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SUMMARY

Complex genomic rearrangements (CGRs) are a hallmark of many human diseases. Recently, 

CGRs were suggested to result from microhomology-mediated break-induced replication 

(MMBIR), a replicative mechanism involving template switching at positions of microhomology. 

Currently, the cause of MMBIR and the proteins mediating this process remains unknown. Here, 

we demonstrate in yeast, that a collapse of homology-driven break-induced replication (BIR) 

caused by defective repair DNA synthesis in the absence of Pif1 helicase leads to template-

switches involving 0–6 nucleotides of homology, followed by resolution of recombination 

intermediates into chromosomal rearrangements. Importantly, we show that these microhomology-

mediated template-switches, indicative of MMBIR, are driven by translesion synthesis (TLS) 

polymerases Polζ and Rev1. Thus, an interruption of BIR involving fully homologous 

chromosomes in yeast triggers a switch to MMBIR catalyzed by TLS polymerases. Overall, our 

study provides important mechanistic insights into the initiation of MMBIR associated with 

genomic rearrangements, similar to those promoting diseases in humans.

INTRODUCTION

Genomic rearrangements underlie a host of human diseases. In many cases, rearrangements 

can be so complex that currently proposed models cannot explain their formation. In 

#Contact:anna-malkova@uiowa.edu.
4Current address: Department of Biomedical Informatics, Stanford University, CA 94305
5Current address: Department of Genomic Medicine, University of Texas MD Anderson Cancer Center, Houston, Texas 77230
6Current address: College of Pharmacy, Duksung Women’s University, Seoul 132-714, Republic of Korea
*These authors contributed equally to this work.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

AUTHOR CONTRIBUTIONS
C.J.S., S.A., and A.M. designed the experiments. C.J.S., S.A., A.K.D., and W.C. constructed strains. S.A., C.J.S., and A.K.D. 
performed the experiments. C.J.S., A.M., S.A., and G.I., analyzed the data. C.J.S., A.M., A.K.D., and G.I. wrote the manuscript. C.J.S. 
and S.A. contributed equally to this work.

HHS Public Access
Author manuscript
Mol Cell. Author manuscript; available in PMC 2016 December 17.

Published in final edited form as:
Mol Cell. 2015 December 17; 60(6): 860–872. doi:10.1016/j.molcel.2015.10.041.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



particular, recent studies have discovered cases of complex genomic rearrangements (CGRs) 

in cancer and other diseases known as chromothripsis, which is characterized by a massive 

number of chromosomal rearrangements that are typically localized to a single chromosome 

(Berger et al., 2011; Stephens et al., 2011; Kloosterman et al., 2011b; Kloosterman et al., 

2012; Malhotra et al., 2013; Molenaar et al., 2012; Zack et al., 2013). Typically, the copy 

number of chromosomal areas involved in chromothripsis is either not changed, or is 

reduced due to deletions. It is unknown how chromothripsis occurs, but it was proposed to 

result from the shattering of a chromosome and its subsequent reconstitution via non-

homologous end joining (NHEJ).

Another class of CGRs has been found in patients with various congenital disorders and was 

named chromoanasynthesis (Liu et al., 2011a; Carvalho et al., 2011; Carvalho et al., 2013; 

Beck et al., 2015; Carvalho et al., 2015). The distinguishing feature of these events is the 

combination of chromosomal rearrangements with copy number gains. It was proposed that 

these CGRs form through a replicative process where DNA synthesis undergoes frequent 

template switches leading to chromosomal rearrangements. The most direct support for a 

replication-based process has recently come from studies of the neurological disorders 

Pelizaeus-Merzbacher disease (PMD) and MECP2 duplication syndrome, which result from 

CNVs at different loci on the X chromosome (Lee et al., 2007; Carvalho et al., 2013; 

Carvalho et al., 2011; Beck et al., 2015). Specifically, it was observed that the regions with 

CNVs in these diseases were not comprised of simple tandem duplications that could be 

explained by non-allelic homologous recombination or by NHEJ; rather, the CNVs 

consisted of DNA regions containing interspersed segments that were duplicated, triplicated, 

and quadruplicated, with many containing microhomologies at their junctions. This pattern 

was explained by an unusual type of DNA synthesis called microhomology-mediated break-

induced replication (MMBIR) (Hastings et al., 2009a; Payen et al., 2008). 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, leading to varying levels of 

amplification and rearrangements (Lee et al., 2007; Liu et al., 2011a; Carvalho et al., 2013; 

Carvalho et al., 2011; Beck et al., 2015). The MMBIR model has since been used to explain 

telomere healing (Lowden, et al., 2011; Yatsenko, et al., 2012) and CGRs in a number of 

diseases including cancer (Lawson et al., 2011; Vissers et al., 2009; Wang et al., 2015). In 

addition, MMBIR-like events have been described in various model systems including 

bacteria (Slack et al., 2006; Lin et al., 2011), yeast (Payen et al., 2008), Arabidopsis (Kwon 

et al., 2010; Marechal et al., 2009), Caenorhabditis elegans (Meier et al., 2014), and mouse 

embryonic stem cells (Arlt et al., 2012). However, despite the broad occurrence of MMBIR 

and its important role in CGR formation, what triggers initiation of MMBIR remains 

unknown.

