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Abstract

DNA double-strand breaks (DSBs) are dangerous lesions that if not properly repaired can lead to 

genomic change or cell death. Organisms have developed several pathways and have many factors 

devoted to repairing DSBs, which broadly occur by homologous recombination that relies on an 

identical or homologous sequence to template repair, or nonhomologous end-joining. Much of our 

understanding of these repair mechanisms has come from the study of induced DNA cleavage by 

site-specific endonucleases. In addition to their biological role, these cellular pathways can be co-

opted for gene editing to study gene function or for gene therapy or other applications. While the 

first gene editing experiments were done more than 20 years ago, the recent discovery of RNA-

guided endonucleases has simplified approaches developed over the years to make gene editing an 

approach that is available to the entire biomedical research community. Here, we review DSB 

repair mechanisms and site-specific cleavage systems that have provided insight into these 

mechanisms and led to the current gene editing revolution.
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The most deleterious form of DNA damage is a double-strand break (DSB), whose repair is 

essential to maintain genome integrity. DSBs are repaired primarily by two classes of 

mechanisms, homologous recombination (HR), sometimes called homology-directed repair, 

and nonhomologous end-joining (NHEJ). We owe much of our understanding of these repair 

mechanisms to the study of induced DNA cleavage by site-specific endonucleases. More 

recently, the development of a number of different site-specific cleavage systems, in 

particular CRISPR-Cas9, has made it possible to efficiently modify the genome of virtually 

any organism. This “democratization” of gene editing is revolutionizing both the basic and 

biomedical sciences. The use of site-specific endonucleases for DSB repair studies and gene 

editing is the focus of this review.
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Homologous recombination: DSB repair and gene targeting

Gene targeting

Until recently, HR between chromosomal DNA and linear DNA fragments introduced into 

cells - gene targeting - had been the major approach for modifying genomes (Fig. 1A). 

Budding yeast is remarkable in that DNA introduced into cells will almost always integrate 

by HR [1, 2], leading it to become a favored organism for reverse genetic studies. In 

mammalian cells and other organisms, transfected DNA typically integrates at a 

nonhomologous genomic location, such that extensive screening or selection tricks have 

been necessary to isolate gene-targeted clones [3–5]. However, when gene targeting is 

successful in mouse embryonic stem cells, these targeted cells can be used to generate 

precisely modified animals [6].

The key discovery which guided the study of eukaryotic DSB repair by HR was carried out 

by Orr-Weaver et al. using budding yeast [7]. They observed that a plasmid with two distinct 

regions of homology to the yeast genome could integrate at either locus, but making a DSB 

within one of the two regions on the plasmid targeted integration at its homologous site in 

the genome. Subsequently, it became evident in yeast that a site-specific DSB created in a 

chromosome by a rare-cutting endonuclease would trigger repair HR with another genomic 

locus [8–10]. Further, in mammalian cells a DSB in the genome was found to trigger HR 

with introduced plasmid DNA and as well to induce NHEJ [11], a paradigm for current gene 

editing approaches.

HR as a DSB repair mechanism

DSB repair by HR in mitotic cells is necessary for the repair of spontaneously arising-

lesions, for example those arising during DNA replication [12], given the slow growth or 

lethality of cells/mice in which HR genes are mutated [13]. Repair of a DSB repair by HR 

requires that the ends of the broken chromosome be able to invade into, and use an intact 

copy of the same (or similar) sequences as a template. In mitotic cells the repair template 

most typically is the sister chromatid, but the homologous chromosome or an ectopically 

located repeated sequence can also be used.

HR can occur by several pathways [14]. In a simple gene conversion event, a small amount 

of DNA is copied from the template to produce a short patch of new DNA at the repaired 

site (Fig. 2A,B). HR repair by gene conversion is generally regarded as the most precise type 

DSB of repair, although it is not completely error-free. In budding yeast mutations arise 

during gene conversion 1000 times more often than during replication of the same sequences 

[15]. Most noncrossover gene conversion events arise from a synthesis-dependent strand 

annealing mechanism (Fig. 2A), whereas an alternative pathway results in the formation of a 

pair of Holliday junctions that can be resolved with or without crossing-over [2](Fig. 2B) 

where the short patch of new DNA is flanked by sequences from the two recombining 

molecules. While such crossovers are genetically silent if they involve the identical sequence 

on the sister chromatid (sister chromatid exchange), crossovers involving a homologous 

chromosome (homolog) as template can lead to loss of heterozygosity (LOH), which can 

reveal deleterious recessive alleles [16]. Further, crossing-over involving an ectopically-
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located repeated sequence (non-allelic HR, or NAHR) can lead to genome rearrangements, 

including deletions, duplications, and translocations. Then, it is not surprising that in mitotic 

cells (the focus of this review) crossing-over is typically suppressed. Sequence divergence 

between repeats also suppresses HR (e.g., [17, 18]).

