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Abstract

DNA double-strand breaks (DSBs) disrupt the continuity of chromosomes and their repair by 

error-free mechanisms is essential to preserve genome integrity. Microhomology-mediated end 

joining (MMEJ) is an error-prone repair mechanism that involves alignment of microhomologous 

sequences internal to the broken ends before joining, and is associated with deletions and 

insertions that mark the original break site, as well as chromosome translocations. Whether MMEJ 

has a physiological role or is simply a back-up repair mechanism is a matter of debate. Here we 

review recent findings pertaining to the mechanism of MMEJ and discuss its role in normal and 

cancer cells.

Keywords

MMEJ; end joining; homologous recombination; DNA Polθ; chromosomal translocations; 
microhomology

Our cells are constantly exposed to extrinsic and intrinsic insults that cause several types of 

DNA lesions, including highly toxic breaks inflicted on both strands of the double helix. To 

counteract the harmful effects of these double stranded breaks (DSBs), cells evolved 

specialized mechanisms to sense and repair DNA damage. The repair of DSBs is required to 

preserve genetic material, but misrepair of DSBs can cause local sequence alteration or 

gross chromosomal rearrangements. The two main mechanisms to repair DSBs are classical 
non-homologous end joining (C-NHEJ) and homologous recombination (HR). HR is 

generally considered to be an error-free mechanism because repair is templated by the 

homologous sister chromosome in S or G2 phase cells. C-NHEJ involves the direct ligation 

of DNA ends and can occur with high fidelity or is associated with small alterations at the 

junctions. The core components of C-NHEJ are the Ku70/Ku80 heterodimer (hereafter 
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referred to as Ku), which binds with high affinity to DNA ends and protects them from 

degradation, and DNA Ligase IV (Dnl4/Lig4), which catalyzes end ligation (Table 1) [1]. 

Early studies of C-NHEJ deficient cells identified alternative error-prone mechanisms of end 

joining, often referred to as alt-NHEJ. There is still some debate over whether alt-NHEJ is 

comprised of multiple overlapping mechanisms; however, it is evident that one form of alt-

NHEJ, known as microhomology-mediated end joining (MMEJ), involves alignment of 

microhomologous sequences internal to the broken ends before joining and is associated 

with deletions flanking the original DSB. The mutagenic repair of DSBs by MMEJ likely 

contributes to the plasticity of genomes, but also has the potential to drive carcinogenesis 

and consequently has fueled interest in understanding the mechanism(s).

Evidence for NHEJ-independent joining mechanisms

Early studies in Saccharomyces cerevisiae provided the first in vivo evidence for a C-NHEJ-

independent joining mechanism involving microhomologies (MH). The ends of restriction 

endonuclease-linearized plasmids transformed into yeast cells were found to be ligated with 

high fidelity by C-NHEJ (Box 1) [2]. The frequency of joining was decreased ~20-fold in 

Kudeficient mutants and the products recovered had sustained deletions with 3-16 bp MH at 

the junctions [2]. Concurrently, assays were developed to monitor repair of chromosomal 

site-specific DSBs in haploid cells [3, 4]. The frequency of end joining in NHEJ-defective 

cells was very low (<0.01%) and the junctions displayed perfect or interrupted MH of 5-18 

bp, consistent with MMEJ being a backup repair mechanism [3, 4]. In contrast to many 

other eukaryotes studied, MMEJ in yeast is rarely associated with insertions at the junctions.

Early evidence for the engagement of MMEJ in mammalian cells emerged from studying 

programmed gene rearrangements by V(D)J and class switch recombination (CSR) in 

developing lymphocytes. Pro B cell lymphomas of p53 null mice lacking C-NHEJ factors 

sustained several chromosomal translocations in which recombination-activating gene 

(RAG)-induced breaks at the IgH locus were joined with random breaks in the vicinity of 

the c-Myc locus. A significant fraction of the oncogenic translocations displayed extensive 

MH at the junctions [5]. Later on it was noted that robust CSR occurred in B-cells deficient 

for a number of C-NHEJ factors, including Ku, Xrcc4, Lig4, DNA-PKcs, and Artemis [6]. 

Consistent with these joining events being driven by MMEJ, the frequency and length of 

MH at switch junctions was elevated. Unlike CSR, V(D)J recombination is greatly inhibited 

in the absence of Lig4 or Ku [7, 8]. This suggests that any role for MMEJ in V(D)J 

recombination is rather minimal, even when C-NHEJ is blocked. However, later studies 

highlighted an intriguing role for the RAG endonuclease in blocking MMEJ. Expression of a 

mutated form of RAG, that has lower affinity for DNA, activated MMEJ and facilitated 

V(D)J recombination, both in wild-type and in DNA-PK deficient cells [9]. This analysis 

provided the first indication that C-NHEJ and MMEJ could coexist in certain settings. 

Subsequent studies showed that MMEJ is used in human primary cells at substantial levels 

when both HR and NHEJ are active, further supporting the coexistence of MMEJ and NHEJ 

[10].

