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Homologous recombination (HR) is an essential, widely 
conserved mechanism that utilizes a template for 
accurate repair of DNA breaks. Some early HR models, 
developed over five decades ago, anticipated single-
strand breaks (nicks) as initiating lesions. Subsequent 
studies favored a more double-strand break (DSB)-
centered view of HR initiation and at present this 
pathway is primarily considered to be associated with 
DSB repair. However, mounting evidence suggests 
that nicks can indeed initiate HR directly, without first 
being converted to DSBs. Moreover, recent studies 
reported on novel branches of nick-initiated HR (nickHR) 
that rely on single-, rather than double-stranded repair 
templates and that are characterized by mechanistically 
and genetically unique properties. The physiological 
significance of nickHR is not well documented, but 
its high-fidelity nature and low mutagenic potential 
are relevant in recently developed, precise gene 
editing approaches. Here, we review the evidence for 
stimulation of HR by nicks, as well as the data on the 
interactions of nickHR with other DNA repair pathways 
and on its mechanistic properties. We conclude that 
nickHR is a bona-fide pathway for nick repair, sharing 
the molecular machinery with the canonical HR but 
nevertheless characterized by unique properties that 
secure its inclusion in DNA repair models and warrant 
future investigations.

AbSTRACT
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1. InTRODuCTIOn

Life depends on long-term integrity of genetic information and intricate repair networks 
have evolved to detect, signal and repair DNA damage. DNA lesions vary considerably 
in frequency, complexity and severity, necessitating co-evolution of dedicated pathways 
responsible for repairing distinct lesion types. These pathways include single-strand 
break repair (SSBR) (Box 1), base excision repair (BER), nucleotide excision repair (NER), 
ribonucleotide excision repair (RER), mismatch repair (MMR) and double-strand break 
repair (DSBR). While typically specialized, these pathways can also converge at common 
enzymatic steps or share molecular machinery when processing similar intermediate 
substrates. For instance, single-strand breaks (SSBs, or nicks) that arise during BER or RER 
can be channelled into dedicated SSBR pathways [1] (Fig. 1 and Box 1). On the other hand, 
a unique DNA lesion can trigger multiple repair mechanisms, as exemplified by DSBs, 
which can be processed by both non-homologous end joining (NHEJ) or homologous 

bOx 1. nICkS AnD SSb REPAIR

With tens of thousands occurring daily in a typical mammalian cell (due to endo- and exo-
genous factors), nicks are abundant but relatively harmless [1]. However, they can result in 
DSBs – severe DNA lesions. This can happen directly, for instance when sufficiently energetic 
X-rays induce two adjacent nicks in each of the two DNA strands (reviewed by [4]). Such paired 
events are relatively infrequent (the ratio of single nicks to DSBs induced by conventional X- or 
gamma-radiation is approximately 100 to 1), but they are considered to underlie the cytotoxic 
effects of ionizing radiation. Indirectly, an unrepaired nick can stall the incoming replication 
fork during DNA replication, which results in a one-ended DSB [5] (Fig. 1). Deficiencies in 
SSBR have been linked to neurological conditions (such as ataxia-oculomotor apraxia type 1 
or spinocerebellar ataxia with axonal neuropathy type 1) and neurodegeneration (reviewed 
by [6]).
 The four steps of SSBR generally involve (i) detection, (ii) end-processing, (iii) gap-filling 
and (iv) ligation. The most likely candidate for a nick sensor is poly(ADP)ribose-polymerase 1 
(PARP1). PARP1 rapidly, but temporarily, accumulates at sites of damaged chromatin to deposit 
complex chains of poly (ADP)-ribose (PAR) on itself and other proteins [1]. The assembly of 
SSBR complexes is at least partly dependent on PARP1 activity [7,8], but its effect on overall 
SSBR efficiency is not clear [8–10]. The proteins involved in SSBR are capable of repairing 
simple nicks, such as those induced enzymatically, as well as DNA termini harboring complex 
structural damage. These proteins include, depending on the composition of the broken 
ends, APE1, PNKP, Pol β, FEN1, TDP1 and APTX (reviewed by [6,11,12]). The scaffold protein 
XRCC1 directly or indirectly interacts with most of these enzymes to promote their activity 
(reviewed by [13,14]). After end processing, any single- or multi-nucleotide gaps are filled by 
DNA polymerases β, δ or ε, with help of PARP1, FEN1, RFC, XRCC1 and PCNA (reviewed by 
[14]). In the final stage, the breaks are sealed by LIG1 and LIG3α. Interestingly, both ligases 
have also been implicated in the alternative branch of NHEJ – a pathway involved in repair of 
DSBs [15,16] (see Box 2).
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recombination (HR) (Box 2, [2] and reviewed by [3]). Interestingly, even though HR is 
primarily associated with DSB repair, a considerable body of evidence suggest that this 
process can be initiated by nicks. However, the underlying molecular mechanisms are not 
well understood and the physiological relevance remains practically unexplored. Here, we 
review the available literature on nickHR. We begin by outlining the evolution of HR models, 
focusing on the initiating lesions, and inspect evidence implicating nicks in HR initiation. 
Next, we present the insights into the mechanism of nickHR and its interactions with other 
cellular pathways. Finally, we discuss the importance of nickHR in physiological as well as 
genome editing contexts, and emphasize a number of open questions that may shape the 
future nickHR research.

2. THE EvOluTIOn OF MODElS DESCRIbIng InITIATIOn OF HR

2.1. nick-centered models
Holliday model
Even though HR is now commonly associated with DSB repair, the concept of nickHR is not 
new. One of the pioneering hypotheses on meiotic recombination, developed by Robin 
Holliday to explain unequal heritage of genetic traits in fungi, postulated two independent 
nicks in juxtaposed chromatids as the initiating lesions [38]. Both nicked strands then 
unwind and the free 3’ ends simultaneously invade the non-parental duplexes (Fig. 3A).