BIR

An alternative mechanism is break-induced replication (BIR) (Fig. 2C), which is a 

recombination-dependent DNA replication process in which one end of the DSB locates a 

template that can then be copied all the way to the telomere (typical in yeast) or, presumably, 

until the BIR replication bubble encounters a converging replication fork. In mammalian 

cells BIR is typically completed by NHEJ [19, 20]. Although BIR involves the participation 

of all three major DNA polymerases, this mode of replication is distinctly different from 

normal chromosomal replication. New DNA synthesis begins as primer extension from the 

3′ end of the invading single strand, but only much later, when a long ssDNA has been 

displaced by a moving D-loop does the second strand get copied [21, 22] (Fig. 1C). BIR is 

prevented by deletion of the nonessential DNA polymerase δ subunit, Pol32 [23] or the 5′ 
to 3′ helicase Pif1, although an initial phase of DNA synthesis can occur [21]. The lack of 

tight coordination between leading and lagging strand synthesis may account for the high 

level of mutagenesis associated with BIR, especially mutations that would be expected to 

occur in newly copied single-stranded regions (e.g., cytosine deamination) [24]. In addition, 

the moving replication bubble appears to be highly unstable, allowing remarkably frequent 

template jumps, either between homologous chromosomes [25] or between nonallelic sites 

[26].

Meiotic recombination

Unlike DSB repair in most mitotic cells, DSB repair in meiotic cells involves the repair of 

programmed DSBs, typically using the homolog as a repair template, and with crossing over 

as a critical outcome [27, 28]. More than 100 DSBs are purposely introduced into the 

genome during meiosis by the SPO11-TOPOVIBL transesterase [29]. HR between 

homologous chromosomes is initially necessary for homolog pairing; crossing over is 

critical later for homolog segregation at the first meiotic division. Meiotic DSBs typically 

occur in promoter regions in yeast [30], whereas in mammals they are directed toward 

specific sequences determined by the PRDM9 protein [31] which recognizes DNA through a 

variable number of different zinc finger DNA binding domains [32]. In yeast, meiotic DSBs 

can be directed to new locations by fusing Spo11 to sequence-specific DNA binding 

domains, including zinc fingers [33, 34]. In mice, meiotic DSBs have been targeted to new 

locations by swapping the mouse PRDM9 zinc finger domain with that from the human 

[35].

Nonhomologous end-joining: canonical, alternative, and microhomology-

mediated

The predominance of nonhomologous integration of transfected DNA in mammalian cells 

suggested the presence of relatively efficient “illegitimate” recombination pathways. NHEJ 

was first described as a DSB repair mechanism using assays for the recircularization of 
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linearized plasmids, in which DNA ends are brought together without any homology or with 

a few nucleotides of homology, termed microhomology [36]. Similar joining events are also 

observed in yeast [37]. NHEJ was further recognized for its role in antigen receptor 

rearrangement in the immune system when gene segments incurring RAG recombinase-

induced DSBs are brought together [38]. Later, NHEJ involvement in class switch 

recombination was also uncovered [39].

The canonical NHEJ factors KU70/80, DNA ligase IV/XRCC4/XLF, DNA-PKcs were 

initially identified using mammalian cell lines and mice that were both defective in antigen 

receptor rearrangement and sensitive to X-rays [40–43], and new factors continue to be 

discovered [44]. Most of these components were subsequently identified in budding and 

fission yeasts as well [45, 46]. The conserved Mre11 complex also plays a critical role in 

many NHEJ outcomes because of its DNA end tethering activity [47, 48]. Although it is not 

absolutely required for antigen receptor rearrangement, most likely because the RAG 

recombinase is able to hold ends together for repair [49], tethering may assist in that process 

as well [50].

In mammalian cells, NHEJ is important for the repair of spontaneously-arising and DNA 

damaging-agent induced DSBs throughout the cell cycle, whereas HR is more restricted 

because it is disfavored in G1 [51]. By contrast in budding yeast, HR genes such as Rad51 

(Radiation) contribute most of the X-ray resistance, while NHEJ plays only a minor role 

unless an HR gene is already mutated. However, in HR-deficient yeast, canonical NHEJ 

factors become critical for cell survival even for a single DSB [47, 52].