Early evidence for the activation of MMEJ at uncapped telomeres emerged from the analysis 

of telomerase-deficient mice and from the realization that telomere fusions persisted in the 
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absence of Lig4 and DNA-PKcs [11]. These studies also hinted that MMEJ might play a 

role in aberrant repair of uncapped telomeres during the early stages of human cancers. 

Sequence analysis of telomere fusions in multiple human malignancies identified MH and 

deletions that extended into the adjacent non-telomere DNA [12, 13]. Insight into the 

mechanism by which mammalian telomeres suppress MMEJ came from genetic 

manipulation of the protective protein complex – termed shelterin – that binds to telomeric 

TTAGGG repeats. [14, 15]. Extensive analysis in mouse cells indicated that MMEJ is 

repressed in a highly redundant manner; its activity is fully unleashed only upon deleting the 

entire six-subunit shelterin complex in cells that also lack Ku [14].

Biochemical support for MMEJ came from fractionation of extracts from calf thymus or 

HeLa cells identifying fractions with distinct end-joining activities: one fraction was able to 

ligate linear DNA duplexes with no homology, or ends with small MH, while the other 

exclusively joined fragments via MH [16-18]. Subsequent studies showed that extracts 

prepared from NHEJ-deficient cells were proficient for MMEJ confirming that it is a 

biochemically distinct mechanism [19-21].

A mechanistic view of MMEJ

Much of our understanding of the mechanism of MMEJ derives from genetic analysis in 

model systems and from in vitro assays using fractionated extracts or purified proteins. The 

mechanism proposed involves 5’-3’ resection of the DNA ends, annealing of MHs, removal 

of heterologous flaps, gap filling DNA synthesis and ligation, each of which is discussed in 

detail below (Fig. 2).

End resection

Nucleolytic processing of the 5’-terminated strands at DSBs, referred to as end resection, is 

an essential step for HR and is required to expose MH internal to the DNA ends for MMEJ. 

Studies in S. cerevisiae have shown that the Mre11-Rad50-Xrs2 (MRX) complex and Sae2 

initiate end resection by Mre11-catalyzed endonucleolytic cleavage of the 5’ strand internal 

to the DNA end [22, 23]. The resulting nick acts as entry site for bidirectional resection by 

the 3’-5’ exonuclease activity of Mre11 and the 5’-3’ exonuclease Exo1. The Dna2 nuclease, 

functioning in concert with the Sgs1/BLM helicase, acts redundantly with Exo1 to generate 

long tracts of ssDNA [24].

The initial cleavage by MRX and Sae2 is essential to remove covalent adducts, such as 

bound proteins and hairpin-capped ends. However, DSBs produced by endonucleases can be 

resected by Sgs1-Dna2 in the absence of the Mre11 nuclease or Sae2 after a delay of ~30 

min. In Schizosaccharomyces pombe and vertebrate cells, there is a greater requirement for 

the MRN complex (Nbs1 is the functional ortholog of Xrs2) and Ctp1/CtIP (Sae2 ortholog) 

to initiate end resection and for HR, even at endonuclease-induced DSBs, than observed in 

S. cerevisiae [25-27].

Studies using mammalian cells deficient for the MRN complex, the Mre11 nuclease activity 

or CtIP confirmed that resection initiation is required for MMEJ [10, 28-32]. The decrease 

in MMEJ paralleled the defect in HR in agreement with end resection being an essential step 
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for both processes [10, 33]. There are conflicting results on the role of resection initiation for 

MMEJ in yeast; some studies show no MMEJ defect in the absence of MRX, and others 

show a >5-fold decreased frequency of MMEJ [3, 34-37]. As noted previously, loss of 

MRX, Mre11 nuclease or Sae2 does not prevent resection in yeast, but does delay initiation 

due to inefficient recruitment of Exo1 and Dna2 to ends [24]. The delay to resection 

initiation could explain the reduced MMEJ observed in some studies. A significant increase 

in the frequency NHEJ has been reported for sae2 and mre11-H125N (nuclease defective) 

mutants, consistent with the delay in resection initiation, and consequently the proportion of 

MMEJ events among repaired products is low even though the actual MMEJ frequency is 

similar to wild-type cells [35, 36, 38]. Long-range resection by Exo1 and Sgs1/BLM-Dna2 

is not required for MMEJ except when MHs are separated by >2 kb [10, 35, 39].

Annealing of microhomologies

One major difference between yeast and mammalian cells is the extent of MH required to 

drive MMEJ. C-NHEJ-independent junctions analyzed in mammalian cells and 

Caenorhabditis elegans can have as few as 1 nucleotide (nt) of homology [40, 41], whereas 

events attributed to MMEJ in yeast generally exhibit ≥6 nt of homology [36]. In a systematic 

study of MMEJ between direct repeats flanking a site-specific chromosomal DSB in 

budding yeast, MMEJ between 6 bp repeats was undetectable and there was a 10-fold 

increase in the frequency of repair for every base pair added between 12 and 17 [39]. By 

contrast, only 6-10 nt terminal repeats or overhangs are sufficient to drive MMEJ using 

transformation-based assays (Box 1) [37, 42]. Mismatches within the MH or low GC content 

also impede MMEJ indicating that MMEJ is driven by the thermostability of base pairing in 

yeast [37, 39, 42].