Meselson-Radding model
A decade later, an update of the Holiday model by Meselson and Radding postulated an 
asymmetrical HR initiation by a single nick on one of the homologous duplexes, followed 
by unilateral invasion into the intact helix, accompanied by induction of a second nick 
in the invaded duplex (by an unspecified mechanism) (Fig. 3B) [39]. The intermediates 
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Figure 1. HR at the crossroad of SSb and DSb repair. Nicks can be induced as intermediate lesions, for 
instance during excision of ribonucleotides or damaged bases (A), during processing of lesions caused by 
chemicals, UV light, ionizing radiation and as by-products of metabolic processes that produce reactive oxygen 
species (b). Nicks are generally repaired by dedicated SSB repair pathways (SSBR, C). However, replication can 
convert nicks to single-ended DSBs (D), which are generally repaired by HR (E). Increasingly convincing evidence 
suggest that nicks can also trigger HR directly (F). DSBs can be channeled to HR (g) or NHEJ (H). See text and 
Figure 2 for more information on HR and NHEJ mechanisms.
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bOx 2. DSb REPAIR

DSb repair pathways and pathway selection
The information required for faithful nick repair can be retrieved from the intact DNA strand, 
but DSBs pose a much greater challenge since both strands are broken. NHEJ – a major 
DSBR pathway active throughout the cell cycle – generally ignores this problem. During NHEJ, 
breaks are rejoined directly, which may alter the genetic code at the junctions. In contrast 
to the error-prone NHEJ, HR is a precise mechanism that can faithfully restore the broken 
sequence by utilizing an intact repair template (reviewed by [17]). HR is mostly active during S 
and G2 phases of the cell cycle, when NHEJ and HR compete for repair of DSBs (reviewed by 
[3]). In the initial phase of DSB repair, resection of the DNA ends, required for HR initiation, 
determines the selection of the pathway when both HR and NHEJ are active (Fig. 2). In 
mammalian cells, the key NHEJ factor KU is among the first to bind the broken DNA ends. 
Subsequently, the RIF1/53BP1 complex can maintain KU binding and block the resection to 
promote NHEJ, whereas the CtIP/BRCA1 complex stimulates resection, likely with participation 
of PCNA, EXO1, BLM and the MRE11/RAD50/NBS1 (MRN) complex (reviewed by [18]), which 
leads to the eviction of KU from DNA ends and promotion of HR.

non-homologous end joining (nHEJ)
Two branches of NHEJ are recognized (Fig. 2A and 2B). The classical NHEJ (c-NHEJ) handles 
the bulk of repair and is dependent on the KU70/80 heterodimer, DNA-PKcs, XRCC4/LIG4 
and accessory factors including XLF, WRN, Artemis, APLF, PNKP and APTX [19]. When c-NHEJ 
is inactive, DSB repair is executed by factors including PARP1, LIG1, LIG3 and Pol Theta (Pol Θ), 
components of the alternative pathway (alt-NHEJ) [15,20–23]. Pol Θ-mediated repair can join 
3’ overhangs with extended homologies and appears to be of major importance in processing 
Cas9-induced DSBs in C. elegans [23].

Homologous recombination (HR)
The 3’ single-stranded (ss) overhangs generated in the resection phase of HR are first bound 
by the RPA heterotrimer, but this complex is subsequently replaced by RAD51, in a reaction 
mediated by BRCA2/DSS1/PALB2 and regulated by BRCA1/BARD1 [24–30]. The RAD51 
nucleoprotein filament executes the pivotal steps of HR: the search for the homologous 
template, the invasion of the 3’ end into the template helix and formation of the displacement 
(D)-loop (reviewed by [17]). These reactions are promoted by the multifunctional protein 
RAD54 [31–34]. The invading strand primes DNA synthesis, in human cells executed by 
translesion polymerases, including Polη, Polζ and REV1 [35,36]. The fate of the D-loop 
structure determines the exchange of genetic material between the parental (broken) and 
template (intact) DNA fragments. Dissociation and reannealing of the extended strand is one 
possibility, producing a so-called non-crossover event. A more complex scenario involves the 
capture of the second DNA end and formation of a double-Holliday junction. In mammalian 
mitotic cells, this structure can be resolved by BLM/RMI1/TOP3a, GEN1, SLX1/SLX4 or 
MUS81/EME1 (reviewed by [37]) in two different ways, resulting in either a non-crossover or 
a crossover product (Fig. 2). After resolution of the joint molecule, any remaining gaps are 
filled and ligated, completing the repair. 
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predicted by this model were later confirmed by electron microscopic snapshots of viral 
recombination events, but endonucleolytic nicking was not evident [40].

Radding model
In the subsequent model by Radding [41] the 5’ end of the nicked strand invades the intact 
template to form a D-loop structure, displacing one of the template strands and leading to 
its degradation. HR is alternatively triggered by a ss gap, to which an intact complementary 
strand can anneal. Both cases produce a 5’ end of one DNA molecule annealed to a ssDNA 
gap of the other molecule, leading to a formation of a single Holliday junction (Fig. 3C).

2.2. DSB-centered models
Soon after the publication of the Meselson-Radding model, it was suggested that a DSB 
can also trigger HR for high-fidelity repair (Fig. 3D) [42,43]. However, this DSB-centered 
hypothesis still initially required nicking of the intact homologous duplex to allow strand 
invasion [42]. This requirement was later eliminated in a model that allowed the 3’ end 
originating from the processed DSB to invade into an intact homologous template (Fig. 
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3E) [43]. A later addition to the DSB-centered model proposed the synthesis-dependent 
strand annealing mechanism (Fig. 3F) [44]. The involvement of DBSs in HR initiation was 
confirmed in HR-mediated gene-targeting experiments in yeast [43,45]. Subsequently, 
crucial studies in mammalian cells showed that a DSB can stimulate HR-mediated gene 
correction [46] and that HR is an important mammalian DSB repair pathway [47]. Moreover, 
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symmetric nicks in two double helices as HR-initiating lesions. The nicked strands then invade the opposite 
helices, leading to formation of a single junction. The junction can be resolved into a non-crossover structure, 
where only parts of single strands originate from opposite DNA molecules, or a crossover structure, where 
entire chromosome arms are swapped between the two processed DNA molecules. (b) As an update of the 
Holliday model, Meselson and Radding proposed that HR can be initiated by a single nick, after which the 
unwound nicked strand invades the intact template helix and there it induces a second nick, by an undefined 
mechanism [39]. The final steps are similar to those proposed by Holliday. (C) In the subsequent model by 
Radding [41] the 5’ end of the nicked strand would first invade the intact template, leading to melting of the 
template helix and formation of a displacement (D)-loop. The displaced strand is then degraded. Alternatively, 
HR can be initiated by a ss gap, which enables annealing of one of the strands of the intact helix to the exposed 
ssDNA stretch. Both scenarios produce a 5’ end from one helix annealed into a ss gap of the other helix, after 
which a single Holliday junction is formed. This junction can be resolved as proposed by the Holliday model. 
(D) The DSB-centered models of HR start by resection that generates 3’ overhangs. (E) In a model proposed by 
Szostak et al. [43], one of the overhangs then invades and anneals to the template DNA, creating a D-loop, and 
primes synthesis based on the template sequence. The displaced strand of the template helix can then bind to 
the other overhang and serve as template for DNA synthesis. This leads to a double Holliday junction, which can 
be resolved to a non-crossover or a crossover product. (F) In a different model, suggested by results of earlier 
research [42], one of the broken strands invades the intact template and, after synthesis, re-anneals back to 
its parental helix to serve as template for the synthesis primed by the second broken strand. This model is now 
called synthesis-dependent strand annealing (SDSA) [44]. Schematic adapted from [67].
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the involvement of DSBs in recombination became apparent in studies focusing on the 
yeast S. cerevisiae mating-type switching. In this process, a specific DSB induced by the 
HO endonuclease was shown to trigger a recombination event between the mating-type 
locus and the inactive mating-type cassettes [48]. Later experiments established SPO11 
as the enzyme responsible for induction of DSBs and initiation of HR in yeast meiosis [49] 
and confirmed this paradigm in higher organisms (reviewed by [50]). The convincing data 
showing that DSBs can initiate mitotic as well as meiotic recombination promoted the 
notion of HR as a pathway predominantly responding to DSBs. However, nicks were never 
discredited as HR inducers, even though direct evidence for nickHR was more difficult to 
obtain and accumulated at a slower pace.