An important mechanistic insight into MMBIR has come from sequence analyses of various 

CGRs in humans. The limitation of such analyses however, is that the enzymatic 

requirements for MMBIR cannot be established, nor can the mechanisms regulating its 

usage be determined. Nevertheless, based on the initial sequence analyses of CGRs found in 

patients with PMD and MECP2 duplication syndrome (Carvalho et al., 2011; Carvalho et 
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al., 2013; Beck et al., 2015) it was proposed that MMBIR is coupled to homology-mediated 

break induced replication (BIR). In particular, it was suggested that initiation of MMBIR 

observed in these patients involved the following two steps. First, a breakage of a replication 

fork led to homology-driven BIR involving two highly homologous inverted repeats which 

generated an inverted segment and led to a copy number gain (Carvalho et al., 2011; Beck et 

al., 2015). For 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). However, frequent template switching events that were previously 

described in association with BIR in model organisms always occured at regions of 

significant homology or homeology (Smith et al., 2007; Anand et al., 2014; Stafa et al., 

2014) and therefore do not represent MMBIR events. Thus, the hypothesis that BIR switches 

to MMBIR remains unconfirmed, and the mechanisms underlying this process are unknown.

Here, using an experimental system in yeast where BIR can be efficiently induced and 

tracked, we provide two major insights into the mechanism of switching from homology-to 

microhomology-driven BIR. First, we demonstrate that re-routing of BIR into MMBIR 

results from an interruption of BIR due to a deficiency of repair-specific DNA synthesis that 

was modeled in our study by the lack of Pif1 helicase. Second, we show that polymerases ζ 

and Rev1 are responsible for DNA synthesis initiated at 0–6 nucleotide microhomologies 

during MMBIR. Together, our data provide the first demonstration of a transition from BIR 

to MMBIR and reveal the identity of the proteins that mediate this transition and drive 

MMBIR. Overall, results presented here lay the foundation for further studies on the 

mechanism of MMBIR in other systems including humans.

RESULTS

Experimental system to study switching from homology- to microhomology-mediated BIR

In this study, using a yeast model, we asked whether an interruption of BIR resulting from a 

deficiency in repair DNA synthesis could trigger a switch from BIR to MMBIR. Towards 

this goal, we used pif1Δ mutant strains disomic for chromosome III (Figure 1A, Table S1), 

where BIR is successfully initiated but is always interrupted (Wilson et al., 2013; Saini et 

al., 2013). In this assay, BIR is induced by an HO endonuclease-generated double strand 

break (DSB) at a truncated (MATa-containing) chromosome III by the addition of galactose 

(Figure 1A). Repair by BIR is initiated by strand invasion into a full-length (MATα-inc-

containing) copy of chromosome III that is refractory to cutting followed by DNA synthesis 

that in wild-type (PIF1) strains can proceed for over 100kb to the end of the chromosome. 

However, in the absence of Pif1, which is needed for extensive synthesis, BIR interrupts 

within the first 20kb, and is often terminated by the resolution of recombination 

intermediates into half-crossovers (HC), where the unfinished BIR product fuses to a broken 

template chromosome (Wilson et al., 2013; Saini et al., 2013). In this study, by using 

auxotrophic markers positioned at the ends of chromosome III (donor and recipient), we 

confirmed that DSBs induced in pif1Δ strains frequently (in more than 50% o cases) resulted 

in HCs represented by Ade−white Leu− and portion of Ade+ Leu− events (Figure 1A, 1B, 
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S2A, S2C, and see also Experimental Procedures for details). Also, a significant portion of 

Ade+ Leu− outcomes resulted from half-crossover initiated cascades, a type of chromosomal 

rearrangement initiated by half-crossovers (HCC; Figure 1 A(vi and vii), 1B, Figure S2B, 

S2C, and see Experimental Procedures). Finally, the frequency of chromosome loss (CL; 

Ade−red Leu−) was also increased in pif1Δ strains as compared to PIF1 (Figure 1B, S2A, 

S2C). In contrast, in PIF1 strains (WT) more than 70% of repair outcomes likely resulted 

from BIR that proceeded to the end of the donor chromosome (Figure 1A, 1B, S2A, S2B, 

S2C), consistent with previous observations (Sakofsky et al., 2014; Vasan et al., 2014). 

Overall, interruption of BIR that in yeast, frequently occurs in pif1Δ strains within a defined 

localized genomic region (20kb from break-site), allowed us to investigate molecular events 

that are specifically linked to BIR interruption.

Microhomology-mediated template switches associated with BIR interruption

Upon DSB induction, we followed the fidelity of DNA synthesis within the first 20kb by 

using lys2::insA4 reporters located either at MAT locus (close to the position of strand 

invasion) or 16kb centromere-distal to MAT on the donor chromosome (Figure 1A). We 

compared the frequency (Figure 2A, 2B) and the spectra (Figure 3A, 3B) of Lys+ mutations 

in wild-type cells where BIR was usually completed, and in Pif1 deficient cells where BIR 

frequently collapsed. The frequency of Lys+ in strains containing lys2::insA4 reporters at 

16kb position was reduced 24-fold in pif1Δ as compared to PIF1, (Figure 2B, Table S2), 

similar to (Saini et al., 2013), and was explained by the fact that synthesis infrequently 

reaches this position in pif1Δ mutants (Saini et al., 2013). Conversely, we observed that the 

decrease of mutagenesis in pif1Δ with the reporter at MAT (referred to herein as pif1Δ-MAT) 

was much less dramatic (only three-fold as compared to (Figure 2A, Table S2)) suggesting 

that even in the absence of Pif1 the invading strand is often extended, but eventually DNA 

synthesis interrupts in the MAT vicinity, leading to the formation of HC events. Thus, the 

pif1Δ strains with the frameshift reporter at MAT represents an optimal model system for 

studying mutations associated with collapsed BIR.