NHEJ does not always require canonical NHEJ factors, in which case it is called alternative 

NHEJ (alt-NHEJ) or microhomology-mediated end joining (MMEJ), although the 

physiologic relevance of alt-NHEJ/MMEJ is not clear [53]. While these pathways are 

typically observed in the absence of canonical NHEJ factors, e.g., in plasmid 

recircularization in the absence of Ku [54–56], they can also be observed in the presence of 

canonical factors, e.g., chromosomal translocations in mouse cells [57]. Breakpoint 

junctions often appear to have arisen by annealing of complementary strands of DSB ends at 

microhomologies [58, 59]. It is difficult to determine whether any particular junction has 

arisen by canonical NHEJ or MMEJ, since the DNA end structure (e.g., long overhangs) and 

precise DNA sequences near ends (e.g., microhomology of several nucleotides) can impact 

whether microhomology is used, even by the canonical NHEJ pathway [57, 60, 61].

A number of factors have been proposed to be involved in alt-NHEJ, and MMEJ in 

particular, in mammalian cells, in particular including DNA ligase III and DNA polymerase 

theta ([62, 63] and references therein), both of which are lacking in budding or fission yeast. 

In budding yeast, only a fraction of MMEJ events are DNA ligase IV-dependent, so DNA 

ligase I almost certainly can serve as back-up. DNA ligase I has also been shown to play a 

minor role in mammalian alt-NHEJ [62].
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Meganucleases used to study DSB repair

HO

Two endonucleases derived from budding yeast have been particularly important for DSB 

repair studies: HO and I-SceI. The normal role of HO endonuclease is to create a DSB that 

catalyzes yeast mating-type (MAT) gene switching, from MATa to MATα or vice versa [8] 

as often as every cell division (reviewed in [64]). Once a MATa cell conjugates with MATα, 

the expression of co-repressors expressed by these two loci turns off the switching process 

by repressing expression of the HO endonuclease. MATa differs from MATα by the 

presence of different ~ 700 bp Ya or Yα sequences; conversion from one to the other 

involves the induction of a site-specific DSB by the HO endonuclease at a 22-bp degenerate 

cleavage site that creates a DSB just adjacent to either Ya or Yα, leading to the removal of 

the Y sequence at MAT and its replacement by gene conversion from one of two templates, 

HMLα or HMRa, located near the two ends of the same chromosome containing MAT. 
HML and HMR are maintained in a transcriptionally silent state by the Sir2 histone 

deacetylase complex that creates a highly positioned array of nucleosomes that prevent HO 

endonuclease from cleaving either donor locus.

I-Scel

The I-SceI endonuclease is encoded within a self-splicing intron found in the mitochondrial 

rDNA locus (termed ω+). In perhaps the first example of gene drive I-SceI creates a DSB 

within an intronless rDNA gene (ω−), encountered after conjugation, leading to the insertion 

of the intron encoding the endonuclease ([9, 10]). Thus, the ω+ intron encodes I-SceI that 

cleaves the ω− gene at the precise position at which the intron is to be inserted; the DSB 

induces gene conversion to copy the intron from the ω+ gene into the ω− gene such that it 

now becomes ω+ as well. This system is so efficient that when conjugation is initiated 

between equal populations of ω+ and ω− cells, 99% of the population will become ω− within 

a few generations. I-SceI recognizes a well-defined 18 bp site [65]; since there are no perfect 

matches to this site in mammalian cells, its constitutive expression is not toxic [66].

The use of I-SceI depended upon converting the coding sequence from its mitochondrial 

origin (where UGA encodes tryptophan) to a nuclear/cytoplasmic-compatible sequence 

(where UGA would be a stop codon) [67]. The adoption of I-SceI for DSB repair studies - 

especially in early mammalian cell work - was facilitated by the commercial availability of 

the enzyme. Although crude HO assays were developed [68], the enzyme was never purified 

or commercially exploited. Like HO, I-SceI can catalyze efficient gene conversion in the 

nucleus of yeast [69].

VDE

Another less used yeast endonuclease is VDE (also termed PI-SceI), which arises from an 

intein present in the nuclear genome in the first known example of protein splicing [70]. The 

VMA1 gene encodes VDE, which will create a DSB during meiosis within an inteinless 

version of the gene containing a VDE recognition site on the homologous chromosome. 

Repair of the DSB by HR leads to insertion of the intein with high efficiency [71]. I-SceI 
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and VDE are both considered “homing” endonucleases because they cleave a genomic site 

that does not encode them to induce copying of their coding sequence into the site.

The catalytic motifs of HO, I-SceI, and VDE are related, such that each gives rise to a 4-base 

3′ overhang [72, 73]. The sequences of the recognition sites are quite distinct, however, 

although each is asymmetric and long, giving rise to the term “meganuclease”. 

Meganucleases are not related to the restriction enzymes that are involved in bacterial 

immunity.

