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Abstract

Microhomology (MH) flanking a DNA double-strand break (DSB) drives chromosomal rear-

rangements but its role in mutagenesis has not yet been analyzed. Here we determined the

mutation frequency of a URA3 reporter gene placed at multiple locations distal to a DSB,

which is flanked by different sizes (15-, 18-, or 203-bp) of direct repeat sequences for effi-

cient repair in budding yeast. Induction of a DSB accumulates mutations in the reporter

gene situated up to 14-kb distal to the 15-bp MH, but more modestly to those carrying 18-

and 203-bp or no homology. Increased mutagenesis in MH-mediated end joining (MMEJ)

appears coupled to its slower repair kinetics and the extensive resection occurring at flank-

ing DNA. Chromosomal translocations via MMEJ also elevate mutagenesis of the flanking

DNA sequences 7.1 kb distal to the breakpoint junction as compared to those without MH.

The results suggest that MMEJ could destabilize genomes by triggering structural alter-

ations and increasing mutation burden.

Author summary

Recurrent chromosome translocations juxtapose chromosomal fragments and alter

expression of tumor suppressors or oncogenes at or near breakpoint junctions to develop

distinct types of leukemias and childhood sarcomas. The prevalence of 2–20 bp of imper-

fect overlapping sequences (a.k.a. microhomology [MH]) at the breakpoint junctions sug-

gests the type of repair events joining two chromosomal fragments and the formation of

oncogenic chromosomal translocations. In this study, we discovered that MH-mediated

end joining (MMEJ) operates with kinetics markedly slower than other repair options.

The slower kinetics leads to extensive resection and drives hypermutagenesis at sequences

flanking the break site. We also found that MH-mediated chromosomal translocations

accumulate mutations at sequences up to several kilobases distal to the breakpoint
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junction as compared to those without MH. Our results revealed that MH contributes to

genetic instability by facilitating chromosomal translocations and increasing mutational

load at the sequences flanking the breakpoints.

Introduction

The presence of short stretches of overlapping sequence (microhomology, MH) is a frequent

feature of pathogenic chromosomal translocation breakpoints in human cells and has been

implicated in juxtaposing two DNA ends for the error-prone repair of DNA breaks in both

yeast and vertebrates [1–3]. This so-called microhomology-mediated end joining (MMEJ) is

genetically distinct from Ku-dependent classical end joining or homologous recombination

and becomes a prominent repair option when conventional repair mechanisms become inacti-

vated or unavailable. Accordingly, MMEJ is frequently regarded as a back-up to the canonical

repair pathways although it is still operational in cells retaining other repair options and con-

tributes to a wide range of cellular chromosome maintenance processes including telomere

maintenance and programmed immune receptor gene rearrangements [4, 5].

MMEJ is a highly error prone pathway because it inevitably entails deletion of inter-MH

sequences and one of the MHs. MMEJ is also prone to chromosomal rearrangements due in

part to the loss of intra-chromosomal joining bias [6]. To initiate MMEJ, DNA ends should

first be resected and the flanking MHs for annealing should form ssDNA [7–10]. DNA resec-

tion also triggers DNA damage-induced checkpoints and the association of the strand

exchange protein (Rad51)-DNA complex with ssDNA to initiate the homology search during

recombination [11–13]. Furthermore, the formation of ssDNA at DNA ends inhibits non-

homologous end joining (NHEJ), committing cells to homologous recombination (HR) and

the MMEJ pathway [14]. Enzymatically, DNA end resection in eukaryotic cells comprises two

distinct stages: initial resection by the Mre11 complex and more extensive resection by Dna2/

Blm (Sgs1 in yeast) and Exo1 [15–18]. MMEJ is thus deficient in mre11-deleted cells or those

deleted for CtIP [7–9, 19–22], a protein associated with the Mre11 complex that regulates its

nuclease activity. Furthermore, expression of hypomorphic rfa1 mutants, one of the three sub-

units in the replication protein A (RPA) ssDNA binding complex in yeast, elevates the MMEJ

frequency almost 350-fold and induces gross chromosomal rearrangements with MHs at the

breakpoint junctions [23]. Resection and the formation of ssDNA are thus key steps in MMEJ

and likely dictate the types of repair outcomes and chromosomal integrity upon DNA

breakage.

Interestingly, emerging evidence suggests that ssDNA also triggers elevated mutagenesis

because cells ultimately need to fill-in the gaps formed during double strand break (DSB)

repair and restore the DNA duplex by the actions of an error prone translesion polymerase

[24–26]. DSB repair thus represents a significant source of mutagenesis and fuels genome

instability in mitotic cells. Together these observations prompted us to consider if MMEJ

could contribute to mutagenesis especially at the breakpoints of chromosomal translocations

because ssDNA represents an obligate intermediate for the process. Indeed, breakpoint junc-

tions of complex copy number variants often contain MH and are associated with a high fre-

quency of mis-sense and in-del types of mutations at the flanking DNA likely due to error

prone repair synthesis [27–29]. We surmise that some of these junctions and mutagenesis

might arise by MMEJ.
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Results

MMEJ is highly mutagenic

To address if MMEJ is mutagenic, we set up a model MMEJ assay in yeast and placed a URA3
reporter gene at several locations distal to an HO recognition site (5.8-, 7.1-, 7.2-, 9.1-, 11.5-,

14.5-, and 20-kb from the break, see Fig 1A). A DSB generated by HO cleavage is then flanked

by 15-, 18- or 203-bp of direct repeat sequences 51-bp distal to the HO recognition site to

mediate inter-repeat recombination (Fig 1A). The strain also lacks HML and HMR, two silent

templates for gene conversion, and expresses HO endonuclease from the GAL1/10 promoter

integrated at the ade3 genomic locus. The entire open reading frame of the endogenous URA3
locus on chromosome V is also deleted to eliminate gene conversion between ura3 sequences.

Upon addition of galactose to the culture medium, HO is expressed (S1 Fig), and the resulting

DSB is repaired by Rad52-dependent, but Rad51-independent single strand annealing (SSA)

or MH-mediated events via annealing of flanking direct repeats (Fig 1A).

Fig 1. Microhomology-mediated repair induces hypermutagenesis. A. MMEJ and SSA systems. The position of 15- or 18-bp MH and

203-bp repeats flanking HO recognition sequences are shown as green boxes. The grey boxes indicate URA3 reporter gene placed at

several locations distal to an HO recognition site (5.8-, 7.1-, 7.2-, 9.1-, 11.5-, 14.5-, and 20-kb) from the break. The HML, HMR and URA3

genes are deleted to avoid gene conversion events. B. DNA break-induced mutation frequency was calculated by the median of the

fluctuation tests using the number of FOAR survivors in yeast strains carrying the URA3 reporter gene placed at indicated locations distal to

the HO break site. The HO recognition site, shown by the arrow, is flanked by 15-bp MH that mediates MMEJ repair upon induction of

galactose inducible HO endonuclease. Distance from the break and the fold stimulation, calculated by dividing the mutation frequency of

induced cells (gal; galactose) by that of uninduced (glu; glucose) controls are shown below and above the bar graph, respectively. Plotted

in the graphs are the median frequencies, 95% confidence intervals, and fold change. The values are also listed in S2 Table. C. The

frequency of FOAR survivors from yeast strains bearing 15-bp MH, 203-bp repeats or no homology flanking the HO break site, and the

URA3 reporter gene placed at 7.1- and 11.5-kb distal locations. The median frequencies, 95% confidence intervals, and fold change are

shown. D. The frequency of FOAR survivors in yeast strains with the indicated gene deletion was measured as described above. The

median frequencies, 95% confidence intervals, and fold change are also listed in S2 Table.

https://doi.org/10.1371/journal.pgen.1006714.g001
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We measured overall survival frequency and FOA-resistant (FOAR) survival frequency by

fluctuation tests, which reflect DSB repair and repair-induced mutation frequency, respectively

(S1 and S2 Tables)[30]. We also measured mutation frequency in the CAN1 gene located on

the left arm of chromosome V as an internal control and used it to calculate the spontaneous

mutation frequency intrinsic to cell proliferation and to determine the 95% confidence inter-

vals (S3 Table).

We found that HO expression led to a nearly 10-fold reduction in survival in the strain with

15-bp repeats compared to that with 203-bp repeats, indicating that 15-bp repeats do not effi-

ciently support DSB repair (S1 Table). HO expression led to an intermediate level of survival

in the strain with 18-bp repeats as compared to those with 15- or 203-bp repeats. Induction of

HO increased the mutation frequency of the reporter gene 5.1- to 931-fold in the strain with

15-bp repeats, 13.5-fold in the strain with 18-bp repeats, and 7.2-fold in 203-bp repeats (Fig 1,

S2 Table). The highest mutation frequency was observed in the strain having the URA3 gene

inserted closest (5.8 kb) to the 15-bp repeats. The location of URA3 did not have an impact on

the survival frequency (near 8%) nor the frequency of can1 mutations (Fig 1, S1–S3 Tables).

The symmetry of the mutagenesis profile at either side of the break suggests that the distance

to the repeats is one of the key factors dictating the frequency of mutagenesis (Fig 1B). Overall,

the HO-induced mutation frequency was 51 times higher in cells that employed 15-bp of MH

for repair (compare FOAR frequency in the 7.1-kb telomere proximal location in 15-bp vs

203-bp repeat containing strains, Fig 1B), and the mutations were found at greater distal loca-

tions up to 14.5-kb from the break in MMEJ events compared to those in the 203-bp repeat

strain (Fig 1B, S2 Table), suggesting that mutagenesis is inversely related to the repair

frequency.

As a comparison, we also measured the mutation frequency before and after HO expression

in strains lacking direct repeat sequences. The strains lacking repeats did not significantly

(<4.1-fold) induce mutagenesis 7.1-kb distal to the DSB (Fig 1C, S2 Table).

To determine the types and spectra of mutations associated with DSB repair, ura3 genes

were recovered from FOAR survivors and subjected to sequencing analysis (S2–S4 Figs, S4, S5

and S11–S16 Tables). Mutation spectra were analyzed in the ura3 reporter on either side of the

break to rule out the effect of chromatin landscape on the mutagenesis profile. We found that

mutations were scattered throughout the open reading frame of the URA3 gene but clustered

to several hotspots with base substitutions/deletions at homo-polymeric runs. Surprisingly, we

only detected two multiple mutants out of over 300 sequenced mutation events. The low fre-

quency of widely spaced multiple mutations in the URA3 reporter gene at DSB likely attributed

to the small size of reporter gene (0.8-kb). G to C transversion-type events were dramatically

elevated (42.4% without HO expression vs 83.3%, 60.9% or 64.4% after HO expression, see S4

Table) among mutations in the reporter placed at the 7.1 kb telomere-proximal location but

not at the 5.8 kb centromere-proximal location after HO expression. We also observed minor

differences in the mutagenesis patterns in strains with 15- or 203-bp repeats; for instance,

recombination between 203-bp repeats induced far fewer base substitution type mutations at

adenine relative to 15-bp MH or no homology repair events (p = 0.0549; S2–S4 Figs, S4 Table).