3. THE EvIDEnCE FOR InDuCTIOn OF HR by nICkS

3.1. hints from yeast recombination studies
Early in vitro studies showed that nicks and ss gaps promote strand exchange between 
homologous DNA molecules in the presence of purified recA – the bacterial homolog 
of RAD51 (reviewed by [41]). This was consistent with experiments showing that recA-
mediated sister chromatid exchanges are stimulated in UV-irradiated excision-deficient 
mutants of E. coli, possibly due to the accumulation of ss gaps that arise during repair 
of UV damage [51]. The first experiments to directly measure nickHR in yeast relied on 
the observation of elevated recombination rates between a bacteriophage lambda DNA 
and a F42lac plasmid which was dependent on the presence of a nicking endonuclease 
that targeted a site in F42lac [52]. Moreover, the product of gene II from phage f1 – also 
a nickase – stimulated recombination at the site targeted by gene II product [53], even 
though the effect was weaker than that of HO endonuclease-induced DSBs. One caveat of 
this study was that Southern blot analysis of the nicked site also showed detectable (albeit 
much lower) amounts of DSBs, which may have contributed to HR induction. Nicks were 
also implicated in initiating recombination-driven mating-type switching of fission yeast S. 
pombe. The mat locus of this organism was shown to harbor a persistent strand-specific 
nick [54,55], possibly caused by processing of one or two ribonucleotides that were 
detected at this site [56,57]. This nick could trigger recombination. A direct comparison 
between nick- and DSB-initiated recombination in yeast was attempted by expressing 
the product of the aforementioned gene II (nickase) or the I-SceI endonuclease, either in 
replicating or in G1/G2-arrested yeast cells [58]. Additionally, induction of recombination 
was measured after exposure to γ- or UV-radiation. Results showed that both I-SceI 
expression and γ-radiation stimulated recombination in dividing as well as arrested cells. 
In contrast, nicking and UV light stimulated HR in dividing cells, but not after induction 
of a G1 or G2 arrest. It is important to note that in this study both damage induction and 
recombination analysis in synchronized cells were performed without allowing the cells 
to progress in the cell cycle, which should preclude conversion of nicks to DSBs during 
replication. Evidence from a more recent report suggests that UV can initiate recombination 
in yeast cells in absence of trans-lesion synthesis (TLS) – a pathway responsible for repair 
of replication-blocking DNA lesions. Importantly, this induction could not be attributed to 
replication-related DSB intermediates because cells in these experiments were arrested 
in G2 [59]. Two other studies showed genome-wide induction of recombination-mediated 
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loss-of-heterozygosity by UV in wild-type yeast [60,61]. Recombination was stimulated in 
both G1- and G2-arrested cells, but stimulation in the former population was more potent 
[61]. Importantly, these results do not necessarily contrast with previously mentioned 
study [58] since UV damage was induced in arrested cells which were then released from 
the cell cycle block. Therefore, the G1-arrested population with unrepaired lesions likely 
proceeded into S and G2 phases wherein recombination was active.

3.2. clues from studies exploiting nicking RAG mutants
V(D)J recombination occurs in mammalian lymphocytes to generate diverse antigen 
receptors by rearranging the Variable, Diversity and Joining gene segments (reviewed by 
[62]). The process is initiated by RAG1 and RAG2 proteins in two steps: (i) the RAG proteins 
nick one of the strands; and (ii) the 3’-end of the nicked strand is covalently joined to 
its complementary strand, essentially creating a DSB. As RAG-mediated DSB induction 
involves nicking, it was feasible to generate step-arrest mutants of RAG that effectively 
are nickases [63]. These enzymes were later used to study recombination between two 
direct repeats of CFP gene located on a single plasmid, in a design similar to the so-called 
DR-GFP reporter which can measure recombination between two inactive copies of GFP 
[64,65]. In RAG nickase experiments, part of one copy of the CFP gene was replaced by 
sequences that are recognized by RAGs ([66] and reviewed by [67]). Results showed that 
induction of DSBs by expression of wild-type RAG induced HR, similar to induction of DSBs 
in the DR-GFP reporter by I-SceI endonuclease [64]. Upon expression of the RAG nicking 
mutants, frequencies of HR were comparable to those induced by wild-type RAG. Some of 
the assays developed in this study used extrachromosomal plasmids lacking mammalian 
replication origin and, at least in these scenarios, it is unlikely that nicks were converted 
to DSBs by replication.