Replication protein A (RPA), the main eukaryotic ssDNA binding protein, removes 

secondary structure from ssDNA and prevents annealing of complementary oligonucleotides 

in vitro [43]. A large increase in the frequency of MMEJ repair (up to 350-fold higher) was 

reported for rfa1 mutants that encode proteins with reduced ssDNA binding affinity (RFA1/

RPA1 encodes the largest subunit of the RPA heterotrimeric complex), consistent with an 

inhibitory role for RPA in preventing annealing between MH in yeast [35]. Rad52 anneals 

complementary ssDNA in vitro and is required for the single-strand annealing (SSA) 

mechanisms of end joining (Fig 1) [44]. Although the transformation-based assays identified 

a role for Rad52 in annealing MH of >8 nt [37, 42], Rad52 is not required for MMEJ of a 

chromosomal DSB flanked by repeats of <14 nt and is even inhibitory to MMEJ [3, 35, 39]. 

There appears to be a transition at around 14 nt where the inhibitory effect of RPA on strand 

annealing is counteracted by the stimulatory role of Rad52. Thus, Rad52-independence is 

one way to distinguish MMEJ from SSA [44].

The lower reliance on stable base pairing for MMEJ in mammalian cells indicates that 

dedicated proteins are involved in synapsis and extension of annealed MH. Poly ADP-ribose 

polymerase 1 (PARP1) is activated by DSBs and is able to compete with Ku for DNA end 

binding [19]. Extracts from PARP1−/− cells were shown to be deficient in synapsis and 

joining of linear DNA fragments by MMEJ, and purified PARP1 was able to tether DNA 

fragments, supporting a role for PARP1 in MMEJ [20]. Furthermore, PARP1 inhibition 
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reduces MH at junctions formed during CSR, yields lower frequencies of IgH-Myc and 

restriction endonuclease-induced translocations, and reduces end joining in Ku deficient 

settings [5, 14, 45, 46].

Fill-in synthesis: the role of promiscuous polymerases

Once resected ends successfully anneal via complementary base pairing, the flanking single-

stranded regions are then subject to fill-in synthesis. This is a key step that stabilizes paired-

intermediates and commits a DSB to MMEJ. A distinguishing feature of MMEJ in 

metazoans is the presence of nucleotide insertions at break sites following repair. Insertions 

generate junctional diversity and contribute to the increased mutagenicity of the end-joining 

reaction. Insertions are often derived from sequences close to the breaks and in some cases 

are copied from other chromosomes. Additionally, a number of nucleotides can be added de 

novo as a result of non-templated extension of the 3’-termini of breaks. One can envision 

that when the ends of a break are incompatible, random nucleotide insertions could generate 

necessary MH and therefore promote base pairing of DNA ends.

The main DNA polymerases for MMEJ in S. cerevisiae are the replicative DNA polymerase, 

Polδ, and Pol4 (Polβ). The pol32 mutant, lacking a non-essential subunit of Polδ, exhibits 

the most severe MMEJ defect of the polymerase mutants tested [36]. Pol32 also associates 

with the Polζ translesion synthesis (TLS) polymerase, but deletion of REV3, encoding the 

catalytic subunit of Polζ, did not decrease MMEJ supporting a role for Polδ [39]. Pol4 is an 

X family DNA polymerase that participates in NHEJ events in which gaps must be filled to 

extend from 3’ overhangs, and has a minor role in MMEJ [36, 37].

Numerous genetic studies highlight a central role for the TLS polymerase theta (Polθ, 

encoded by PolQ) in stimulating MMEJ in higher organisms. Early reports suggested that 

Drosophila melanogaster Polθ promotes MMEJ at DSBs induced either during P-element 

transposition or by a sequence-specific endonuclease [47, 48]. In C. elegans, polq-1 is 

required for MMEJ in response to replication-fork collapse, especially at G-rich DNA [40, 

49]. Recent reports linked mammalian Polθ to MMEJ activity at dysfunctional telomeres 

[50], during chromosomal translocation in mouse embryonic stem cells [50], and following 

endonuclease-mediated cleavage of reporter constructs (Box 1) [50-53]. No reduction in the 

frequency of CSR was found for PolQ−/− mice, in NHEJ proficient or deficient settings, and 

the length of MH at junctions was unaffected; however, Polθ was shown to be required for 

insertion of nucleotides during joining [52].

Polθ has a unique structure, as it is the first DNA polymerase to be identified that has an 

intrinsic SF2 helicase-like domain at its N terminus, which is separated from the C-terminal 

polymerase domain by a large central domain (Fig. 3) [54]. The function of the helicase-like 

domain is not fully understood. Drosophila Mus308 mutants with a substitution in a 

conserved residue of the helicase domain have reduced microhomolgy at MMEJ-mediated 

repair events [47], suggesting that the helicase domain of polθ is an important regulator of 

end joining. Biochemical analysis identified robust single-stranded DNA-dependent ATPase 

activity but failed to reveal any DNA unwinding activity [54]. It is possible that the helicase 

acts on a particular class of DNA substrate(s) that has not been identified thus far. 

