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SUMMARY

Genome editing technologies operate by inducing site-specific DNA perturbations that are resolved by
cellular DNA repair pathways. Products of genome editors include DNA breaks generated by CRISPR-asso-
ciated nucleases, base modifications induced by base editors, DNA flaps created by prime editors, and inte-
gration intermediates formed by site-specific recombinases and transposases associated with CRISPR sys-
tems. Here, we discuss the cellular processes that repair CRISPR-generated DNA lesions and describe
strategies to obtain desirable genomic changes through modulation of DNA repair pathways. Advances in
our understanding of the DNA repair circuitry, in conjunction with the rapid development of innovative
genome editing technologies, promise to greatly enhance our ability to improve food production, combat

environmental pollution, develop cell-based therapies, and cure genetic and infectious diseases.

INTRODUCTION

Genome stability is constantly threatened by DNA lesions
induced by endogenous and environmental DNA damaging
agents (Ciccia and Elledge, 2010). Living organisms have devel-
oped a network of cellular pathways, collectively referred to as
the DNA damage response (DDR), that maintains genome stabil-
ity in response to DNA damage. Highly conserved cellular DNA
repair processes include double-strand break (DSB) repair, sin-
gle-strand break (SSB) repair, mismatch repair (MMR), and base
and nucleotide excision repair (BER and NER, respectively).
Each of these pathways is specialized in the detection and res-
olution of distinct types of DNA lesions. DNA repair pathways
are extensively interconnected, as highlighted by recent genetic
investigation of the DDR network in human cells (Olivieri
et al., 2020).

Genome editing tools, such as CRISPR-based technologies
(Doudna, 2020; Knott and Doudna, 2018; Liu et al., 2022),
generate targeted DNA lesions that are resolved through a
complex interplay of DNA repair pathways (Chen et al,
2021b; Hussmann et al., 2021; Koblan et al., 2021a). Site-spe-
cific DNA nucleases introduce DSBs, which can undergo error-
prone or error-free repair, resulting in DNA mutagenesis or the
insertion of desired changes, respectively, at a locus of interest
(Figure 1) (Jasin and Haber, 2016). Inactivated DNA nucleases
fused to or co-expressed with DNA modifying enzymes
generate a variety of DNA lesions and structures, including
SSBs, modified bases, abasic sites, mismatched nucleotides,
DNA flaps, and integration intermediates, whose resolution
can lead to desired base substitutions and deletions or inser-
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tions of interest (Figure 1) (Anzalone et al., 2020). These DSB-
free genome editors mitigate the cellular risks associated with
the induction of genomic DSBs by site-specific DNA nucleases.
Based on their distinct features, genome editors display
different strengths and weaknesses, as highlighted in Anzalone
et al. (2020), Hayward and Ciccia (2021), and Newby and Liu
(2021). In this review, we discuss genome editing technologies
with an emphasis on the distinct types of DNA lesions induced
by genome editors. In addition, we highlight the main players of
the DNA repair pathways implicated in the resolution of those
DNA lesions and discuss applications and limitations of
genome editing technologies.

DSB-BASED GENOME EDITING

The induction of site-specific DSBs to modify the genome is the
cornerstone of genome editing technologies (Jasin and Haber,
2016). Indeed, the discovery that genome editing is stimulated
by DSB formation induced by meganucleases (e.g., I-Scel)
spearheaded the search and development of programmable nu-
cleases (Jasin and Haber, 2016; Rouet et al., 1994). The genera-
tion of site-specific genome editing tools was initially enabled by
combining the non-specific Fokl nuclease domain to sequence-
specific DNA binding proteins, such as zinc-finger binding
domains and TAL effectors (Bibikova et al., 2003; Boch et al.,
2009; Kim and Kim, 2014; Moscou and Bogdanove, 2009;
Urnov et al., 2005). More recently, the emergence of RNA-
guided genome editing systems that employ CRISPR-Cas pro-
teins has accelerated the use of DSB-based genome editing
technologies.
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Figure 1. Site-specific DNA perturbations
induced by CRISPR-based genome editing
technologies and DNA repair processes
that resolve them

