomeres, non-reciprocal
translocations and complex chromosomal rearrangements, result from BIR.

Alternative lengthening of telomeres (ALT)
Unlimited proliferation of cancer cells causes shortening of telomeres with each round of
replication. To counteract telomere attrition, most cancer cells up-regulate telomerase
activity, but the remaining 5-15% extend telomeres via recombination. Several lines of
evidence support telomere recombination in the ALT pathway (reviewed in [39]). First, a
DNA tag at a single telomere is frequently copied to other chromosomal ends in ALT cells.
Second, extrachromosomal linear and circular telomere fragments that can be used as
templates in recombination are present in ALT cells. Third, telomeres have highly
heterogeneous sizes that can be explained by recombination. Finally, telomere elongation
and maintenance depends on a number of recombination proteins.

The mechanism of telomere recombination very likely resembles BIR, as there is only one
end that invades and copies telomere templates which include the opposite end of the same
chromosome, a sister chromatid, or an extrachromosomal telomere fragment. Indeed,
rolling-circle replication-mediated telomere amplification was demonstrated in yeast and in
human cell lines [40,41]. Further evidence for BIR as the mechanism of ALT comes from
studies in yeast where efficient telomere recombination required Pol32 and Pif1, proteins
also participating in BIR [7,18,42]. Surprisingly, the Reddel laboratory demonstrated
recently that ALT functions even in normal somatic mammalian cells [43]. How cancer cells
up-regulate the ALT pathway is not yet understood, but loss of the ATRX/DAXX chromatin
remodeling complex that forms heterochromatin at telomeres is a common feature of most
ALT cancers [44].

Chromothripsis
The occurrence of multiple genomic rearrangements within a cell is a well-accepted
hallmark of cancer cells. However, the recent discovery of a new phenomenon called
chromothripsis demonstrated that the complexity of chromosomal change that leads to
cancer could be more intricate than previously appreciated [45,46]. The unique feature of
chromothripsis is that many rearrangements are localized to a single chromosome and
appear to result from one catastrophic event that initiated reshuffling of this chromosome. It
was believed at first that chromothripsis was mediated by nonhomologous end-joining
(NHEJ) repair events [45,46]. However, recent studies of several neurological disorders
demonstrated that the illnesses were often caused by complex chromosomal rearrangements
that were structurally similar to those associated with chromothripsis, and also showed
similarities to changes attributed to MMBIR [47]. Since then, several other groups have
published evidence supporting the role of MMBIR in the formation of complex
chromosomal rearrangements and possibly in chromothripsis [48-53].

Non-reciprocal translocation (NRT)
NRTs are frequently observed in cancer cells. One well-known example is a pathway of
telomere acquisition described in mammalian tumors where broken chromosomes initiate
recombination with an intact donor, which in turn leads to the breakage of the donor [54].
This destabilization of the donor initiates a self-perpetuating cycle of genome-destabilizing
events that results in multiple chromosomal rearrangements. Even though the exact
molecular mechanism mediating NRT cycles remains undefined, it is possible that NRTs are
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promoted by half-crossover cascades resulting from aberrant processing of BIR
intermediates (Figure 4J).

Conclusions
Break induced replication remains one of the least characterized pathways of DSB repair.
Although BIR plays a positive role in repairing DSBs, it can alternatively be a dangerous
source of several types of genetic instabilities. Tremendous progress in whole genome
analysis revealed that BIR is likely the mechanism of multiple genomic rearrangements in
all eukaryotes, including humans. To date, there is no clear understanding of how BIR can
be transformed from a beneficial pathway aimed at rescuing cells into a dangerous
mechanism with high destabilizing potential. In addition, it remains unclear how eukaryotic
cells suppress BIR repair of two-ended breaks.