Meganuclease I-AniI and I-PpoI and restriction enzyme AsiSI

Three other nucleases have been used in DSB repair studies: two meganucleases involved in 

intron homing, I-AniI (from Apergillis nidulans) [74] and I-PpoI (from Physarum 
polycephalum) [75], and restriction enzyme AsiSI (from Arthrobacter) [76]. I-PpoI cleaves 

28S rDNA as well as a number of other sites in the human genome due to its degenerate site 

and has been used for chromatin immunoprecipitation studies to assess protein dynamics at a 

number of DSBs [75, 77]. Given its 8-bp recognition site, AsiSI has an even larger number 

of sites but it is blocked by CpG methylation and is inducibly expressed [76]; the large 

number of sites provides the opportunity for genome-wide analysis, for example, leading to 

the identification of chromatin domains that affect DSB repair [78].

Mechanistic studies of DSB repair

In budding yeast, the creation in yeast of a galactose-inducible version of HO [79] made it 

possible to initiate HO cleavage synchronously and led to the first physical monitoring of a 

DSB repair event [80]. HO cleavage is nearly complete within 20–30 min but repair takes >1 

hr. During this interval it is possible to establish a sequence of slow events that culminate in 

HR repair, which relies on the Rad51 recombination protein and its auxiliary protein 

partners [15, 81–83]. The key steps in gene conversion (Fig. 1A,B) include the regulation of 

5′ to 3′ resection of DSB ends to create 3′-ended single-stranded DNA (ssDNA) tails that 

are bound by Rad51, the search for homology to locate a donor sequence for strand invasion, 

the initiation of new DNA synthesis, and the capture of the second DSB end by the newly-

copied DNA.

Even with the same galactose-inducible promoter, I-SceI is less efficient than HO in creating 

synchronously-induced DSBs in yeast [69], so that most of the kinetic analysis of different 

aspects of DSB repair have utilized HO. Another advantage of HO is its intrinsic instability; 

it harbors an amino acid sequence that promotes its own degradation so that there is 

essentially no activity 30 min after transferring cells from galactose to glucose medium. I-

SceI apparently persists long after induction is turned off. Nonetheless, I-SceI has had utility 

in yeast and has been indispensible for establishing gene editing [11] and elucidating HR 

mechanisms and factors in mammalian cells [16], including roles of the breast cancer 

suppressors BRCA1 and BRCA2 [84, 85].

Studies with HO and I-SceI have led to a number of insights, especially in delineating 

several HR pathways once strand invasion has initiated. In synthesis-dependent strand 

annealing, the newly synthesized strand can be displaced to “return” to the other DSB end, 
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commonly leading to noncrossover gene conversion in which all the newly copied DNA is in 

the recipient [86]. Less frequent formation of a Holliday junction intermediate can lead to 

resolution by a number of resolvases giving rise to a crossover outcome [87]. Alternatively, 

strand invasion can lead to capture of the second DSB end to form a double Holliday 

junction intermediate. The two Holliday junctions can migrate towards each other to be 

“dissolved” by a topoisomerase, specifically the BLM-TOP3-RMI1–RMI2 complex in 

mammals [87, 88] and the Sgs1/Top3 complex in budding yeast [89]. By contrast, the double 

Holliday junction can be resolved to a crossover. In meiosis, where crossovers are essential 

to meiotic progression, specific factors stabilize double Holliday junctions [90].

The use of site-specific DSBs in budding yeast has revealed that NHEJ comprises a complex 

set of functions that have different requirements and different outcomes, depending on the 

assay. Because HO is rapidly degraded when its expression is turned off, it is possible to 

show that the efficient re-ligation of the 4-base overhangs that are generated is dependent on 

canonical NHEJ factors. When HO is continually expressed, only cells that create a mutated 

cleavage site are able to survive. There are at least three distinct canonical NHEJ pathways 

to repair this specific type of overhang [47]: perfect re-ligation of overhanging ends; mis-

alignment and filling in of ends to create small, templated indels; and misalignment with 

deletion. In addition yeast, like mammals, can used alt-NHEJ/MMEJ [91, 92]. As in 

mammalian cells, the requirements for MMEJ have been explored by using HO-induced 

substrates that have short (<12 bp) repeats flanking the DSB. Joining of these sequences is 

distinct from the Rad52-dependent single-strand annealing process [93].

It is important to note that in cycling mammalian cells and yeast the relative use of HR and 

NHEJ is significantly different, despite similarities in many of the components and 

pathways: in yeast HR wins out over NHEJ in repairing a chromosomal DSB by about 10:1 

[94], whereas in mouse cells, NHEJ is about twice as efficient as HR in repairing an I-SceI-

generated break [11, 95].

