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Abstract

Break induced replication (BIR) is a pathway specialized in repair of double strand DNA breaks
with only one end capable of invading homologous template that can arise following replication
collapse, telomere erosion or DNA cutting by site-specific endonucleases. For a long time, yeast
remained the only model system to study BIR. Studies in yeast demonstrated that BIR represents
an unusual mode of DNA synthesis that is driven by a migrating bubble and leads to conservative
inheritance of newly synthesized DNA. This unusual type of DNA synthesis leads to high levels of
mutations and chromosome rearrangements. Recently, multiple examples of BIR were uncovered
in mammalian cells that allowed the comparison of BIR between organisms. It appeared initially
that BIR in mammalian cells is predominantly independent of RAD51, and therefore different
from BIR that is predominantly Rad51-dependent in yeast. However, a series of systematic studies
utilizing site-specific DNA breaks for BIR initiation in mammalian reporters led to the discovery
of highly efficient RAD51-dependent BIR, allowing side-by side comparison with BIR in yeast
which is the focus of this review.
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Introduction.

DNA Double strand breaks (DSBs) are a dangerous type of lesion that often happen in

a living cell due to its exposure to DNA damaging agents or can be also initiated by
replication fork collapse. The repair of a DSB can proceed via either non-homologous
end-joining that heals breaks by joining two broken ends, or by homologous recombination
(HR), which utilizes a homologous DNA region as a template to copy the DNA region

that is necessary for repair [1,2]. When two broken DSB ends are available for coordinated
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invasion of the homologous template, the repair proceeds either by synthesis-dependent
strand-annealing (SDSA) mechanism (when the newly synthesized strand gets unwound and
annealed to the second end of the DSB or by double-Holliday junction (dHJ) pathway (when
the second end of a DSB anneals to the extended D-loop). DSB repair by SDSA and dHJ
pathways leads to gene conversion (GC) involving the copying of a short DNA region to
“patch” the break (see Figure 1A, left for the example of GC formed by SDSA), and is
traditionally considered “error-free” [3]. However, in some situations only one broken DSB
end is available for invasion, and the repair of such “one-ended” breaks often proceeds by
break-induced replication (BIR) (Figure 1A, right), initiated by the invasion of one broken
DNA end into homologous template followed by long DNA synthesis [reviewed in [4-6]].

Break-Induced replication in yeast.

In eukaryotes, BIR has been originally studied in yeast Saccharomyces cerevisiae where
several experimental BIR systems were used. The most common way was employing a
site-specific endonuclease to induce chromosomal break (Figure 1B) in such a way that
only one broken end can invade the homologous region located at an allelic or ectopic
position [7-11]. In yeast, two pathways of BIR were described. Both of them require
Rad52, the main recombination yeast protein; however one of them also requires Rad51,
the main strand invasion protein, while another one is Rad51-independent, but involves
Rad59, known to assist Rad52 in single strand annealing [7,9,10,12]. The latter pathway
often leads to chromosomal rearrangements [13,14] and therefore is extremely interesting;
however, little is known about its molecular details so far, and the mechanistic knowledge
that will be presented here predominantly comes from investigation of Rad51-dependent
BIR, which is the major pathway in yeast (Figure 1C) [7,10]. From these studies, we know
that, different from a replication fork DNA synthesis, BIR is carried by a migrating bubble,
with asynchronous synthesis of a leading and lagging strands, and results in conservative
inheritance of all newly synthesized DNA [1517].

The unusual mode of DNA synthesis is the main cause of genetic instabilities that are
frequently associated with BIR. Specifically, the level of mutagenesis is greatly increased
resulting from several sources. In particular, base substitutions and frameshift mutations
occur hundreds and thousands of times, respectively, more often as compared to S-phase
DNA synthesis [15,18]. The main reasons behind increased mutagenesis include unrepaired
DNA damage introduced into single-strand (ss) DNA that is accumulated during BIR
leading strand synthesis, frequent interruptions of DNA synthesis in the context of a D-loop,
and inefficiency of mismatch repair in correction of BIR errors due to rapid dissociation