3.3. Rare-cutting nickases corroborate the evidence
Rare-cutting endonucleases have been applied to studies of DSB-initiated HR (DSBHR) 
at specific endogenous loci or in extrachromosomal reporters [46,58,64]. In turn, 
the development of engineered derivative enzymes enabled site-specific nicking in 
mammalian cells [68–70], similar to earlier experiments in yeast [53,58]. I-AniI nickase 
was among the first endonucleases to be tested in studies of mammalian HR [68,71–
74]. A modified DR-GFP reporter was applied to show that nicks can stimulate HR on 
an extrachromosomal substrate – thus presumably in the absence of replication. Nicks 
also stimulated recombination between a chromosomally-integrated recipient sequence 
and a plasmid-based repair template. In both cases, HR levels were ~4-5-fold lower than 
when a wild-type enzyme was expressed [68]. Somewhat surprisingly, nuclease-dead 
I-AniI mutant also stimulated recombination, perhaps due to obstruction of replication 
fork progression (Box 3) [75] or local DNA unwinding. I-AniI nickase was also shown to 
stimulate recombination with AAV-delivered repair template [71]. Importantly, long-term 
(~two-week) expression of the nickase did not result in severe toxicity that was observed 
upon expression of the wild-type, DSB-inducing enzyme [72], arguing against induction 
of DSBs by I-AniI nickase. While nickHR seemed affected by the sequence adjacent to 
the cleaved site, this was not the case for the wild-type enzyme, hinting on divergent 
mechanistic underpinnings of the two processes. Results of some experiments involving 
the I-AniI nickase provided important mechanistic insights and established a previously 
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unknown branch of nickHR relying on ss repair donors [74]. These results will be revisited in 
a subsequent section on the mechanisms of nickHR. 
 The comparison of a nicking variant of I-SceI (I-SceIK223I ) to its wild-type counterpart 
in yeast and human cells yielded results that were generally similar to those reported 
for I-AniI: I-SceI nickase stimulated recombination between chromosomal direct repeats 

bOx 3. FACTORS COnFOunDIng InTERPRETATIOn OF DATA 
FROM nickHR STuDIES

SSb repair and assay bias
After nick induction, the canonical SSB repair pathway can efficiently restore the original 
sequence, which can then be nicked again. This likely results in a nick-repair cycle that is 
interrupted only when the nickase recognition site is altered by a HR or NHEJ event. Therefore, 
such assays are biased for detection of the site-altering events and likely under represent 
the effects of mechanisms promoting other outcomes, such as processing by dedicated SSB 
repair mechanisms.

Replication and cell cycle effects
Upon encountering replication forks, nicks can be converted to single-ended DSBs [5,92] 
(Fig. 3). Therefore, in a proliferating cell population, nicks could either trigger recombination 
directly or after being converted to DSBs. Since most of the HR machinery is only active 
in S phase and suppressed in other cell cycle phases [93–96], examining nickHR in the 
absence of replication in chromosomal context is not trivial. Experimental systems that utilize 
extrachromosomal HR reporters do allow elimination of replication effects, but they are 
characterized by other limitations (e.g. altered chromatin environment).

Enzyme-specific effects
Proteins tightly bound to DNA can stall replication forks, leading to DSBs [75]. All endonucleases 
bind DNA and some of them (including Cas9, [97]) may remain tightly bound even after 
the cleavage is completed. In chromatin context of replicating cells, it is thus not feasible 
to distinguish HR events caused by nicks from those induced by replication fork stalling. 
Furthermore, at least in case of Cas9, the cleaved DNA ends may be released asymmetrically 
[91], which could affect the results in unpredictable ways. 

The danger of relative comparisons
Conclusions on mechanisms governing nickHR are often based on experiments comparing the 
relative frequencies of events triggered by nicks and DSBs. Levels of HR induction by nicks 
are generally lower than by DSBs, in most published experimental setups. This could be due 
to (i) an inherently lower recombinogenic potential of nicks, (ii) (a fraction of) nicks being 
converted to the more recombinogenic DSBs during replication, (iii) less efficient nicking, 
compared to induction of DSBs and (iv) rapid repair of nicks by dedicated pathways other 
than HR. The inability to distinguish between these possibilities in most experimental systems 
can make the interpretation of results challenging.
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in yeast as well as between chromosomally-integrated or plasmid donors and an 
extrachromosomal, ss or double-stranded (ds) repair template [76]. The overall levels 
were lower than those after expression of wild-type I-SceI. While stimulation by the wild-
type enzyme was considerably reduced in G1-arrested yeast cells, the nickase stimulated 
recombination from ss or ds templates in both cycling and G1-arrested populations. In 
contrast to the expression of the nickase, expression of the wild-type I-SceI sometimes led 
to gene repair in the absence of the template, which was attributed to stochastic insertions 
or deletions that are characteristic for DSB repair by NHEJ. These results suggest that nicks 
do not trigger NHEJ and that their conversion to DSBs is not required for HR initiation.

3.4. Designer endonucleases facilitate nickhR studies 
The reports on stimulation of HR-mediated gene targeting by DNA breaks stressed the 
need for flexible, site-specific DSB induction. Zinc-finger nucleases (ZFNs) were the first 
dimeric designer enzymes fulfilling this need. ZFNs combine the restriction endonuclease 
FokI with zinc-finger DNA-binding domains and allow induction of a DSB at a desired 
genomic locus (reviewed by [77]). Mutating the FokI catalytic site in one of the ZFN 
monomers results in a DNA nickase (although the presence of both monomers is still 
required for catalytic activity [78,79]). ZFNickases were shown to stimulate precise HR-
mediated gene correction, deletion and insertion in yeast and mammalian cells, whereas 
only low frequencies of insertions or deletions (indels) could be attributed to NHEJ activity. 
It was shown that targeting of the yeast HO locus by a ZFNickase was not lethal, in contrast 
to targeting by a wild-type ZFN [78]. Since a persistent DSB at this locus is highly cytotoxic 
[80,81], it was concluded that ZFNickases initiate HR without inducing (high levels of) 
DSBs. These conclusions were confirmed in mammalian cells by deep sequencing and 
by quantification of active DSB repair sites. In another study, paired nicks induced by two 
ZFNickases on opposing DNA strands gave rise to relatively frequent indels, suggesting 
the generation of a DSB and initiation of NHEJ by two closely spaced nicks [82]. The 
concept of paired nicking is further discussed in a later section. Similar to ZFNickases, the 
subsequently developed transcription activator-like effector (TALE) nickases stimulated 
HR-mediated gene targeting [83–85]. In these experiments, DSB formation or NHEJ events 
were not detectable, clearly supporting the notion that nicks can initiate HR directly.