Alternatively, the ATPase activity could behave similarly to the annealing helicase HARP/
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SMARCAL1 [55], displacing stably bound RPA from ssDNA. The loss of RPA is expected 

to stabilize annealed intermediates and promote MMEJ. With regards to the central domain, 

a Rad51-interaction motif was recently identified, and appears to act together with the 

ATPase domain to counteract Rad51 filament assembly and D-loop formation in vitro [51]. 

It will be important to address whether the observed anti-Rad51/anti-recombinase activity of 

Polθ is functionally linked to its role in MMEJ.

The C-terminal fragment of Polθ encodes a proofreading-deficient polymerase with two 

discernable activities. The promiscuous polymerase copies DNA in a template-dependent 

manner, but also extends mismatched termini and ssDNA [56]. Extension of ssDNA can be 

carried out using “snap-back” replication [53], or by copying from another template through 

cycles of slippage and re-priming [52]. The polymerase domain includes a conserved 

insertion loop domain (insert-loop 2) that is essential for both lesion bypass and extension of 

ssDNA. In addition, biochemical experiments indicated that insert-loop2 is essential for 

MMEJ, potentially promoting formation of Polθ dimers or multimers that then drive DNA 

synapsis during end-joining [53, 57]. Structural analysis confirmed that Polθ exists as a 

dimer, although the dimerization interface did not include insert-loop2 [58]. Dimerization of 

Polθ could stabilize annealed overhangs, even ones with as little as 1-2 complementary 

bases. This end-synapsis activity of vertebrate Polθ is reminiscent of archaeal NHEJ 

polymerase [59], and could explain the limited MH requirement for vertebrate MMEJ, 

especially when compared to yeasts, which lack a POLQ gene.

Removal of heterologous flaps

In the transformation-based yeast MMEJ assays the overhangs or repeats are at the ends of 

linear DNA fragments; therefore, no trimming is required for the 3’ ends to be extended by 

DNA synthesis. Addition of even a single heterologous nucleotide at each end of the linear 

transforming DNA reduced transformation efficiency by 50%, and 7 nt reduced MMEJ by 

>10-fold [37]. All of the chromosomal assays require heterologous tail removal and this 

could contribute to the low MMEJ frequency in yeast. Heterologous tails appear to be less 

inhibitory to MMEJ in mammalian cells where the efficiency of MMEJ at 8-9 bp repeats 

flanking an I-SceI-induced chromosomal DSB is >100-fold higher than observed at a 

similarly designed construct in yeast [10, 33, 35]. For MH internal to DNA ends, 

heterologous 3’ flaps form following annealing, and must be removed to permit DNA 

polymerases to extend from and stabilize the annealed MHs. In yeast this function is 

fulfilled by the Rad1-Rad10 endonuclease (XPF-ERCC1 in vertebrates) [3, 37]; however, 

murine Ercc1−/− cells exhibit only a minor MMEJ defect suggesting other nucleases can 

compensate [33].

Sealing the ends

MMEJ is completed by the final ligation step where DNA ends are covalently attached to 

each other. As MMEJ occurs in mammalian cells in the context of Lig4 deficiency, much 

effort has been geared towards understanding the role of Lig3 and DNA ligase I (Lig1) in 

end joining. Early biochemical experiments and plasmid-rejoining assays identified Lig3 as 

the major contributor to MMEJ [20, 21]. These results were later corroborated by in vivo 

results. For example, mouse cells lacking nuclear Lig3 displayed a reduced frequency of 
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MMEJ-mediated chromosomal translocation [60]. The residual translocation events were 

devoid of MH and further reduced upon deletion of Lig1 [60]. These results indicate that in 

mouse cells, Lig3 supports MMEJ even when C-NHEJ is intact, and that Lig1 acts as a 

back-up enzyme. Lig3 is also the major ligase that drives the joining of dysfunctional 

telomeres in human cells experiencing telomere attrition [61] and in mouse cells following 

removal of shelterin [14]. The situation is different in B cells; knockdown of Lig3 in either 

wild type or Lig4-deficient setting did not lead to any reduction in CSR nor did it impact the 

extent of microhomology [62]. These data could be explained by possible redundancy 

between Lig3 and Lig1, although one cannot completely rule out that residual Lig3 is 

sufficient to support CSR. The role of Xrcc1, a Lig3 scaffold protein, in MMEJ is 

controversial [20, 62].

Intriguingly, Lig3 only plays a central role in MMEJ in higher organisms, since the gene is 

not found in yeast. MMEJ in yeast is independent of Lig4 [35, 37, 39] and it will be 

important to assess the requirement for Lig1 in mediating these events.