The results suggest that MH-mediated repair is a powerful source of mutagenesis even for

sequences that are tens of kilobases away from the break site.

MH-mediated repair is kinetically slower than single strand annealing

To elucidate the basis for elevated mutagenesis in MH-mediated repair, we determined the

timing of repair product formation by polymerase chain reaction (PCR) using primers flank-

ing the repeats (Fig 2A, red and black arrows). To restrict our measurements of repair kinetics
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to a single cell cycle, we treated cells with nocodazole either prior to (S6A and S6B Fig) or just

after (Fig 2B, S6C Fig) HO expression and rendered cells arrested at the G2 phase of the cell

cycle. The cell cycle profile was confirmed by flow cytometry (S5 Fig).

We discovered that 15- and 203-bp repeat mediated repair events operate with distinctly

different temporal kinetics in both conditions regardless of the order of nocodazole treatment

and HO expression: SSA products using 203-bp direct repeats emerged at 2–4 h post-HO

expression whereas the MH-mediated repair products were initially detected at 2 h but slowly

accumulate up to 6–8 h post-HO expression (Fig 2B and 2C). These results further support the

inefficiency of MH-mediated repair events.

Fig 2. Kinetics of MH-mediated repair. A. Strategy to assess DSB repair kinetics. The black and grey boxes represent 15-

or 18-bp microhomology (MH) and 203 bp homology flanking the HO-break site, respectively. The level of repair product was

determined by quantitative real time PCR of genomic DNA isolated from an aliquot of cell culture after HO induction using

primers flanking the repeats (red and black arrows). B. Graph showing the amount of repair products by annealing 203-bp

homology or 0-, 15-, and 18-bp MH at indicated time points after HO-endonuclease induction. The results are the average of

three independent experiments ± s.d. C. First order reaction kinetics of MMEJ products as a function of time post-HO

expression. The slope represents the rate constant (k), which is constant regardless of MH sizes but is different in SSA

between 203-bp repeats. D. Illustration of yeast strains with imperfect 18-bp MH. Black boxes indicate the position of base

mismatches. The melting temperature (Tm) of each MH sequence and the percentage survival upon HO endonuclease

induction are shown. Percent survival was calculated by dividing the number of colonies on YEP-galactose by the number of

colonies on YEP-dextrose and multiplied by 100. E. Linear regression analysis of percentage survival vs. melting temperature

(Tm) of strains carrying MH with one or more base mismatches. Percentage survival was positively correlated with Tm

(p<0.05, R2 0.667445).

https://doi.org/10.1371/journal.pgen.1006714.g002
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We surmise that the protracted MMEJ kinetics reflects the instability of MH annealing and

therefore, is inherent to the MMEJ process. Indeed, the rate of repair is higher between longer

MH (18-bp) repeats than for shorter ones (15-bp), and the reaction follows first order kinetics

(Fig 2C). To further test this possibility, we monitored MMEJ frequency in strains carrying

MH of different melting temperatures by incorporating one or more base mismatches within

the 18-bp repeats, thereby reducing the stability of MH pairing (Fig 2D). We discovered that

the frequency of MMEJ was proportional to the melting temperature of flanking MHs (Fig 2D

and 2E), supporting the premise that the stability of MH dictates the MMEJ frequency and cor-

responds to a key parameter of successful repair by MMEJ. Interestingly, the position of the

mismatch also impinged on the MH-mediated repair frequency such that the mismatches

towards telomere-proximal or central locations more severely disrupt MH-mediated repair

(Fig 2D and 2E).

Extensive resection occurs in repair via MH

Evidence suggests that the amount of resection is directly proportional to the time needed for

the repair [31]. The slow kinetics of repair events using MH might be accompanied by exten-

sive resection at flanking DNA sequences. We therefore measured the extent of resection in

both SSA and MH-mediated repair events. To date, most resection assays measured the

amount of ssDNA in donorless yeast cells that lack all efficient repair options except limited

end joining events [15, 32, 33]. However, in cells where resection leads to successful repair, the

amount of ssDNA corresponds to the sum of resection and repair synthesis, complicating the

accurate measurement of the extent of resection. To determine the amount of end resection in

MMEJ events, we instead measured the amount of new DNA synthesis because the resected

DNA should ultimately be re-synthesized by repair synthesis (Fig 3A). To detect the amount

of repair synthesis, we labeled newly synthesized DNA using a nucleoside analog, bromodeox-

yuridine (BrdU) in strains expressing both a nucleoside kinase as well as an equilibrative

nucleoside transporter [34].

The amount of new DNA synthesis (i.e. resection) was monitored by incubating nocoda-

zole-arrested G2 cells carrying 18-bp MHs in medium containing BrdU, which incorporates

into nascent DNA during repair synthesis upon HO expression. Genomic DNA isolated from

cells at several time points post-HO expression was pulled down with anti-BrdU antibody and

analyzed by qPCR using a series of primer sets that anneal to the regions flanking the DNA

break (Fig 3A). We found that BrdU incorporation extended up to 7.8-kb distal to the nearest

repeats (location C) in MH-mediated repair (Fig 3B). The results were in stark contrast to SSA

wherein the incorporation was not detectable even at 3.9-kb from the proximal repeat (Fig 3B,

green bars). BrdU incorporation was not detected in strains lacking an HO cleavage site or in

those without repeats (Fig 3B, orange bars and black bars, respectively). To further examine

the extent of resection (and re-synthesis) during SSA, we constructed a strain in which the

527-bp repeat is situated asymmetrically at 5-kb distal and 0.5-kb proximal to the break site

(Fig 3B, blue bars). In this strain, at least 5-kb of resection should occur to expose the requisite

homology if resection proceeds symmetrically. Indeed, we found that BrdU incorporation is

detected strongly at 3-kb proximal (location B) and up to 4.5-kb from the break (location C),

but steeply declined at a site 6.1-kb proximal to the break (location D)(Fig 3B), indicating that

resection is halted within a narrow zone about 1–2 kb beyond the repeat sequence. The results

also suggest that the BrdU profile faithfully reflects the extent of resection and that MH-medi-

ated repair events are accompanied by extensive DNA synthesis flanking the break site com-

mensurate with the slow repair kinetics.
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Deficient resection reduces mutagenesis

Emerging evidence suggests that ssDNA engenders elevated spontaneous and UV-induced

mutagenesis [24–26, 35, 36]. According to this finding, mutation frequency may be directly

proportional to the amount of end resection at given chromatin locations [25, 26], which

could explain elevated mutagenesis in MH-mediated repair. Indeed, we found that UV treat-

ment led to a dramatic (83,814-fold) increase in FOAR (and thus Ura3-) frequency among sur-

vivors after HO expression when the URA3 gene was inserted at 7.1-kb distal to the break site,

and a moderate increase (279-fold) at 14.5-kb distal to the break site in a strain carrying flank-

ing 15-bp MH (Fig 4A, S6 Table). In contrast, UV irradiation increased the frequency of FOAR

survivors when the URA3 gene was inserted 7.1-kb (268-fold) or 11.5-kb (276-fold) distal to

the break in long repeat strains (Fig 4B, S6 Table). As predicted, strong strand bias toward base

substitutions at pyrimidines of the unresected strand was detected in the mutation spectra of

the reporter placed at either side of the break (pyrimidine:purine = 31:2 and 22:6 at 5.8-kb

Fig 3. Extensive resection in MH-mediated repair. A. Diagram demonstrating the strategy to measure the amount of DNA

repair synthesis during MMEJ and SSA repair as a proxy for end resection. The HO-recognition site and the flanking MH or

homologies (18-, 203- and 527-bp; black boxes) at various locations distal to the break trigger MMEJ or SSA. The locations of

primers (A, B, C, D and E, 2.2-, 2.6-, 4.5-, 6.1- and 9.1-kb from HO break site) to detect BrdU incorporation by chromatin

immunoprecipitation using anti-BrdU antibody in a strain with 527 bp repeat are shown. Strains with 0-, 18- and 203-bp MH or

homologies have a 1.76-kb HPH gene incorporated 51 bp proximal to the HO recognition site. In these strains the total amount of

resection is calculated by adding 1.76 kb (size of the HPH gene) to the distance of the primers from the HO recognition site. The

distance between homologies and the HO recognition site and the extent of resection required to uncover homologies in strain

with 527 bp homology are also included. B. Fold enrichment of BrdU incorporation at A, B, C and D locations in strains carrying

no MH, 18-bp MH, 203-bp or 527-bp repeats was calculated by measuring the amount of BrdU incorporation after HO

endonuclease induction divided by that under no-HO conditions as described in Materials and Methods. The results are the

average of three independent experiments ± s.d.

https://doi.org/10.1371/journal.pgen.1006714.g003
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centromere-proximal and 7.1 kb telomere-proximal to the break site, respectively) after UV

and HO induction (S7 and S8 Figs, S5, S8 and S17–21 Tables). The results were consistent

with the BrdU incorporation profile obtained from the ChIP assay that showed resection and

repair synthesis reached at least 7.8-kb from the break site in MH-mediated repair but not in

SSA (see Fig 3B).

In yeast, resection proceeds by two distinct stages: short range resection by the Mre11 com-

plex, and long-range resection by Exo1 or Sgs1/Dna2 [13, 15, 17]. To test if resection and the

formation of ssDNA trigger elevated mutagenesis flanking a DSB, we deleted EXO1 or SGS1,

two enzymes responsible for different resection pathways, and measured the mutation fre-

quency of a URA3 reporter gene at 7.1-kb distal to the break site upon HO induction. Should

resection underlie elevated mutagenesis, deletion of EXO1 or SGS1 should reduce the mutation

frequency upon HO expression in a strain carrying 15-bp MH. Indeed, the mutation frequency

was reduced to 22- to 11-fold in sgs1 or exo1 deletion cells, respectively (Fig 4C). This was true

even without UV irradiation (Fig 1D). We also found that break-induced mutagenesis depends

Fig 4. UV-induced mutagenesis during MMEJ repair. A. UV-induced mutation frequency was measured

by scoring FOAR survivors in yeast strains carrying the URA3 reporter gene placed at indicated locations

distal to the HO break site as described in Fig 1. The HO recognition site, shown by the arrow, is flanked by

15-bp MH that mediates MMEJ repair upon galactose induction of HO endonuclease. The distance from the

break and the fold stimulation by DSB induction are shown below and above each bar graph, respectively.

