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Abstract

Break-Induced Replication (BIR) is an important pathway specializing in repair of one-ended
double-strand DNA breaks (DSBs). This type of DSB break typically arises at collapsed
replication forks or at eroded telomeres. BIR initiates by invasion of a broken DNA end into a
homologous template followed by initiation of DNA synthesis that can proceed for hundreds of
kilobases. This synthesis is drastically different from S-phase replication in that instead of a
replication fork, BIR proceeds via a migrating bubble and is associated with conservative
inheritance of newly synthesized DNA. This unusual mode of DNA replication is responsible for
frequent genetic instabilities associated with BIR, including hyper-mutagenesis, which can lead to
the formation of mutation clusters, extensive loss of heterozygosity, chromosomal translocations,
copy-number variations, and complex genomic rearrangements. In addition to budding yeast
experimental systems that were initially employed to investigate eukaryotic BIR, recent studies in
different organisms including humans, have provided multiple examples of BIR initiated within
different cellular contexts, including collapsed replication fork and telomere maintenance in the
absence of telomerase. In addition, significant progress has been made towards understanding
microhomology-mediated BIR (MMBIR) that can promote complex chromosomal
rearrangements, including those associated with cancer and those leading to a number of
neurological disorders in humans.
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Pathways of double-strand break repair

Double-strand breaks (DSBs) are dangerous and potentially lethal events that can result from
many sources including, a collapse of DNA replication, problems in chromosome
segregation, and exposure to DNA damaging agents. The repair of DSBs is essential for cell
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survival and for preventing genome instability. However, some DSB repair pathways can
also be destabilizing, which makes the choice of repair very important. In general, DSB
repair occurs by non-homologous end joining (NHEJ) or by homologous recombination
(HR). NHEJ heals breaks by joining two broken DNA ends (see (Rodgers and McVey, 2016)
for further details). NHEJ has traditionally been considered error-prone because it does not
use a homologous template for repair and often results in the loss of genetic material. In
contrast, repair by HR utilizes a sister chromatid, a homologous chromosome, or a
homologous region of another chromosome as a template to heal the break. Usually HR
results in accurate repair, however, there are many cases where it leads to problems,
including mutations and chromosomal rearrangements making HR repair an important
contributor of genome instability (reviewed in (Malkova and Haber, 2012, Rodgers and
Mc\ey, 2016). HR repair is further subdivided into several pathways, including: (i) gene
conversion (GC), which can occur via gap repair or by synthesis-dependent strand annealing
(SDSA), (ii) single-strand annealing (SSA), and (iii) break-induced replication (BIR).

For the initiation of all HR repair pathways, DSB resection is required. In the case of GC
and BIR, resection is followed by Rad51-mediated strand invasion of the broken DNA end
into a donor DNA template, which leads to initiation of repair synthesis that restores the
broken DNA back into double-stranded DNA (dsDNA). GC is associated with short patch
repair synthesis, and can be also associated with crossing-over, which results in the
exchange of genetic material at flanking regions, and can yield such phenomena as sister
chromatid exchange, loss of heterozygosity, meiotic crossing-over, and translocations.
Importantly, GC occurs in situations when both sides of the break are homologous to the
donor and participate in repair. In contrast, BIR is employed when only one end of a break
can find a homologous template for repair. This scenario may arise at eroded telomeres, in
situations when a replication fork encounters nicked DNA that subsequently is converted
into one-ended DSBs, or in cases where one of two broken DSB ends fails to find a
homologous partner. BIR may also occur when two ends of a break find homologous
templates independently of each other, for example at different ectopic positions.

Experimental systems to study BIR

BIR was first described as a pathway responsible for late replication in bacteriophage T4,
and was named Recombination-Dependent Replication (RDR) (Luder and Mosig, 1982,
Kreuzer et al., 1995, Kreuzer and Brister, 2010). RDR was also found in Escherichia coli, as
a process responsible for stable DNA replication (Asai et al., 1993, Asai et al., 1994), DSB
repair (Asai et al., 1993, Asai et al., 1994, Kuzminov and Stahl, 1999), repair of collapsed
replication forks (Heller and Marians, 2006, Gabbai and Marians, 2010), and for the
formation of adaptive mutations (Cairns and Foster, 1991, Harris et al., 1994). Overall, the
large body of information about RDR in bacteria and bacteriophage systems have been
thoroughly summarized previously (Malkova and Haber, 2012, Sakofsky et al., 2012,
Malkova and Ira, 2013) and will not be reviewed here. In this review we will focus on BIR
in eukaryotes, with a special emphasis on data that has recently become available, as well as
on existing questions in the field that require further investigation.
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Initially, the only eukaryotic organism where BIR was investigated was the budding yeast,
Saccharomyces cerevisiae. Several different approaches were developed to study BIR in this
organism. First, transformation of yeast cells with a linearized DNA fragment was used to
initiate BIR by strand invasion of the broken fragment end into a homologous chromosomal
region (Morrow et al., 1997). It was demonstrated that BIR initiated in this way can proceed
for hundreds of kilobases leading to the stabilization of the fragment. The second approach
employed HO site-specific endonuclease to induce a chromosomal DSB in such a way that
only one broken DNA end could find homology in the yeast genome for strand invasion,
which was followed by initiation of BIR (Malkova et al., 1996, Morrow et al., 1997, Bosco
and Haber, 1998). This approach allowed for both genetic and physical monitoring of BIR,
which led to the discovery of Rad51-dependent (Davis and Symington, 2004, Malkova et al.,
2005) and Rad51-independent BIR (Malkova et al., 1996, Davis and Symington, 2004). In
addition, this approach allowed the mode of BIR synthesis to be determined (Donnianni and
Symington, 2013, Saini et al., 2013), as well as enabled a number of genomic destabilizing
events resulting from BIR to be characterized (Deem et al., 2008, Sakofsky et al., 2014,
Vasan et al., 2014, Sakofsky et al., 2015). A third approach used yeast strains that lacked
telomerase, which maintained their telomeres using the alternative lengthening of telomeres
(ALT) pathway that proceeds via BIR (Le et al,, 1999, Lydeard et al.,, 2007). Additional
insight into BIR became possible by the development of new assays where a site-specific
DNA nick was introduced and later converted to a one-ended DSB during replication that
can initiate BIR (Cortes-Ledesma and Aguilera, 2006, Nielsen et al., 2009, Katz et al., 2014,
Mayle et al., 2015). Investigation of DNA repair initiated by replication fork collapse in
other studies has also provided important information about BIR, as well as about
microhomology-mediated BIR (MMBIR), a variation of the BIR pathway (Lemoine et al.,
2005, Narayanan et al., 2006, Payen et al., 2008, Kim et al., 2017).

Recently, the development of several new experimental systems has allowed the
investigation of BIR in higher eukaryotes. First, a system in Xenopus laevis egg extracts has
been used to study how replication restarts following replication-induced one-ended DSBs
(Hashimoto and Costanzo, 2011). In this system, replication stress from aphidicolin resulted
in the accumulation of single-stranded (ss) DNA which was cut by a single-strand specific
nuclease (S1 or mung bean), thus generating a single-end break. The authors observed the
restoration of the replisome by a Rad51-dependent BIR-like pathway.