3.5. Cas9 nickases confirm nickhR and pave the way for in-depth research
The adaptation of the bacterial CRISPR/Cas system for induction of DNA breaks in a host 
of model organisms [86–88] provided a powerful tool for nickHR studies, since pioneering 
in vitro work showed that a mutated catalytic site of either of the Cas9 domains turns 
this enzyme into a strand-specific, RNA-guided nickase [86,87]. Targeting Cas9 nickase 
to an inactive GFP gene integrated at the AAVS locus of human cells, assisted by an 
extrachromosomal repair template, resulted in HR-mediated restoration of the GFP 
sequence. In these experiments, HR levels were comparable to those induced by wild-type 
Cas9, while frequencies of NHEJ events (quantified by deep sequencing of the targeted 
site) were detectable but strongly reduced [88]. In subsequent studies, measuring gene 
targeting and recombination between direct repeats, nickases generally initiated HR with 
efficiencies lower than wild-type Cas9. The levels of nickHR varied considerably, depending 
on the cell line used, targeted locus and/or the used gRNA, which mirrors the variability in 
levels of DSBHR induced by wild-type Cas9. NHEJ events were infrequent or undetectable 
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after Cas9 nickase expression [88–90]. These results further corroborate direct initiation of 
HR by nicks and argue against involvement of DSBs in this process. Recent studies brought 
to light some interesting aspects of Cas9-mediated DNA cleavage. First, Cas9 appears to 
be tightly bound to the cleaved substrate, with a lifetime of ~5 h under native conditions 
in vitro [91], which may limit access of the HR machinery, but also cause collisions with 
replication forks to trigger recombination [75]. Indeed, low levels of HR were induced 
by a nuclease-dead Cas9. Second, after cleavage, Cas9 releases one end of the non-
targeted strand (the strand that is not bound by gRNA). This has direct consequences for 
HR templated by ss donors, since donors complementary to the released end appear to 
trigger nickHR with increased efficiency [91]. Interestingly, the optimized donors appeared 
to trigger NHEJ at increased frequencies. These results facilitate design of genome 
engineering strategies but also stress that nickHR outcomes may be strongly influenced 
by the type of used nicking enzyme, design of the repair template and the experimental 
setup in general.

4. FACTORS AFFECTIng nickHR

4.1. Repair template 
Recently, Davis and Maizels defined a new branch of nickHR that utilizes ss (for the purpose 
of this review abbreviated as nickHRss), rather than ds repair template (nickHRds)[74,98]. 
The protein requirements and mechanisms driving nickHRss are partly distinct from those 
of nickHRds (see further sections and Table 1). Moreover, this process can be affected by 
whether the ss template is complementary to the nicked or intact strand. In the former 
scenario, termed annealing-driven strand synthesis (ADSS) [98], the ss template anneals to 
the 3’ end of the nicked strand, which then primes DNA synthesis (Fig. 4B). The efficiency 
of this process is reduced by heterology in the part of the template that anneals to the 
nicked 3’ end and increases with homology length. The pathway is also active at DSBs 
and supports transfer of genetic information from the 5’ part of the template [98]. In the 
second scenario, after unwinding of the nicked ends, the ss template anneals directly to 
the intact strand (Fig. 4C). Genetic information can be transferred from both 3’ and 5’ parts 
of the template but efficiency is reduced by heterology, particularly in the sequence 5’ 
from the nick. Importantly, these valuable insights provide a blueprint for rational design 
of donor ss oligos for genome engineering applications exploiting nickHR [74,98].

4.2. Interactions with SSB repair pathways
In principle, the efficiency of nickHR can be (indirectly) affected by the activity of SSB 
repair. However, whether spontaneous nicks accumulating due to SSB repair deficiency 
can trigger HR in vivo without first being converted to DSBs, remains an open question. 
Some lines of evidence from human cells indeed support this hypothesis. With the use of 
I-AniI nickase [68] and a reporter that can simultaneously track NHEJ-mediated frameshift 
events, as well as HR-mediated gene correction [99], it was shown that levels of nickHR, but 
not DSBHR, are increased upon chemical inhibition of the SSB sensor PARP1 [73]. These 
results were not recapitulated when measuring nickHR between chromosomally integrated 
direct repeats, but absence of functional XRCC1 stimulated nickHR as measured with the 
use of an extrachromosomal reporter in hamster cells [100]. In conclusion, HR and SSB 
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repair may compete for nicked DNA substrates. Interestingly, mammalian XRCC1-deficient 
cells are characterized by elevated levels of sister chromatid exchanges (SCEs) [101,102] 
and it is tempting to speculate that these are caused by HR due to unrepaired nicks. On 
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Figure 4. Current models of nickHR. (A) nickHR templated by dsDNA proceeds similarly to SDSA model of HR 
(see Figure 3F). The 3’ end of the nicked strand (light blue) invades into the intact template helix (red) and 
primes DNA synthesis. Thereafter, it re-anneals back to its parental helix and may displace the 5’ end of the 
nicked strand, which is then clipped off. (b) In case of a ss template (pink) complementary to the nicked strand 
(light blue), unwinding of the 3’ end of the nicked strand allows direct binding of the 3’ end of the template 
oligo which can serve as template for synthesis primed by the 5’ end of the nicked strand. The newly synthe-
sized strand re-anneals to the parental helix and any excessive flaps are removed. (C) In case of a ss template 
(red) complementary to the intact strand (dark blue), the oligonucleotide can directly bind the intact strand 
after unwinding of nicked strand ends, which are then clipped off. In all cases (A-C), the semi-final product is 
composed of one strand containing the information from template DNA (light blue) and one parental, intact 
strand. It is presently unclear how the information from the template strand is transferred to the intact strand 
– a question particularly relevant when the template contains nucleotide mismatches (yellow), as it frequently 
does in genome editing applications. One possibility is that the intact strand is reverted by some form of mis-
match repair mechanism (D). Alternatively, the information can be transferred during DNA replication (E), which 
results in asymmetric inheritance, with one daughter cell acquiring only template information and the second 
daughter inheriting only information derived from intact strand. Schematic adapted from [74]. (F-H) Schematic 
representation of paired nick repair, adapted from [133]. (F) Closely-spaced nicks can directly result in a DSB, 
which can be repaired by either NHEJ or HR. (g) Distant nicks in a 5’ overhang configuration can enter a cycle 
of synthesis-dependent repair (initiated from both nicks), accompanied by strand displacement. This leads to 
collision of DNA polymerases and formation of a DSB in-between the nicks. NHEJ repair of such a DSB could 
then result in deletions, in effect shortening the distance between the nickase recognition sites. This error-prone 
repair can again be followed by nicking, since recognition sites would be still intact. Repetition of such cycle 
(until destruction of recognition sites) can ultimately lead to deletion of the entire DNA fragment initially sep-
arating the nicks. (H) Distant nicks in a 3’ overhang configuration can be repaired by a similar mechanism, but 
without leading to a DSB generation, thereby avoiding NHEJ initiation. In both overhang orientations, nicks can 
alternatively be channelled to HR. Overhang types are indicated in brackets.
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the other hand, these events can also be caused by conversion of nicks to DSBs during 
replication; in fact, some experiments suggest that collapsed replication forks are a major 
cause of SCEs [103].