Using Sanger sequencing, Lys+ mutations from pif1Δ-MAT and WT-MAT were 

characterized, and a difference in the mutation spectra was detected between the two strains 

(Figure 3A, 3B). Specifically, while mutations from WT-MAT were entirely (31 out of 31) 

1bp deletions (Figure 3A(i), 3B(i), Table S4), only 28% (30 out of 109) of Lys + events in 

pif1Δ-MAT were simple frameshifts (1bp deletions or 2bp insertions), while the majority of 

mutations (70 out of 109) were more complex (Figure 3A(ii), 3B(ii), Table S4). These 

complex mutations resulted from the replacement of 4 to 29 adjacent nucleotides by another 

sequence ranging from 4 to 34 nucleotides in length. For example, in the case depicted in 

Figure 3A(ii), the nucleotides shown in green were replaced with the sequence shown in red. 

Our analysis suggested that the majority of these insertions (similar to those shown in red in 

Figure 3A(ii)) were copied from nearby sequences since we identified templates 

corresponding to these complex mutations within the lys2::insA4 reporter. In particular, for 

70 analyzed complex insertion mutations, we identified 64 templates (50 full templates and 

14 partial templates; Table S4). We propose that the formation of each of these insertions 

included at least 2 consecutive template switching events (Figure 4) that occurred through 

the following steps: (i) in the absence of Pif1, DNA synthesis associated with BIR was 
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interrupted, leading to the dissociation of the 3’ end of the newly synthesized DNA from its 

template; (ii) the 3’ end annealed to a ssDNA region located behind the BIR bubble or in the 

D-loop (not shown), which then copied a short stretch of DNA, and (iii) a second template 

switching event then occurred creating an insertion at the position where BIR was initially 

interrupted, followed by further synthesis to create a functional LYS2.

Importantly, the switching between templates observed within lys2::insA4 reporter at MAT 

in pif1Δ cells occurred at positions of 0–6 bp long microhomologies. In particular, we found 

microhomologies from 1-6 bp at 58% (36 out of 62) (Figure 3C) of the junctions where the 

position of the first template switching (details in Figure 3A) was determined and at 74% 

(40 out of 54) of the junctions where the position of the second template switching was 

determined (Figure 3C, Table S4). In addition, we also observed that in multiple cases no 

microhomology was found immediately at the junctions of either the first (in 26 out of 62) 

or the second (in 14 out of 54) template switching event (Figure 3C, Table S4), and 

therefore they were categorized as “0bp microhomology”. However, in some of these cases, 

microhomologies could be identified at ≥1 nucleotide away from the junction (imperfect 

microhomologies; see Figure S2E, S2F for examples). We propose that microhomologies 

located at the junction and possibly even imperfect microhomologies could facilitate 

template switching (Figure 4). Importantly, the presence of only short or no microhomology 

at the junctions suggests that the template switches found in pif1Δ greatly differ from 

homologous/homeologous template switching (HOM-TS; Figure 4B) events previously 

described in association with BIR (Smith et al., 2007; Anand et al., 2014; Stafa et al., 2014). 

This new class of complex mutations formed by microhomology-mediated template 

switching is indicative of the MMBIR pathway and referred to herein as MMBIR mutations. 

We also found that MMBIR mutations were frequent in pif1Δ with lys2::insA4 reporter at 

16kb (pif1Δ -16kb), with 71% (49 of 69) Lys+ mutations resulting from templated MMBIR 

(Figure 3B(ii), Table S5). These events were also frequently mediated by microhomologies 

that were found at 63% (30 out of 48) of the first template switch junctions and at 65% (28 

out of 43) of the second template switch junctions (Figure 3C, Table S5). We also observed 

a significant number of MMBIR mutations where no microhomologies were found at either 

the first (18 out of 48) or second (15 out of 43) template switch junctions (Figure 3C, Table 

S5). Overall, these results obtained in a yeast model system represent the first 

documentation of a transition from BIR to MMBIR. Importantly, the frequency of MMBIR 

events reported here is likely to be underestimated since our assay revealed only those 

events that formed a functional LYS2.

Pulse field gel electrophoresis (PFGE) analysis demonstrated that 39% (20 out of 51) and 

71% (12 out of 17) of outcomes containing MMBIR mutations formed in pif1Δ-MAT and in 

pif1Δ-16kb respectively, contained a rearrangement in one of the two copies of chromosome 

III (Table S4, S5). The analysis of these rearranged Lys + outcomes combined from MAT 

and 16kb reporter positions showed that the majority of them (24 out of 32) possessed only 

one copy of the LYS2 gene that was located in the non-rearranged copy of chromosome III 

(Table S4 and S5). These events likely resulted from half crossover-initiated cascades 

(HCC) (Vasan et al., 2014), where HC led to the breakage of the donor chromosome, which 

was repaired by ectopic recombination forming a rearranged chromosome (Figure 3E(i) and 
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(ii), and described in Figure S1). An additional 16% of these chromosomal rearrangement 

events (5 out of 32) also likely resulted from HCC events where a broken donor 

chromosome recombined with an HC product, which caused the donor and recipient 

chromosomes to be the same size (Figure 3E(iii), Table S4, S5 (marked by asterisks)).