The median frequencies, 95% confidence intervals, and fold change are also listed in S6 Table. B. The

frequency of UV induced FOAR survivors from yeast strains bearing 15-bp MH, 203-bp repeat or no homology

flanking the HO break site and the URA3 reporter genes at placed at 7.1- and 11.5-kb distal locations. The

median frequencies, 95% confidence intervals, and fold change are shown as in S6 Table. C. The frequency

of UV-induced FOAR survivors was measured as described in Fig 1 in yeast strains with the indicated gene

deletions and bearing 15-bp MH flanking the HO break and the URA3 reporter gene at the 7.1-kb distal

location. The median frequencies, 95% confidence intervals, and fold change are also listed in S6 Table.

https://doi.org/10.1371/journal.pgen.1006714.g004
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on the Rev1 and Rev3 error-prone polymerases [37], but only moderately on Pif1 [38] and

Rad30, suggesting that bubble migration as seen in break-induced replication is not chiefly

responsible for the elevated mutagenesis in MH-mediated repair (Figs 1D and 4C)[39–41].

MH induced elevated mutagenesis at chromosomal translocation

breakpoints

Previously, we showed that flanking MH could trigger promiscuous end joining and chromo-

somal translocation if the repeats are placed in two different chromosomes [6]. To test if MH

also induces hypermutagenesis at the regions flanking breakpoint junctions of chromosomal

translocations, a yeast strain carrying two HO recognition sites, one at the MAT locus on chro-

mosome III and the other at the ura3 locus on chromosome V, was engineered to have 17-bp

MH 2-kb telomere proximal to both HO cleavage sites (Fig 5A). The strain also contains a

galactose-inducible HO endonuclease gene and lacks the HML and HMR loci so that the

Fig 5. MH-induced mutagenesis at chromosomal translocation breakpoints. A. Schematics illustrating

the yeast strain that produces intra- or inter-chromosomal MMEJ or NHEJ upon HO expression. The strain

has two HO recognition sites, one on Chromosome III and the other on Chromosome V. White boxes denote

the location of 17-bp MH near the break site. HPH and TRP1 markers are shown. Four possible repair

outcomes in this strain after DSB induction based on hygromycin sensitivity (HYGs) or resistance (HYGr) and

the types of chromosomal joints are shown. The formation of chromosomal translocations was determined by

PCR across the HO cleavage sites using primers annealed to two different chromosomes (arrows). B. Types

of repair events among survivors. Survival frequency is calculated by dividing the number of survivors by the

number of cells plated. A DSB was induced in the strain for 2 h by incubation in YEP-galactose and cells were

plated on YEP-dextrose after serial dilution. The percentage of intra- and inter-chromosomal repair events

was determined by PCR analysis of 100 colonies from each survivor. The results are the average of three

independent experiments ± s.d. C. Types of FOAR survivors after HO expression. The percentage of intra- vs

inter-chromosomal repair events and the status of the hygromycin resistance gene are plotted. A DSB was

induced for 2 h and cells were plated onto YEP-dextrose and subsequently replica plated onto 5-Fluoroorotic

Acid (5-FOA) plates. 100 colonies from each experiment were analyzed by PCR to detect intra-chromosomal

or inter-chromosomal repair products. The results are the average of three independent experiments.

https://doi.org/10.1371/journal.pgen.1006714.g005
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addition of galactose to the culture medium will induce DSBs at both cleavage sites but not

elsewhere. DSB repair in this strain can proceed by intra- or inter-chromosomal MH-mediated

repair and NHEJ. To distinguish the types of repair events, we have placed hygromycin resis-

tance (HPH) and TRP1 genes next to the HO cleavage site so MH-mediated repair will lead to

hygromycin sensitivity and/or tryptophan auxotrophy. The formation of a chromosomal

translocation was then determined by PCR across HO cleavage sites using primers that anneal

to two different chromosomes (Fig 5A).

Upon inducing HO for only two hours, over 20% of cells survive, of which at least 90%

repair one or both breaks by NHEJ (Fig 5B). The predominance of NHEJ events among survi-

vors after 2 h of HO expression could be attributed to relatively faster kinetics of NHEJ com-

pared to MH-mediated repair [10] and therefore, NHEJ likely acting before MMEJ for DSB

repair. Faster NHEJ kinetics also limits the frequency of chromosomal translocations among

survivors due to the inherent bias of NHEJ to intra-chromosomal joining [42]. In events

where both ends are repaired by MH-mediated repair (i.e., hph−trp1–), no intra-chromosomal

repair bias is found (S9C Fig). In contrast, most survivors from persistent HO expression arose

from MH-mediated repair events (hph–), nearly half of which are chromosomal translocations,

consistent with our previous observations (S9 Fig) [6].

To measure mutation frequency associated with MH-mediated chromosomal translocations,

we inserted the URA3 reporter at 7.1-kb distal to the MAT cleavage site and measured the fre-

quency of FOAR survivors after 2 h of HO expression. Induction of HO increased the FOAR fre-

quency 55.6-fold and most (91.8%) FOAR survivors were hygromycin sensitive, indicating that

MH-mediated repair events were significantly enriched among mutagenic repair (Fig 5C). The

majority of mutations were few base pair indels or base substitutions at homopolymer runs as

described in [25]. Notably, G to T transversions were increased 4-fold (p = 0.02) after DSB

induction (S10 Fig, S9, S22 and S23 Tables). Strong enrichment (11-fold, p<0.001) of MH-

mediated repair events (hph- events, confirmed by analyzing the repair junctions) among FOAR

survivors further confirms the high mutagenicity of such events as compared to those repaired

by NHEJ (hph+ events, confirmed by analyzing the repair junctions). Furthermore, among

FOAR survivors, chromosomal translocation events increased by 2.3-fold, with total survivors

increasing from 6.8% to 16.1%. Together, these results suggest that MH-mediated chromosomal

translocation could induce hypermutagenesis at sequences flanking the breakpoints.

Discussion

Repair of a DNA double strand break (DSB) is frequently associated with elevated mutagenesis

due in part to mutagenic repair synthesis that reverts accompanying ssDNA back to duplex

form [24–26, 35, 36]. Indeed, hypermutagenesis was reported in ectopic gene conversion and

break-induced replication even if mutagenesis is not always associated with error-prone trans-

lesion polymerases [35, 39, 40, 43]. Certain trinucleotide repeats, short palindromes, and inter-

stitial telomeric sequences also induce chromosomal fragility and mutagenesis to flanking

DNA sequences [44–48], likely because they trigger the formation of DNA DSBs and muta-

genic DNA repair synthesis. We now show that MH-mediated end joining (MMEJ) can be

added to the list of pathways endowed with extremely high mutagenesis potential, even up to

tens of kilobases from the break site, underscoring its genome destabilizing capacity. Impor-

tantly, many of these mutations share features of clustered mutagenesis at or near chromo-

somal translocation breakpoints in human cancer cells [24, 26], raising the possibility that

MMEJ contributes to some of these mutations. Alternatively, hypermutagenesis at the break-

point junctions of MMEJ events reflects that yeast repair synthesis relies on error-prone poly-

merases, whereas in vertebrate cells repair is achieved by higher fidelity polymerases.
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We propose that hypermutagenesis in MMEJ is linked with its slow kinetics. This is an

inherent feature of MMEJ due to its reliance on the annealing of short MHs (S11 Fig), which

itself is thermodynamically unstable and also counteracted by the presence of RPA [3, 6, 23].

The differences between MMEJ, HR and NHEJ with respect to kinetics as well as cell cycle

dependency might dictate the order and timing of repair pathway choice for DNA lesions in

cells and thus repair outcomes and associated mutagenesis upon DNA damage. It may also

explain why MMEJ is more prominent when other competing and faster acting pathways

become depleted or deficient [19, 49]. Alternatively, or in addition to MH annealing, other

constraints such as degradation of antagonizing factors or the late recruitment of MMEJ com-

ponents to the break site could contribute to slow MMEJ kinetics. Indeed, emerging evidence

in vertebrate cells indicates that MMEJ could be blocked by a proteasome inhibitor [50] and

normally confined to unique sub-nuclear compartments [51]. Additional studies are necessary

to determine the underlying basis of slow MMEJ kinetics.

To analyze MMEJ-induced mutagenesis, we employed an experimental strategy that entails

replica-plating of the surviving colonies after several divisions on non-selective medium fol-

lowing HO expression (see Materials and Methods for additional details). The arrangement

was necessary because MMEJ is a slow repair process and 5-FOA kills yeast cells rapidly and

does not allow residual divisions needed to establish DSB induced mutagenesis. Acute cell kill-

ing by FOA medium might also explain why UV irradiation did not increase spontaneous

mutagenesis in URA3 as compared to that measured CAN1mutagenesis using canavanine

containing medium for selection (see S2, S3, S6 and S7 Tables). Mutation frequencies without

DSB induction were measured by direct plating onto FOA containing medium. Excessive kill-

ing of recently formed ura3 mutants after transfer to FOA containing medium could thus

account for the apparent lack of mutagenesis upon UV irradiation. Nonetheless, our results

fully establish that MMEJ is far more mutagenic than SSA and NHEJ, in which all mutation

frequency measurements involved identical set-ups and the methodologies used.

The presence of MH in most pathogenic chromosome translocations and complex genome

rearrangements highlights MH as a driver for genome destabilization via either variant end

joining, HR, or template switch (TS) mechanisms [52]. Complex genome rearrangements

(CGRs) and somatic rearrangements are also accompanied by dramatically high levels of muta-

genesis of DNA sequences at or near breakpoints harboring MHs [27, 53]. Analysis of break-

point junctions with single base-pair resolution from 95 tumor samples revealed that somatic

rearrangements across all cancer cell types are frequently associated with hypermutagenesis up

to 10-kb flanking the breakpoint junctions [29]. Most of these mutations are transversion types

[28, 29]. These results raise an intriguing possibility that breakpoint mutagenesis could partially

be attributed to MMEJ driven events. Specifically, mutations observed at locations far distal

from the break site cannot readily be explained by current models of microhomology-mediated

BIR or TS, yet are consistent with long-range mutagenesis in MMEJ [39, 52, 54].