of newly synthesized DNA from its template (Figure 2A) [15,18-20]. When BIR occurs in
the presence of ssDNA-specific damaging agents, for example methyl methanesulfonate or
APOBEC3A enzyme, it leads to the formation of long mutation clusters [21,22] similar to
kataegis described in cancer [23,24]. BIR is also associated with a high level of template
switching (Figure 2B) [19,20,25], and frequently leads to chromosome rearrangements
explained by a resolution of migrating bubble intermediates leading to translocations as well
as to cascades of genome rearrangements (Figure 2B) [22,26-29].
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Initiation of BIR is preceded by a 5’ to 3° DSB end resection (Figure 1C) [30] followed

by strand invasion and priming of DNA synthesis from the invaded 3’-OH end [reviewed

in [5,6,31]]. The kinetics of BIR progression was studied for a while [7,17,32,33], but

was discerned only recently by combination of DNA purification preserving the nascent
ssDNA and employing sensitive approaches to its detection, including proximal ligation
and droplet digital PCR [34,35]. BIR synthesis is initiated ~ 1 hour following strand
invasion and proceeds with a rate of ~ 0.5 kb/min that is 6-fold slower than S-phase DNA
replication [35]. Also, it was demonstrated that without primase, leading strand synthesis

is initiated efficiently, but fails to proceed beyond 30 kb, suggesting that primase is needed
for stabilization of the nascent leading strand, probably by synthesizing Okazaki fragments.
Also, in the absence of Pol32 (Pol& subunit that is essential for BIR, but not for S-phase
DNA replication [36]), BIR synthesis can initiate and proceed for up to 15 kb [34,35],
while in the absence of Pifl, the main BIR helicase [16], BIR synthesis can start, but

is interrupted within the first 5 kb [35]. In addition, it was demonstrated that interstitial
telomeric DNA disrupts and terminates BIR progression (Figure 2C) [35,37]. Also, BIR
initiation is suppressed by transcription proportionally to the transcription level (Figure 2C),
as it was determined by following BIR initiation and progression using droplet digital PCR
[35]. In addition, it was observed that collisions between ongoing BIR and transcription lead
to mutagenesis and chromosome rearrangements at levels that exceed instabilities induced
by transcription during normal replication [35]. Polymerase & is responsible for synthesizing
both leading and lagging BIR strands [38]. Polymerase e is not required for BIR initiation
[36,38], but might participate later on the track of BIR synthesis according to some reports
[35,36].

The high level of genetic instabilities resulting from BIR makes it important to channel the
repair of two-ended breaks from BIR to gene conversion (GC). Although DNA synthesis
associated with GC presents similarities with BIR in its mechanism and the level of
mutagenesis [32,39,40], its length is shorter, which makes gene conversion a “safer” choice
as compared to BIR. Recent studies [41,42] identified several mechanisms preventing the
repair of two-ended DSBs by BIR and channeling them into gene conversion, including (a)
second end capture promoted by ssSDNA annealing proteins Rad52 and Rad59; (b) D-loop
unwinding by Mph1 helicase; (c) synchronous resection of two DSB ends promoted by
Mrell-Rad50-Xrs2 complex; and (d) heterochromatic silencing of the template mediated
by Sir2. In addition, several factors promote BIR repair, including formation of a hairpin
structure by one end or DNA damage checkpoint deficiency [43,7]. Together, BIR is the
predominant pathway to repair one-ended DSBs, while its usage for the repair of two-ended
breaks is suppressed unless only one end can be engaged.

BIR mechanism is conserved from yeast to mammals.

To model BIR in mammalian cells, EGFP-based reporters have been designed with one
available homology end by inserting the recipient and donor cassettes in a reversed
orientation [44] or with a long gap (3.8 kb) between two homologous ends [45]. In both
systems, endonuclease-induced recombination is dependent on POLD3, the ortholog of
yeast Pol32, suggesting that BIR is utilized [44,45]. POLD3-dependent BIR is also used for
long-range repeat-mediated deletion when one repeat is present at the DSB end as assayed
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in another reporter system [46]. In mammalian cells, long track gene conversion (LTGC)
refers to gene conversion with track length longer than 1-2 kb [47,48], similar to gap repair
in yeast with a large gap size [3]. Consistent with BIR being used for gap repair of the

gap sizes greater than 1-2 kb in yeast [32,41], LTGC in mammalian cells is also mediated
by BIR [45]. Hence, the mechanism to activate BIR at endonuclease-generated DSBs is
conserved, and single DSB ends or two far-apart DSB ends are the signals to be sensed to
activate BIR (Figure 1B).