4.3. Transcription
All DNA repair pathways are intimately linked to- and affected by the chromatin 
environment and chromatin-related processes. In yeast, DSBs induced in active genes 
seem to be repaired with an overall higher efficiency, as compared to non-transcribed 
genes [104–106]. In mammalian cells, levels of DSBHR are not clearly affected by 
transcription [74,107–109]. The effects of transcription have also been studied in the 
context of nickHR. In yeast, nickHRss initiated by a nick on the sense strand was, in general, 
only slightly higher than by a nick on the antisense strand, and this was independent 
of the ss template being complementary to the nicked strand or the intact strand [76]. 
Strand bias was also not apparent during nickHRds between direct repeats in mammalian 
cells [100]. However, a more precise tetracycline-inducible (tet-on) promoter system 

Table 1. Simplified summary of the similarities and differences between DSBHR and nickHR in mammalian cells. For 

a detailed description see text and references therein.

DSBhR nickhR

Affected by SSB repair
–  
[73,100]

+  
[73,100]

Affected by transcription
– 
[74,107–109]

+ (nickHRds) 
[74]

Affected by ATM inhibition
+/–  
[100,139] a

– (nickHRds) 
[100] a

Affected by ATR inhibition
+  
[100,140,141]

– (nickHRds) 
[100]

Active in G1

– 
[93,115,117] b ? 

Dependent on BRCA1 complex
+
[17]

+ (nickHRds) 
[100]

Dependent on RPA
+ 
[17,98]

+ 
[98]

Dependent on RAD51 / BRCA2 complex
+ 
[17]

+ (nickHRds) 
– (nickHRss)
[73,74,98,100]

Affected by NHEJ
+ 
[3]

– (nickHRds) 
[100,131]

‘+’ - yes/likely; ‘–’ - no/unlikely; ‘?’ - unknown 
a ATM loss does not affect HR in mouse ES cells [139], ATM may also affect HR at collapsed replication 
forks [142] 
b HR factors have been shown to accumulate at damaged DNA in G1 cells, see section 4.5.
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showed that activation of transcription increases levels of gene correction initiated by 
nicks on the antisense (transcribed) strand and represses repair of nicked sense strand 
[74]. Therefore, at least nickHRds-mediated gene correction in mammalian cells seems to be 
affected by transcription. The authors suggested that this could be caused by the passage 
of RNA polymerase exposing the recombinogenic 3’ ends (in case of nicks on the antisense 
strand) or DNA end occlusion (in the sense-strand-nicking scenario) [74]. Transcription 
may also affect nickHRss in mammalian cells, as a nick on the transcribed strand was 
generally more efficient at stimulating HR than a nick on the opposite strand, although 
this was not rigorously tested using the inducible system [74].
 In another scenario involving transcription, RNA transcripts could serve as HR donors 
(reviewed by [110]). Some results suggest that RNA can indeed serve as recombination 
template in yeast [111]. It is unknown whether a similar process occurs in mammalian 
cells, but it has been found that short RNA transcripts are generated at sites of DSBs to 
regulate recruitment of a number of repair factors [112,113]. These transcripts are specific 
(complementary) to the sequences flanking the breaks and could, in principle, provide the 
template for repair. On the other hand, a recent study suggested that RNA inhibits HR due 
to formation of heteroduplex structures and that RNA helicases can promote HR by RNA 
removal [114]. Therefore, further studies are warranted to investigate whether HR can 
utilize RNA templates and whether similar processes are triggered by nicks.

4.4. Replication
The effects of replication on DSBHR or nickHR are difficult to distinguish from cell cycle 
effects (Box 3), since HR machinery is generally suppressed when cells are not in S/G2 
[93,100,115]. In experiments with Cas9 nickases and extrachromosomal substrates that 
allow controlling activity and directionality of replication, it was found that replication can 
stimulate nickHRds when nicks are induced on the lagging-strand template, but, surprisingly, 
not on the other strand [100]. However, the underlying molecular mechanisms are not 
clear and the effects can be specific to episomal substrates or to the Cas9 platform, 
requiring confirmation using alternative experimental approaches.

4.5. DnA damage signaling and cell cycle
In mammalian cells, ATM and ATR kinases respond to DSBs and exposed ssDNA regions, 
respectively, to activate DNA repair and arrest cell cycle progression [116]. Both kinases 
have been implicated in HR, although the understanding of their exact tasks is not 
complete. Some limited insights into functioning of ATM and ATR in nickHRds were obtained 
using small-molecule inhibitors [100]. Inhibition of ATM led to a marginal decrease of 
both DSBHR and nickHRds. Inhibition of ATR suppresses DSBHR, but the effects on nickHR are 
much less pronounced. Therefore, it seems that involvement of ATM and ATR is not 
absolutely required in nickHR. Since these kinases activate the cell cycle checkpoints via 
CHK2 or CHK1-dependent pathways, it is intriguing whether nicks – or nickHR – are capable 
of checkpoint activation.
 It is generally accepted that the activity of DSBHR is restricted to S and G2 phases 
of the cell cycle ([93,115,117] and reviewed by [118]). However, early yeast studies 
showed stimulation of rare recombination events by ionizing radiation and I-SceI both 
in replicating and G1-arrested cells [58,119]. Moreover, the initiation of HR-mediated 
mating-type switching in S. cerevisiae occurs in G1. In mammalian cells, the canonical 
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HR mostly operates in S and G2 [115] and is downregulated in other phases, but can be 
reactivated in G1 cells [93]. Moreover, some HR factors can be recruited to the sites of 
oxidative DNA damage in G1 mammalian cells [120], to laser-microirradiated chromatin 
DNA in interphase [121] and to Cas9-induced nucleolar DSBs throughout the cell cycle 
[122]. These results suggest that in G1 cells the HR machinery is available but restrained, 
at least in part by cell cycle-driven regulatory mechanisms.
 The cell cycle dependence of nickHR is poorly understood. In yeast, intrachromosomal 
nickHRds is triggered in dividing, but not in G1- or G2-arrested cells [58]. In mammalian cells, 
this pathway is inhibited in nocodazole-arrested (pre-mitotic) cells, similar to DSBHR [100], 
but the activity in G1 has not been explored. In contrast to nickHRds, nickHRss can support 
gene correction in G1-arrested yeast cells with efficiencies comparable to asynchronous 
populations [76]. Since both end resection and activity of the BRCA2 complex – cardinal 
requirements for HR in G1 [93] – seem dispensable (or even inhibitory – see below) in 
nickHRss, it is feasible that this pathway is also active throughout the cell cycle in mammalian 
cells. This raises an exciting and testable possibility of exploiting nickHRss for precise genome 
editing in G1 or quiescent cells such as neurons.