Under experimental conditions, MMEJ and other repair events could sharply induce muta-

genesis at DNA flanking DSBs. It raises the tantalizing possibility that break-induced mutagen-

esis could drive the progression of diseases and potentially dictate cellular responses to current

treatment protocols. Mutations occurring at flanking DNA sequences could also offer a unique

strategy to selectively target disease cells that harbor pathogenic chromosomal rearrangements

using neighboring gene deficiency as additional biomarkers. However, mutagenesis might be

confined to a small fraction of repair events and many of these mutations do not necessarily

lead to gene deficiency. Nonetheless, it will be interesting to explore if MH at the breakpoint

junctions impinges on the aggressiveness of diseases and/or the treatment outcomes and could

thus be exploited to identify the best therapeutic approaches according to the types of repair

events triggering chromosomal rearrangements.
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Materials and methods

Strains

All yeast strains (S10 Table) are derivatives of JKM139 or JKM179 and were made by amplifi-

cation of the hygromycin B phosphotransferase (HPH) gene from pAG26 with 90-bp oligonu-

cleotides, containing 20-bp of homology to HPH, various sizes of microhomology/homology

sequence, and homology to the Z1 region of MATα/a on chromosome III. Briefly, the SS203

strain containing direct 203-bp repeats flanking the Z1 region of MATα on chromosome III

was constructed by the Golden Gate technique using primers ssa1, ssa2, ssa3 and ssa4 [55]. For

SS527 strain construction, 527-bp fragments encompassing MATα Z2 sequence and TAF2 3’

end sequence were amplified (527-F and 527-R) and fused with the HPH gene at the 3’ end by

PCR, and integrated into the PHO87 gene locus by PCR-based gene targeting (primers to intro-

duce homology for integration: Pho87-HYG-F and TAF2-3-R). Gene deletion mutants were

constructed by a PCR-based technique using oligonucleotides flanked by terminal sequences

homologous to the open reading frames of target genes. BrdU incorporating (BrdU-inc) strains

were constructed by the one step integration method as described previously52.

HO endonuclease induction

Yeast cells grown in YEP-glycerol media for 16 h were serially diluted and plated onto YEP-

dextrose and YEP-galactose plates. Galactose induces HO endonuclease expression. Short or

pulsed HO expression was achieved by adding 2% (w/v) galactose to the logarithmically grow-

ing yeast cells in YEP-glycerol medium, and after the indicated time of incubation, aliquots of

culture were removed and plated onto YEP-dextrose to inhibit further HO endonuclease

expression. Survival frequency was calculated by dividing the number of colonies on YEP-

galactose by the number of colonies on YEP-dextrose plates.

Quantitative PCR-based assay to detect MMEJ product formation in real

time

Logarithmically growing yeast cells were incubated in YEP-glycerol for 16 h and 2% (w/v) ga-

lactose was added to the culture 2.5 hours prior to or after nocodazole (15 μg/ml) induced G2

cell cycle arrest. At different time points (0–10 hours), aliquots of culture were harvested and

genomic DNA was isolated using the MasterPure Yeast DNA Purification Kit (Epicentre Bio-

technologies). The amount of repair product was determined by quantitative PCR using primers

flanking the newly re-joined DNA and normalized by amplification of a control locus in the

genome (YEN1 genomic locus). To eliminate uncut or NHEJ events, genomic DNA was digested

with PsiI restriction enzyme prior to PCR analysis. The recognition sequence of PsiI is located in

the inter-repeat DNA and is thus deleted in MMEJ products but not in NHEJ products.

Detection of repair synthesis by BrdU-incorporation assay

A single colony of S. cerevisiae cells was inoculated in 2–3 mL YEP-dextrose and cultured for

12–24 h. One ml of cells was harvested, washed with YEP-glycerol, transferred to 200 ml YEP-

glycerol, and cultured overnight. Nocodazole was added to the culture at a final concentration

of 20 μg/ml, and cells were cultured for another 3 h (at this point, cells were examined under

the microscope to ensure that >90% of cells are arrested at G2/M). A double strand break was

induced by adding galactose at 2% final concentration, and BrdU was supplemented to the

medium at 400 μg/ml. Cells were cultured for another 10- to 13-h (no repeats & 18-bp) or 4-

to 6-h (203-bp & 527-bp), and then harvested and washed with 50 mM EDTA. Genomic DNA

was isolated by standard glass bead-based DNA extraction. Isolated DNA was re-suspended in
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200 μl TE supplemented with RNase A (100 ng/ml), incubated at 37˚C for 1 h, and then soni-

cated to sheer the DNA to fragments ranging from 200 bp to 700 bp. DNA was separated by

1.2% agarose gel and fragments ranging from 200–700 bp were extracted using a gel purifica-

tion kit (Qiagen). One μg of purified DNA fragments (20–50 μl), 10 μg ssDNA and 10 μl

10xPBS, supplemented with distilled H2O to a final volume of 100 μl, was mixed, pelleted in a

microcentrifuge, and placed in a 100˚C heat block for 10 min. The mixture was then supple-

mented with 400 μl PBST (PBS, 0.1% Triton X-100), and 1 μl anti-BrdU antibody, and incu-

bated at 4˚C with rotating for 2 hrs. Five μl of the reaction was taken as 1% input, and mixed

with 200 μl elution buffer. IP reactions were supplemented with 30 μl Dyna magnetic protein

G beads (Invitrogen), and incubated for another 2 h. DNA-antibody-protein G bead com-

plexes were subjected to extensive washing as follows: 1) 1 ml lysis buffer (50 mM HEPES pH

7.5, 1 mM EDTA, 140 mM NaCl, 1% Triton X-100, 0.1% NaDoc) for 5 min, 3 times; 2) 1 ml

high salt lysis buffer (50 mM HEPES pH 7.5, 1 mM EDTA, 500 mM NaCl, 1% Triton X-100,

0.1% NaDoc) for 5 min; 3) 1 ml washing buffer (100 mM Tris-HCl pH 8.0, 1 mM EDTA, 1%

Triton X-100, 0.1% NaDoc) for 5 min; 4) TE (10 mM Tris-HCl, 1 mM EDTA) for 5 min. The

supernatant was removed completely, and DNA-antibody complexes were eluted with 2 x

100 μl elution buffer (10 mM Tris-HCl, 1 mM EDTA, 1% SDS) by incubating the tube at 65˚C

for 15 min. Beads were precipitated by magnetic apparatus, DynaMag2, and the supernatant

was transferred to a new tube. Eluted DNA-antibody complexes were supplemented with 10 μl

glycogen, 25 μl 3 M NaAC (pH 5.6) and 500~750 μl ice cold ethanol and kept at -80˚C for>2

hrs. DNA was precipitated by centrifugation at 13,000 rpm at 4 ˚C for 15 minutes. Precipitated

DNA was resuspended in 300 μl distilled water and subjected to quantitative PCR analysis

using a series of primer sets that anneal to the regions flanking the DNA break site.

Mutagenesis associated with DSB repair

Logarithmically growing yeast cells were incubated in YEP-Glycerol medium for 16 h and

then diluted with fresh 2% (w/v) galactose (Gal) synthetic complete media to induce Gal-HO-

endonuclease expression for generation of site-specific DSBs. After 4 h of growth in galactose

108 cells were spun down and plated onto 150 mm YEP-GAL plates. To test UV-induced

mutagenesis, the YEP-GAL plates were subsequently irradiated with 20 J m-2 ultraviolet-C

(UV-C) using a Stratalinker (Stratagene). UV-C treated and untreated cells on YEP-GAL

plates were incubated at 30˚C for 12 h and then replica plated onto media containing 1 mg/ml

5-fluoroorotic acid (5-FOA) and 60 mg/ml L-canavanine to select for ura3 and can1 mutants.

To measure the frequency of FOA-resistant colony formation, we used the replica plating of

surviving colonies after short-term (12 h) growth on YEP-GAL instead of a more standard

method that entails simply plating cells onto FOA-GAL plates. We opted for this strategy because

MMEJ events proceed significantly slower than SSA or gene conversion events and such slow

repair product formation could impinge on the rate of FOA resistant colony formation. Indeed,

the standard plating method greatly underestimate (almost 89-fold lower) the FOA colony for-

mation frequency in a strain with 15-bp repeats; in contrast, the values obtained from standard

plating and replica plating methods are almost identical in SSA-induced mutagenesis. We con-

cluded that measurement of mutation frequency by the standard plating method is not suitable

for MMEJ-mediated mutagenesis analysis and far less accurate even if the replica plating method

may lead to minor fluctuations. Importantly, the replica plating method used here is remarkably

reproducible with only<20% fluctuation between different trials (3 independent trials).

In order to determine the level of induced mutations, we calculated “mutation frequency”

with r/N (‘r’: the total number of mutants, ‘N’: the total number of cells plated). Since we

scored mutation events that are induced by an HO break, and formed within a single cell
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cycle, the frequency should be more appropriate in this case. The assay measures the frequency

of 5-FOA resistant colony formation per viable cells. For the statistical interpretation of the

data, the web tool “FALCOR” was used to calculate confidence intervals about the median

with the cumulative binomial distribution of the rank value of M [30]. Significance testing was

done via the Mann–Whitney U test [56] using the FALCOR program. The binomial distribu-

tion function used to calculate 95% confidence intervals is: Pr (probability) = n!/k!(n-k)! x

(0.5)n; n = number of cultures in the experiments, k = the rank value.

The ‘‘No-GAL”control cells (108) were plated on Media containing 5-fluoroorotic acid

(5-FOA) and L-canavanine to measure the spontaneous mutation frequency. For an additional

control, mutation frequency in a “no homology” strain was also measured. Continuous Gal-

induced HO endonuclease expression led to only 0.1% survival in this strain; therefore, for

accurate mutation frequency measurements, the “no homology” strains were treated with

galactose in order to induce endonuclease for only 2 h. Otherwise, all strains were treated iden-

tically. For further analysis of type of mutation pattern, a single FOAR mutant was recovered

from each culture to avoid scoring of redundant mutations arising from the same mutated par-

ent, the URA3 reporter was amplified by polymerase chain reaction (PCR) using primers

annealing upstream and downstream of the gene, and products were sent (Beckman Coulter)

for single pass sequencing using multiple primer sets. The primer sequences and additional

information are listed in the “Primer List” (Table 1).

Additionally, we performed the reconstruction experiments to illustrate the efficiency and

the reproducibility of our mutagenesis detection method that involves replica plating rare

mutant cells to FOA medium after 12 h of growth on YEP-GAL medium. Briefly, yeast cells

with a wild-type URA3 gene and the mutated HO cleavage site at the MAT locus (URA+, FOA

sensitive) were mixed with cells with mutations in ura3 and the HO site (URA-, FOA resistant)

at two different ratios (105:1 and 10:1), plated onto YEP-GAL and FOA-GAL and grew them

at 30˚C for 12 h. The YEP-GAL plates were then replica-plated to FOA containing medium as

described in our experimental protocol and incubated at 30˚C for three more days. We scored

the number of colonies on FOA plates and divided by the number of colonies grown on YEP--

GAL plates. The median frequencies and the 95% confidence intervals were determined using

the web tool “FALCOR”. We performed the experiments a total of three times to test the repro-

ducibility of the mutagenesis measurement.