Since BIR in pif1Δ is always interrupted (Saini et al., 2013; Wilson et al., 2013), the 

formation of MMBIR events that did not contain visible chromosomal rearrangements was 

likely to also represent HC events, which could have resulted from two scenarios. First, they 

could be formed by HCC, which is supported by our finding that 5 out of 36 non-rearranged 

MMBIR events were homozygous for LYS2 (Figure 3E(iv), Table S4, S5). Alternatively, the 

formation of non-rearranged MMBIR events could also result from HC that segregated with 

an intact copy of a donor chromosome (Figure 3E(v)) (Deem et al., 2008).

We also asked whether MMBIR mutations were frequent among Ade−white Leu− HC 

outcomes in pif1Δ. Since these events could not be directly selected for, we first selected for 

Lys+ mutants among all (unselected) DSB repair events in pif1Δ, and then determined the 

fraction of Ade −white Leu− HC events among them by replicaplating on various media. We 

found that approximately 22% of all Lys+ repair outcomes pif1-MAT were Ade−white Leu− 

HCs (Figure 3D, Figure S2D). In addition, we found that over half (57%) of Lys+ HCs were 

MMBIR events in pif1Δ-MAT (Figure 3B(ii), Table S6), thus confirming that HCs were 

frequently associated with MMBIR events. We also analyzed Lys+ HCs isolated from WT-

MAT, but failed to detect MMBIR events among them (Table S6). This is not surprising 

since the resolution of BIR intermediates leading to HC events in PIF1 is unlikely to occur 

in the vicinity of any given reporter, thus making it difficult to detect MMBIR events.

In addition, we observed that a signcant fraction (19%) o Lys mutations in pif1Δ -MAT were 

chromosome loss events (CLs, Ade −red Leu−; Figure 3D, S2D). Moreover, about half (44%) 

of these Lys + CLs were MMBIR events (Figure 3B(ii), Table S6). These data suggested that 

Lys+ CLs pif1Δ are frequently formed via resolution of a BIR intermediate allowing the 

Lys + mutation to be inherited on the donor chromosome (as shown in Figure 4E) rather than 

from the failure to initiate BIR as previously assumed (Deem et al., 2008).

Surprisingly, the frequency and spectrum of Lys+ mutations that we observed in pif1-m2 

mutants were very different from those in pif1Δ. The pif1-m2 mutation is known to result in 

mostly mitochondrial localization of Pif1, and therefore we expected that the phenotype of 

pif1-m2 would be similar to pif1Δ (Schulz and Zakian, 1994). Instead, we observed that the 

level of mutagenesis in pif1-m2-MAT was only 1.7x lower (Figure 2A, Table S2) than WT 

(PIF1) as compared to a 3x reduction in pif1Δ, while mutagenesis in pif1-m2-16kb was only 

reduced 4x (Figure 2B, Table S2) versus 24x in pif1Δ. Moreover, practically all Lys+ 

mutations at both positions were 1bp deletions similar to WT, with only one MMBIR 

mutation found at 16kb (Table S4, S5). Thus as previously observed, pif1-m2 is a 

hypomorphic mutant that likely retains partial Pif1 activity in the nucleus (Ribeyre et al., 

2009), which allows BIR synthesis to proceed beyond the areas of reporters thus precluding 

MMBIR detection.
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Polζ drives MMBIR

It was previously demonstrated that during S-phase replication, Polζ promotes the formation 

of complex mutations (Northam et al., 2014). Therefore, we hypothesized that complex 

mutations associated with the collapse of BIR were also promoted by Polζ. To test this 

hypothesis, we investigated mutagenesis in a pif1Δ rev3Δ double mutant (REV3 encodes the 

catalytic subunit of the Polζ ). We found that in the absence of Polζ in pif1Δ background, the 

level of DSB-induced Lys+ mutations was reduced 25-fold at MAT and 34-fold at 16kb 

positions as compared to the mutation level in pif1Δ when Polζ is present (Figure 2, Table 

S2), which demonstrated that the formation of the majority of mutations in pif1Δ requires 

Polζ. Moreover, for both reporter positions, no single MMBIR event was found in pif1Δ 

rev3Δ (Figure 5A, 5B, Table S4, S5). Therefore, the formation of all MMBIR mutations is 

mediated by Polζ, consistent with our hypothesis. Importantly, the level of mutagenesis in 

pif1Δ rev3Δ at MAT was still 16x higher as compared to the level of spontaneous Lys+ 

mutations measured in isogenic strains lacking an HO cut site (No-DSB control) (Table S2, 

S3), suggesting the existence of another, Rev3-independent pathway of mutagenesis. In 

contrast, the level of mutagenesis in pif1Δ rev3Δ at 16kb was similar to the level of 

spontaneous mutagenesis (Table S2, S3). One possible explanation for this difference in 

mutation frequencies at MAT and 16kb could be that Rev3 helps to extend DNA repair 

synthesis in the absence of Pif1 to the 16kb position.