Decision time: regulating DNA repair pathway choice

MMEJ and HR both initiate by end resection raising the issue of how cells “choose” 

between different repair pathways. The choice between HR and C-NHEJ has been 

extensively studied and is linked to the cell cycle and end resection (Fig. 4). HR 

predominates in S-G2 phases when the sister template is available, whereas C-NHEJ 

operates in all stages of the cell cycle and is the preferred pathway in G1 when resection 

activity is low [63, 64]. Sae2/CtIP is activated by cyclin-dependent kinase (CDK) to ensure 

resection initiation is coordinated with DNA replication [65, 66]. Preventing the initiation of 

resection increases the efficiency of NHEJ repair [27, 35, 36, 67]; conversely, activation of 

end resection by elimination of Ku, 53BP1, Rif1, or Rev7 favors HR [24, 68-71].

The choice between C-NHEJ and MMEJ seems to be largely influenced by Ku and the cell 

cycle. The higher affinity of Ku for ends compared with PARP1 could explain the 

predominance of C-NHEJ. One can envision that C-NHEJ rapidly ligates ends that are 

compatible, but ends that need additional processing and eventually undergo resection 

would escape Ku binding and become available for MMEJ or HR. HR and MMEJ both 

display maximal activity in S-phase and share the initial resection step mediated by Mre11 

and Sae2/CtIP [10, 72]. How do cells keep MMEJ in check and preserve genomic stability? 

As noted above, resection occurs in two steps: initiation of resection by MRX/N and Sae2/

CtIP, and extensive resection catalyzed by Exo1 or Sgs1/BLM-Dna2. Resection initiation in 

the absence of extensive resection creates a situation favoring MMEJ [10, 35]. RPA binds to 

the ssDNA formed by end resection and plays an important role in preventing MMEJ in 

yeast; moreover, by removing secondary DNA structure RPA facilitates extensive resection 

and Rad51 nucleoprotein filament formation favoring HR [35, 73]. Elimination of Rad51 

results in an increased frequency of MMEJ in yeast suggesting HR removes substrates that 

can be channeled to MMEJ repair [35, 39]. In contrast, depletion of PolQ results in an 

increased frequency of HR, which could be due to MMEJ competing with HR for resection 

intermediates or due to disruption of Rad51 filaments by Polθ [50, 51]. Future studies aimed 
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at fully understanding pathway choice control are essential and will provide new insights 

into the mechanistic basis of DNA repair.

MMEJ and cancer

Interest in the mechanisms and regulation of end joining has grown with the finding that 

tumor cells have multiple structural alterations to chromosomes. Translocations are 

particularly common and in some cases form pathological gene fusions that drive 

tumorigenesis [74]. DNA sequence analysis of tumor cells has shown rearrangements have 

either no homology or short MH at the junctions suggesting they originate by an end joining 

mechanism. The frequency of translocations induced by targeted DSBs on non-homologous 

chromosomes is increased in Lig4−/− and Ku70−/− mouse cells, and no alteration is 

observed in MH usage at the junctions, suggesting translocations arise by MMEJ [41]. 

Consistent with a role for MMEJ in formation of translocations, CtIP-depleted, PolQ−/−, 

Lig3−/− or PARP inhibitor treated cells show reduced frequencies of translocations and have 

a reduced amount of MH at the translocation junctions [32, 46, 60]. Studies of irradiation-

induced translocations in NHEJ-deficient mouse embryonic fibroblasts also point to an 

important role for PARP1 and Lig3 in their formation [75]. However, endonuclease-induced 

translocations in human cells show lower MH usage than observed in mouse cells and the 

frequency is reduced in the absence of LIG4, suggesting that they are catalyzed by NHEJ 

and not MMEJ [76, 77].

Expression analyses suggest that certain cancers may be genetically predisposed towards 

MMEJ. For example, LIG3 and PARP1 display higher steady state levels in therapy-

resistant breast cancer cell lines [78] and chronic myeloid leukemia [12, 79]. Genomic 

rearrangements consistent with MMEJ have also been noted in a number of hematological 

[12] and solid tumors, most notably being HR deficient cancers [80]. In addition, ovarian 

tumors with alterations in HR genes exhibit elevated levels of POLQ. Knockdown of POLQ 

[51], similar to PARP inhibition [81], is highly effective in killing HR-deficient cells, raising 

the possibility that cell proliferation in the absence of HR is dependent on MMEJ.

The physiological role of MMEJ

Ultimately, the physiological function of MMEJ remains unclear. The poor efficiency of 

MMEJ in budding yeast, even in Ku deficient settings, is consistent with it simply acting as 

a back-up pathway. Notably, Lig3, PARP1 and Polθ are absent from yeast, potentially 

accounting for the rare use of this mechanism, reliance on more extensive MH and lack of 

insertions at junctions. However, the frequency of MMEJ in metazoans is significantly 

higher than in yeast and the pathway can act even when HR and NHEJ are intact. The 

evolutionary conservation of this highly mutagenic mode of repair hints at an intrinsic 

function for MMEJ in higher organisms. Potentially, MMEJ activity could boost genetic 

variation and drive genome evolution. Circumstantial evidence in support of this notion can 

be derived from whole-genome sequencing. For example, massive paired-end mapping of 

Structural Variations (>3KB) in the human genome and subsequent analysis of break points 

revealed significant MH at junctions that were likely generated through an end-joining event 

[82]. In an independent study, comparative analysis between different subspecies of 
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Caenorhabditis and Drosophila revealed elevated levels of MH at sequences flanking introns 

that were eliminated during metazoan evolution [83]. Intriguingly, a direct role for PolQ in 

driving genome evolution was recently reported in C. elegans. Sequencing of wild type and 

polq-1 mutant animals followed over ~50 generations implicated PolQ-mediated MMEJ in 

generating small indels frequently observed in wild isolates [84].