Also, a reporter-based system employed in mammalian cell lines enabled the first genetic
study of BIR to be conducted in mammalian cells (Costantino et a/., 2014). Additional
insight came from studies of long-tract gene conversion (LTGC) that is activated in BRCA1-
defective mammalian cells and appears mechanistically similar to BIR (Chandramouly et al.,
2013). Further studies will be needed however, to determine if the properties of BIR (e.g.,
long, conservative replication) observed in yeast are similar to what has been observed in
higher eukaryotes. Also, a number of important findings has recently come from studies of
ALT (proceeding via BIR) performed in human cancer cells lacking telomerase (Cho et al.,
2014, Dilley et al., 2016, Garcia-Exposito et al., 2016, Roumelioti ef a/., 2016), and even in
normal somatic mammalian cells (Neumann et al., 2013). Finally, investigation of repair
DNA synthesis initiated by replication collapse at mammalian fragile sites has recently
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become an important source of information about BIR and MMBIR (Minocherhomji et al.,
2015, Bhowmick et al., 2016).

Initiation of BIR.

Budding yeast was the first eukaryotic organism used to study initiation of BIR and
therefore, we will begin summarizing important findings obtained in this organism. In
particular, it was demonstrated that BIR starts by 5’3’ DSB resection that can be extensive
and leads to the formation of a 3’ single-stranded DNA initiating the search for a
homologous DNA template (Figure 1A) (Chung et a/., 2010). The interaction between the
exposed ssDNA and homologous template requires Rad52 and can proceed via Rad51-
dependent or Rad51-independent BIR pathways (Malkova et a/., 1996, Davis and
Symington, 2004, Malkova et al., 2005). The Rad51-dependent pathway is more efficient,
requires significant (more than 200bp) regions of homology between recombining DNA
molecules (Lydeard et a/., 2007), and involves Rad55, Rad57, and Rad54 (Signon et al.,
2001).

Rad51-independent BIR is a less efficient pathway, and this pathway, in addition to Rad52,
also depends on Rad59 as well as on Mrel11-Rad50-Xrs2 complex and on Rdh54 Swi2/Snf2
chromatin remodeler complex (Malkova et al., 1996, Signon et al., 2001). Rad51-indepenent
Rad52-dependent BIR was first described in yeast diploids where an HO-induced DSB was
introduced in the middle of chromosome 111 (Malkova et al., 1996). Despite the large regions
of homology between homologous chromosomes, recombination induced in rad51A diploids
almost never occurred at the break, likely due to the inability of efficient strand invasion in
the absence of Rad51. Instead, the broken ends were resected back 30kb or more, until two
closely spaced inverted Tyl elements were exposed (Malkova et al., 2001, VanHulle et al.,
2007, Downing et al., 2008). This promoted inter-sister single-strand annealing between
inverted Tyl repeats resulting in the formation of dicentric inverted dimers, which
subsequently induced a cycle of chromosome breakage and recombination events, which
allowed to maintain the broken chromosome through multiple cell generations leading
eventually to a variety of chromosomal rearrangements. These rearrangements resulted from
Rad51-independent BIR that proceeded via strand invasions into multiple positions of Tyl
elements dispersed throughout different regions of the genome.

Downing et al. proposed that Rad51-independent BIR proceeds via Rad52-mediated
annealing of a broken DNA end to ssDNA regions that are homeologous or contain only
small amounts of homology, and that are formed from secondary DNA structures,
replication, or transcription (Figure 4A) (Downing et a/., 2008). These authors observed that
Rad51-independent BIR was suppressed in rad54A strains where Rad51 filaments could
form, but was activated in both rad51A and rad51A raad54A double mutants. Based on these
observations, the authors proposed that so-called Rad51-independent BIR is actually
suppressed by Rad51 filaments, which preclude interactions between DNA containing only
limited homology. BIR operating at short regions of homology that is also suppressed by
Rad51 was proposed to mediate repair initiated by HO cleavage between inverted repeats
that shared only 33-bp homology on plasmid DNA (Ira and Haber, 2002). The authors
proposed that these events proceed via Rad51-independent BIR followed by SSA. The
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preference of Rad51-independent BIR for short regions of homology (or homeology)
allowed Hastings et al. to propose that this pathway is similar or overlaps with another
branch of BIR called microhomology- mediated BIR, or MMBIR (Hastings et al., 2009a).
Rad51-independent MMBIR that was at least in part dependent on Rad52 was an underlying
source for the formation of segmental duplications in yeast initiated by replication stress
(Payen et al., 2008). In addition, recent data suggest that BIR often proceeds via a Rad52-
dependent Rad51-independent mechanism in mammals when breaks occur at telomeres
(ALT), or when cells experience replication stress from replication fork breakage at fragile
sites or from overexpression of oncogenes (Costantino ef a/., 2014, Minocherhomji et al.,
2015, Bhowmick et al., 2016, Dilley et al., 2016, Sotiriou ef al., 2016). Importantly, BIR in
mammals also may proceed via annealing at microhomologies, and the presence of Rad51
seems to suppress this Rad51-independent MMBIR repair (see below for more details). This
pathway was proposed as a mechanism responsible for complex genomic rearrangements
detected in patients with a number of neurological diseases (reviewed in (Carvalho and
Lupski, 2016)). Hastings et al. proposed that such MMBIR events can be stimulated by
temporal suppression of Rad51(Hastings et a/., 2009b), while Carvahlo et al. proposed that
initiation of BIR can lead to a switch to MMBIR that can proceed without dependence on
Rad51 (Carvalho et al., 2013, Carvalho et al., 2015, Carvalho and Lupski, 2016). Overall,
BIR appears to be especially dangerous when it is initiated in the absence of Rad51 because
it proceeds by annealing at microhomologies mediated by Rad52. This pathway is likely
stimulated by conditions that promote the formation of sSDNA templates. One recent
example supporting this idea comes from the demonstration that an increased level of
TERRA transcription (transcription of RNA encoded by telomeres) causes massive
formation of R-loops, which are structures induced by formation of RNA-DNA hybrids that
lead to exposure of ssDNA regions. The formation of these R-loops stimulates Rad51-
independent BIR at telomeres (Yu et al., 2014) (see below for details). Overall, Rad51-
independent BIR is much less efficient in yeast as compared to Rad-51-dependent BIR,
which makes it difficult to study its mechanism at the molecular level.

Unusual DNA synthesis associated with BIR

The delayed initiation of BIR synthesis

DNA synthesis has been studied in detail for only Rad51-dependent BIR, and therefore this
is the pathway we will focus on here. The initiation of BIR synthesis can take several hours
longer as compared to gene conversion, while the exact kinetics of BIR initiation and the
extent of the delay has varied for different experimental systems (Malkova et af., 2005,
Donnianni and Symington, 2013). The long delay in initiation of BIR was proposed to result
from a recombination execution checkpoint (REC) expressed in response to the absence of
the second DSB end capable of participating in repair (Jain et al., 2009). While the details of
how this checkpoint functions remain unknown, it appears that two helicases, Sgs1 and
Mph1, mediate its operation (Jain et al, 2009, Jain et al., 2016). When only one side of a
break invades a homologous region, these helicases may promote multiple rounds of
dissociation and reinvasion of the broken DNA end into its template. Importantly, the double
deletion of MPH1 and SGS1I significantly accelerates the initiation of BIR (Jain et al., 2016).
In addition, the absence of Mph1 can also shift the competition between GC and BIR in the
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The unusual

direction of BIR (Mehta et a/., 2016). The idea of multiple rounds of strand invasions was
proved by the discovery of Symington and colleagues who analysed BIR using the
chromosome fragmentation assay in diploid cells with polymorphic chromosome 111
homologues (Smith et al., 2007). They observed that more than 20% of BIR products were
derived from both copies of chromosome |11, which led them to conclude that BIR
undergoes frequent cycles of strand invasions called template switching. Importantly,
deletion of MPHI eliminates template switching, consistent with a key role of this helicase
in dismantling D-loops leading to an interruption of BIR. (Stafa et a/., 2014). In addition, the
overall increase of BIR efficiency in the absence of Mph1 protein, suggested that multiple
cycles of strand invasions may occur even in situations when template switching was not
detected (Stafa et al., 2014, Mehta et al., 2016). Another important observation was that
template switching events only occurred over a 10-kb region of initial BIR synthesis (Smith
et al., 2007). Based on this result, the authors proposed that stabilization of BIR synthesis
occurs after approximately 10-kb of synthesis, however, the reasons for this stabilization
remain unknown. Also, Anand ef al. examined similar template switching using a yeast
system where a single DSB was repaired by a two-step process that first involved BIR,
which was then followed by a template switch that led to the formation of complex
translocations that reconstituted a URA3 gene (Anand et al., 2014). In particular, they
observed that template switching events required less homology between recombining
molecules and was less dependent on Rad51 than the original strand invasion, but was
instead dependent on Rdh54 protein.

mode of DNA synthesis.