HR vs NHEJ pathway choice and the importance of resection

A major determinant of whether HR will occur is cell cycle phase, as many HR factors are 

not expressed efficiently or active in G1/G0 cells and sister chromatids are lacking. Because 

canonical NHEJ is inefficient on substrates with long ssDNA tails [45, 96], the initial 5′ to 

3′ resection step is a critical regulatory step. Several methods to assess the extent of 5′ to 3′ 
resection have shown that HO-induced DSBs are resected at a rate of about 4 kb/h [97]. If 

there is no donor sequence to allow HR repair, resection will continue at a constant rate for 

at least 24 h. For much of this time, the 3′-ended ssDNA is resistant to cleavage or 

degradation [98, 99]. This protection is dependent on the abundance of the single-strand 

DNA binding protein, RPA. In mammalian cells, resection appears to be restrained by a 

feedback mechanism involving RPA recruitment of a helicase (HELB) to ssDNA [100].

Several distinct resection “machines” come into play to process an HO-induced DSB. The 

initial resection is carried out by the Mre11 complex (Mre11-Rad50-Xrs2 or MRX), in 

conjunction with Sae2 [101]. Except when yeast cells are blocked in G2/M, deletion of these 

proteins reduces but does not stop resection; in G2/M deletion of Mre11 or Rad50 (and 
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likely Xrs2) completely stops resection [102]; whereas removing Sae2 has less impact. In 

mammals, Xrs2 is replaced by NBS1 in the MRN complex and the Sae2 homolog, CtIP 

plays a decisive role in resection in cycling cells [103]. In budding yeast, extensive resection, 

beyond a few hundred bp, depends on two competing resection processes [97, 104, 105]. 

Exo1 likely removes single nucleotides as it progresses; its accessibility to a DSB end is 

impaired by yeast’s Ku70–Ku80 complex. The second pathway requires the Sgs1 complex 

(Sgs1-Rmi1-Top3) and the endonuclease function of the Dna2 protein, which also acts as a 

flap nuclease during DNA replication. Deletion of either Exo1 or Sgs1 slows resection to 

some extent, but a double sgs1Δ exo1Δ mutant is severely impaired in resection. Resection is 

also blocked when yeast cells are arrested in the G1 phase of the cell cycle, where the key 

cell division kinase, Cdk1, is inactive [106, 107]. This block can be overcome by creating a 

phosphomimetic mutation in the Sae2 protein (a target of Cdk1) or by removing Ku, 

allowing Exo1 to act, even though CDK is still “off” [108]. When resection of an HO DSB 

is blocked, nonhomologous end-joining rates go up [106].

Mammals use the same resection machines as yeast except that Xrs2 is replaced by NBS1 

(MRN complex) and the Sae2 homolog is CtIP [103, 109, 110]. Inactivating CtIP more 

profoundly impairs resection than deleting Sae2 in yeast. It is not yet clear how the rate or 

extent of resection in mammals compares with that in yeast, but specific assays of this rate in 

vivo are being developed [111]. Several factors are at odds with each other with respect to 

the control of resection and pathway choice in mammalian cells [112, 113]. Most notably, 

BRCA1 promotes resection, while 53BP1 (and interacting proteins) inhibits resection [114, 

115]. In cells lacking both proteins, resection occurs and HR is restored. Recently, BRCA1 

has been found to be involved in a second control point in the cell cycle regulation of 

pathway choice, in this case involving PALB2, another breast cancer suppressor, which acts 

as a bridge between BRCA1 and BRCA2 [13]. The BRCA1-PALB2 interaction in G1 is 

suppressed by ubiquitylation involving the PALB2-interacting protein KEAP1 [116]. Thus, 

HR can be activated in a tumor cell line in G1 if resection is activated by a CtIP 

phosphomimetic combined with 53BP1 loss, and the BRCA1–PALB2 interaction is restored 

by blocking ubiquitylation to promote BRCA2 and hence RAD51 recruitment. HELB 

regulates both EXO1 and BLM-DNA2-dependent resection [100].

Gene editing

The paradigm for gene editing - modification of the genome through repair of a 

chromosomal DSB - was developed using the I-SceI meganuclease. The I-SceI recognition 

site was integrated into the mouse genome and DNA fragments homologous to sequences 

flanking the DSB were introduced together with an I-SceI expression vector [11]. HR of the 

chromosome with the plasmid fragments was elevated several orders of magnitude, 

indicating that the introduction of a chromosomal DSB is a viable way to increase gene 

targeting in organisms refractory to spontaneous gene targeting [117]. Subsequent studies 

confirmed gene editing by HR in embryonic stem cells and other cell types [118–122]. 