In addition, we tested whether MMBIR occurs in the absence of Pol32, another known 

source of BIR collapse (Deem et al., 2008; Smith et al., 2009). We found that in the pol32Δ 

mutant, BIR mutagenesis was greatly reduced to a level below that of the double pif1Δ 

rev3Δ mutant, and no MMBIR was found (Figure 2, 5A, Table S2, S4). The majority of 

residual mutations were large deletions (Figure 5B(iv)). This is consistent with Pol32 being 

a subunit of both Polδ, and Polζ (Makarova et al., 2012), and therefore required for the 

formation of MMBIR mutations.

Similar experiments were also performed in pif1Δ rev1Δ mutants. REV1 encodes another 

translesion polymerase that plays two distinct roles in Polζ -mediated translesion bypass 

during S-phase replication. In particular, Rev1 inserts cytosines (catalytic function) and also 

plays a non-catalytic (structural) role in repair via its interaction with Polζ (as reviewed in 

(Pavlov et al., 2006)). We observed that the frequency of Lys+ mutations in pif1Δ rev1Δ was 

drastically (32-fold) reduced as compared to pif1Δ (Figure 2A, Table S2) and all MMBIR 

mutations were eliminated (Figure 5, Table S4), consistent with the idea that Rev1 assists 

Polζ in generating MMBIR events. We further asked whether the catalytic activity of Rev1 

was important by using a rev1-cd mutation that disrupts the catalytic activity of Rev1, but 

does not affect the ability of Rev1 to interact with Polζ (Northam et al., 2014). We observed 

that the frequency of Lys+ mutations was mildly, but significantly decreased (2x at MAT and 

1.4x at 16kb) in pif1Δ rev1-cd as compared to pif1Δ (Figure 2A, 2B, Table S2). Importantly, 

this reduction in mutagenesis proportionately lowered all types of mutations (Figure 5A), 

suggesting that the catalytic activity of Rev1 is likely to be required not for the formation of 

MMBIR mutations per se, but rather for the extension of repair-specific synthesis. Indeed, 

we observed that rev1-cd, as well as rev1Δ and rev3Δ decreased the level of frameshift 

mutagenesis even in PIF1 background (Figure 2, Table S2), suggesting that in these mutant 
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backgrounds repair-specific DNA synthesis extend less frequently to the reporter positions. 

Therefore, we propose that Rev1 (including its catalytic activity) as well as of Polζ are 

important for making repair DNA synthesis more processive. We also tested the role of TLS 

polymerase Polη (encoded by RAD30) in MMBIR mutagenesis. We found that the mutation 

frequency in pif1Δ rad30Δ was not significantly different from pif1Δ and that 69% of Lys+ 

mutations (31 out of 45) were MMBIR (Figure 2A, 5A, Table S2, S4), suggesting that Polη 

does not play an important role in MMBIR mutagenesis.

Telomerase controls an alternative pathway of MMBIR-associated mutagenesis

While analyzing residual Lys+ mutations formed in pif1Δ rev3Δ at MAT, we found that 

many of these mutations were complex with a characteristic guanine- and thymidine-(GT-) 

rich pattern (Figure 5, Table S4) suggesting that they could have formed by telom erase. In 

addition, many of these mutations were adjacent to a ‘GT-seeding sequence’, which further 

supported the idea that telomerase contributed to the formation of these mutations. Indeed, 

deleting TLC1 (encoding RNA component of telomerase; Singer and Gottschling, 1994) in 

both pif1Δ rev3Δ-MAT and in pif1Δ-MAT backgrounds reduced the frequency of Lys+ and 

eliminated all GT-rich mutations (Figure 2A, Figure 5, Table S2, S4). This indicates that 

telomerase is responsible for the observed GT-rich insertions and therefore contributes to the 

formation of complex mutations. In addition, the reduction of mutation frequency indicates 

that telomerase can extend interrupted repair synthesis, both in the absence or presence of 

Rev3. Additionally, no GT-rich mutations were found at the 16kb position in pif1Δ rev3Δ 

(Table S5), consistent with a lack of Rev3-independent mutagenesis in pif1Δ-16kb (see 

earlier).

DISSCUSION

Our study using yeast as a model provides two major insights into the mechanism of 

MMBIR, that has been implicated in non-recurrent genomic rearrangements in humans (Liu 

et al., 2011a, Carvalho et al., 2011; Carvalho et al., 2013; Beck et al., 2015; Carvalho et al., 

2015). First, we define the conditions when MMBIR is initiated, and second, we identify the 

enzymes driving this pathway.

MMBIR is triggered by the collapse of classical BIR

By using a controlled system in yeast we were able to demonstrate that MMBIR initiates due 

to an impediment of DNA synthesis during BIR, which was modeled in our experiments by 

the absence of Pif1, an enzyme required for extensive DNA repair synthesis. According to 

our model (Figure 4), an impediment of DNA synthesis resulting in a collapse of BIR 

triggers two important events that collectively initiate MMBIR. The first event is annealing 

of the dissociated 3’ DNA end at regions of microhomology located in ssDNA accumulated 

behind or inside of the BIR bubble. Importantly, since ssDNA is highly persistent during 

BIR, it is likely to promote a higher frequency and variety of microhomology-mediated 

template switching events. The second event involves the exchange of DNA polymerase 

Polδ that is driving normal BIR, with the translesion polymerase Polζ. Polζ initiates MMBIR 

by extending short and imperfect primers formed by the 3’ end annealed at microhomology 

or by extending a DNA end without any microhomology at all, as it was frequently observed 
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in our study as well as in studies of template switching initiated by stalling of S-phase 

replication (Northam et al., 2014). It remains unclear how Polζ extended DNA ends in those 

cases where no microhomology was found at the junctions. One possibility is that imperfect 

microhomology located near the junctions of template switching could facilitate the 

formation of an annealing intermediate containing mispaired DNA at the 3’ end that could 

be extended by Polζ.