As shown in S24 Table, the mutation frequencies calculated by replica plating led to ~40%

as compared to those analyzed by direct plating to FOA plates. The results suggest that the

replica plating efficiency might correspond to approximately 50%. Most importantly, the

mutation frequencies measured by the replica plating are remarkably constant and highly

reproducible in three different tests with two different ratios of FOA+/- cell populations.

Supporting information

S1 Fig. The cleavage efficiency of HO-endonuclease. The cleavage efficiency was calculated

by quantitative real time PCR using primers across the HO-endonuclease recognition site.

Cells are harvested at different time points (0-, 2-, 4-, 6-, 8- and 10-h) after HO endonuclease

induction. The X-axis represents time (hours) after galactose was added to the cells. The Y-axis

represents the percentage of uncut DNA at each time point.

(PDF)

S2 Fig. Mutation spectrum of spontaneous 5-FOA-resistant mutations at the URA3 locus

(7.1-kb from the HO-target site, SS4 strain). The antisense (unresected) strand of the 804-bp

URA3 open reading frame is shown. All mutations are generated under no DSB conditions.

The sequence changes observed in independent ura3 mutants are depicted above the sequence
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in green. Letters indicate single base substitutions, open triangles indicate single base deletions,

and solid triangles indicate insertions.

(PDF)

S3 Fig. Mutation spectrum of DNA double strand break-induced 5-FOA-resistant muta-

tions at the URA3 locus (7.1-kb from the HO-break site) in a strain lacking MH (SS1)

across the break point junction. The antisense (unresected) strand of the 804-bp URA3 open

reading frame is shown as described in S2 Fig. All mutations are generated under DSB condi-

tions. The sequence changes observed in independent ura3 mutants are depicted above the

sequence in orange. Letters indicate single base substitutions, open triangles indicate single

base deletions, and short lines above the sequence indicate multiple base deletions (2–3 bp).

Solid triangles indicate insertions.

(PDF)

S4 Fig. Mutation spectrum of DNA double strand break-induced 5-FOA-resistant muta-

tions at the URA3 locus (7.1-kb from the HO-break site) in a strain with 15- (SS4) or

203-bp repeats (SS2) across the break point junction. The antisense (unresected) strand of

the 804-bp URA3 open reading frame is shown as described in S2 Fig. All mutations are gener-

ated under DSB conditions. The sequence changes observed in independent ura3 mutants for

MMEJ repair (15-bp MH) are depicted above the sequence in blue and below the sequence for

SSA repair (203-bp repeat) in red. Letters indicate single base substitutions, open triangles

indicate single base deletions, and short lines above the sequence indicate multiple base dele-

tions (2–3 bp). Solid triangles indicate insertions.

(PDF)

S5 Fig. Cell cycle analysis by flow cytometry. Cell cycle profiles at different time points for

15- (A, D), 18- (B, E) and 203-bp (C, F) homology strains, respectively. Cells were arrested in

G2 by treatment with nocodazole (20 μg/ml) before (D-F) or after (A-C) HO expression. Cells

were harvested at indicated time points and fixed in 70% ethanol. DNA was labeled with pro-

pidium iodide, and cellular DNA content was analyzed using a FACScalibur machine.

(PDF)

S6 Fig. Repair kinetics. A. DSB repair kinetics detected by quantitative real time PCR in G2

arrested cells. Cells were arrested in G2 by treatment with nocodazole (20 μg/ml) in YEP-glyc-

erol media for 2.5 h prior to HO endonuclease induction by 2% galactose. Cells were harvested

at indicated time points (0, 2, 4, 6 and 8 h) after HO-endonuclease induction. The X-axis rep-

resents time (hours) after galactose was added to the cells. B-C. Relative DSB repair kinetics in

G2 arrested cells. Relative DSB repair kinetics in G2 arrested cells by nocodazole treatment

before (B) and after (C) HO expression. Relative repair kinetics was calculated by dividing the

level of repair products at the indicated time by the amount of repair products at 8 h and 10 h

post-HO expression.

(PDF)

S7 Fig. Mutation spectrum of spontaneous 5-FOA-resistant mutations at the URA3 locus

(7.1-kb from the HO-target site, SS4) after 20 J/m2 UV treatment. The antisense (unre-

sected) strand of the 804-bp URA3 open reading frame is shown as described in S2 Fig. All

mutations are generated under no DSB conditions. The sequence changes observed in inde-

pendent ura3 mutants are depicted above the sequence in green. Letters indicate single base

substitutions, open triangles indicate single base deletions, and short lines above the sequence

indicate multiple base deletions (2–3 bp). Solid triangles indicate insertions.

(PDF)
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S8 Fig. Mutation spectrum of DSB-induced 5-FOA-resistant mutations at the URA3 locus

(7.1-kb from the HO-break site) in a strain with 15- (SS4) or 203-bp repeats (SS2) across

the break point junctions after 20 J/m2 UV treatment. The antisense (unresected) strand of

the 804-bp URA3 open reading frame is shown as described in S2 Fig. All mutations are gener-

ated under DSB conditions. The sequence changes observed in independent ura3 mutants for

MMEJ repair are depicted above the sequence in blue and below the sequence for SSA repair

in red. Letters indicate single base substitutions, open triangles indicate single base deletions,

and short lines above or below the sequence indicate multiple base deletions (2–3 bp). Solid

triangles indicate insertions.

(PDF)

S9 Fig. MMEJ induces chromosomal translocations and mutagenesis. A. Graph illustrating

the survival frequency of yeast strains upon persistent HO expression that induced DSBs at

two different chromosomes, chromosome III and V. The types of repair events were deter-

mined based on hygromycin sensitivity; hygromycin-sensitive (MMEJ) and resistant (NHEJ).

Survival frequency was calculated by dividing the number of colonies on galactose containing

plates by the number of colonies plated onto YEP-dextrose. The graph also demonstrates the

fraction of intra- and inter-chromosomal repair events. The results are the average of three

independent experiments. 100 colonies from each survival experiment were assessed by PCR

to detect intra- or inter-chromosomal repair products. B. Types of FOAR survivors after persis-

tent HO expression. The percentage of intra- vs inter-chromosomal repair events and the sta-

tus of the hygromycin gene are plotted. To induce a persistent DSB, cells were plated onto

YEP-galactose and subsequently replica plated onto 5-Fluoroorotic Acid (5-FOA) plates. 100

colonies from each experiment were analyzed by PCR to detect intra- or inter-chromosomal

repair products. The results are the average of three independent experiments. C. The percent-

age of intra- vs inter-chromosomal repair events upon 2 h HO expression among hph- trp-

survivors. The results are the average of three independent experiments. 100 colonies from

each survival experiment were assessed by PCR to detect intra- or inter-chromosomal repair

products.

(PDF)

S10 Fig. Mutation spectrum of 5-FOA-resistant mutations at the URA3 locus (7.1-kb from

the HO-break site, SS17INTER7.1) on chromosome III following two simultaneous HO

breaks induced flanking 17 bp MH across the break point junction. The antisense (unre-

sected) strand of the 804-bp URA3 open reading frame is shown. All mutations are generated

under DSB conditions. The sequence changes observed in independent ura3 mutants for

HYGR events are depicted above the sequence in blue and below the sequence for HYGS in

red. Letters indicate single base substitutions, open triangles indicate single base deletions, and

short lines above the sequence indicate multiple base deletions (2–4 bp). Solid triangles indi-

cate insertions.

(PDF)

S11 Fig. Model for MMEJ-mediated mutagenesis. Upon DNA break induction, end resection

reveals MHs flanking the break site, and leads to annealing via MHs. Due to the instability of

strand annealing via short MHs, repair is delayed and resection persists until it forms extensive

single stranded DNA that is vulnerable to DNA damage and mutagenesis if DNA synthesis

across the lesions ensues by a translesion polymerase.

(PDF)

S1 Table. Percentage survival of yeast mutants. a Depicts the position of the URA3 reporter

gene from the break site in kilobases. “T” represents telomeric side of the HO-break site. “C”
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refers to centromeric side of the HO-break site.
b Depicts the size of homology flanking the HO-cleavage site.
c Percentage of survival was calculated as described in Materials and Methods from the average

of three independent experiments. SD, Standard deviation.

(PDF)

S2 Table. Median frequencies of ura3 mutants (FOAR) and 95% Confidence Interval (95%

CI) were calculated by Fluctuation Analysis Calculator (FALCOR). a Depicts the position of

the URA3 reporter gene from the break site in kilobases. “T” represents telomeric side of the

HO-break site. “C” refers to centromeric side of the HO-break site.
b Depicts the size of homology flanking the HO-cleavage site.
c GLU refers to glucose containing media. HO-endonuclease not expressed, thus representing

no-break conditions.
d GAL refers to 2% galactose containing media. Galactose induces the expression of HO-endo-

nuclease, thus generating double strand breaks (DSBs).
e Fold represents the increase in mutation frequency after “GAL” over “GLU” control. The

numbers in parentheses indicate the mutation frequency relative to that in the no-homology

strain.
�Strain with no HO cut site.
f 2 h induction of HO-endonuclease in 2% galactose containing media.

NA-Not Available-Persistent HO-endonuclease induction leads to no viable FOAR colonies.

(PDF)

S3 Table. Median frequencies of can1 mutants (CANR) and 95% Confidence Interval (95%

CI) were calculated by Fluctuation Analysis Calculator (FALCOR). a Depicts the position of

the URA3 reporter gene from the break site in kilobases. “T” represents telomeric side of the

HO-break site. “C” refers to centromeric side of the HO-break site.
b Depicts the size of homology flanking the HO-cleavage site.
c GLU refers to glucose containing media. HO-endonuclease not expressed, thus representing

no-break conditions.
d GAL refers to 2% galactose containing media. Galactose induces the expression of HO-endo-

nuclease, thus generating double strand breaks (DSBs).
e Fold represents the increase in mutation frequency “GAL” over “GLU” control. The numbers

in parentheses indicate the mutation frequency relative to that in the no-homology strain.
�Strain with no HO cut site.
f 2 h induction of HO-endonuclease in 2% galactose containing media.

(PDF)

S4 Table. Analysis of ura3 mutation events from FOAR survivors upon HO expression.

The reporter is located at the 7.1 kb telomere-proximal location.
a Mutations were identified by sequencing of repair events from FOAR colonies.
b GLU refers to glucose containing media.
c GAL refers to galactose containing media.

bp, base pairs; Pyr:Pur, ratio between Pyrimidine vs Purine mutations; In-Del, insertions and

deletions.

(PDF)

S5 Table. Analysis of ura3 mutation events from FOAR survivors upon HO expression.