Schematic of the five major CRISPR-based
genome editing technologies and six site-specific
DNA lesions/structures generated by them.
Enzymatic activities of genome editors generating
the depicted DNA lesions/structures, DNA repair
processes involved in their resolution, and out-
comes of the repair events are also illustrated.
BER, base excision repair; HDR, homology-
directed repair; MMR, mismatch repair; SSBR,
single-strand break repair; TLS, translesion syn-
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DSB induction by programmable nucleases derived from
CRISPR-Cas systems
CRISPR-Cas is a prokaryotic adaptive defense system that tar-
gets and eliminates invading nucleic acids to circumvent preda-
tion by viruses and other mobile genetic elements (Koonin et al.,
2017). Specificity for DNA/RNA targets is achieved through small
non-coding RNAs, known as guide RNAs (gRNAs), which consti-
tute the cellular memory of past infections (Gasiunas et al., 2012;
Jinek et al., 2012; Schneider, 2020; Shivram et al., 2021). In the
case of a secondary encounter with the same infectious agent,
gRNAs form base pairs with the intruder’s genome, leading to
nucleic acid cleavage by Cas proteins, followed by its elimination
(Garneau et al., 2010; Nussenzweig and Marraffini, 2020).
CRISPR systems are classified into two classes based on the ar-
chitecture of the effector complexes (Makarova et al., 2020). In
Class 1 CRISPR systems, which are the most abundant in prokary-
otes, DNA interference is mediated by a multi-protein complex,

thesis.

Deaminated
nucleotide

known as CRISPR-associated complex

for antiviral defense (Cascade), through

its Cas3 helicase/nuclease subunit

(Brouns et al., 2008). The Cascade com-

plex has been harnessed for genome engi-

neering applications to induce site-spe-

cific deletions, introduce new genomic

sequences, and regulate gene transcrip-

tion (Cameron et al., 2019; Chen et al,,

2020; Csorgd et al., 2020; Pickar-Oliver

and Gersbach, 2019). Class 2 CRISPR

systems are composed of single-subunit
TLS effector nucleases with distinct, and highly
diverse, functional properties (Makarova
et al., 2020; Stella et al., 2017). For
example, different Class 2 effectors
BER display nuclease activities directed against
ssDNA (Harrington et al., 2018), dsDNA
(Gasiunas et al., 2012; Jinek et al., 2012;
Karvelis et al.,, 2020; Liu et al., 2019;
Pausch et al., 2020), or RNA (Abudayyeh
etal., 2016, 2017; Cox et al., 2017). Within
this class, the type Il and V systems are
based on the RNA-guided DNA endonu-
clease families of Cas9 and Cas12. Cas9
employs two distinct nuclease domains
to achieve DSB formation, an HNH domain that cleaves the
gRNA-targeted strand and a RuvC domain that cleaves the non-
targeted DNA strand. Inactivation of either of the nuclease do-
mains generates a nickase Cas9 (nCas9) mutant (Gasiunas et al.,
2012; Jinek et al., 2012), while inactivation of both nuclease do-
mains generates a catalytically dead Cas9 (dCas9) (Qi et al.,
2013). Cas9 nickases and catalytically dead variants constitute
the building blocks of DSB-free genome editors. The Cas12 family
is characterized by multiple variants with unique features (Makar-
ova et al.,, 2020; Yan et al., 2019). Cas12a is the type V nuclease
most widely utilized for genome editing applications (Zetsche
et al., 2015). Additional Cas12 variants include Cas12b (Strecker
etal.,2019a; Teng et al., 2018), Cas12d (also known as CasY) (Bur-
stein et al., 2017), Cas12e (also known as CasX) (Burstein et al.,
2017; Liu et al., 2019), Cas12f (also known as Cas14) (Harrington
et al., 2018), Cas12j (also known as Cas®) (Pausch et al., 2020),
Cas12h, Cas12i, and Cas12c (Yan et al., 2019). A subset of
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Cas12 enzymes (e.g., Cas12a, Cas12i) process their own CRISPR
gRNA array without accessory factors (Fonfara et al., 2016; Liao
and Beisel, 2021; Yan et al., 2019), thus enabling multiplexed
genome editing and gene regulation (Campa et al., 2019; Zetsche
et al., 2017). Certain Cas12 nucleases (e.g., Cas14, CasY, CasX,
Cas®) are characterized by a small size, which could facilitate
in vivo genome editing applications using viral vectors with limited
packaging size (Kim et al., 2021a; Wang et al., 2020a; Xu et al.,
2021b). Recently, by reconstructing the evolution of the Cas9
and Cas12 endonucleases, a family of highly abundant trans-
poson-encoded RNA-guided systems, called OMEGA, was
discovered in both prokaryotes and eukaryotic cells (Altae-Tran
etal.,, 2021; Karvelis et al., 2021). Although these widespread pro-
grammable nucleases, including IscB, IsrB and TnpB, hold great
promise for genome targeting and editing, their activities and bio-
logical relevance are still not fully characterized.