In addition to the initial template switching and Polζ-mediated synthesis, the formation of 

Lys+ mutations described in this study also required a second template switch that occurred 

at microhomology (or without any homology at all), which brought DNA synthesis back to 

its original position along the track of BIR. This second template switch could have been 

caused by the low processivity of Polζ (reviewed in (Pavlov et al., 2006)). Alternatively, if 

the first template switch resulted in annealing to ssDNA in the D-loop, it is possible that the 

instability of the D-loop, or its migration could also promote a second template switching 

event. In either case, the second switch allowed synthesis to continue enough to generate 

Lys+ mutants, but it was eventually terminated, followed by resolution into HCs, or more 

complex rearrangements. In addition, in the absence of Polζ, the formation of complex 

mutations could be alternatively mediated by telomerase that is especially potent in the 

absence of Pif1, a known telomerase suppressor (Dewar and Lydall, 2010; Schulz and 

Zakian, 1994).

In this study we specifically looked at yeast MMBIR events caused by an interruption of 

BIR resulting from a deficiency in Pif1, however, we predict that MMBIR may also initiate 

in other circumstances when repair-specific synthesis is interrupted. For example, 

interruption can occur due to (i) various defects in BIR replication machinery (e.g., Polδ 

defects), (ii) DNA damage accumulation in the template for BIR leading-strand synthesis, or 

(iii) formation of secondary structures that impede progression of BIR leading-strand 

synthesis. These sources of interruption can lead to a collapse of BIR that initiates 

microhomology-mediated template switching occurring at any position along the track of 

BIR. Therefore, to detect these non-localized events, the development of new high-

throughput screening will likely be needed since the probability of detecting them with 

reporter-based assays is low.

Overall, we propose that MMBIR results from interruption of BIR progression and involves 

an exchange of DNA polymerases. Importantly, MMBIR cannot be explained by homology-

driven template switching commonly associated with processive BIR (HOM-TS) (Smith et 

al., 2007; Anand et al., 2014; Stafa et al., 2014) (Figure 4B), since HOM-TS only occur 

between significantly homologous or homeologous DNA regions, and therefore cannot 

mediate template switching between 0–6 bps occurring in MMBIR. Significantly, MMBIR 

demonstrated in this study operates in the presence of a fully homologous template and with 

functional strand exchange proteins, and therefore it is not the absence of these cellular 

components that initiates MMBIR, but rather it is a consequence of interrupted DNA 

synthesis.
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MMBIR model: implications for understanding complex genomic rearrangements in 
humans

The MMBIR model was proposed by Lupski and colleagues to explain the formation of 

complex genomic rearrangements associated with neurological diseases in humans (Lee et 

al., 2007; Liu et al., 2011a; Carvalho et al., 2011; Carvalho et al., 2013; Beck et al., 2015; 

Carvalho et al., 2015). While these studies provided initial insights for how chromosomal 

rearrangements could occur, it was insufficient to prove MMBIR. Testing this model 

became even more important since the MMBIR mechanism has been readily embraced to 

explain the formation of a variety of CGRs in humans (Carvalho et al., 2011; Carvalho et al., 

2013; Beck et al., 2015; Carvalho 2015; Zhang et al., 2015; Wang et al., 2015; Kidd et al., 

2010; Conrad et al., 2010; Arlt et al., 2012), see Table S8 for details. For example, two 

recent studies of CNVs in humans identified a number of MMBIR-like insertions at 

breakpoints of rearrangements (Conrad et al., 2010; Wang et al., 2015). Interestingly, 

MMBIR-like events were also found at the borders of AOH (absence of heterozygosity) 

regions in humans that could result from half-crossover events (Carvalho et al., 2015) – 

rearrangements that were linked to MMBIR in our study. Finally, 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), thus 

linking MMBIR to chromothripsis. Overall, the broad implication of MMBIR in the 

formation of CGRs in humans made it important to directly test this model including the 

hypothesis proposed by Lupski and colleagues that the initiation of MMBIR results from 

interruption of classical BIR (Carvalho et al., 2013; Beck et al., 2015; Carvalho et al., 2015).

Here, using an experimental system in yeast, we directly demonstrated that the collapse of 

classical BIR can lead to initiation of MMBIR. Moreover, we discovered that in yeast TLS 

polymerases Rev1 and Polζ drive MMBIR. Based on this finding, we propose that MMBIR 

associated with neurological or other disorders in humans may also involve Polζ, or one of 

several other known human TLS polymerases. Another important outcome of our study is 

the refinement of an MMBIR signature in yeast: small templated insertions that represent 

inverted copies of their template and that are associated with chromosomal rearrangements. 