The reporter is located at the 5.8 kb centromere-proximal location.
a Mutations were identified by sequencing of repair events from FOAR colonies.
b GLU refers to glucose containing media.
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c GAL refers to galactose containing media.

bp, base pairs; Pyr:Pur, ratio between Pyrimidine vs Purine mutations; In-Del, insertions and

deletions.

(PDF)

S6 Table. Median frequencies of ura3 mutants (FOAR) and 95% Confidence Interval (95%

CI) with 20 J/m2 UV treatment were calculated by Fluctuation Analysis Calculator (FAL-

COR). a Depicts the position of the URA3 reporter gene from the break site in kilobases. “T”

represents telomeric side of the HO-break site. “C” refers to centromeric side of the HO-break

site.
b Depicts the size of homology flanking the HO-cleavage site.
c GLU refers to glucose containing media. HO-endonuclease not expressed, thus representing

no-break conditions.
d GAL refers to 2% galactose containing media. Galactose induces the expression of HO-endo-

nuclease, thus generating breaks.
e Fold represents the increase in mutation frequency after “GAL” over “GLU” control. The

numbers in parentheses indicate the mutation frequency relative to that in the no-homology

strain.
f 2 h induction of HO-endonuclease in 2% galactose containing media.

(PDF)

S7 Table. Median frequencies of can1 mutants (CANR) and 95% Confidence Interval (95%

CI) with 20 J/m2 UV treatment were calculated by Fluctuation Analysis Calculator (FAL-

COR). a Depicts the position of the URA3 reporter gene from the break site in kilobases. “T”

represents telomeric side of the HO-break site. “C” refers to centromeric side of the HO-break

site.
b Depicts the size of homology flanking the HO-cleavage site.
c GLU refers to glucose containing media. HO-endonuclease not expressed, thus representing

no-break conditions.
d GAL refers to 2% galactose containing media. Galactose induces the expression of HO-endo-

nuclease, thus generating double strand breaks (DSBs).
e Fold represents the increase in mutation frequency “GAL” over “GLU” control. The numbers

in parentheses indicate the mutation frequency relative to that in the no-homology strain.
f 2 h induction of HO-endonuclease in 2% galactose containing media.

(PDF)

S8 Table. Analysis of ura3 mutation events from FOAR survivors upon HO expression and

UV irradiation. The reporter is located at the 7.1 kb telomere-proximal location.
a Mutations identified by sequencing of FOAR colonies with 20 J/m2 UV treatment.
b GLU refers to glucose containing media.
c GAL refers to galactose containing media.

bp, base pairs; Pyr:Pur, ratio between Pyrimidine vs Purine mutations; In-Del, insertions and

deletions.

(PDF)

S9 Table. Analysis of ura3 mutation events from FOAR survivors upon two simultaneous

HO cleavage events. The reporter is located at the 7.1 kb telomere-proximal location.
a Mutations identified by sequencing of FOAR events in a strain carrying two HO cleavage

sites on two different chromosomes after HO expression.
b GAL refers to galactose containing media.

bp, base pairs; HYGR, hygromycin resistant; HYGS, hygromycin sensitive; Pyr:Pur, ratio
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(PDF)

S10 Table. List of strains used in the study.

(PDF)

S11 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the glucose containing media (GLU) with the 15 bp MH at

telomeric 7.1 kb location.

(XLSX)

S12 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the galactose containing media (GAL) with no MH at telo-

meric 7.1 kb location.

(XLSX)

S13 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the galactose containing media (GAL) with the 15 bp MH at

telomeric 7.1 kb location.

(XLSX)

S14 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the galactose containing media (GAL) with the 203 bp repeat

at telomeric 7.1 kb location.

(XLSX)

S15 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the glucose containing media (GLU) with the 15 bp MH at

centromeric 5.8 kb location.

(XLSX)

S16 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the galactose containing media (GAL) with the 15 bp MH at

centromeric 5.8 kb location.

(XLSX)

S17 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the glucose containing media (GLU) with the 15 bp MH at

telomeric 7.1 kb location upon 20 J/m2 UV.

(XLSX)

S18 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the galactose containing media (GAL) with the 15 bp MH at

telomeric 7.1 kb location upon 20 J/m2 UV.

(XLSX)

S19 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the galactose containing media (GAL) with the 203 bp repeat

at telomeric 7.1 kb location upon 20 J/m2 UV.

(XLSX)

S20 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the glucose containing media (GLU) with the 15 bp MH at
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centromeric 5.8 kb location upon 20 J/m2 UV.

(XLSX)

S21 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the galactose containing media (GAL) with the 15 bp MH at

centromeric 5.8 kb location upon 20 J/m2 UV.

(XLSX)

S22 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the galactose containing media (GAL) and hygromycin resis-

tant (HYGR).

(XLSX)

S23 Table. Mutation spectra in the category of FOAR mutants. The mutations were tabu-

lated from the FOAR colonies in the galactose containing media (GAL) and hygromycin sensi-

tive (HYGS).

(XLSX)

S24 Table. Efficiency of replica-plating. a represents the ratio of yeast cells with a wild-type

URA3 gene and cells with mutations in ura3 (both with mutated HO cleavage site at the MAT
locus).
b represents the average frequency of FOAR cells upon direct plating on FOA-GAL.
c represents the median FOAR frequency and 95% Confidence Interval of cells plated on YEP--

GAL followed by replica plating.
d,e Median frequencies of ura3 mutants (FOAR) and 95% Confidence Interval (95% CI) were

calculated by Fluctuation Analysis Calculator (FALCOR).

(PDF)

Acknowledgments

We are grateful to the members of the Lee and Myung labs for helpful discussions. We also

thank Anna Malkova for providing us with BrdU-inc vectors.

Author Contributions

Conceptualization: SEL EYS SS FL DV KM SY.

Formal analysis: JHS.

Funding acquisition: SEL KM EYS.

Methodology: SS FL DV SY JHS.

Supervision: SEL EYS KM.

Validation: SS FL.

Writing – original draft: SEL SS EYS FL SY KM JHS.

References
1. Sinha S, Villarreal D, Shim EY, Lee SE. Risky business: Microhomology-mediated end joining. Mutat

Res. 2016. Epub 2016/01/23.

2. McVey M, Lee SE. MMEJ repair of double-strand breaks (director’s cut): deleted sequences and alter-

native endings. Trends Genet. 2008; 24(11):529–38. Epub 2008/09/24. https://doi.org/10.1016/j.tig.

2008.08.007 PMID: 18809224

Role of microhomology-mediated end joining in hypermutagenesis

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006714 April 18, 2017 21 / 24

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006714.s032
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006714.s033
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006714.s034
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006714.s035
https://doi.org/10.1016/j.tig.2008.08.007
https://doi.org/10.1016/j.tig.2008.08.007
http://www.ncbi.nlm.nih.gov/pubmed/18809224
https://doi.org/10.1371/journal.pgen.1006714


3. Sfeir A, Symington LS. Microhomology-Mediated End Joining: A Back-up Survival Mechanism or Dedi-

cated Pathway? Trends Biochem Sci. 2015; 40(11):701–14. Epub 2015/10/07. PubMed Central

PMCID: PMCPMC4638128. https://doi.org/10.1016/j.tibs.2015.08.006 PMID: 26439531

4. Lieber MR, Lu H, Gu J, Schwarz K. Flexibility in the order of action and in the enzymology of the nucle-

ase, polymerases, and ligase of vertebrate non-homologous DNA end joining: relevance to cancer,

aging, and the immune system. Cell Res. 2008; 18(1):125–33. Epub 2007/12/19. https://doi.org/10.

1038/cr.2007.108 PMID: 18087292

5. Lieber MR. Mechanisms of human lymphoid chromosomal translocations. Nat Rev Cancer. 2016; 16

(6):387–98. Epub 2016/05/26. https://doi.org/10.1038/nrc.2016.40 PMID: 27220482

6. Villarreal DD, Lee K, Deem A, Shim EY, Malkova A, Lee SE. Microhomology directs diverse DNA break

repair pathways and chromosomal translocations. PLoS Genet. 2012; 8(11):e1003026. Epub 2012/11/

13. PubMed Central PMCID: PMCPMC3493447. https://doi.org/10.1371/journal.pgen.1003026 PMID:

23144625

7. Truong LN, Li Y, Shi LZ, Hwang PY, He J, Wang H, et al. Microhomology-mediated End Joining and

Homologous Recombination share the initial end resection step to repair DNA double-strand breaks in

mammalian cells. Proc Natl Acad Sci U S A. 2013; 110(19):7720–5. Epub 2013/04/24. PubMed Central

PMCID: PMCPMC3651503. https://doi.org/10.1073/pnas.1213431110 PMID: 23610439

8. Yun MH, Hiom K. CtIP-BRCA1 modulates the choice of DNA double-strand-break repair pathway

throughout the cell cycle. Nature. 2009; 459(7245):460–3. Epub 2009/04/10. PubMed Central PMCID:

PMCPMC2857324. https://doi.org/10.1038/nature07955 PMID: 19357644

9. Ma JL, Kim EM, Haber JE, Lee SE. Yeast Mre11 and Rad1 proteins define a Ku-independent mecha-

nism to repair double-strand breaks lacking overlapping end sequences. Mol Cell Biol. 2003; 23

(23):8820–8. Epub 2003/11/13. https://doi.org/10.1128/MCB.23.23.8820-8828.2003 PMID: 14612421

10. Lee K, Lee SE. Saccharomyces cerevisiae Sae2- and Tel1-Dependent Single-Strand DNA Formation

at DNA Break Promotes Microhomology-Mediated End Joining. Genetics. 2007; 176(4):2003–14. Epub

2007/06/15 https://doi.org/10.1534/genetics.107.076539 PMID: 17565964

11. Cejka P. DNA End Resection: Nucleases Team Up with the Right Partners to Initiate Homologous

Recombination. J Biol Chem. 2015; 290(38):22931–8. Epub 2015/08/02. PubMed Central PMCID:

PMCPMC4645618. https://doi.org/10.1074/jbc.R115.675942 PMID: 26231213

12. Daley JM, Niu H, Miller AS, Sung P. Biochemical mechanism of DSB end resection and its regulation.

DNA Repair (Amst). 2015; 32:66–74. Epub 2015/05/10. PubMed Central PMCID: PMCPMC4522330.

13. Symington LS. End resection at double-strand breaks: mechanism and regulation. Cold Spring Harb

Perspect Biol. 2014; 6(8). Epub 2014/08/03.