From the time BIR was discovered, two major models of its DNA synthesis were postulated.
According to the first model, the D-loop was resolved to form a normal replication fork
associated with synchronous leading and lagging strand synthesis and semi-conservative
inheritance of newly-synthesized strands. In the second model, BIR is carried out by a
migrating D-loop (bubble), where branch migration of an unresolved Holliday junction (HJ)
promotes the displacement of a newly synthesized strand and therefore leads to conservative
inheritance of nascent DNA (Figure 1) (reviewed in (Anand et a/., 2013, Malkova and Ira,
2013)). The second model was found to be true for BIR that was initiated in yeast by HO-
induced DSBs and that proceeded by using another chromosome as a template during the G2
stage of the cell cycle (Donnianni and Symington, 2013, Saini et a/., 2013, Wilson et al.,
2013). The main molecular intermediate of this synthesis, a migrating bubble, was detected
using two-dimensional gel electrophoresis, while the conservative mode of synthesis was
demonstrated using molecular combing analysis and by a combination of Southern and
Western hybridization techniques. Another important feature of BIR synthesis is the
asynchrony between leading and lagging strand synthesis (Saini ef a/., 2013). In particular,
only the leading strand synthesis is initiated by the extension of the 3’-OH broken DNA end,
and is accumulated as sSDNA behind the BIR bubble. Later, this strand serves as a template
for lagging strand synthesis, a process that remains uncharacterized in BIR. In particular, it
remains unclear when lagging strand synthesis starts and how it proceeds. For example, it is
unknown whether lagging strand synthesis proceeds via the formation of Okazaki fragments
as discontinuous synthesis, or as continuous synthesis beginning from the terminal end of
the leading strand followed by contiguous synthesis to its completion. It is likely that the HJ
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structure formed at the beginning of BIR remains unresolved and that bubble migration
proceeds until the end of the chromosome. This suggestion came from the observation that a
single deletion of a gene encoding a structure-specific nuclease, either MUS81 or YENA,
had a very small effect on BIR that was initiated by HO endonuclease at G2 stage of the cell
cycle, and which proceeded by using another chromosome, while the deletion of both of
these genes still only led to a small decrease in BIR efficiency (Wilson et al., 2013). The
small decrease of BIR efficiency in the double mutant might reflect the need for these
enzymes to resolve the intermediates of stalled BIR to enable BIR to re-start. In either case,
however, it is the unusual mode of DNA synthesis during BIR that is the underlying source
of many different BIR-associated genetic instabilities, including mutations and chromosomal
rearrangements (see below). Interestingly, Mus81 is capable of resolving intermediates of
BIR initiated during S-phase by a replication collapse through an ssSDNA nick that initiates
BIR progression using a sister chromatid as a template (Mayle et a/., 2015). In this situation,
the resolution promoted by Mus81 may interrupt BIR, which allows a colliding replication
fork to reach the region of BIR collapse, or it may promote the establishment of a normal
replication fork. The molecular mechanisms behind the differential resolution of BIR
intermediates during G2 vs S-phase of the cell cycle remain unclear.

DNA polymerases

Studies in budding yeast demonstrated that all three replicative polymerases, Pola, Pols and
Pole participate in BIR (Lydeard et a/., 2007). However, their exact roles and the distribution
of labor between these enzymes in BIR remain unclear. Despite the gaps in our knowledge,
at this point there has been a lot of evidence in support of Pol8 playing a very important role
in BIR (Lydeard et al., 2007, Deem et al., 2008, Smith et al., 2009). It likely performs the
bulk of leading strand synthesis, and may participate in lagging strand synthesis. A specific
feature of BIR is its dependence on Pol32, a subunit of Pol& which is not essential for S-
phase DNA synthesis. The exact reason behind the requirement for Pol32 during the course
of BIR remains unclear. During S-phase replication, Pol32 enables Pol§ to carry out DNA
synthesis via strand displacement (Stith et a/., 2008), thus it possible that BIR leading strand
synthesis executed by Pol8 is mechanistically similar to this displacement mode of synthesis
(reviewed in (McVey et al., 2016). Pol32 is also required for Rad51-independent BIR,
including MMBIR (Payen et al., 2008), Rad51-indepenent BIR promoting alternative
telomere maintenance in yeast and humans (Lydeard et a/., 2007, Dilley et al., 2016), and
BIR initiated in human cells by the collapse of a replication fork (Costantino et al., 2014,
Minocherhomji et al.,, 2015, Bhowmick et al., 2016, Sotiriou et al., 2016). In general, the
dependence on Pol32 has become a key factor allowing BIR to be implicated in various
DNA repair and/ or chromosome rearrangement pathways. However, this criterion should be
used with caution since Pol32 was also shown to impact other repair pathways, including
gene conversion and MMEJ (Jain et al., 2009, Villarreal et al., 2012). The exact role of Pole
in BIR remains unclear. Pole is not required for initial BIR synthesis, but is needed for
efficient BIR to continue after the first several kilobases of synthesis even though at least
25% of the final BIR product can be synthesized in its absence (Lydeard ef a/., 2007). In
addition, the non-essential subunits of Pole, Dpb3 and Dpb4, are not required for BIR
(Lydeard et al., 2010).
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BIR requires Pola-primase and two factors that help Pola. remain processive, Mcm10 and
Ctf4 (Lydeard et al., 2007, Lydeard et a/., 2010). In addition, several other factors known as
pre-replication origin-loading factors, such as Dpb11-Sld2, and Sld3 are also involved in
BIR. Importantly, without Pola-primase and all of these other factors, even the initial
extension of the 3’ end (the start of leading strand synthesis) was not observed. While the
involvement of Pola-primase in lagging strand synthesis is expected, it remains unclear why
it would be required to initiate the synthesis of the leading strand since this strand contains a
3’-0OH end, which by itself is sufficient to prime DNA synthesis. To explain this puzzling
result, Lydeard et al. proposed that leading and lagging strand synthesis are tightly
coordinated, and therefore leading strand synthesis cannot proceed when lagging strand
synthesis is halted due to the absence of Pola-primase. However, in later studies, it became
clear that BIR lagging strand synthesis is dis-coordinated from the leading strand (Saini et
al., 2013), and therefore other possibilities to explain the role of Pola in BIR should be
considered. It is possible that the invading 3’-OH DNA does not make a good primer
because it is either not well annealed to the template, it is degraded, or it just cannot serve as
a good substrate for Pol6 to initiate replication. It was also suggested that Pol6 cannot
efficiently initiate synthesis in the context of a D-loop (reviewed in (Mc\ey et al., 2016). For
example, in DT40 chicken cells, as well as in mammalian cells, synthesis inside the D-loop
is started by translesion polymerase Poln, and only later continued by Pol8. Experiments in
yeast found no BIR defects in the absence of Poln or PolC (another translesion polymerase)
(Deem et al.,, 2011), but it remains possible that these polymerases participate. Finally, it is
possible that leading strand BIR synthesis can in fact be initiated without Pola., but the
intermediates of this reaction (with only leading strand initiated) cannot be detected due to
their instability.