In the absence of PIF1, BIR track length is significantly reduced, suggesting a conserved
function of mammalian PIF1 in promoting processive BIR replication [45]. However, while
BIR in yeast can proceed for hundreds of kbs to the end of a chromosome [7,10], BIR
track length in mammalian cells rarely exceeds 4 kbs at endonuclease-generated DSBS

as determined by analyzing BIR events using EGFP-BIR reporters [44,45] (Figure 1C).
Another difference is that while being initiated by homologous strand invasion, BIR can

be terminated by either SDSA (BIR-SDSA) or end joining (BIR-EJ) in mammalian cells
[44,45], but BIR in yeast is either completed by SDSA or proceeds to the end of the
chromosome [5]. One possibility is that BIR replisomes are less processive and more easily
disassociated from the templates in mammalian cells, and along with more robust end
joining activity than in yeast, displaced ends may have a better chance to be ligated to the
second break end [44,45,50], rather than repeatedly reinvading the templates as observed in
yeast [20] (Figure 1C).

Oncogene overexpression causes replication stress [5,6,51] and induces POLD3-dependent
DNA synthesis [44]. Replication restart from collapsed forks in Xenopus egg extracts and

in mammalian cells is mediated by BIR [45,52]. Fork breakage induced by Cas9 nickase
(Cas9n) or a common fragile site (CFS)-derived structure-prone DNA sequence (Flex1)
leads to more frequent use of LTGC than STGC, whereas at DSBs directly generated by
Cas9, STGC is used more often [45]. Furthermore, at Cas9-induced DSBs, only LTGC but
not STGC is mediated by BIR, but at broken replication forks, both STGC and LTGC utilize
BIR. Different from short BIR track length (<4 kb) at endonuclease-generated DSBs in
mammalian cells, most BIR events at broken forks are longer than ~4 kb, but the exact track
length remains to be determined [45] (Figure 3A).

The use of BIR to cope with replication stress is also supported by its involvement in
mitotic DNA synthesis (MiDAS), which often occurs at under-replicated CFSs after MUS81
cleavage [53]. MiDAS uses a conservative form of DNA synthesis and depends on POLD3
[53,54]. In yeast, R-loops and structure-prone sequences cause replication fork collapse and
activate BIR [43,55,56], and similar R-loops and DNA secondary structures are implicated
for inducing CFS breakage in mammalian cells [57]. BIR is also involved in maintaining
telomeres by alternative lengthening of telomeres (ALT) [58,59]. However, break-induced
telomere synthesis is not unique to ALT cells [58] and can be induced by aphidicolin in
non-ALT cells [60]. Fragile telomere formation in BLM- or TRF1-deficient cells due to
failure in removing G-quadruplexs (G4) at lagging-strand telomere also involves BIR [61].
Collectively, BIR is a common mechanism for repairing DSBs associated with replication
stress (Figure 3B).
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A “Recombination execution checkpoint” (REC) was proposed to determine the use of

GC or BIR in yeast: if the homologies to the two DSB ends are close to each other,

GC is activated, but if homology is only detected at one DSB end, BIR is activated

[32]. Based on the recent study, REC is likely operated at a step after strand invasion

and the initiation of DNA synthesis [35]. We propose that assembling BIR replisomes,
where PIF1 is an important component, may be an important step to activate BIR, but the
exact mechanism remains to be determined. In mammalian cells, we speculate that REC

is similarly operated to launch STGC or LTGC/BIR at replication-independent DSBs, but
at broken forks, BIR appears to be activated immediately without checking the DSB ends
(Figure 3A). One model is that PCNA and RFC, which are required for BIR [45,52,58], are
already present and modified on forks upon replication stress to activate BIR (Figure 3A,
right), but at replication-independent DSBs, PCNA and RFC are not initially present and
need to be recruited and/or modified after REC detects a need for BIR (Figure 3A, left). At
broken forks, additional accessory factors are likely recruited to make BIR replisomes more
processive than that at replication-independent DSBs.