Alternatively, DNA ends generated by I-SceI were rejoined by NHEJ leading to small indels 

at the DSB site [11]. Precise joining events between two DSBs could also be detected, in this 

case leading to a several kb deletion. Two I-Scel-generated DSBs were also found to give 

rise to translocations [123, 124]
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In yeast, a chromosomal DSB was also found to induce gene editing by NHEJ, both in HR-

deficient cells [37] and wild-type cells [47]. Not surprisingly, a DSB in the chromosome in 

yeast was also found to induce gene editing by HR [125, 126]. In HR events, an I-SceI-

generated DSB could be efficiently repaired by small double-stranded oligonucleotides 

sharing fewer than 50 bp homology on either side of a DSB or even a pair of DSBs 

separated by many kb of DNA. Repair could occur by gene conversion with the introduced 

fragment as the donor (Fig. 2A) but could also result from the annealing of complementary 

single strands created by 5′ to 3′ resection of the ends of the DSB and of the fragment (Fig. 

1B). More surprising, an I-SceI-induced DSB could be repaired by a single-stranded 

oligonucleotide that was complementary to the resected end of one side of the DSB [125]. 

Such single-strand template repair requires several additional steps (Fig. 1C): first, DNA 

synthesis from the 3′end of one side of the DSB would create a dsDNA intermediate, and 

second, resection would then create an end complementary to the second, resected DSB end. 

Of particular note, suppressing strand invasion by RAD51 mutation, increased gene editing, 

in keeping with a mechanism that involved annealing of single strands. The approach was 

modified further by tethering the oligonucleotide directly to I-SceI, leading to an increase in 

HR which was also observed in mammalian cells [127].

RNA-templated DNA repair

An even more provocative finding was that single-stranded RNA could be used as a 

genetargeting template, albeit inefficiently compared to DNA [128]. These findings, made 

first with yeast, have been verified in mammalian cells [129]. More recently, endogenous 

RNA transcripts have been found to participate in HR repair of an HO-induced DSB, 

suggesting that endogenous RNAs may participate as templates in genome modification, 

possibly even in non-dividing cells [130]. One model is that in actively transcribing DNA 

nascent RNA generated just prior to DSB formation can be used as a template for reverse 

transcriptase-dependent extension of broken DNA ends.

An emerging range of endonucleases

Meganucleases

Experiments with I-SceI endonuclease made it clear that gene editing could be readily 

achieved by efficient introduction of a DSB at a target locus [117]; however, engineering 

meganucleases like I-SceI to recognize other DNA sequences is challenging, given the 

complex interactions with DNA. For example, I-SceI makes 56 contacts with DNA, 27 of 

which are with base pairs in the recognition site [131]. Despite these challenges, progress 

has been made in redesigning meganuclease like I-SceI [132–134]. Although unlikely to be 

developed as generalized cleavage reagents for research purposes, meganucleases are small 

and single chain (I-SceI is only 235 amino acids) which facilitates their delivery to cells. 

Thus, for particular applications, for example in gene therapy or biotechnology, engineering 

a meganuclease could still provide advantages [135].
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ZFNs

Because its cleavage domain is distinct from its DNA binding domain, the restriction 

enzyme FokI provided an entry point for creating endonucleases with alternative cleavage 

specificities [136, 137]. To create a chimeric nuclease, the FokI cleavage domain was first 

successfully fused to a homeobox DNA binding domain [138]. However, the modularity of 

zinc finger DNA binding domains clearly presented a more flexible route to engineer 

endonucleases with desired recognition specificities, leading to the creation of the first zinc 

finger nuclease (ZFN) [139]. In its simplest form each zinc finger interacts with three base 

pairs [140–142], such that three or more “fingers” recognizing distinct triplets could be 

assembled and fused to two FokI dimeric cleavage domains to cleave a unique site in a 

complex genome [143]. Although initially created to expand the repertoire of restriction 

endonucleases, the use of ZFNs for gene editing was readily apparent, given the success of 

the I-SceI. Gene editing with a ZFN was first reported at an endogenous locus in Drosophila 
at the scoreable yellow gene [144]. Gene editing of an endogenous gene using a homologous 

plasmid for HR was first accomplished at the diseaserelevant IL-2Rγ gene in human cells 

[145]. What was particularly remarkable from the Urnov et al study was the bi-allelic 

targeting could be achieved and at relatively high frequency.

TALENs

While ZFNs were successfully used in a number of studies [143], the assembly of zinc 

finger modules that recognize DNA with high specificity is difficult because each zinc finger 

is not completely independent of its neighbors and zinc fingers to each of the 64 triplets are 

not readily available. The discovery of the simple DNA recognition code of TAL effector 

proteins from plant pathogens essentially solved this problem: two amino acids within each 

module recognize a single base pair and each module essentially binds independently [146–

149]. As in ZFNs, fusions of TAL effector domains are made to two FokI cleavage domains 

to generate nucleases (TALENs) [150]. The discovery of the simple DNA binding code of 

TAL effectors revolutionized gene editing by making it broadly usable within the biomedical 

research community [151]. However, TALEN expression vectors may take several days or a 

week to construct and require the assembly of a number of repeats, which can be unstable 

when propagated in bacteria.