This will allow for a direct search for analogous MMBIR events in humans using whole-

genome databases. This search however, will likely require the development of new 

bioinformatics tools such as the one we recently described (Segar et al., 2014) that can allow 

for robust detection of MMBIR events often overlooked by existing algorithms due to the 

intrinsic complexity of the MMBIR pattern. We believe that in the future this approach will 

lead to the characterization of patterns and frequencies of MMBIR events across various 

human diseases. Specifically, we propose to search for an MMBIR signature in cancer cells 

that underwent NRT (non-reciprocal translocation) cycles (Sabatier et al., 2005), since they 

are likely formed by an HC mechanism. The search for MMBIR mutations could also be 

applied to cell lines where the overexpression of oncogenes leading to replication collapse 

initiates BIR followed by CGRs (Costantino et al., 2014). While the role of Pif1 in BIR in 

humans remains to be determined, Pif1 helicase has been recently implicated in the recovery 

from oncogene-induced replication stress (Gagou et al., 2014), a process that requires PolD3 

(Pol32)-mediated BIR (Costantino et al., 2014). Thus Pif1 levels may impact the frequency 

of BIR/MMBIR events in humans.
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Finally, we propose that some 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; Arlt et al., 2012, Kloosterman et al., 2011b, 

Kloosterman et al., 2011a)), should be revisited. We propose that they alternatively can 

result from MMBIR since our findings indicate that MMBIR in yeast often occurs with no 

microhomology, and also are linked to HCs, which do not result in copy number increase.

EXPERIMENTAL PROCEDURES

Yeast Strains and growth conditions

All yeast strains are isogenic to AM1003 strain that is disomic for chromosome III (Deem et 

al., 2008). In these strains, HO-induced DSBs were introduced into a truncated copy of 

chromosome III (recipient) by the addition of galactose. The DSB created a broken end that 

initiated BIR through recombination with a full-length copy of chromosome III (donor) that 

is refractory to cutting due to a point mutation in its HO recognition sequence at MATα-inc 

(Figure 1A) (Deem et al., 2008). In addition, lys2::insA4 reporters were placed in the donor 

chromosome at different positions (MAT or 16kb) (Figure 1A) to assess frameshift 

mutations associated with DSB repair (Deem et al., 2011). Mutagenic copying of the 

lys2::insA4 reporters restored the reading frame and produced a Lys+ phenotype, which 

usually results from 1bp deletions in WT (PIF1) strains. Rich medium (yeast extract-

peptone-dextrose (YEPD)) and synthetic complete medium were made as described in 

(Guthrie and Fink, 1991). YEP-lactate and YEP-galactose used for DSB induction were 

similar to (Deem et al., 2008), and 5-fluoroorotic acid (5-FOA) was added to synthetic 

complete medium with trace amounts of uracil (30mg/mL). See Supplemental Experimental 

Procedures for further details.

Determining Lys+ mutation rates and spectra

The rate of Lys+ mutagenesis was determined among all DSB repair outcomes similar to 

(Deem et al., 2011) or among Ade+ outcomes that preserved both chromosome III copies as 

in (Saini et al., 2013). Lys+ mutation spectra were determined similar to (Deem et al., 2011) 

using the Codon Code Aligner DNA Sequence Analysis Program: http://

www.codoncode.com/aligner/. See Supplemental Experimental Procedures for further 

details.

Characterization of DSB repair isolates

DSB repair isolates were characterized by phenotype, similar to (Deem et al., 2008). HCs 

were represented by Ade−white Leu−, as well as by a portion of Ade+ Leu− outcomes where 

HC segregated with an intact donor during mitosis (see Supplemental Experimental 

Procedures for details). The Ade+ Leu− outcomes were referred to as BIR/HCC because a 

significant portion of these events in pif1Δ contained chromosomal rearrangements, 

indicative of HCC. The presence of chromosomal rearrangements was determined using 

PFGE, similar to (Deem et al., 2008) (see Supplemental Experimental Procedures for 

details). In addition, even non-rearranged Ade+ Leu− outcomes in pif1Δ were more likely to 

result from multiple rounds of HCs rather than from completed BIR based on our previous 

observations (Saini et al., 2013).

Sakofsky et al. Page 11

Mol Cell. Author manuscript; available in PMC 2016 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.codoncode.com/aligner/
http://www.codoncode.com/aligner/


Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental system to model BIR collapse
(A) DSB repair in a yeast strain disomic for chromosome III that has genetic markers at the 

ends of both copies of chromosome III used to identify DSB repair outcomes. (i) DSB is 

induced in a truncated copy of chromosome III (recipient chromosome) at MATa by a 

galactose inducible HO endonuclease. A full-length copy of chromosome III (donor) where 

MATα-inc is refractory to cutting by HO and contains a lys2::insA4 frameshift reporter 

inserted at one of two positions: MAT or 16kb. (ii) Broken (recipient) chromosome invades 

intact homologous donor chromosome and initiates DNA repair synthesis that proceeds via a 
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migrating bubble. (iii) DNA synthesis proceeds to the end of the chromosome resulting in a 

completed BIR product. (iv-vii) BIR synthesis is interrupted, which leads to the resolution of 

BIR intermediates and the formation of one of the following half-crossover events: (iv) 

Ade−white Leu− half-crossovers (HC), (v) half-crossover that segregated with an intact sister 

chromatid of the broken donor similar to (Deem et al., 2008) (HC), (vi and vii) half-

crossover initiated cascades (HCC) where the broken chromosome is stabilized by ectopic 

recombination or de novo telomere formation as represented by purple lines (see also Figure 

S1). Dotted lines indicate nascent DNA. Abbreviations: gene conversion (GC); chromosome 

loss (CL). (B) Distribution of DSB repair events in strains containing lys2::insA4 reporter 

inserted at MAT. Classification of repair events was based on phenotypes described in (A). 