MMEJ also impacts transposon mobilization. Excision of DNA transposons leaves a DSB at 

the donor site, which--in the case of P-element in D. melanogaster [47] and Tc1 in germ 

cells of C. elegans [84]--is dependent on Polθ-mediated MMEJ for repair. Experiments also 

link MMEJ to an endonuclease-independent integration mode by which LINE1 

retrotransposons invade mammalian genomes. This mechanism often yields truncated 

insertions with increased levels of microhomology, and is elevated in cells lacking core C-

NHEJ factors. [85, 86].

Lastly, it is conceivable that MMEJ contributes to the stability of repetitive DNA. Around 

45% of human genome is comprised of repetitive elements (terminal repeats, tandem repeats 

and transposable elements) that are at risk of producing toxic genomic rearrangements 

following DSB formation. Small deletions and insertions are potentially less harmful than 

repeat expansion and loss or translocation due to uncontrolled HR between repetitive 

elements.

Concluding remarks

During the past two decades, MMEJ activity has been reported in bacteria [87, 88], plants 

[89], yeasts [90], worms [91], flies [48], mice [92], and human cells [93]. While MMEJ was 

initially thought to act as a back-up pathway, later studies show that it is used even when HR 

and NHEJ are intact, and it seems to become essential in HR-defective backgrounds. 

Considerable progress has been made in the identification of key MMEJ factors and so far, 

all appear to have overlapping functions with other repair pathways, including HR (resection 

nucleases), interstrand crosslink repair (Polθ), base excision repair (PARP1, Lig3), thus 

complicating genetic studies to elucidate the physiological role of MMEJ. Disclosing the 

inherent function of this pathway in normal cells may require separation of function mutants 

or the identification of factors that are specific for MMEJ. A complete understanding of the 

molecular basis of MMEJ may provide novel avenues for cancer therapy, especially in HR-

deficient tumors.
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Glossary

Classical non-
homologous end 
joining (C-NHEJ)

Ku and Lig4-dependent ligation of DSBs. Repair can be precise 

or associated with small insertions or deletions at the cut site.

Homologous 
recombination (HR)

accurate repair involving Rad51-dependent invasion of a 

homologous donor duplex by the ends of the broken 

chromosome to prime DNA synthesis to restore sequence at the 

DSB. The donor duplex can be the sister chromatid after DNA 

synthesis, homologous chromosome in diploids or repeated 

sequence elsewhere in the genome.

Microhomology-
mediated end joining 
(MMEJ)

Ku and Lig4 independent joining of DSBs using 

microhomologies (1-16 nt) internal to the ends to align them for 

repair; associated with deletions at the break site.

Single-strand 
annealing (SSA)

A mutagenic Rad51-independent repair mechanism that 

operates between long direct repeats flanking a DSB and results 

in loss of one of the repeats and intervening sequence. SSA 

shares some features with MMEJ, the main difference being the 

amount of homology used to align ends (>30 nt) and 

requirement for Rad52.

Translesion synthesis 
(TLS) DNA 
polymerases

error-prone DNA polymerases that show reduced fidelity and 

processivity, and are able to incorporate nucleotides opposite 

lesions that block replicative DNA polymerases.

Translocation rearranged genetic material usually from two non-homologous 

chromosomes.
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Box 1

Extrachromosomal and chromosomal MMEJ assays

Plasmid-based assays

Restriction endonuclease-linearized plasmid DNA transformed into competent yeast cells 

can be end joined and maintained as an episome if it contains a selectable marker and a 

replication origin [2]. To specifically study MMEJ, oligonucleotides with blunt ends or 

ssDNA overhangs can be ligated to the linearized plasmid prior to transformation, or MH 

can be incorporated into the plasmid near the ends [34, 42]. Alternatively, a selectable 

marker and an adjacent replication origin can be co-amplified by PCR using primers that 

incorporate direct repeats to direct joining by MMEJ [35, 37]. Similar plasmid-based 

assays have been developed for mammalian cells [52, 94]. The advantage of the plasmid-

based assays is the ease of manipulating the ends of the substrate to create different 

lengths of homology, mismatches within the MH and addition of heterologous 

nucleotides at the ends.