DNA helicases and other replication proteins

Another important and not fully answered question concerns the identity and respective roles
of helicases supporting the movement of the BIR bubble. Lydeard ef a/. proposed that BIR,
similar to S-phase replication, uses the Mcm2-7 helicase complex as its main replicative
helicase (Lydeard et a/., 2010). In addition, they showed that initiation of BIR also requires
Cdc45, Cdtl, and the GINS complex, which all participate in the initiation of S-phase
replication at replication origins. However, later experiments performed by Ira and
colleagues came to a different conclusion, possibly due to the utilization of a different assay.
They found that the MCM complex is in fact not essential for BIR (Wilson et al., 2013).
Instead, they determined that another helicase, Pif1, is essential for long-range BIR and in its
absence BIR cannot proceed beyond 20kb of synthesis (see also in (Saini et a/., 2013)).
However, the specific role that Pifl is playing during BIR is not fully understood. Several
different and not mutually exclusive roles of Pifl in BIR have been proposed, including
operating ahead of the replication bubble to unwind duplex DNA, recruiting and stabilizing
Pol$ to the BIR bubble, and tracking behind the replication bubble to “pull’ the newly
synthesized DNA strand in order to overt topological hindrance of the nascent strand with
the template strand (Wilson et al., 2013). Overall, future studies will be needed to better
understand how BIR helicase functions are distributed between MCM, Pifi, and/or other
helicases.
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Similar to normal DNA replication, PCNA plays an important role in BIR. Interestingly,
Lydeard et a/. identified that BIR-specific mutations in PCNA, pol30-FF248,249AA,
suppress BIR, but not S-phase replication (Lydeard et al., 2010). Surprisingly, these
mutations are dominant, suggesting that even one mutant subunit in a PCNA trimer can
make BIR defective. Another important participant of BIR is the single-stranded DNA
binding protein, RPA. The requirement of RPA stems from the need to protect single-strand
DNA that accumulates and persists in large amounts during BIR due to extensive DSB
resection and during leading strand synthesis. Symington and colleagues observed that
hypomorphic alleles of RFAZ, the gene encoding the large RPA subunit, caused a profound
BIR defect, while S-phase DNA replication and gap repair were either mildly affected, or
not at all (Ruff et al,, 2016). The observed BIR defect was consistent with a problem at the
beginning of BIR when strand invasion is occurring. The authors proposed that the deficit of
RPA binding led to problems of Rad51 loading, thus compromising strand invasion and
leading to the loss of the 3’ssDNA invading end, which lacks protection by RPA thus
allowing degradation by the Sgs1/Dna2 complex.

Hyper-mutagenesis associated with BIR

DNA synthesis associated with BIR is extremely imprecise. The first implication that BIR
was mutagenic came from the observation of frequent template switching events at the
beginning of BIR synthesis that were explained by low processivity of BIR (Smith et al.,
2007). These template switches were restricted to the first 10kb of BIR, after which a more
processive BIR was established. Interestingly, despite even an apparently processive BIR,
the level of mutagenesis still remains high. This was first demonstrated by Deem et a/. using
a disomic yeast experimental system wherein /ys2 frameshift reporters were inserted in a
chromosome that served as a template during BIR at different distances from the place of
BIR strand invasion (Deem et al., 2011). Deem et al. observed that the frequency of
frameshifts during BIR was approximately 1000-fold higher than in normal DNA
replication, and this high increase of frameshifts was observed at all positions throughout the
track of BIR (Deem et al., 2011). The majority of mutations were deletions of one
nucleotide and were consistent with polymerase slippage (Figure 2A). Some of the
mutations were likely formed as a result of jumps between quasi-palindromic sequences.
Importantly, Pols, the main replicative polymerase, was responsible for the majority of
frameshift mutations associated with BIR. The likely reason for the reduced fidelity of Pol&
is a bubble-migration mechanism that may lead to increased frequency of Pol§ dissociations
from the template. In addition, a bubble migration mechanism associated with rapid
dissociation of newly synthesized DNA from its template likely interferes with mismatch
repair (MMR) of mispairing errors resulting from BIR. Indeed, while MMR is able to
correct some BIR errors, its efficiency is significantly lower as compared to MMR efficiency
during S-phase replication (Deem et al., 2011). Additionally, another contributor to
increased frameshifts during BIR was found to be increased nucleotide pools at the time of
BIR (Deem et al., 2011).

Importantly, base substitutions also increase during BIR. In particular, the rate of base
substitutions in the ura3-29reporter placed on the track of BIR, which is capable of
reverting to Ura* via C—T, C—G, and C—A base substitutions, increased more than 500
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times as compared to reversions during S-phase DNA replication (Saini ef a/., 2013). The
increase of base substitutions resulted from another unusual property of the BIR mechanism:
the asynchrony between leading and lagging strand synthesis that results in long sSDNA
regions accumulating during leading strand synthesis behind the BIR bubble (Figure 2B)
(Saini et al., 2013). It is known that ssDNA is mutagenic, particularly in combination with
DNA damaging agents (Yang ef a/., 2008). This is because lesions formed in sSDNA go
unrepaired, since DNA repair pathways usually require another, undamaged DNA strand as
a template for repair. Therefore, DNA damage tend to accumulate in ssDNA and can be
bypassed by translesion synthesis polymerases that incorporate erroneous bases opposite the
lesion (Yang et al., 2008, Roberts et al., 2012, Sakofsky et al., 2014). In the case of BIR, the
long stretch of ssDNA accumulating behind the replication bubble is indeed highly
vulnerable to DNA damage, and constitutes the major source of hyper-mutagenesis
associated with BIR. In particular, using a ura3-29 reversion assay, Saini et al. demonstrated
that the mutagenic effect of BIR synergized with the effect of a sSSDNA specific mutagen,
methyl methanesulfonate (MMS) that attacks cytidines and adenosines in sSDNA at the N3
and N1 positions, respectively, creating highly mutagenic DNA damage (Saini et al., 2013).
Importantly, the synergistic effect (20-fold increase of Ura™ to Ura™ reversions upon
exposure to MMS as compared to cells undergoing BIR without MMS exposure) was
specifically observed for one orientation of the wra3-29reporter that placed the cytidine in
the mutant position in ssSDNA (leading strand) formed by BIR synthesis. These data
provided convincing evidence that DNA damage in the context of sSDNA generated during
BIR is a potent source of hyper-mutagenesis. In another study, the cells undergoing BIR
were exposed to MMS, and the unselected BIR outcomes were analyzed by whole genome
sequencing (Sakofsky et al., 2014). The authors observed that BIR was a potent source of
mutation clusters that shared similar characteristics to mutation clusters found in several
types of cancers that resulted from ssDNA damage introduced by APOBEC cytidine
deaminases (Nik-Zainal et al., 2012, Roberts ef al., 2012, Roberts et al., 2013). The mutation
clusters observed in association with BIR were almost exclusively localized to the
chromosome 111 region surrounding the HO-induced DSB that initiated BIR and extended up
to 115kb in length (out of approximately ~ 120kbs that were potentially copied during BIR
in the experimental assay). Also, as predicted from the established MMS mutation
specificity, mutations in BIR clusters were located at positions of cytidines and also (less
frequently) at the positions of adenosines, specifically in the leading strand which persists as
ssDNA during BIR synthesis. In addition, mutation clusters detected in this study were
frequently associated with chromosomal rearrangements that likely resulted from pausing of
the BIR bubble at the positions of DNA damage in the BIR template. This was similar to
APOBEC-induced clusters observed in cancer cells that are also frequently associated with
chromosomal rearrangements (reviewed in (Roberts and Gordenin, 2014, Chan and
Gordenin, 2015)). Overall, it is likely that BIR is a prominent source of mutation clusters not
only in yeast, but also in cancer genomes where APOBEC enzymes could damage ssDNA
accumulated during BIR.
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BIR promotes half-crossovers and non-reciprocal translocations