See Figure S2A and Experimental Procedures for details of phenotypic analysis.
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Figure 2. Formation of Lys+ frameshift mutations in pif1Δ require Polζ and Rev1
The rate of Lys+ mutations for WT (PIF1) and derivative mutant strains was measured 

among Ade+ DSB repair outcomes 7hrs ater the addition of galactose for strains with 

lys2::insA4 reporter at MAT (A) or at 16kb position (B). Median mutation rates are shown; 

bracketed numbers below show 95% CI for strains with ≥6 experiments or the median range 

for strains with 4 or 5 experiments. Data for WT and pif1Δ at 16kb was similar to Saini et al. 

(Saini et al., 2013). Asterisks (*), crosses (†) and psi (ψ) symbols indicate statistically 
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significant differences from WT (PIF1), pif1Δ, and pif1Δ rev3Δ strains, respectively. See 

Table S2 for P-values and for the description of statistical analysis.
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Figure 3. Collapse of BIR leads to MMBIR mutations
(A) Representative Lys+ mutant sequences obtained in WT (PIF1) and pif1Δ strains aligned 

to the original Lys− sequence. (i) 1bp deletion mutation, the main class of mutations 

associated with completed BIR in PIF1. (ii) MMBIR mutations in pif1Δ . Red letters 

indicate MMBIR mutations; orange letters indicate DNA sequence that served as a template 

for MMBIR; green letters indicate DNA sequences that were replaced by MMBIR, blue 

letters indicate microhomology. “* 1” and “* 2” indicate the junctions of the first and second 

template switch during the formation of MMBIR mutations, respectively. (B) Lys+ mutation 
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spectra associated with completed (PIF1) (i) and interrupted BIR (pif1Δ) (ii). Simple 

frameshifts include 1bp deletions and 2bp insertions that are sometimes also associated with 

1bp or 2bp substitutions. (C) Microhomologies at the junctions of the first and second 

MMBIR template switching events that occurred in Ade+ Leu− pif1Δ strains with reporters 

at MAT and 16kb positions. (D) Distribution of DSB repair events among Lys+ outcomes in 

WT (PIF1) and pif1Δ strains containing lys2:insA4 reporters at MAT. See Figure S2D and 

Experimental Procedures for details. (E) Chromosome III structure of representative 

MMBIR Ade+ Lys+ mutants obtained in pif1Δ-MAT strain. Upper panel: PFGE gel stained 

with ethidium bromide. Subsequent panels below show Southern blot analysis using LYS2-

specific, ADE3-specific, and ADE1-specific probes as indicated. Red arrowheads indicate 

ADE3-containing chromosomes, while blue arrowheads indicate ADE1-containing 

chromosomes. The structure of chromosome III for each representative Lys+ mutant is 

shown below the gel, and only Lys+ copies of LYS2 are depicted. “P” denotes AM1003 

derivative strain prior to induction of HO break. See Table S4, S5, S6 for full list of MMBIR 

mutations.
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Figure 4. Proposed mechanism of switching from homology-driven BIR to MMBIR
(A) Initiation of BIR. (B) Processive BIR associated with homology- (homeology-) 

mediated template switching (HOM-TS) (Anand et al., 2014; Smith et al., 2007; Stafa et al., 

2014). (i) dissociation of the 3’ end. (ii) Rad51-mediated invasion of the 3’ end into an area 

with significant homology or homeology. (iii) Second template switch back to original 

homologous chromosome. (C) Defective BIR synthesis leads to MMBIR that is followed by 

resolution resulting in HC events. (i) interruption of BIR induced by the absence of Pif1, (ii) 

and (iii) annealing at microhomology (blue rectangles) located in ssDNA behind the BIR 
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bubble followed by DNA synthesis (red dotted lines) driven by Polζ/Rev1. In the absence of 

Polζ/Rev1 telomerase creates GT-rich mutations (as illustrated in Figure 5B). (iv) strand 

dissociation, and (v) annealing of 3’ end at microhomology (yellow rectangles) in original 

track of BIR. Resolution of interrupted BIR intermediates leads to HC events with Lys+ 

mutations. Two events shown here are HC (Ade−white Leu−) (D) or CL event (Ade−red Leu−) 

(E).
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Figure 5. Pol ζ/Rev1 complex mediates formation of MMBIR mutations
(A) Lys+ mutation spectra for Ade+ Leu− outcomes formed in various pif1Δ-MAT derivative 

strains. GT-rich class represents complex mutations where a telomere-like GT-rich sequence 

shown in red letters in B (i and ii) replace a stretch of DNA shown in green letters. Asterisk 

(*) denotes one rare outcome of ectopic MMBIR similar to rare ectopic template switching 

events observed in the absence of Polζ in (Northam et al., 2014). (B) Representative Lys+ 

mutant sequences aligned to the original Lys− sequence. (i and ii) GT-rich mutations 
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common in pif1Δ rev3Δ and pif1Δ rev1Δ . (iii and iv) large deletions common in pif1Δ 

rev3Δ tlc1Δ and in pol32Δ. See legend to Figure 3B and Table S4.
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