Cellular mechanisms that repair DSBs introduced by
programmable nucleases
DSBs introduced by DNA nucleases are primarily repaired by
end joining mechanisms, which are often error-prone, or homol-
ogy-directed repair (HDR), which is typically error-free (Figure 2)
(Scully et al., 2019). End joining involves the direct ligation of the
two DSB ends, with or without end processing. End processing
can lead to the addition or removal of nucleotides at the DSB
ends, resulting in insertion or deletion (indel) mutations. End
joining can occur through non-homologous end joining (NHEJ)
or microhomology-mediated end joining (MMEJ) (Chang et al.,
2017). Distinct from end joining, HDR generally utilizes homolo-
gous sequences located on sister chromatids or, less
commonly, homologous chromosomes to repair DSBs (Chen
et al., 2018b). The HDR machinery can also repair DSBs using
exogenous DNA donor templates, enabling the insertion of a
wide array of desired modifications at defined genomic loci for
precision genome editing applications.
End-joining-mediated genome editing
Non-Homologous End Joining. NHEJ, the predominant DSB repair
pathway in mammalian systems, takes place with rapid kinetics
throughout the cell cycle (Figure 2, steps 1 and 2) (Hustedt and Dur-
ocher, 2016; Mao et al., 2008). After a DSB has formed, the broken
ends are quickly bound and protected by the Ku70-Ku80 (Ku) het-
erodimer (Chang et al., 2017; Mimitou and Symington, 2010). Ku
then recruits and activates the DNA-dependent protein kinase cat-
alytic subunit (DNA-PKcs), whose kinase activity is essential for
NHEJ (Frit et al., 2019). Ku also recruits the NHEJ factors
XRCC4, XLF, and DNA ligase IV (LIG4) (Zhao et al., 2019). NHEJ
factors initially form a long-range synaptic complex that tethers
the two DSB ends (Chen et al., 2021c; Graham et al., 2016; Stinson
and Loparo, 2021). DNA-PKcs autophosphorylation leads to its
dissociation from DNA and the transition to a short-range synaptic
complex in which the DSB ends are closely aligned to enable end
processing and subsequent ligation by LIG4 (Chen et al., 2021c;
Grahametal., 2016; Stinson et al., 2020). The short-range synaptic
complex ensures that the DNA ends undergo ligation as soon as
they become compatible, thereby restricting DNA end processing
and minimizing mutagenesis (Stinson et al., 2020).
Microhomology-Mediated End Joining. MMEJ was originally
discovered in NHEJ-deficient cells as a backup pathway for
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DSB repair (Sfeir and Symington, 2015). Similar to NHEJ,
MMEJ joins the broken DSB ends without the need for homol-
ogous templates (Figure 2, steps 3-5). However, unlike NHEJ,
MMEJ requires initial DSB end resection and functions inde-
pendently of Ku and LIG4 (Sfeir and Symington, 2015). More-
over, MMEJ operates on short homologous sequences (“mi-
crohomologies™), ranging between ~5 and 25 bp in
mammalian cells, that lie close to both DSB ends (McVey and
Lee, 2008). MMEJ is initiated by 5’ to 3’ resection of the DSB
ends by the MRE11-RAD50-NBS1 (MRN) nuclease complex
together with its stimulatory factor CtIP (Anand et al., 2016; Re-
ginato and Cejka, 2020; Truong et al., 2013). MRN-CtIP-medi-
ated resection of the DSB ends has two important conse-
quences. First, it promotes the removal of Ku and DNA-PKcs,
thereby inhibiting NHEJ-mediated repair (Chanut et al., 2016;
Deshpande et al., 2020; Reginato et al., 2017). Second, by
exposing potential ssDNA microhomologies, it allows the an-
nealing of the broken ends, followed by end trimming and
extension by the DNA polymerase Pol6 (Brambati et al., 2020;
Ramsden et al., 2021; Zahn et al., 2021). The FEN1 endonu-
clease can then remove the resulting 5’ flaps, and DNA ligase
I or Ill ligates the remaining nicks to complete DSB repair
(Brambati et al., 2020; Ramsden et al., 2021). Recent studies
have also implicated RAD17 and the associated RAD9-HUS1-
RAD1 (9-1-1) complex in MMEJ (Hussmann et al., 2021), albeit
the role of these factors remains to be elucidated. Although
MMEJ and NHEJ protect cells against the severe threat posed
by DSBs, when they operate inaccurately they can cause
genomic rearrangements, such as chromosomal transloca-
tions, intra- and inter-chromosomal deletions and insertions,
and end-to-end chromosomal fusions (Dahiya et al., 2021;
Ramsden and Nussenzweig, 2021).