The replication bubble established during BIR is highly unstable and is a potent contributor
of chromosomal rearrangements. Two major types of chromosomal rearrangements
associated with BIR include (i) non-reciprocal translocations (NRTS) resulting from strand
invasion into a non-allelic position (Figure 3A) (Bosco and Haber, 1998, Lydeard et a/.,
2007), and (2) half-crossovers (HC), resulting from fusions between donor and recipient
chromosomes participating in BIR (Figure 3B) (Deem ef al., 2008, Smith et al., 2009). NRTs
result from BIR that proceeds via invasion of repetitive DNA, typically abundant throughout
the genome, such as transposable elements (Ty and delta elements in yeast). Excessive
resection at a DSB prior to BIR initiation can expose repetitive elements that allow
recombination with other repetitive elements located at ectopic positions resulting in BIR-
induced NRT events (Figure 3A) (VanHulle et al., 2007, Deem et al., 2008, Vasan et al.,
2014).

Formation of HCs results from interruption of BIR, leading to the resolution of BIR
intermediates followed by the fusion between parts of recombining molecules while other
parts remain broken or lost. HCs are formed in situations where initiation of BIR (strand
invasion) occurs, but DNA synthesis is compromised (Figure 3B). For example, HCs were
frequent in yeast strains containing Pol& mutations, including po/3-ct, pol3-Y708A, and
pol32A that hindered initiation of DNA synthesis (Deem et al., 2008, Smith et al., 2009,
Vasan et al.,, 2014). In addition, a po/3-t mutation, which is known to decrease processivity
of Pol§, also promoted an increase in HCs (Vasan et al., 2014). An increase in the incidence
of HCs have also been observed when BIR initiates in cells with defective or absent Pifl
helicase. Pifl is essential for long-range BIR synthesis, and in its absence BIR synthesis is
interrupted within the first 20kb, leading to rearrangements (Saini et al., 2013, Wilson et al.,
2013, Sakofsky et al., 2015). Also, BIR pausing induced by DNA damage in the BIR
template, can promote HC formation (Vasan et al., 2014). It was suggested that unrepaired
damage in double-strand DNA ahead of BIR replication inhibits progression of the BIR
replication bubble, thus promoting HCs. Finally, a premature onset of mitosis due to
compromised checkpoint response in cells undergoing BIR also stimulated HC formation
(Vasan et al., 2014).

Importantly, in addition to fusions between recombining molecules, HCs also lead to
breakage of previously intact donors, which can initiate recurrent cycles of genetic
instability. In particular, the broken fragment can invade another template located at an
allelic or ectopic position, which starts an HC-initiated cascade (HCC) (Figure 3C). When
yeast were exposed to high levels of alkylating damage from MMS, complex genetic events
resulting from multiple chromosomal recombination gave rise to clusters of mutations
associated with HCC events (Sakofsky et a/., 2014). In addition, when strand invasion occurs
at ectopic positions, HCC can lead to cycles of NRTs. These cycles resemble the cycles of
NRTSs in cancer cells (also called a cycles of telomere acquisition), where the breakage of
one chromosome initiates recombination leading to perpetuating cycles of a breakage and re-
invasion (Sabatier et a/., 2005). In addition to cycles of NRTs, simple NRTs and even HCs
have also been associated with rearrangement events in cancer and other diseases leading to
the loss of heterozygosity (LOH) in cancer cells, or to the absence of heterozygosity (AOH)
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described in neurological diseases (see for details (Carvalho et al., 2015, Carvalho and
Lupski, 2016)).

The role of BIR in recovering collapsed replication forks

BIR has always been implicated in the restart of collapsed replication forks. Fork collapse
can occur when a replication fork encounters a single-stranded DNA nick, which is a major
type of spontaneous DNA damage. This situation leads to the formation of a single-ended
double strand break that needs to be repaired by HR. In £. coli, where replication involves
two replication forks moving in opposite directions from a single replication origin and
terminating at a single locus, broken replication forks are indeed recovered by a process
similar to BIR called recombination-induced replication (RDR). During RDR, recovery
proceeds with the invasion of a sister chromatid by the broken chromosome end followed by
the assembly of a new replication fork (reviewed in (Sakofsky et al., 2012, Anand et al.,
2013, Malkova and Ira, 2013)). In E.coli, RDR is an essential process since it is required for
the recovery of broken forks in this organism.

BIR is also able to re-start broken replication forks in eukaryotes. For example, studies using
Xenopus laevis egg extracts directly demonstrate that BIR can re-start collapsed replication
forks in vertebrates (Hashimoto and Costanzo, 2011). However, eukaryotic cells are less
dependent on BIR for the recovery of broken replication forks because they have multiple
replication origins per chromosome, which eliminates the requirement for extensive DNA
synthesis from a broken fork. Indeed, a direct experiment where replication was forced to
proceed through a ssDNA nick initiated by a modified FLP nuclease, showed that mutagenic
BIR was initiated, but rapidly terminated upon very short synthesis (Mayle et a/., 2015). The
authors demonstrated that two mechanisms contributed to the interruption of mutagenic BIR
initiated by the collapse of a replication fork: (i) the convergence of a replication fork
coming from the opposite direction of a BIR D-loop, and (ii) the cleavage of BIR
intermediates by Mus81 structure-specific nuclease. The important role that converging
replication forks and Mus81 cleavage play in the recovery of collapsed replication forks was
consistent with reports from several other studies (Doe et al., 2002, Roseaulin et al., 2008,
Munoz-Galvan et al.,, 2012, Nguyen et al., 2015). Mayle et al. concluded that mutagenic BIR
is limited to only short-track synthesis, while long-track BIR is precluded (Mayle et al.,
2015). However, long-track BIR was observed when replication collapse occurred in
mus81A mutants in sub-telomeric chromosomal regions, with no replication forks coming
from the opposing side. In this situation, the long-range BIR was similar to the one
described in G2 phase by the fact that they both involved continuous DNA synthesis to the
end of a chromosome, both were dependent on POL32and PIF1, and both were associated
with hyper-mutagenesis and template switching. Therefore, it appears that long-range BIR in
S-phase is limited to certain conditions. Additionally, a number of reports suggested that in
unusual circumstances, including the collapse of replication at positions of atypical DNA
structures, changes in regulation of replication, or unusual timing of DNA synthesis can all
trigger BIR. For example, BIR events have been reported to occur following replication
collapse at fragile sites in yeast cells deficient in DNA polymerases (Lemoine et al., 2005),
and in regions that can adopt unusual secondary structure promoting replication pausing and
collapse (Narayanan et al., 2006). BIR events were reported in tumors and cancer cell lines
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following replication stress initiated by oncogene overexpression (Costantino et a/., 2014,
Sotiriou et al., 2016). These events depend on Rad52 and also require POLD3, a mammalian
homolog of the BIR-specific Pols subunit Pol32. Moreover, it was observed by Hickson and
colleagues, that a replication collapse at human fragile sites initiates BIR-like DNA
synthesis occurring during mitosis (Minocherhomiji et al., 2015, Bhowmick et al., 2016).
Similar to BIR, this synthesis is conservative and also depends on POLD3. Additionally, this
synthesis also depends on Rad52, but not on Rad51, and therefore represents Rad51-
independent BIR. Hickson and colleagues proposed that initiation of this BIR-like synthesis
was promoted by cleavage of stalled replication forks at fragile sites by SIx4-associated
Mus81-Emel complex. They demonstrated that initiation of this mitotic synthesis was
critical for the prevention of mitotic chromosome segregation problems (Minocherhomiji et
al., 2015, Bhowmick et al., 2016). Similarly, BIR-like synthesis during mitosis was also
induced by replication stress in mouse models, and results from mutations in MCM4
(Luebben et al., 2014). An additional example of Rad51-independent, but Rad52-dependent
events promoted in cancer cells by replication stress resulting from p53-independent
expression of p21 that could potentially result from BIR has been recently documented
(Galanos et al., 2016).