4.6. End resection and strand unwinding
End resection is one of the key steps of the canonical DSBHR. In mammalian cells, this 
step is controlled by the CtIP/BRCA1 complex and executed by MRE11 complex and EXO1 
(reviewed by [17] Box 2 and Fig. 3). In experiments on mammalian cells that measured gene 
targeting templated by ss donors, oligonucleotides with homologies equally extended on 
both sides of the nick were most efficient in stimulating HR [74]. Extending the homology 
on either side of the nick (while maintaining total combined homology length) generally 
reduced HR, irrespective of whether the oligonucleotides were complementary to the 
nicked or intact strand. One interpretation of these experiments, as proposed by the 
authors, is that strand unwinding or resection is required for donor binding to the nicked 
DNA [74]. However, extensive resection, at least on the 3’ side of the nick, is unlikely, 
since donors with only 17 nt of complementarity to the 3’ side were able to support HR at 
appreciable levels (~25-50% of the most efficient ‘symmetrical’ donors). This could suggest 
that unwinding, rather that resection, drives the process. In yeast cells, however, nicks and 
DSBs were both able to initiate HR when they were induced at distances of up to 10 kb 
from the recombination site, which can be due to extensive strand resection or unwinding 
[76]. In contrast to DSBs, nicks did not initiate such recombination at a distance in a 
plasmid-based assay in human cells. Since the plasmid lacked a functional mammalian 
replication origin, replication may be necessary for conversion of nicks to DSBs or for 
extended strand unwinding. In conclusion, whether (extensive) resection and/or strand 
unwinding are required for nickHR is currently unclear.

4.7. Involvement of canonical hR factors
The BRCA1/BARD1 complex is implicated in regulation of the initial end resection, but also 
in the later phases of HR (see Box 2 and Fig. 3) (reviewed by [123,124]). In mammalian cells, 
downregulation of BRCA1 decreased DSBHR and nickHRds, but stimulated nickHRss [74,100]. 
Downregulation of RPA1 reduced the efficiency of all HR branches [98], indicating a critical 
requirement for RPA nucleoprotein filament formation. However, suppression of some 
of the more-downstream HR factors had mixed effects on the outcomes of the different 
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HR subpathways. Downregulation or inhibition of RAD51 and BRCA2, DSS1 or PALB2 – 
proteins that replace RPA by RAD51 on resected ssDNA – decreased DSBHR and nickHRds, 
but considerably enhanced nickHRss, regardless of which strand was nicked [73,74,98,100]. 
This indicates that formation of the RAD51 nucleoprotein filament inhibits nickHRss. When 
RAD51 or BRCA2 were downregulated, additional downregulation of BRCA1 considerably 
reduced nickHRss, while levels of DSBHR remained unchanged [74], suggesting that BRCA1 
is required for this pathway – the smaller stimulatory effect of individual BRCA1 
downregulation can be attributed to functions of this protein related to RAD51/BRCA2 [74]. 
Contrasting the results of analysis in mammalian cells, levels of gene correction by nickHRss, 
initiated by an engineered I-SceI nickase, were dramatically decreased in RAD51-/- yeast 
cells, irrespective of whether the ss donor was complementary to the sense or antisense 
strand [76]. However, neither DSBHR by a ss template, nor HR by single-strand annealing 
(SSA), nor direct-repeat recombination initiated by nicks, require RAD51 in yeast, possibly 
because RAD51-driven homology search is not essential in these scenarios [76,125–127]. 
Likewise, SSA is inhibited by RAD51/BRCA2 in mammalian cells [128–130]. The residual 
induction of DSBs by the mutated I-SceI in yeast [76] could at least partly explain these 
inconsistencies. In conclusion, the results reveal important mechanistic similarities and 
differences between the two branches of nickHR in mammalian cells: (i) both pathways are 
dependent on RPA nucleoprotein filament formation; (ii) nickHRds is dependent on BRCA1, 
RAD51 and BRCA2 complex; (iii) nickHRss is promoted by BRCA1 but independent of and 
inhibited by RAD51 (Fig. 4). 