As BIR constitutes the mechanism of telomere maintenance in telomerase-negative cancers,
which often lack effective treatment, enzymes promoting BIR remain attractive targets for
cancer therapy. Therefore identification and characterization of enzymes specifically needed
for BIR serves as an immediate goal. In addition, while BIR induced by DSBs outside the
context of a replication fork was extensively studied, the repair of single-end DSBs at
collapsed replication forks in eukaryotes remains unexplored. Most importantly, BIR needs
to be further investigated in mammals, where our knowledge of BIR remains elusive. In
particular, it is critical to further characterize the role that BIR plays in promoting various
human diseases.
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Figure 1. Multiple functions of BIR
A. Replication of T4 bacteriophage. (i) Several R-loop structures mediate initial rounds of
DNA replication. (ii) End-replication problem of lagging strand, collapsed replication forks
or resection leave 3′ overhangs that initiate rounds of recombination mediated replication
(RDR). (iii) Strand invasion occurring at homologous sequence present at the other end of
the same molecule (this is possible because T4 chromosome is terminally redundant; not
shown) or at internal part of co-infected molecule (shown) as T4 DNA is circularly
permuted. B. Repair of broken replication forks in bacteria. (i) Replication fork runs into a
nick and collapses (ii). (iii) Repair of collapsed fork by BIR. Since there is only one origin
of replication (ori) extensive synthesis has to be primed from repaired replication fork to
terminator (ter). C. Telomere lengthening by recombination. (i) BIR proceeds between
telomeres of different chromosomes. (ii) BIR by rolling circle mechanism with
extrachromosomal dsDNA telomeric circles.
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Figure 2. Assembly of functional replication forks during BIR
A. Initiation of RDR replication in bacteriophage T4. Formation of a D-loop by strand
invasion of ssDNA bound to UvsX (RecA-homolog) and UvsY (mediator protein). Gp59
(helicase loading protein) is recruited to the D-loop coated by gp32. Gp59 recruits
replicative helicase, gp41, which promotes unwinding of the parent duplex. Polymerase
gp43 (together with sliding clamp (gp45) is recruited to the 3′-end of the invading strand and
initiates leading strand synthesis. Recruitment of primase gp61 may initiate lagging strand
synthesis (not shown). B. Initiation of RDR in E. coli. RecA-mediated strand invasion leads
to the formation of a D-loop covered with SSB. PriA recognizes and binds a three-way
junction formed by a D-loop and the 3′-end of the invading strand. PriA binding initiates
formation of PriA-PriB-DnaT-D-loop complex, which recruits replicative helicase DnaB to
the D-loop. DnaB then recruits primase DnaG. Next, Polymerase III is loaded to initiate
leading and lagging strand synthesis. C. Initiation of BIR in yeast. Rad51-mediated strand
invasion leads to the formation of a D-loop. Initiation of BIR involves the main replicative
helicase MCM2-7(shown) and the majority of other proteins required for initiation of S-
phase (not shown). The blue hexagon with a question mark represents an unknown
hypothetical protein that initiates recruitment of MCMs to the D-loop (similar to PriA and
gp59). DNA synthesis associated with BIR is carried out by Polδ, while the exact role of
Polε remains unclear.
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Figure 3. Models for BIR and associated mutagenesis
A. Single end invasion of 3′-end leads to the formation of a Holliday junction (HJ).
Resolution of HJ close to the position of strand invasion leads to the establishment of a
unidirectional replication fork, which carries out semi-conservative DNA synthesis. BIR
proceeding in this mode is not expected to be mutagenic. B HJ remains unresolved, and BIR
proceeds via D-loop migration associated with synchronous synthesis of the leading and
lagging strands. Both newly synthesized strands are displaced from their templates, which
leads to their conservative inheritance. C. Similar to shown in B, BIR proceeds via D-loop
migration associated with conservative inheritance of newly synthesized strands. However,
leading strand is synthesized first, while lagging strand synthesis is delayed and proceeds
using the leading strand as a template after its displacement. Replication error (for example,
nucleotide mis-incorporation; one star) remains uncorrected due to a quick dissociation of
newly synthesized DNA from its template (blue oval) (B,C). Replication error (nucleotide
mis-incorporation) is present in both strands of DNA (two stars) due to copying of error (C)
or due to inability of MMR to discriminate between two newly synthesized strands (B, black
oval).
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Figure 4. BIR-induced chromosomal rearrangements
A scheme indicating proposed pathways of BIR-induced instability. A. Invasion of 3′-
ssDNA into homologous DNA molecule. B. Replication via migrating bubble associated
with conservative inheritance of newly synthesized strands (C). D. Premature onset of
mitosis due to checkpoint failure interfering with completion of BIR. E. A pause during BIR
replication (indicated by “STOP” sign). D and E can lead to one of the following: (i) F. a
switch to MMBIR; (ii) G. dissociation of a newly synthesized strand; (iii) H. HJ resolution
leading to a half-crossover. I. Translocation resulting from recombination with homologous
sequences at ectopic position. J. Half-crossover inducing half-crossover cascades (HCC)
where template gets broken and itself initiates second round of recombination. Here broken
template gets stabilized by recombination with homologous sequences at ectopic position.
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