DNA Repair Outcomes Induced by End Joining during
Genome Editing. During genome editing, reconstitution of the
target sequence by error-free NHEJ-mediated repair (i.e., in
the absence of end processing) of Cas9-induced DSBs results
in repeated Cas9 cleavage cycles until mutagenic NHEJ events
block gRNA target recognition (Brinkman et al., 2018). Therefore,
Cas9-mediated genome editing ultimately enriches for muta-
genic outcomes induced by templated or non-templated nucle-
otide insertions and deletions (Figure 2, bottom left) (Allen et al.,
2019; Chakrabarti et al., 2019; Chen et al., 2019; Leenay et al.,
2019; Shen et al., 2018; Shou et al., 2018; van Overbeek et al.,
2016). In line with these observations, the DNA polymerase
Polx was recently shown to promote mutagenic fill-in of Cas9-
mediated DSBs, and this activity is inhibited by NHEJ factors
(Hussmann et al., 2021). In the presence of microhomologies
flanking Cas9-induced DSBs, MMEJ-mediated DSB repair can
result in the formation of Pol6-dependent deletions (Taheri-
Ghahfarokhi et al., 2018). The frequency of MMEJ-induced dele-
tions correlates positively with GC base content, microhomology
length, and proximity to the DSB site (Allen et al., 2019; Chakra-
barti et al., 2019; Shen et al., 2018). While microhomologies with
mismatches can also generate deletions, the presence of mis-
matches reduces the frequency of these events (Allen et
al., 2019).

Recent studies have shown that the mutational profiles gener-
ated by end joining events at Cas9-induced DSBs are largely
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Figure 2. Repair of DSBs induced by site-specific DNA nucleases and strategies to stimulate precision genome editing

DNA double-strand breaks generated by engineered or programmable nucleases can either be repaired by end joining (left) or HDR mechanisms (right). While end
joining can occur throughout the cell cycle, HDR is confined to the S and G2 phases of the cell cycle when a sister chromatid is available for recombination (top
left). The choice between end joining and HDR is regulated by DNA end resection. DSB ends that require minimal or no end processing can be ligated by NHEJ
through the activities of Ku, DNAPKcs, XLF, XRCC4, and LIG4 (1 and 2). Short-range end resection catalyzed by MRE11-RAD50-NBS1 (MRN) in complex with
CtIP can expose regions of microhomology, which can undergo annealing and end joining by MMEJ (3-5). MMEJ is mediated by Pol6, which extends the an-
nealed ends, followed by the removal of 5’ flaps by FEN1 and DNA ligation by LIG1/3 (5). End-joining-mediated genome editing creates substitutions and small
indel mutations and can also generate large insertions in the presence of linearized dsDNA donors (bottom left, in green). End joining events can also result in the
formation of large deletions and chromosomal rearrangements (bottom left, in red). Long-range resection is catalyzed by EXO1 or by DNA2 in complex with BLM

(legend continued on next page)