Chromosomal assays

The rare-cutting endonucleases, HO and I-SceI, have been used to create DSBs in a 

chromosomal context in yeast and mammalian cells [95, 96]. By inserting two sites in 

inverted orientation non-compatible ends are generated, preventing repair by error-free 

NHEJ and forcing error-prone repair [3, 28, 29, 97]. Newer technologies using zinc-

finger nucleases or CRISPR/Cas9 to create site-specific chromosomal DSBs are also 

being applied to study end joining [77]. Naturally occurring MH close to the DSB can be 

used to align the ends, or direct repeats can be engineered to flank the endonuclease cut 

site to specifically monitor MMEJ repair [3, 4, 33, 35]. When continuously expressed in 

haploid yeast, the endonuclease cleaves both sister chromatids in G2 phase cells 

preventing repair by HR and forcing repair by end joining in order to survive. The 

frequency of repair is determined by cell survival in response to endonuclease induction 

(haploid yeast cells) or by using reporters to detect specific repair events. Chromosomal 

translocation in mammalian cells can be induced when endonuclease cut sites are inserted 

on non-homologous chromosomes. The resulting translocations are then monitored by 

nested PCR in a high throughput format [60]. CSR, which is initiated by AID-induced 

DSBs in the IgH switch regions, is a physiological process that can occur by MMEJ. 

Telomere uncapping as a result of shelterin inhibition [14] or following repeat loss [13] 

engages robust MMEJ activity resulting in telomere fusions. Excision of the P 

transposable element, which leaves 17-nt overhangs with several regions of 3-8 

nucleotides MH, has also been used to study end joining in Drosophila melanogaster 

[47].
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Outstanding Questions

• Is MMEJ comprised of several overlapping mechanisms? In yeast, MMEJ 

appears to be a back-up mechanism to resolve DSBs in the absence of higher 

fidelity HR and NHEJ, whereas MMEJ in metazoans relies on factors absent 

from yeast and requires less extensive MH suggesting there might be distinct 

mechanisms that share the end resection step.

• Do PARP1, Lig3 and Polθ function together to promote MMEJ?

• Is the inhibitory role of RPA on MMEJ restricted to yeast?

• Is Polθ dimerization required for efficient MMEJ?

• Is the elevated frequency of HR observed in Polθ-depleted cells due to Polθ 

inhibition of Rad51 or removal of the competing MMEJ pathways? Elevated 

HR is not observed in Lig3-depleted cells suggesting this is a unique function of 

Polθ.

• What is the complete list of factors that are required for MMEJ?

• How is the balance between MMEJ and HR regulated to maintain genome 

integrity?

• Is MMEJ important for maintaining the stability of repetitive DNA?
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TRENDS

• Microhomology-mediated end joining (MMEJ) is a mutagenic double-strand 

break (DSB) repair mechanism that uses 1-16 nt of homology flanking the 

initiating DSB to align the ends for repair.

• MMEJ is associated with deletions and insertions that mark the original break 

site, as well as chromosome translocations.

• RPA prevents MMEJ in by inhibiting annealing between microhomologies 

exposed by end resection

• Recent studies implicate DNA polymerase θ (encoded by PolQ) in a subset of 

MMEJ events, particularly those associated with insertions at the break site.

• DNA Polymerase θ is a promising therapeutic target to treat homologous 

recombination deficient tumors.
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Figure 1. Mechanisms of end joining
Classical non-homologous end-joining (C-NHEJ) involves no homology or only 1-4 

nucleotides of homology at the junction; microhomology mediated end-joining (MMEJ) 

requires 1-16 nt of homology internal to the ends to align them for repair; and single-

stranded annealing (SSA) involves annealing between more extensive homologies provided 

by direct repeats flanking the DSB. MMEJ and SSA are both highly mutagenic due to loss 

of one repeat and the intervening sequence.
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Figure 2. Mechanistic basis for MMEJ
The illustration highlights the similarities and differences between budding yeast and 

mammals. The mechanism in both organisms involves i. end resection, ii. annealing of MHs, 

iii. flap removal, iv. fill-in synthesis, and v. ligation (see text for details). In S. cerevisiae, 

Exo1 or Sgs1-Dna2 can substitute for MRX and Sae2 to initiate end resection at 

endonuclease-induced DSBs.
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Figure 3. Model for Polθ activity
Upper panel depicts the different domains of Polθ including the helicase-like domain at the 

N terminus, the polymerase domain at the C terminus, and the central domain that contains 

the Rad51 interaction motif. The polymerase domain contains an insert loop 2 that is 

necessary for DNA lesion bypass, ssDNA extension, and MMEJ. In the lower panel, we 

propose a model for the mechanism by Polθ (in blue) promotes MMEJ Nucleolytic 

processing of a DSB exposes MH, which could drive annealing of single stranded 

overhangs. Polθ potentially employ its different domains in order to promote formation 
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and/or stabilization of the annealed intermediate. For example, its dimerization will tether 

DNA ends together (i) or even stabilize spontaneously annealed ends (ii). The ATPase 

domain could potentially displace ssDNA-binding proteins (iii). Lastly, the polymerase 

could extend resected ends, potentially in a snap-back mechanism, thereby generating 

additional MH (iv). In addition to promoting synapsis, Polθ activity is required for fill-in 

synthesis (v), a crucial step during MMEJ.
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Figure 4. Repair pathway choice
The choice between C-NHEJ, MMEJ and HR is regulated by multiple factors and influenced 

by the cell cycle. Low CDK activity in G1 enables Ku-dependent NHEJ activity. Increased 

CDK in S/G2 promotes limited resection by MRN-CtIP and results in a concomitant loss of 

Ku binding to DSBs. This enables both MMEJ and HR to act. Extensive resection by Exo1 

or Blm-Dna2, binding of RPA and subsequent loading of Rad51 are required for HDR. By 

contrast, the activity of Polθ favors MMEJ, and inhibits HR. In S. cerevisiae RPA inhibits 

MMEJ by counteracting annealing between MH.