Democratization of genome editing: CRISPR-Cas9

In principle, Watson-Crick base pairing represents the simplest form of DNA sequence 

recognition that could be applied for generating cleavage reagents for gene editing [117]. 

Approaches developed in the 1990s to make use of base pairing included oligonucleotides 

with an incorporated chemical cleaving moiety coated with the bacterial strand exchange 

protein RecA [152]. However, little progress was made in adapting these approaches to in 

vivo settings.

The CRISPR-Cas9 nuclease provides the simple Watson-Crick base pairing code for DNA 

recognition, making it an ideal programmable nuclease, but with the twist of relying on 

RNA:DNA rather than DNA:DNA recognition [153, 154]. This simple design from nature, 

which is critical for bacterial adaptive immunity [155], has truly revolutionized gene editing. 
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The approach relies on the Cas9 nuclease from Streptococcus pyogenes that recognizes a 

short NGG motif in the target DNA, together with a Cas9-bound guide RNA that forms 20 

base pairs with the DNA sequences adjacent to the NGG motif. DNA cleavage occurs 3 

bases upstream of the NGG motif on the guide RNA-bound DNA strand and typically 3 

bases upstream on the non-bound strands to generate blunt-ended DSBs, although there can 

be some flexibility in cleavage on the non-bound strand.

Because of the simplicity of modifying a single RNA sequence, CRISPR-Cas9 was readily 

adapted to gene editing [156, 157] and has become the approach of choice for researchers 

for genome modification for many organisms and applications [158]. The principles 

established with other nucleases hold for Cas9, including the most fundamental feature that 

Cas-induced DSBs can be repaired by either HR or NHEJ. Importantly as well, Cas-induced 

DSBs can lead to efficient biallelic modification by either HR or NHEJ. NHEJ typically 

leads to a variety of indels, which is suitable for many applications requiring the gene 

knockouts. Although HR is typically less efficient, it is often more desirable because it can 

lead to a precise genome modification, including the knockin of fluorescent markers or loxP 

sites to make conditional alleles. The donor DNA for HR can be introduced from plasmids 

or as a single-stranded oligonucleotide [159]; the latter approach has recently been improved 

by taking advantage of the asymmetric release of one DNA end from the strand not bound to 

the RNA [160] and by using modified (phosphorothioate) single-stranded oligonucleotide 

which are more stable in cells [161]. Cas9 and the gRNA can be expressed in cells from 

expression vectors or the Cas9 mRNA and guide RNA can be directly transfected. 

Alternatively, or the Cas9-guide RNA complex can be directly delivered to cells [162].

The programmable 20 nucleotides in the guide RNA are long enough that Cas9 can be used 

to specify cleavage of complex genomes, the only requirement being the presence of an 

NGG motif. However, several modifications to the approach have already been undertaken. 

With Cas9, genomic sites that are not identical to the guide RNA sequence may be 

recognized at some frequency, leading to off-target cleavage, which is a concern for any of 

the nuclease platforms, given the efficiency at which indel formation can occur. To address 

this, Cas9 from S. pyogenes has recently been modified to reduce off-target cleavage while 

maintaining specific cleavage [163–165]. The modifications leading to enhanced, high 

fidelity cleavage are based on structural determinations of the Cas9 nuclease with guide 

RNA with the DNA target and the premise that reducing non-specific Cas9 contacts with the 

DNA backbone in the strand complementary to the guide RNA [163] or with the non-

complementary strand in a basic groove at the interface of the nuclease domains [164] would 

force a greater reliance on correct RNA:DNA base pairing.

Cas9 binding to the NGG motif is critical to its initial interaction with DNA, however, the 

requirement for this motif, termed a PAM, restricts cleavage to sequences that contain a 

close by GG dinucleotide. This is not a burden in most gene editing experiments, however, it 

can be problematic when targeting AT-rich genomes or in HDR experiments, given that gene 

conversion tracts are often very short [166]. Investigators have approached this by 

developing S. pyogenes Cas9 mutants that have altered recognition motifs (PAMs) [167], for 

example, NGA [168]. This latter study also identified a Cas9 variant with enhanced 

specificity to the NGG motif. In addition to S. pyogenes Cas9, Staphylococcus aureus and 
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other RNA-guided nucleases are being investigated with somewhat different properties, 

including recognition of different PAM motifs and generation of different overhangs [168–

171].