Molecular Cell 82, January 20, 2022 351




¢? CellPress

reproducible and depend on the sequence context of the Cas9-
targeted site (Allen et al., 2019; Chakrabarti et al., 2019; Chen
et al., 2019; Leenay et al., 2019; Shen et al., 2018; Shou et al.,
2018; van Overbeek et al., 2016). The majority of the reproduc-
ible mutations at Cas9-induced DSBs correspond to NHEJ-
dependent single base insertions and small deletions and
MMEJ-mediated deletions (Allen et al., 2019; Chakrabarti
et al., 2019; Chen et al., 2019; Shen et al., 2018; van Overbeek
etal., 2016). Single base insertions are suppressed by the kinase
activity of ATM (Bermudez-Cabrera et al., 2021). Together, the
above observations led to the development of machine learning
models (i.e., inDelphi, FORECasT, SPROUT, Lindel) that can pre-
dict the main mutational signatures resulting from end-joining-
mediated repair of Cas9-induced DSBs (Allen et al., 2019;
Chen et al., 2019; Leenay et al., 2019; Shen et al., 2018).
Applications of End-Joining-Mediated Genome Editing. End-
joining-mediated DSB repair is employed in numerous genome
editing applications (Pickar-Oliver and Gersbach, 2019). Given
its mutagenic nature, end joining is often harnessed to disrupt
the functionality of coding and non-coding elements. End-
joining-mediated gene disruption has been used to study the
function of genes in cellular and animal models, including previ-
ously genetically intractable systems, such as monkey embryos
(Niu et al., 2014), or newly established genetic models, like the
killifish (Harel et al.,, 2016). Additionally, high-throughput
screening technologies with gRNA libraries that induce loss-of-
function perturbations have been used to annotate functional ge-
netic elements and discover new cancer dependencies (Shalem
et al., 2015). Interestingly, the generation of multiple site-specific
DSBs has also enabled the modeling of chromosomal deletions
and translocations frequently associated with human cancer
(Brunet and Jasin, 2018). In addition, both NHEJ and MMEJ
have been exploited to insert new sequences into the genome
(Figure 2, bottom left) (Nakade et al., 2014; Schmid-Burgk
et al., 2016; Suzuki and Izpisua Belmonte, 2018; Suzuki et al.,
2016). End-joining-based approaches enable the efficient inser-
tion of DNA payloads in biological systems not proficient in HDR-
mediated DSB repair, such as non-dividing cells (e.g., neuronal
cells) and certain human organoid models (Artegiani et al.,
2020; Nami et al., 2018; Suzuki et al., 2016).
End-joining-mediated gene disruption has been successfully
employed to revert the effects induced by pathogenic mutations
in pre-clinical and clinical settings. This approach has shown
promise for the treatment of sickle cell disease and B-thalas-
semia, with multiple ex vivo strategies developed during clinical
trials to inactivate BCL11A in hematopoietic stem and progenitor
cells (Ferrari et al., 2021; Frangoul et al., 2021; Mullard, 2020).
Clinical studies have also shown the potential of end-joining-
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dependent approaches for the in vivo disruption of transthyretin
in patients with transthyretin amyloidosis (Gillmore et al., 2021).
Moreover, recent studies have highlighted the feasibility of
end-joining-mediated strategies for disrupting T cell receptors
and the PD-1 immune checkpoint regulator in T cells of patients
with refractory cancer (Ellis et al., 2021; Stadtmauer et al., 2020).
In addition, strategies that rely on the joining of two paired Cas9-
induced DSBs have been utilized to excise mutant exons of the
dystrophin gene and restore its open reading frame in cells from
patients with Duchenne muscular dystrophy (DMD) and DMD an-
imal models (Amoasii et al., 2018; Amoasii et al., 2017; Choi and
Koo, 2021; Min et al., 2019). Similar dual DSB-based strategies
developed for excising an aberrant splicing donor site in the
CEP290 gene are currently being used in clinical trials for in vivo
correction of the CEP290 splicing defects that underlie Leber
congenital amaurosis (Maeder et al., 2019; Quinn et al., 2021).
Related approaches have also been employed to delete
expanded trinucleotide repeats in cell lines derived from patients
with Huntington’s disease (HD), fragile X syndrome, and myoto-
nic dystrophy type 1 (DM1) and in animal models of HD, DM1,
and Friedrich’s ataxia (Monteys et al., 2017; Mosbach et al.,
2019; Quellet et al., 2017; Provenzano et al., 2017; Shin et al.,
2016; van Agtmaal et al., 2017; Xie et al., 2016). Finally, ap-
proaches that take advantage of the predictable mutation
outcome of MMEJ-mediated DSB repair have been deployed
to correct pathogenic microduplications in cells from patients
with limb-girdle muscular dystrophy and Hermansky-Pudlak
syndrome (lyer et al., 2019; Shen et al., 2018). In this regard,
the use of machine-learning-based algorithms that predict the
mutational outcome of end joining events (Allen et al., 2019;
Chen et al., 2019; Leenay et al., 2019; Shen et al., 2018) may
further facilitate clinical applications of end-joining-mediated
genome editing.