Interestingly, BIR was also recently reported to initiate in yeast as a result of replication
collapse at positions of (CAG) ,, /(CTG) ,, repeats, known for their propensity to adopt
unusual DNA conformations that can stall DNA replication (Kim et al., 2017). Interestingly,
the authors reported that these BIR events led to large-scale expansions of trinucleotide
repeats, which were similar to expansions responsible for various neurodegenerative
diseases in humans (reviewed in (Schmidt and Pearson, 2016)). The exact cause of these
trinucleotide repeat expansions during BIR has remained unclear so far. In principle, they
could result either from the out-of-register strand invasion of a broken DNA strand into the
region containing trinucleotide repeats were already replicated from multiple template
switching events commonly occurring at the beginning of BIR, or from the unusual mode of
DNA synthesis during BIR. The latter is possible in light of a recent report that replication
restart in DNA regions containing trinucleotide repeats might be a lengthy process that is
completed at the nuclear pores (Schmidt and Pearson, 2016). This may suggest that BIR
initiated at positions of unusual DNA structures may follow rules that are different from
those established for S-phase BIR (Mayle et a/., 2015), and is similar in its mechanism and
genetic consequences to the BIR that occurs during the G2 phase of the cell cycle (Saini et
al., 2013). In addition, the exact molecular details of BIR initiation at positions of
trinucleotide repeats remain unclear.

Alternative lengthening of telomeres (ALT) and BIR

In proliferating human somatic cells, telomeres shorten every cell cycle, which leads to
senescence, but can be counteracted by telomerase that is often re-activated in cancer cells,
providing cells with unlimited replication potential. Another pathway of telomere
maintenance employed by 5%-15% of cancers does not involve telomerase, but relies on
recombination resembling BIR (reviewed in (Conomos ef a/., 2013)). This pathway, called
alternative lengthening of telomeres (ALT), has been originally described in yeast mutants
lacking functional telomerase (Lundblad and Blackburn, 1993). In these mutants, telomeres
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shorten causing a majority of cells to undergo senescence, however, survivors with elongated
telomeres emerge. The formation of these survivors depends on the main yeast
recombination protein, Rad52. Importantly, two Rad52-dependent ALT pathways have been
described. They differ from each other by the structure of telomeres and by their genetic
requirements. In the Type | pathway, telomeres are extended by acquiring copies of yeast
transposon-like sequences called Y’-elements, which are normally located in sub-telomeric
regions (Lundblad and Blackburn, 1993, Louis et a/., 1994). This pathway depends on
classic recombination proteins, including Rad51, Rad54, Rad55, Rad57, and proceed by
recombination that involves either Y’ sequences themselves, or occurs between unprotected
telomeres and TG1_3 repeats located between tandem Y’ elements (Le ef a/., 1999, Teng and
Zakian, 1999). The telomeric repeats in Type | survivors are usually very short. The second
ALT pathway (Type 1) is independent of Rad51, but depends on Rad59 and the MRX
complex (Lundblad and Blackburn, 1993, McEachern and Blackburn, 1996, Le et a/., 1999,
Teng and Zakian, 1999, Teng et al., 2000). In general, the genetic requirements of Type Il
ALT are similar to Rad51-independent BIR. Type Il survivors, are characterized by the
elongation of the terminal telomeric repeat tracts. Type Il survivors arise more rarely than
Type I, but grow faster and eventually come to dominate liquid-grown cultures. The
mechanism of the formation of telomeres remains unclear, but they could either result from
rolling circle replication or from DNA synthesis initiated by annealing of the broken ssDNA
telomeric end to sSDNA regions formed at other telomeres (reviewed in (McEachern and
Haber, 2006, Anand et al., 2013), see also (Dilley et al., 2016)). Importantly, both yeast ALT
pathways require the main BIR-specific protein, Pol32, thus implicating BIR as an
underlying mechanism of ALT (Lydeard et al., 2007).

In the case of human ALT, several observations support that it proceeds via a BIR-like
telomere recombination mechanism (reviewed in (Cesare and Reddel, 2010, Dilley and
Greenberg, 2015)). First, in ALT cells, a DNA tag inserted at a single telomere was
frequently copied to other chromosomal ends (Dunham et a/., 2000). Second, telomeres are
highly heterogeneous and fluctuate in size, consistent with recombination (Murnane et al.,
1994, Bryan et al., 1995). Third, a high level of inter-chromatid recombination has been
associated with ALT (Londono-Vallejo et al., 2004). Fourth, ALT involves the accumulation
of extrachromosomal telomeric repeat DNA (ECTR), which can be either linear or circular,
as well as partially single-stranded and represent products of ALT, but interestingly may also
serve as ALT templates (Cesare and Griffith, 2004, Nabetani and Ishikawa, 2009). Finally,
telomere maintenance during ALT is associated with formation of special ALT-specific
cellular centers termed ALT-associated promyelocytic leukemia (PML) bodies (Yeager et al.,
1999). PMLs contain a number of recombination proteins that are involved in ALT,
including, Rad51, BRCA2, and BLM, as well as telomeres and ECTRs (reviewed in (Dilley
and Greenberg, 2015). Overall, it was proposed that ALT is initiated by recombination
between broken chromosomal (telomere) ends and a homologous DNA template located (i)
on a sister chromatid, (ii) on another chromosome, or (iii) on ECTR, and proceeds inside
PMLs.