14. Symington LS, Gautier J. Double-strand break end resection and repair pathway choice. Annu Rev

Genet. 2011; 45:247–71. Epub 2011/09/14. https://doi.org/10.1146/annurev-genet-110410-132435

PMID: 21910633

15. Zhu Z, Chung WH, Shim EY, Lee SE, Ira G. Sgs1 helicase and two nucleases Dna2 and Exo1 resect

DNA double-strand break ends. Cell. 2008; 134(6):981–94. Epub 2008/09/23. PubMed Central PMCID:

PMCPMC2662516. https://doi.org/10.1016/j.cell.2008.08.037 PMID: 18805091

16. Shim EY, Chung WH, Nicolette ML, Zhang Y, Davis M, Zhu Z, et al. Saccharomyces cerevisiae Mre11/

Rad50/Xrs2 and Ku proteins regulate association of Exo1 and Dna2 with DNA breaks. EMBO J. 2010;

29(19):3370–80. Epub 2010/09/14. PubMed Central PMCID: PMCPMC2957216. https://doi.org/10.

1038/emboj.2010.219 PMID: 20834227

17. Mimitou EP, Symington LS. Sae2, Exo1 and Sgs1 collaborate in DNA double-strand break processing.

Nature. 2008; 455(7214):770–4. Epub 2008/09/23. PubMed Central PMCID: PMCPMC3818707.

https://doi.org/10.1038/nature07312 PMID: 18806779

18. Mimitou EP, Symington LS. Ku prevents Exo1 and Sgs1-dependent resection of DNA ends in the

absence of a functional MRX complex or Sae2. EMBO J. 2010; 29(19):3358–69. Epub 2010/08/24.

PubMed Central PMCID: PMCPMC2957202. https://doi.org/10.1038/emboj.2010.193 PMID: 20729809

19. Zhang Y, Jasin M. An essential role for CtIP in chromosomal translocation formation through an alterna-

tive end-joining pathway. Nat Struct Mol Biol. 2011; 18(1):80–4. Epub 2010/12/07. PubMed Central

PMCID: PMCPMC3261752. https://doi.org/10.1038/nsmb.1940 PMID: 21131978

20. Bennardo N, Cheng A, Huang N, Stark JM. Alternative-NHEJ is a mechanistically distinct pathway of

mammalian chromosome break repair. PLoS Genet. 2008; 4(6):e1000110. Epub 2008/06/28. PubMed

Central PMCID: PMCPMC2430616. https://doi.org/10.1371/journal.pgen.1000110 PMID: 18584027

21. Lee-Theilen M, Matthews AJ, Kelly D, Zheng S, Chaudhuri J. CtIP promotes microhomology-mediated

alternative end joining during class-switch recombination. Nat Struct Mol Biol. 2011; 18(1):75–9. Epub

2010/12/07. PubMed Central PMCID: PMCPMC3471154. https://doi.org/10.1038/nsmb.1942 PMID:

21131982

Role of microhomology-mediated end joining in hypermutagenesis

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006714 April 18, 2017 22 / 24

https://doi.org/10.1016/j.tibs.2015.08.006
http://www.ncbi.nlm.nih.gov/pubmed/26439531
https://doi.org/10.1038/cr.2007.108
https://doi.org/10.1038/cr.2007.108
http://www.ncbi.nlm.nih.gov/pubmed/18087292
https://doi.org/10.1038/nrc.2016.40
http://www.ncbi.nlm.nih.gov/pubmed/27220482
https://doi.org/10.1371/journal.pgen.1003026
http://www.ncbi.nlm.nih.gov/pubmed/23144625
https://doi.org/10.1073/pnas.1213431110
http://www.ncbi.nlm.nih.gov/pubmed/23610439
https://doi.org/10.1038/nature07955
http://www.ncbi.nlm.nih.gov/pubmed/19357644
https://doi.org/10.1128/MCB.23.23.8820-8828.2003
http://www.ncbi.nlm.nih.gov/pubmed/14612421
https://doi.org/10.1534/genetics.107.076539
http://www.ncbi.nlm.nih.gov/pubmed/17565964
https://doi.org/10.1074/jbc.R115.675942
http://www.ncbi.nlm.nih.gov/pubmed/26231213
https://doi.org/10.1146/annurev-genet-110410-132435
http://www.ncbi.nlm.nih.gov/pubmed/21910633
https://doi.org/10.1016/j.cell.2008.08.037
http://www.ncbi.nlm.nih.gov/pubmed/18805091
https://doi.org/10.1038/emboj.2010.219
https://doi.org/10.1038/emboj.2010.219
http://www.ncbi.nlm.nih.gov/pubmed/20834227
https://doi.org/10.1038/nature07312
http://www.ncbi.nlm.nih.gov/pubmed/18806779
https://doi.org/10.1038/emboj.2010.193
http://www.ncbi.nlm.nih.gov/pubmed/20729809
https://doi.org/10.1038/nsmb.1940
http://www.ncbi.nlm.nih.gov/pubmed/21131978
https://doi.org/10.1371/journal.pgen.1000110
http://www.ncbi.nlm.nih.gov/pubmed/18584027
https://doi.org/10.1038/nsmb.1942
http://www.ncbi.nlm.nih.gov/pubmed/21131982
https://doi.org/10.1371/journal.pgen.1006714


22. Badie S, Carlos AR, Folio C, Okamoto K, Bouwman P, Jonkers J, et al. BRCA1 and CtIP promote alter-

native non-homologous end-joining at uncapped telomeres. EMBO J. 2015; 34(3):410–24. Epub 2015/

01/15. PubMed Central PMCID: PMCPMC4339125. https://doi.org/10.15252/embj.201488947 PMID:

25582120

23. Deng SK, Gibb B, de Almeida MJ, Greene EC, Symington LS. RPA antagonizes microhomology-medi-

ated repair of DNA double-strand breaks. Nat Struct Mol Biol. 2014; 21(4):405–12. Epub 2014/03/13.

PubMed Central PMCID: PMCPMC3980576. https://doi.org/10.1038/nsmb.2786 PMID: 24608368

24. Chan K, Gordenin DA. Clusters of Multiple Mutations: Incidence and Molecular Mechanisms. Annu Rev

Genet. 2015; 49:243–67. Epub 2015/12/04. PubMed Central PMCID: PMCPMC4710516. https://doi.

org/10.1146/annurev-genet-112414-054714 PMID: 26631512

25. Yang Y, Sterling J, Storici F, Resnick MA, Gordenin DA. Hypermutability of damaged single-strand

DNA formed at double-strand breaks and uncapped telomeres in yeast Saccharomyces cerevisiae.

PLoS Genet. 2008; 4(11):e1000264. Epub 2008/11/22. PubMed Central PMCID: PMCPMC2577886.

https://doi.org/10.1371/journal.pgen.1000264 PMID: 19023402

26. Roberts SA, Sterling J, Thompson C, Harris S, Mav D, Shah R, et al. Clustered mutations in yeast and

in human cancers can arise from damaged long single-strand DNA regions. Mol Cell. 2012; 46(4):424–

35. Epub 2012/05/23. PubMed Central PMCID: PMCPMC3361558. https://doi.org/10.1016/j.molcel.

2012.03.030 PMID: 22607975

27. Carvalho CM, Pehlivan D, Ramocki MB, Fang P, Alleva B, Franco LM, et al. Replicative mechanisms

for CNV formation are error prone. Nat Genet. 2013; 45(11):1319–26. Epub 2013/09/24. PubMed Cen-

tral PMCID: PMCPMC3821386. https://doi.org/10.1038/ng.2768 PMID: 24056715

28. De S, Babu MM. A time-invariant principle of genome evolution. Proc Natl Acad Sci U S A. 2010; 107

(29):13004–9. Epub 2010/07/10. PubMed Central PMCID: PMCPMC2919972. https://doi.org/10.1073/

pnas.0914454107 PMID: 20615949

29. Drier Y, Lawrence MS, Carter SL, Stewart C, Gabriel SB, Lander ES, et al. Somatic rearrangements

across cancer reveal classes of samples with distinct patterns of DNA breakage and rearrangement-

induced hypermutability. Genome Res. 2013; 23(2):228–35. Epub 2012/11/06. PubMed Central

PMCID: PMCPMC3561864. https://doi.org/10.1101/gr.141382.112 PMID: 23124520

30. Hall BM, Ma CX, Liang P, Singh KK. Fluctuation analysis CalculatOR: a web tool for the determination

of mutation rate using Luria-Delbruck fluctuation analysis. Bioinformatics. 2009; 25(12):1564–5. Epub

2009/04/17. PubMed Central PMCID: PMCPMC2687991. https://doi.org/10.1093/bioinformatics/

btp253 PMID: 19369502

31. Chung WH, Zhu Z, Papusha A, Malkova A, Ira G. Defective resection at DNA double-strand breaks

leads to de novo telomere formation and enhances gene targeting. PLoS Genet. 2010; 6(5):e1000948.

Epub 2010/05/21. PubMed Central PMCID: PMCPMC2869328. https://doi.org/10.1371/journal.pgen.

1000948 PMID: 20485519

32. Lee SE, Moore JK, Holmes A, Umezu K, Kolodner RD, Haber JE. Saccharomyces Ku70, mre11/rad50

and RPA proteins regulate adaptation to G2/M arrest after DNA damage. Cell. 1998; 94(3):399–409.

Epub 1998/08/26. PMID: 9708741

33. Zierhut C, Diffley JF. Break dosage, cell cycle stage and DNA replication influence DNA double strand

break response. EMBO J. 2008; 27(13):1875–85. Epub 2008/05/31. PubMed Central PMCID:

PMCPMC2413190. https://doi.org/10.1038/emboj.2008.111 PMID: 18511906

34. Vernis L, Piskur J, Diffley JF. Reconstitution of an efficient thymidine salvage pathway in Saccharomy-

ces cerevisiae. Nucleic Acids Res. 2003; 31(19):e120. Epub 2003/09/23. PubMed Central PMCID:

PMCPMC206486. https://doi.org/10.1093/nar/gng121 PMID: 14500848

35. Malkova A, Haber JE. Mutations arising during repair of chromosome breaks. Annu Rev Genet. 2012;

46:455–73. Epub 2012/11/14. https://doi.org/10.1146/annurev-genet-110711-155547 PMID: 23146099

36. Strathern JN, Shafer BK, McGill CB. DNA synthesis errors associated with double-strand-break repair.

Genetics. 1995; 140(3):965–72. Epub 1995/07/01. PubMed Central PMCID: PMCPMC1206680. PMID:

7672595

37. Prakash S, Johnson RE, Prakash L. Eukaryotic translesion synthesis DNA polymerases: specificity of

structure and function. Annu Rev Biochem. 2005; 74:317–53. Epub 2005/06/15. https://doi.org/10.

1146/annurev.biochem.74.082803.133250 PMID: 15952890

38. Bochman ML, Sabouri N, Zakian VA. Unwinding the functions of the Pif1 family helicases. DNA Repair

(Amst). 2010; 9(3):237–49. Epub 2010/01/26. PubMed Central PMCID: PMCPMC2853725.