Based on the study using reporter systems, BIR with substantial homology (1.3 kb or 0.3 kb)
at one DSB end is dependent on RAD51, BRCA1, BRCA2, MRE11 and CtIP, suggesting

a highly efficient RAD51-dependent BIR is operated in mammalian cells [45,62] (Figure
1C). However, MiDAS exhibits independence of RAD51 and BRCAZ2, but requires RAD52
[54]. Different from Rad52 in yeast, RAD52 is not essential for HR in mammalian cells

as BRCA2 serves as the RAD51 mediator instead of RAD52 [63]. At the point where

cells are undergoing mitosis, end resection and RAD51 filament formation are compromised
[64], and conceivably this results in RAD51-independent and RAD52-dependent MiDAS.
RAD52-dependent BIR is also a dominant mechanism for ALT and break-induced telomere
synthesis, but a RAD52independent pathway also exists [58,65-68]. RADS52 is recruited to
ALT telomeres under replication stress at telomeres, and is required for spontaneous ALT
telomere synthesis and maintenance, but is dispensable for DSB-induced telomere synthesis
[65]. The dominant role of RAD52 in ALT may be attributed to its function to promote
telomeric single-strand DNA annealing and D-loop formation at telomere sequences [66].

Conclusions and speculation

While BIR has been more extensively studied in yeast, similar RAD51-dependent and
RADS51-independent BIR pathways have been found in mammalian cells, but the detailed
mechanisms still require further investigation, especially for RAD51 -independent and
RAD52-dependent BIR. In yeast, BIR is associated with a hyper mutation rate, APOBEC-
induced mutagenesis and complex chromosome rearrangements that are frequently observed
in cancer, making it important to evaluate the mutagenic consequence of BIR directly in
mammalian cells. Study of copy number variation (CNV) associated with human diseases
leads to the proposal of microhomology-mediated break-induced replication (MMBIR) [69].
In yeast, interruption of BIR triggers a switch from BIR to MMBIR [19] and similar
microhomology-mediated template switching was also observed in association with gene
conversion [70]. It would be extremely interesting to study whether similar microhomology-
mediated mechanisms are involved in mammalian cells. While replication stress appears as
a key factor to induce BIR at replication forks, under-replicated DNA at CFSs and damaged
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telomeres in mammalian cells, in yeast, BIR at broken forks seems to be suppressed
by converging forks [71]. Side-by-side studies in yeast and mammalian cells will surely
uncover new mechanisms governing BIR regulation in response to replication stress. As BIR
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Figure 1. BIR is a conserved mechanism in yeast and mammals.
(A). Schematic drawing of homologous recombination pathways to repair DSBs. (SSA is

shown as a representative pathway to repair two-ended DSBS).

(B). The configurations of DSB ends to activate BIR at endonuclease-generated DSBs.
(C). Comparison of BIR at endonuclease-generated DSBs in yeast and mammals. Factors
that have been identified important for BIR at endonuclease-generated DSBs are shown.
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Figure 2. The mechanisms of genetic instabilities associated with BIR in yeast.
(A). Mutations associated with BIR: (i) base substitutions and mutation clusters resulting

from unrepaired lesions accumulated in the long ssDNA tract behind the BIR bubble; (ii)
frameshifts resulting from leading strand slippage within a D-loop.

(B). Chromosome rearrangements initiated by interruption of BIR synthesis: (i) template
switching initiated by dissociation of 3’ end from its template followed by annealing at
microhomology in the region of sSSDNA accumulated behind the BIR bubble, followed by
initiation of DNA synthesis that is eventually disrupted causing a second template switch
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by reannealing to the original track of BIR through microhomology; (ii) Half-crossovers
and half-crossover cascades resulting from the resolution of the migrating bubble leading to
fusion of the recipient and donor chromosomes.

(C). Obstacles on a way of BIR promoting genome instability. Top: Initiation of BIR
synthesis is suppressed in the vicinity of head-on transcription. Middle: Collision of ongoing
BIR with head-on transcription promotes genomic instability. Bottom: passage of BIR
through interstitial telomere leads to BIR interruption and capping by de-rnovo telomere. t/c:
transcription unit; tel: interstitial telomere.
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Figure 3. BIR is involved in repairing DSBs associated with replication stress.
(A). Activation of BIR is differently regulated at DSBs generated by endonucleases

(replication-independent) and replication-associated DSBs. REC is only required for BIR
activation at replication-independent DSBs.
(B). Replication stress induced by various causes activation of BIR not only at single-ended
DSBs (seDSBs) but also at double-ended DSBs (deDSBs) generated after fork converging.
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