4.8. Interaction with nhEJ
Both HR and NHEJ can process DSBs in mammalian cells and a tight regulatory 
network, coupled to cell cycle progression, controls the pathway selection (Box 2 and 
Fig. 2). Consequently, these two mechanisms compete for DSBs and inhibition of NHEJ 
considerably enhances DSBHR efficiency (reviewed by [3]). However, nickHR was unaffected 
in mouse ES cells lacking the key NHEJ factors KU70 or XRCC4 and in human cells subjected 
to chemical inhibitors of DNA-PKcs [100,131], suggesting that the HR/NHEJ competition 
does not extend to nick repair and that processing of nicks by HR does not rely on DSB 
intermediates. More evidence for lack of involvement of NHEJ in nick repair can be derived 
from studies that applied nickases in genome engineering approaches: sequencing of 
sites targeted by nickases showed only marginal levels of indels, as compared to sites 
targeted by wild-type nucleases [73,82,90]. However, under conditions of HR deficiency, 
caused by overexpression of a dominant-negative PALB2 fragment which inhibits BRCA2 
function, I-AniI nickase triggered frameshift mutations that are characteristic for NHEJ 
[73]. Similar NHEJ events have also been observed in response to I-AniI- and Cas9-induced 
nicks after downregulation of RAD51, BRCA2, PALB2 and DSS1 [74,98]. Moreover, rational 
design of ss HR templates based on the concept of asymmetric strand release by Cas9 
(discussed above) led to increased levels of NHEJ-like events [91]. It seems, therefore, 
that RAD51 nucleoprotein filaments protect nicked DNA from engaging NHEJ machinery 
and that initiation of NHEJ events by nicks is additionally masked by the low potential 
of these lesions to trigger DSB repair pathways. Alternatively, the rare NHEJ outcomes 
could be accounted for when single-ended DSBs that arise from replication through a nick 
(normally HR substrates) would be channeled into NHEJ.
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4.9. Proximity to other nicks
A particularly interesting possibility for competition between HR and NHEJ occurs during 
repair of paired nicks induced on each of the DNA strands, by two independent cleavage 
events. In the context of gene editing, paired nicks can potentially lead to formation of a 
DSB with doubled specificity, because two nickases are required to bind the target in close 
proximity. Indeed, this hypothesis was confirmed by studies using pairs of ZFNickases and 
Cas9 nickases [82,89,90,100,132]. With the use of different Cas9 nickases and/or gRNA pairs, 
it is possible to study induction of HR and NHEJ by paired nicks occurring in orientations 
that produce a DSB with 3’ or 5’ overhangs of different lengths. Such experiments showed 
that Cas9D10A-induced paired nicks result in a DSB with 5’ overhangs and stimulate HR-
mediated gene targeting with efficiency similar to a single DSB induced by wild-type Cas9. In 
contrast, paired nicks in a 3’ overhang-configuration are generally incapable of stimulating 
HR [89,90]. These results are surprising, given the known requirements for 3’ overhangs 
in strand invasion and DNA synthesis steps as proposed in canonical HR models [17] (Fig. 
2 and 3). In turn, other data suggested that 3’ overhangs induced by Cas9H840A stimulate 
intrachromosomal HR, albeit at consistently lower levels than 5’ overhangs induced by 
Cas9D10A [100]. Additionally, it was shown that 3’ overhangs stimulated induction of NHEJ 
events less efficiently than 5’ overhangs [89,90,133,134], suggesting that NHEJ prefers 
the latter substrates. In line with these results, deletion of Ku in mouse ES cells did not 
affect HR levels triggered by nicks in a 3’ overhang configuration, whereas levels of HR 
triggered by 5’ configuration are generally increased [100]. This competition between HR 
and NHEJ limited to 5’ overhangs further suggests that 3’ overhangs are not optimal for 
NHEJ. An alternative interpretation may involve the Pol Θ-mediated alt-NHEJ, which can 
efficiently process resected 3’ overhangs and is independent of Ku [22,23,135]. Why HR is 
not (efficiently) stimulated by 3’ overhangs is not clear, warranting further investigations 
using different nicking platforms, since the effects can be affected by specific interactions 
of Cas9 with its target. 
 Another interesting aspect of paired nick repair is the effect of the distance between 
the nicks. Theoretically, two nicks separated by a short distance can be directly converted 
to a DSB, which can then be repaired by either HR or NHEJ (Fig. 4F). In contrast, nicks 
induced at a distance larger than what can be spanned by strand resection or unwinding 
are repaired independently, thus avoiding DSB generation. Initial experiments showed 
that Cas9-induced nicks separated by up to ~200 nt in the 5’ overhang-configuration are 
able to induce NHEJ-mediated indels and to stimulate gene editing, but the efficiency is 
highest at distances < 50 nt and generally decreases as the distance increases [89,90]. 
In other experiments initiation of intrachromosomal HR by nicks separated by up to ~1 
kb has been observed, even though the overall levels were lower than those caused by 
two DSBs, and 5’ overhangs were again more efficient than 3’ overhangs [100,133]. Thus, 
even relatively distant paired nicks can be converted to a DSB to stimulate HR and NHEJ, 
depending on overhang type and length. One model proposed that such structures can 
be repaired by a repetitive cycle of nicking, followed by a synthesis-dependent mechanism 
involving 5’→3’ strand displacement, leading to a DSB in-between the nicks ([133], Fig. 4G 
and 4H). This model explains why only 5’ overhangs lead to initiation of NHEJ, but why 3’ 
overhangs do not directly initiate HR is unclear. In any case, since nicks are abundantly 
generated in metabolically active cells and in cells subjected to ionizing radiation or DNA-
damaging drugs, paired nicks can generate DSBs at appreciable frequencies. However, 
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the results obtained by repetitively nicking enzymes may not be recapitulated under 
physiological conditions, where the individual nicks are likely repaired with high efficiency.

5. RElEvAnCE AnD OPEn quESTIOnS

With well over hundred thousand nicks occurring daily in a typical mammalian cell, and 
likely more in hyperactive transformed cells or cells subjected to DNA-damaging agents, 
nickHR can have a significant impact on the recombination landscape, even when it only 
processes a small fraction of the total nick burden. However, despite the evidence 
supporting nickHR as a bona-fide mechanism for nick repair, its physiological relevance has 
so far only been hypothesized. Lee and colleagues postulated that nickHR triggered during 
abnormal V(D)J recombination plays a role in ancestral duplications or rearrangements 
of receptor genes, providing the evolutionary basis for their diversity in mammalian cells 
[66]. In support of this hypothesis, tandem gene duplications have recently been observed 
after Cas9-mediated paired nicking in plants [136]. In a noteworthy hypothesis related to 
nickHRss, it was argued that the pathway can also utilize nicked dsDNA as a template [74]. In 
that case, nickHR can be accountable for immunoglobulin gene rearrangements which are 
triggered by activation-induced cytidine deaminase (AID)-generated nicks [62]. Perhaps 
more importantly, recombination between two nicked DNA fragments or between a 
nicked DNA and a ssDNA could lead to loss of heterozygosity [74], a major driver of tumor 
initiation and progression. Moreover, it has been suggested that since nickHR seems to 
be independent of (and suppressed by) the canonical HR factors BRCA2 and RAD51, the 
pathway can be relevant in tumors with downregulated canonical HR [74,98]. 
 In contrast to physiological relevance of nickHR, its applicability in genome engineering 
is well documented. However, the precision and fidelity of the pathway in real-life gene 
editing scenarios is offset by its low efficiency. This can be improved by paired nicking 
[89,90], inhibition of SSB repair [73,100] or NHEJ [137,138], rational design of repair 
templates [74,91,98] or a combination of these approaches. Importantly, some data 
discussed above may suggest that exploitation of (nick)HR in non-replicating cells is not 
far beyond the current state of the art, which opens exciting avenues for treatment of 
monogenic disorders of quiescent cells such as Huntington’s disease.
 Except for the open questions related to nickHR that have been discussed above, many 
aspects of the pathway remain completely or partially unknown, for example: (i) How is 
the non-nicked DNA strand converted during nickHR? Participation of a mismatch repair 
mechanisms has been hypothesized ([74], Fig. 4D) but not experimentally validated. (ii) 
Does nickHR trigger cell cycle checkpoints? If yes, what are the genetic dependencies of 
this process? (iii) Nicks are intermediates of most metabolic activities responsible for DNA 
maintenance and of essentially all DNA repair pathways. Are such ‘programmed’ nicks 
substrates for nickHR machinery? (iv) Are alternative end joining mechanisms, such as those 
mediated by PARP1, LIG1 and LIG3 or Pol Θ, involved in- or competing with nickHR?
 Spanning over half century of research, nickHR is coming full circle. The initial intuitive 
concepts proposing HR initiation by nicks were gradually replaced by DSB-centered views. 
In parallel, however, intensive research has provided clear evidence for nickHR. It is perhaps 
time for yet another adjustment of HR models to include both nicks and DSBs as initiating 
lesions and both nickHR and DSBHR as intertwined, yet distinct mechanisms.
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