39. Sakofsky CJ, Ayyar S, Deem AK, Chung WH, Ira G, Malkova A. Translesion Polymerases Drive Micro-

homology-Mediated Break-Induced Replication Leading to Complex Chromosomal Rearrangements.

Mol Cell. 2015; 60(6):860–72. Epub 2015/12/17. PubMed Central PMCID: PMCPMC4688117. https://

doi.org/10.1016/j.molcel.2015.10.041 PMID: 26669261

Role of microhomology-mediated end joining in hypermutagenesis

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006714 April 18, 2017 23 / 24

https://doi.org/10.15252/embj.201488947
http://www.ncbi.nlm.nih.gov/pubmed/25582120
https://doi.org/10.1038/nsmb.2786
http://www.ncbi.nlm.nih.gov/pubmed/24608368
https://doi.org/10.1146/annurev-genet-112414-054714
https://doi.org/10.1146/annurev-genet-112414-054714
http://www.ncbi.nlm.nih.gov/pubmed/26631512
https://doi.org/10.1371/journal.pgen.1000264
http://www.ncbi.nlm.nih.gov/pubmed/19023402
https://doi.org/10.1016/j.molcel.2012.03.030
https://doi.org/10.1016/j.molcel.2012.03.030
http://www.ncbi.nlm.nih.gov/pubmed/22607975
https://doi.org/10.1038/ng.2768
http://www.ncbi.nlm.nih.gov/pubmed/24056715
https://doi.org/10.1073/pnas.0914454107
https://doi.org/10.1073/pnas.0914454107
http://www.ncbi.nlm.nih.gov/pubmed/20615949
https://doi.org/10.1101/gr.141382.112
http://www.ncbi.nlm.nih.gov/pubmed/23124520
https://doi.org/10.1093/bioinformatics/btp253
https://doi.org/10.1093/bioinformatics/btp253
http://www.ncbi.nlm.nih.gov/pubmed/19369502
https://doi.org/10.1371/journal.pgen.1000948
https://doi.org/10.1371/journal.pgen.1000948
http://www.ncbi.nlm.nih.gov/pubmed/20485519
http://www.ncbi.nlm.nih.gov/pubmed/9708741
https://doi.org/10.1038/emboj.2008.111
http://www.ncbi.nlm.nih.gov/pubmed/18511906
https://doi.org/10.1093/nar/gng121
http://www.ncbi.nlm.nih.gov/pubmed/14500848
https://doi.org/10.1146/annurev-genet-110711-155547
http://www.ncbi.nlm.nih.gov/pubmed/23146099
http://www.ncbi.nlm.nih.gov/pubmed/7672595
https://doi.org/10.1146/annurev.biochem.74.082803.133250
https://doi.org/10.1146/annurev.biochem.74.082803.133250
http://www.ncbi.nlm.nih.gov/pubmed/15952890
https://doi.org/10.1016/j.molcel.2015.10.041
https://doi.org/10.1016/j.molcel.2015.10.041
http://www.ncbi.nlm.nih.gov/pubmed/26669261
https://doi.org/10.1371/journal.pgen.1006714


40. Saini N, Ramakrishnan S, Elango R, Ayyar S, Zhang Y, Deem A, et al. Migrating bubble during break-

induced replication drives conservative DNA synthesis. Nature. 2013; 502(7471):389–92. Epub 2013/

09/13. PubMed Central PMCID: PMCPMC3804423. https://doi.org/10.1038/nature12584 PMID:

24025772

41. Wilson MA, Kwon Y, Xu Y, Chung WH, Chi P, Niu H, et al. Pif1 helicase and Poldelta promote recombi-

nation-coupled DNA synthesis via bubble migration. Nature. 2013; 502(7471):393–6. Epub 2013/09/13.

PubMed Central PMCID: PMCPMC3915060. https://doi.org/10.1038/nature12585 PMID: 24025768

42. Lee K, Zhang Y, Lee SE. Saccharomyces cerevisiae ATM orthologue suppresses break-induced chro-

mosome translocations. Nature. 2008; 454(7203):543–6. Epub 2008/07/25. https://doi.org/10.1038/

nature07054 PMID: 18650924

43. Hicks WM, Kim M, Haber JE. Increased mutagenesis and unique mutation signature associated with

mitotic gene conversion. Science. 2010; 329(5987):82–5. Epub 2010/07/03. PubMed Central PMCID:

PMCPMC4254764. https://doi.org/10.1126/science.1191125 PMID: 20595613

44. Shah KA, Shishkin AA, Voineagu I, Pavlov YI, Shcherbakova PV, Mirkin SM. Role of DNA polymerases

in repeat-mediated genome instability. Cell Rep. 2012; 2(5):1088–95. Epub 2012/11/13. PubMed Cen-

tral PMCID: PMCPMC3513503. https://doi.org/10.1016/j.celrep.2012.10.006 PMID: 23142667

45. Shah KA, Mirkin SM. The hidden side of unstable DNA repeats: Mutagenesis at a distance. DNA Repair

(Amst). 2015; 32:106–12. Epub 2015/05/10. PubMed Central PMCID: PMCPMC4522329.

46. Saini N, Zhang Y, Nishida Y, Sheng Z, Choudhury S, Mieczkowski P, et al. Fragile DNA motifs trigger

mutagenesis at distant chromosomal loci in saccharomyces cerevisiae. PLoS Genet. 2013; 9(6):

e1003551. https://doi.org/10.1371/journal.pgen.1003551 PMID: 23785298

47. Kim HM, Narayanan V, Mieczkowski PA, Petes TD, Krasilnikova MM, Mirkin SM, et al. Chromosome

fragility at GAA tracts in yeast depends on repeat orientation and requires mismatch repair. EMBO J.

2008; 27(21):2896–906. https://doi.org/10.1038/emboj.2008.205 PMID: 18833189

48. Aksenova AY, Greenwell PW, Dominska M, Shishkin AA, Kim JC, Petes TD, et al. Genome rearrange-

ments caused by interstitial telomeric sequences in yeast. Proc Natl Acad Sci U S A. 2013; 110

(49):19866–71. https://doi.org/10.1073/pnas.1319313110 PMID: 24191060

49. Liang F, Romanienko PJ, Weaver DT, Jeggo PA, Jasin M. Chromosomal double-strand break repair in

Ku80-deficient cells. Proc Natl Acad Sci U S A. 1996; 93(17):8929–33. Epub 1996/08/20. PMID:

8799130

50. Howard SM, Yanez DA, Stark JM. DNA damage response factors from diverse pathways, including

DNA crosslink repair, mediate alternative end joining. PLoS Genet. 2015; 11(1):e1004943. Epub 2015/

01/30. PubMed Central PMCID: PMCPMC4309583. https://doi.org/10.1371/journal.pgen.1004943

PMID: 25629353

51. Lemaitre C, Grabarz A, Tsouroula K, Andronov L, Furst A, Pankotai T, et al. Nuclear position dictates

DNA repair pathway choice. Genes Dev. 2014; 28(22):2450–63. Epub 2014/11/05. PubMed Central

PMCID: PMCPMC4233239. https://doi.org/10.1101/gad.248369.114 PMID: 25366693

52. Ottaviani D, LeCain M, Sheer D. The role of microhomology in genomic structural variation. Trends

Genet. 2014; 30(3):85–94. Epub 2014/02/08. https://doi.org/10.1016/j.tig.2014.01.001 PMID:

24503142

53. Chen L, Zhou W, Zhang C, Lupski JR, Jin L, Zhang F. CNV instability associated with DNA replication

dynamics: evidence for replicative mechanisms in CNV mutagenesis. Hum Mol Genet. 2015; 24

(6):1574–83. Epub 2014/11/16. PubMed Central PMCID: PMCPMC4381758. https://doi.org/10.1093/

hmg/ddu572 PMID: 25398944

54. Hastings PJ, Ira G, Lupski JR. A microhomology-mediated break-induced replication model for the ori-

gin of human copy number variation. PLoS Genet. 2009; 5(1):e1000327. Epub 2009/01/31. PubMed

Central PMCID: PMCPMC2621351. https://doi.org/10.1371/journal.pgen.1000327 PMID: 19180184

55. Engler C, Marillonnet S. Golden Gate cloning. Methods Mol Biol. 2014; 1116:119–31. Epub 2014/01/

08. https://doi.org/10.1007/978-1-62703-764-8_9 PMID: 24395361

56. Flores-Rozas H, Kolodner RD. The Saccharomyces cerevisiae MLH3 gene functions in MSH3-depen-

dent suppression of frameshift mutations. Proc Natl Acad Sci U S A. 1998; 95(21):12404–9. PMID:

9770499

Role of microhomology-mediated end joining in hypermutagenesis

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006714 April 18, 2017 24 / 24

https://doi.org/10.1038/nature12584
http://www.ncbi.nlm.nih.gov/pubmed/24025772
https://doi.org/10.1038/nature12585
http://www.ncbi.nlm.nih.gov/pubmed/24025768
https://doi.org/10.1038/nature07054
https://doi.org/10.1038/nature07054
http://www.ncbi.nlm.nih.gov/pubmed/18650924
https://doi.org/10.1126/science.1191125
http://www.ncbi.nlm.nih.gov/pubmed/20595613
https://doi.org/10.1016/j.celrep.2012.10.006
http://www.ncbi.nlm.nih.gov/pubmed/23142667
https://doi.org/10.1371/journal.pgen.1003551
http://www.ncbi.nlm.nih.gov/pubmed/23785298
https://doi.org/10.1038/emboj.2008.205
http://www.ncbi.nlm.nih.gov/pubmed/18833189
https://doi.org/10.1073/pnas.1319313110
http://www.ncbi.nlm.nih.gov/pubmed/24191060
http://www.ncbi.nlm.nih.gov/pubmed/8799130
https://doi.org/10.1371/journal.pgen.1004943
http://www.ncbi.nlm.nih.gov/pubmed/25629353
https://doi.org/10.1101/gad.248369.114
http://www.ncbi.nlm.nih.gov/pubmed/25366693
https://doi.org/10.1016/j.tig.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24503142
https://doi.org/10.1093/hmg/ddu572
https://doi.org/10.1093/hmg/ddu572
http://www.ncbi.nlm.nih.gov/pubmed/25398944
https://doi.org/10.1371/journal.pgen.1000327
http://www.ncbi.nlm.nih.gov/pubmed/19180184
https://doi.org/10.1007/978-1-62703-764-8_9
http://www.ncbi.nlm.nih.gov/pubmed/24395361
http://www.ncbi.nlm.nih.gov/pubmed/9770499
https://doi.org/10.1371/journal.pgen.1006714