A series of recent studies used a telomere-specific endonuclease (TRF1-Fok1) to model
initiation of ALT by induction of DSBs at telomeres. The observation was that DSBs at
telomeres started a long-range homology search, manifested in large-scale telomere
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movements that required the main recombination protein Rad51 (Cho et a/., 2014). In
addition, these movements involved a meiosis-specific protein, Hop2, expressed in ALT
cells. Based on this observation, the researchers proposed that ALT resembled meiosis in its
preference for non-sister chromatid recombination. Also, induction of the telomere-specific
DSBs initiated BIR-like DNA synthesis which generated a long-tract (up to 70-kb long) and
required Pols, and PCNA, loaded by replication factor C (RFC). Similar to BIR, this
synthesis required POLD3 (a Pol32 homolog). Importantly, this synthesis was readily
observed in the absence of Rad51, MCM complex, Pole and Pola-primase (Dilley et al.,
2016). Overall, it appears that induction of telomere-specific DSBs led to initiation of two
different ALT pathways proceeding via Rad51-dependent and Rad51-independent BIR,
respectively. The absence of MCM-dependence observed here is consistent with the data
reported by (Wilson et al., 2013), while independence of Pole and Pola.-primase may reflect
the difference between Rad51-dependent and Rad51-independent BIR. Importantly,
investigation of naturally occurring ALT demonstrated that its associated DNA synthesis is
conservative, similar to BIR (Roumelioti et a/., 2016). Additionally, the proteomic analysis
of ALT telomeres demonstrated participation of an additional polymerase, Polr, in initiation
of ALT DNA synthesis (Garcia-Exposito et al., 2016). It was proposed that following strand
invasion, Polm initiates DNA synthesis, which is continued by Pol$6.

While modelling telomere DSBs has provided important characteristics of ALT DNA
synthesis, the source of endogeneous DSBs initiating ALT and the details of such initiation
remain unclear. It has always been assumed that a 3’-ssDNA end resulting from telomere
erosion is the main initiating factor of ALT. However, in addition to 3’-G-rich overhangs,
ALT cells also contain abundant 5’-C-rich telomere overhangs (Oganesian and Karlseder,
2011, Oganesian and Karlseder, 2013), which might also be used during ALT initiation. In
addition, recent studies suggested that ALT is also promoted by a replication collapse at
positions of R-loops formed by annealing of long non-coding TERRA RNA that is
transcribed from the telomeres, which remains attached to the template (Azzalin et al., 2007,
Schoeftner and Blasco, 2008, Flynn et al., 2011, Lovejoy et al., 2012, Arora et al., 2014,
Episkopou et al., 2014, Flynn et al., 2015). Replication fragility at telomeres due to R-loop
formation, or for other reasons, is likely promoted by significant changes of telomere
chromatin structure in ALT cells resulting from mutations in chromatin factors ATRX,
DAXX, and H3.3 that are enriched in ALT positive tumors (Heaphy et al., 2011,
Schwartzentruber et al., 2012). Additionally, the disruption of Asf1, a histone chaperone,
also promotes ALT (O’Sullivan et al., 2014). These changes of chromatin structure and
upregulation of TERRA promote accumulation of RPA at ALT telomeres, which also
promotes recombination. Finally, the same chromatin changes and formation of R-loops may
also contribute to accumulation of telomere repeat sSSDNA regions that can be used as
templates for annealing to initiate Rad51-independent ALT. It is also possible that this type
of ALT employs partially single-stranded C-circles as a template (Figure 4B).

BIR and complex genomic rearrangements

Several types of complex genomic rearrangements (CGRs) have been recently described in
association with a number of human diseases. One of them, called chromothripsis, was
discovered in cancer cells, and is characterized by a massive number of chromosomal
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rearrangements that are usually localized to a single chromosome (Berger et al., 2011,
Kloosterman et al., 2011b, Stephens et al., 2011, Kloosterman et al., 2012, Molenaar et al.,
2012, Malhotra et al., 2013, Zack et al., 2013). Another one, chromoanasynthesis, represents
a combination of chromosomal rearrangements with copy number gains, and has been found
in patients with various congenital disorders (Carvalho et al., 2011, Liu et al., 2011,
Carvalho et al., 2013, Beck et al., 2015, Carvalho et al., 2015, Carvalho and Lupski, 2016).
Chromoanasynthesis was explained by an unusual type of DNA synthesis called
microhomology-mediated break-induced replication (MMBIR) (Hastings et al., 2009a). The
idea of MMBIR came from the discovery that the CNV regions underlining several
neurological disorders were not comprised of simple tandem duplications, but consisted of
DNA regions containing interspersed segments that were duplicated, triplicated, and
quadruplicated, with many containing microhomologies at their junctions (Lee et al., 2007,
Carvalho et al., 2011, Carvalho et al., 2013, Beck et al., 2015). According to current models
(Hastings et al., 2009a, Hastings et al., 2009b), MMBIR is initiated by DNA breakage
generating a single DNA end, and proceeds with multiple template switches at positions of
microhomologies that could be as short as 1-3bp (Lee et al., 2007, Carvalho et al., 2011, Liu
etal., 2011, Carvalho et al., 2013, Beck et al., 2015). In addition, MMBIR-like events have
been described in bacteria (Slack et al., 2006, Lin et al.,, 2011), Arabidopsis (Marechal et al.,
2009, Kwon et al., 2010), Caenorhabditis elegans (Meier et al., 2014) and mouse embryonic
stem cells (Arlt et al., 2012). Also, a recent study of chromothripsis that was experimentally
induced by a micro-nuclear formation, revealed multiple templated insertions that likely
resulted from MMBIR (Zhang et al., 2015), which linked MMBIR to chromothripsis. Also,
the MMBIR pathway has been used to explain telomere healing (Lowden et al., 2011,
Yatsenko et al., 2012) and several other types of CGRs in a number of diseases including
cancer (Vissers et al., 2009, Lawson et af., 2011, Wang et al., 2015).

Hastings and colleagues proposed that MMBIR represents a type of Rad51-independent
BIR, and is induced under specific cellular conditions, for example by hypoxia, which leads
to Rad51 repression that stimulates Rad51-independent MMBIR proceeding at positions of
microhomology (Hastings et a/., 2009a). It remains to be directly tested whether MMBIR
and Rad51-independent BIR represent the same pathway, since they were never studied in
the same system, and their respective genetics has not been fully investigated. However,
some experimental support has been obtained. First, studies in yeast have documented the
existence of an MMBIR-like Rad51-independent pathway that is induced by replication
stress, depends on the signature BIR protein Pol32, and leads to the formation of segmental
duplications containing microhomologies at their junctions (Payen et a/., 2008). In addition,
the recently described Rad52-dependent mitotic synthesis initiated as a result of replication
fork collapse at human fragile sites, was also proposed to represent MMBIR
(Minocherhomiji et al., 2015, Bhowmick et al., 2016).

An important mechanistic insight into MMBIR has come from the sequence analyses of
CGRs found in patients with PMD and MECPZ2 duplication syndrome (Carvalho et al., 2011,
Carvalho et al.,, 2013, Beck et al., 2015), which suggested that MMBIR is coupled to BIR. In
particular, the authors proposed that initiation of MMBIR observed in these patients
involved the following two steps. The first step involved breakage of a replication fork that
led to homology-driven BIR involving two highly homologous inverted repeats, which
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generated an inverted segment and led to a copy number gain (Carvalho et a/., 2011, Beck et
al., 2015). In the second step, a switch from homology-mediated BIR to MMBIR was
postulated. The involvement of MMBIR was supported by a series of template switching
events mediated by microhomologies that resulted in genomic changes of various sizes from
large-scale copy number variations (CNVs) to small templated insertions (Carvalho et al.,
2013, Beck et al., 2015). The support for this idea came from two studies in yeast. First,
Anand et al. reported that template switching initiated during BIR required less homology
than the original BIR strand invasion (Anand et al., 2014). Second, Sakofsky et al.
discovered that interruption of BIR due to deficiency of repair synthesis (modeled in their
study by the lack of Pifl helicase), leads to a switch from homology- to microhomology-
driven BIR (Sakofsky et al., 2015). Interestingly, at least two template switching events lead
to the formation of each DNA repair outcome (Figure 3D). Importantly, in Sakofsky et al.
the switch from BIR to MMBIR was promoted by an exchange of DNA polymerase Pols
that was driving normal BIR, with the translesion polymerase PolC that initiated DNA
synthesis at 0—6 nucleotide microhomologies during MMBIR (Sakofsky et al., 2015).