Sfeir and Symington Page 22

Trends Biochem Sci. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sfeir and Symington Page 23

T
ab

le
 1

E
uk

ar
yo

tic
 e

nd
 jo

in
in

g 
pr

ot
ei

ns

C
at

eg
or

y
F

un
ct

io
n

S.
 c

er
ev

is
ia

e 
pr

ot
ei

n
M

am
m

al
ia

n 
pr

ot
ei

n
C

-N
H

E
J

M
M

E
J

H
R

D
SB

 r
ec

og
ni

tio
n

E
nd

 b
in

di
ng

,
co

m
po

ne
nt

 o
f 

D
N

A
-

de
pe

nd
en

t p
ro

te
in

ki
na

se
 (

D
N

A
-P

K
)

Y
ku

70
-Y

ku
80

K
u7

0-
K

u8
0

+
−

−

Po
ly

-A
D

P 
ri

bo
se

po
ly

m
er

as
e

−
PA

R
P1

−
+

−

E
nd

 b
in

di
ng

 a
nd

te
th

er
in

g
M

re
11

-R
ad

50
-X

rs
2

(M
R

X
)

M
re

11
-R

ad
50

-N
bs

1
(M

R
N

)
+

+
a

+
a

N
uc

le
as

e
E

nd
on

uc
le

as
e,

 3
’

ex
on

uc
le

as
e

M
re

11
M

re
11

−
+

a
+

a

Pr
om

ot
es

 5
’ 

en
d

re
se

ct
io

n
Sa

e2
C

tI
P

−
+

a
+

a

E
nd

on
uc

le
as

e,
 5

’
ex

on
uc

le
as

e
−

A
rt

em
is

+
−

−

D
N

A
Po

ly
m

er
as

e
Po

lδ
 s

ca
ff

ol
d

Po
l3

2 
(P

ol
δ)

Po
l3

D
 (

Po
lδ

)
−

+
/N

D
+

b /N
D

Po
lX

 f
am

ily
Po

l4
 (

Po
lβ

)
Po

lβ
+

−
−

Po
lX

 f
am

ily
−

Po
lμ

+
−

−

Po
lX

 f
am

ily
−

Po
lλ

+
−

−

Po
lA

 f
am

ily
−

Po
lθ

−
+

−

L
ig

as
e

L
ig

4 
ca

ta
ly

tic
 s

ub
un

it
D

nl
4

L
ig

4
+

−
−

L
ig

4 
st

ru
ct

ur
al

 s
ca

ff
ol

d
L

if
1

X
rc

c4
+

−
−

L
ig

4 
st

ru
ct

ur
al

 s
ca

ff
ol

d
N

ej
1/

L
if

2
X

lf
/C

er
nu

nn
os

+
−

−

L
ig

1 
ca

ta
ly

tic
 s

ub
un

it
C

dc
9

L
ig

1
−

+
/−

c
N

D

L
ig

3 
ca

ta
ly

tic
 s

ub
un

it
−

L
ig

3
−

+
−

L
ig

3 
st

ru
ct

ur
al

 s
ca

ff
ol

d
−

X
rc

c1
−

+
/−

N
D

K
in

as
e

D
SB

 a
ct

iv
at

ed
 p

ro
te

in
ki

na
se

 r
ec

ru
ite

d 
to

D
SB

s 
by

 K
u

−
D

N
A

-P
K

cs
+

−
−

N
D

: n
ot

 d
et

er
m

in
ed

a in
di

ca
te

s 
no

t e
ss

en
tia

l i
n 

S.
 c

er
ev

is
ia

e 
du

e 
to

 b
ac

k-
up

 a
ct

iv
iti

es
 b

ut
 is

 r
eq

ui
re

d 
in

 m
am

m
al

ia
n 

ce
lls

Trends Biochem Sci. Author manuscript; available in PMC 2016 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sfeir and Symington Page 24
b Po

l3
2 

is
 r

eq
ui

re
d 

fo
r 

lo
ng

 tr
ac

t g
en

e 
co

nv
er

si
on

 in
 y

ea
st

 b
ut

 n
ot

 f
or

 r
ec

om
bi

na
tio

n 
ev

en
ts

 th
at

 r
eq

ui
re

 s
ho

rt
 tr

ac
ts

 o
f 

D
N

A
 s

yn
th

es
is

c Pr
es

um
ed

 to
 b

e 
re

qu
ir

ed
 f

or
 y

ea
st

 M
M

E
J,

 b
ut

 h
as

 n
ot

 b
ee

n 
di

re
ct

ly
 te

st
ed

.

Trends Biochem Sci. Author manuscript; available in PMC 2016 November 01.