As with ZFNs and TALENs, fusions with a catalytically inactive Cas9 have proved useful 

for non-gene editing purposes, including modulating endogenous gene transcription with 

activation or repressor domains or fluorescently labeling of endogenous loci [158]. A major 

advance possible with a guide RNA-based DNA recognition system but not protein-based 

systems is the ability to multiplex and for genome wide screens.

Nicking and Paired Nicking

Nicking

Gene editing by HR is often a more desirable approach than NHEJ because it leads to 

precise genome modification. However, even when a homologous template is provided, 

DSBs are efficiently repaired by NHEJ. One approach to specifically induce HR is to create 

a nick in the genome rather than a DSB since a nick is not a substrate for NHEJ [156, 157, 

172–175]. Meganucleases, ZFNs, and Cas9 have been successfully converted into nickases 

by mutating catalytic residues. I-SceI is a monomer with two overlapping catalytic sites; 

mutation of either of two conserved, pseudosymmetric lysine residues adjacent to the 

catalytic aspartate residues modifies activity to result in nicking of opposite strands ([176]; 

see also, [177]). Another monomeric meganuclease, I-AniI, has also been converted into a 

nickase [74]. ZFNs have two FokI cleavage domains that dimerize; mutation of the catalytic 

site of one of the domains converts it into a nickase [173, 174]. Although TALEN-based 

nickases have been reported [178], the two FokI cleavage domains may have more flexibility 

than in ZFNs, such that it may be difficult to prevent DSB formation. Finally, Cas9 contains 

two distinct nuclease domains, such that mutation of the catalytic site in either domain 

converts it to a nickase [153, 154].

Because nicks can be readily sealed, they are typically not as robust as DSBs for inducing 

HR [74, 173, 174, 179–181]. Nickases have been used in a number of studies to determine 

mechanisms of nick-induced HR. Genetic differences between the results induced by a DSB 

and a nick suggest that nicks are recombinogenic without being converted to DSBs by 

replication [180, 181]. The canonical HR factors RAD51 and BRCA2 are required for nick-

induced HR with an intact plasmid or chromosome sequence [179, 181], but unlike DSB-

induced HR, NHEJ factors do not suppress nick-induced HR [181]. Interestingly, an 

alternative HR pathway has been described in nick repair in which canonical HR factors 

actually suppress HR [179]. This pathway appears to involve strand assimilation (annealing) 

rather than strand invasion and can operate with single-stranded oligonucleotide donor DNA.

Paired nicking

Cas9 off-target cleavage is a concern in many gene-editing applications. In addition to using 

enhanced Cas9s, another route is to reducing off-target effects is to use nickases to create 

two nicks on opposite strands to generate a DSB [182, 183]. In the case of a Cas9 nickase, 

specificity is increased because of the requirement for two guide RNAs to bind in close 
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proximity. Interestingly, the distance between nicks can be hundreds of base pairs [181–

183], indicating efficient unwinding or degradation of DNA between the nicks. The 

canonical NHEJ pathway appears to be involved when nicks are offset to generate 5′ 
overhangs [60, 181].

Prospects

Decades of research in DSB repair have provided the basis for current gene editing 

approaches. Gene editing was made feasible for the biomedical research community by the 

identification of the simple DNA recognition code of TAL effectors and the development of 

TALENs. However, within a couple of years of their development, TALENs were mostly 

supplanted by CRISPR-Cas9 for gene editing and other applications that rely on readily 

programmable DNA target site recognition. The simple RNA:DNA recognition code of Cas9 

and other CRISPR nucleases makes it is difficult to imagine that as yet undiscovered 

systems will substantially advance gene editing approaches beyond what is currently 

achievable from CRISPR systems. Nonetheless, it remains possible that other discoveries in 

the future will impact genome modification approaches to further alter the course of 

biomedical research.
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Figure 1. 
Gene targeting. A. Ends-out gene targeting. A DNA fragment carrying a selectable marker 

(neo) recombines by homologous recombination with an intact chromosome. B. A DSB 

introduced into the target site on a chromosome can incorporate a linear DNA fragment by 

annealing of 5′ to 3′ resected ends of both the DSB and the fragment. Incorporation of the 

fragment often proceeds by gene conversion as illustrated in Fig. 2A. C. Single-strand 

template repair of a chromosomal DSB.
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Figure 2. 
Homologous recombination of chromosomal DSBs. A. Noncrossover gene conversion by 

synthesis-dependent strand annealing (SDSA). B. Crossover-associated gene conversion 

through a double Holliday junction (dHJ) intermediate. The dissolution of the dHJ 

intermediate can also lead to a noncrossover outcome. C. Break-induced replication occurs 

when only one end of a DSB shares homology with a genomic template.
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