In the future, it will be necessary to determine whether the switch from BIR to MMBIR may
also initiate in other circumstances of BIR interruption, including other defects in BIR
replication machinery, DNA damage accumulation in the template for BIR, or due to
formation of secondary structures that impede progression of BIR leading-strand synthesis.
The detection of these events may require the usage of new high-throughput screening
approaches. This will likely require the development of new bioinformatics tools that can
allow for robust detection of MMBIR events often overlooked by existing algorithms due to
the intrinsic complexity of the MMBIR pattern. It will be also important to figure out
whether MMBIR associated with neurological or other disorders in humans may also
involve PolC, or one of several other known human polymerases. Finally, it might be useful
to revisit a number of CGRs that were previously explained by NHEJ — based on the lack a
copy number increase and/or on the absence of homology at their junctions (see for example
in (Carvalho et al., 2011, Kloosterman ef al., 2011a, Kloosterman et al., 2011b, Arlt et al,
2012)). It is possible that they alternatively can result from MMBIR since these events often
occur with no microhomology, and can be often linked to half-crossover events (Carvalho et
al., 2015), which do not result in copy number increase. It is important to note however that
NHEJ and microhomology end-joining (MMEJ) are highly prevalent in mammalian cells,
and therefore it is difficult in many cases to distinguish between MMBIR, NHEJ and MMEJ
events.

Conclusions

BIR remains one of the most interesting and least understood DNA repair pathways. The
interest in understanding BIR is driven by its dual consequences for genomic stability: it
stabilizes genomes by repairing DSBs, but it can also be destabilizing by its ability to
generate high levels of mutations and complex chromosomal rearrangements. Remarkably,
recent progress in BIR investigation has allowed scientists to characterize its molecular
mechanism, to identify proteins participating in BIR, and to unravel the role of BIR and
MMBIR in promoting complex genomic rearrangements and mutations. In addition, the
development of several new experimental systems has allowed for the expansion of BIR
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studies to include, (i) different organisms (e.g., humans), (ii) the initiation of BIR at different
stages of the cell cycle, and (iii) the induction of BIR by different types of DNA damage,
including targeted DSBs, replication collapse, and telomere erosion.

As our understanding of BIR progresses, there is also a realization that the details of the
molecular mechanisms and regulation differ between BIR events taking place in different
organisms, at different stages of the cell cycle, and also in how initiation of BIR may be
influenced by different types of damage. For example, BIR initiated by a replication fork
collapse using a sister chromatid as a template is regulated more tightly than BIR initiated
by targeted DSBs that use a non-sister chromatid as a template, such as BIR events reported
at G2. The reasons behind this difference remain unclear, however contributing factors may
include possible differences in the structure of BIR intermediates or cell-cycle specific
modifications of structure-specific resolvases responsible for cleaving BIR intermediates.

In addition, many recent examples of BIR pathways in mammalian cells are genetically
similar to Rad51-independent BIR that was previously discovered in yeast: they depend on
Rad52, but not on Rad51. All these findings underscore the importance of a genetic and
mechanistic characterization of Rad51-independent BIR pathway that has never thoroughly
been investigated. In particular, it is critical to determine the proteins participating in this
pathway, as well as to characterize the mode and intermediates of DNA synthesis associated
with Rad51-independent BIR and to characterize its regulation. In addition, it remains
unclear whether Rad51-independent BIR and MMBIR represent that same or different
pathways. Also, it is becoming increasingly important to characterize the role of BIR and
MMBIR in the onset of various human diseases, including cancer and neurological diseases.
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Figure 1:

Model of Rad51-dependent BIR. A. 5’ to 3’ resection of a one-ended DSB generating a 3’
sSDNA end (blue), where the assembly of Rad51 filaments takes place. B. Invasion of the 3’
end containing Rad51 nucleoprotein filament into a homologous chromosome (black),
followed by D-loop formation. C. Initiation of BIR DNA synthesis using a homologous
chromosome as a template. Nascent DNA represented by dotted lines. D. Progression of
DNA synthesis with the migration of the BIR replication bubble, generating a long,
persistent sSSDNA tail behind the bubble. E. Completion of BIR associated with conservative
inheritance of a newly synthesized strand (Donnianni and Symington, 2013, Saini et al,
2013). A color version of the figure is available online.
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MUTATIONS

Mechanisms of BIR-induced mutagenesis. A. Generation of frameshift mutations during
BIR at the position of a homo-nucleotide run (Deem etal., 2011). Frameshift mutations
result from decreased fidelity of Pol8, mismatch repair defect and increased dNTP levels
(Deem etal., 2011). B. Formation of closely spaced (clusters) of base pair substitutions
resulting from damage in ssDNA accumulating behind the BIR bubble followed by error-
prone DNA lesion bypass during lagging strand BIR synthesis that leads to mutations (see
(Sakofsky et al., 2014; Saini etal., 2013) for details). Red stars indicate sSSDNA lesions,
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while red squares indicate mutated DNA bases. A color version of the figure is available
online.
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Mechanisms of chromosomal rearrangements associated with BIR. A. A simple non-
reciprocal translocation (NRT) resulting from long ssDNA resection at a DSB exposing
repetitive DNA (Ty elements shown in red rectangles) that can initiate BIR at an ectopic
position (non-homologous chromosome represented in green) through annealing of Ty
elements. B. Formation of half-crossovers resulting from interruption of BIR that promotes a
resolution of the migrating bubble, and resulting in fusion of the recombining portions of
recipient and donor chromosome (shown in light blue and dark blue respectively). The
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remaining portion of the broken donor chromosome can either be lost as depicted in (B), or
it can invade another donor at ectopic position (shown in green) leading to translocation (A).
The invasion at ectopic position usually occurs at position of Ty or other repeated element.
(C). The formation of half-crossover is followed by secondary BIR event resulting from the
invasion of the broken donor into the half-crossover product, which can perpetuate breaking
and re-invading cycles leading to half-crossover cascades (as described in (Vasan etal.,
2014), or cycles of NRTs (not illustrated). D. Microhomology-mediated BIR resulting from
a collapse of BIR synthesis resulting in dissociation of 3’ end from its template followed by
annealing at microhomology in the region of ssDNA accumulated behind the BIR bubble.
Using this annealing intermediate as a primer, TLS polymerases initiate DNA synthesis that
eventually disrupts causing a second template switch by re-annealing to the original track of
BIR through microhomology as described in (Sakofsky et af., 2015). Yellow and green
boxes show regions of microhomology that can consist of 1-10bp. A color version of the
figure is available online.
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Figure 4:

Rad51-independent BIR. A. A model of Rad51-independent BIR in yeast mediated by
Rad52, Rad59, Rdh54 and the MRX complex in the absence of Rad51 where the 3’ end of a
one-ended broken chromosome anneals to regions of transient sSDNA formed as a result of
secondary DNA structures, R-loops, or stalled/collapsed replication forks. Annealing to
ssDNA likely occurs at positions of microhomology. B. Model of Rad51-independent BIR to
explain alternative lengthening of telomeres in human cells (similar to Type 1I-ALT events in
yeast). ALT is initiated by annealing of resected uncapped telomere end to ssDNA in
telomeric C-circles (as described in (Cesare and Reddel, 2010, Dilley and Greenberg,
2015)). A color version of the figure is available online.
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