Donor-dependent homology-directed repair

HDR promotes the repair of DSBs using endogenous or exoge-
nous homologous DNA templates (Gallagher and Haber, 2018;
Jasin and Haber, 2016). Although HDR is a largely error-free
repair mechanism, if not properly regulated, it can cause
genomic rearrangements and thus result in genomic instability
(Al-Zain and Symington, 2021). HDR requires extensive 5’ to 3
resection of DNA ends, which is initiated by the MRN-CtIP com-
plex and then extended by the exonuclease EXO1 or by the heli-
case-nuclease DNA2 in complex with the BLM or WRN helicases
(Cejka and Symington, 2021). End resection results in the gener-
ation of 3’ ssDNA tails that promote the search of homologous
sequences to be used as templates for repair (Figure 2, steps
6 and 7). In genome editing, different forms of exogenous donor
templates are used to repair site-specific DSBs, including

or WRN and is inhibited by 53BP1 bound to histones with H4K20me2 (me) and H2AK15ub (ub) marks (top right). Long-range resection results in the generation of
3’ ssDNA tails that initiate HDR events (6 and 7). Annealing of homologous sequences by RAD52, followed by excision of 3’ flaps by XPF-ERCC1 and DNA ligation
by LIG1/3 promotes the joining of DSB ends by SSA. SSA causes deletions and potential genomic rearrangements (bottom right, in red). In the presence of
ssODNs or dsDNA donors, SSTR or dsDNA donor-dependent HDR (dsDNA HDR) promote the generation of precise DNA substitutions, deletions, insertions, and
complex mutations (bottom right, in green). While SSTR is mediated by RAD52-dependent annealing of 3 ssDNA tails to DNA donors, followed by templated DNA
synthesis, dsDNA HDR is catalyzed by the recombinase RAD51, which promotes the invasion of 3’ ssDNA tails into homologous sequences of DNA donors to
initiate DNA synthesis. Precision genome editing can be stimulated by end joining inhibitors or activators of end resection and HDR. Enhanced HDR can also be
obtained by alteration of the cell cycle (top left) and chromatin structure (top right), modulation of the activity of DNA repair factors, expression of engineered DNA
repair variants, fusion of DNA repair proteins to Cas nucleases, and modification of DNA donor molecules. HDR modulators are highlighted in blue (see also Table
1). While largely error-free, SSTR and dsDNA HDR can also cause deletions, insertions, point mutations, and genomic rearrangements when conducted inac-
curately (bottom right, in red). These events can occur in a manner dependent or independent from DNA donors.
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double-strand DNA (dsDNA) donors, short or long single-strand
oligodeoxynucleotides (ssODN), and chromatinized templates
(Cruz-Becerra and Kadonaga, 2020; Li et al., 2019; Yeh et al.,
2019). The repair of DSBs using dsDNA and ssODN donors oc-
curs through RAD51-dependent or -independent mechanisms,
respectively, as discussed below.

RAD51-Dependent HDR. The RAD51 recombinase mediates
homology search and strand exchange between broken DNA
strands and dsDNA repair templates (Figure 2, step 7). Following
RAD51-mediated strand invasion and formation of a displace-
ment loop (D-loop) structure, the invading strand is thought to
be elongated by the DNA polymerase & using the homologous
sequence as a template (McVey et al., 2016). DNA synthesis
can then be followed by the dissociation of the invading DNA
strand and its reannealing to the second DSB end through a pro-
cess known as synthesis-dependent strand annealing (SDSA)
(McVey et al., 2016). Alternatively, if the second DSB end is
captured by the D-loop structure, double Holliday junctions
can form, which then undergo either dissolution by the BLM-
TOPO Il complex or resolution by Holliday junction resolvases
(Matos and West, 2014). Although it remains unclear how the
choice between SDSA and double Holliday junction formation
is regulated, both pathways have been implicated in repairing
DSBs using dsDNA donors (Kan et al., 2014). In the absence of
second end capture, the repair of nuclease-mediated DSBs
can occur through break-induced replication (BIR), a process
that entails extensive DNA synthesis carried out at migrating
D-loop structures (Kramara et al., 2018; Llorente et al., 2008).
BIR has been shown to cause DNA mutagenesis and chromo-
somal rearrangements (Malkova and Haber, 2012). Interestingly,
recent studies have identified mechanisms that promote second
end capture and D-loop dissociation to restrict mutagenic BIR
(Pham et al., 2021).

RAD51-Independent HDR. RAD51-independent HDR path-
ways include single-strand annealing (SSA) and single-stranded
template repair (SSTR) (Figure 2, step 7) (Gallagher and Haber,
2018). SSA shares similarities with MMEJ in its ability to promote
the joining of DSB ends with partial or complete sequence ho-
mology. Unlike MMEJ, however, SSA utilizes long flanking se-
quences of homology, which can span several hundred nucleo-
tides in mammalian cells (Bhargava et al., 2016). SSA is
mediated by the HDR protein RAD52, which binds the resected
ssDNA ends and anneals regions of homology, resulting in the
deletion of intervening sequences (Bhargava et al., 2016).

SSTR promotes the repair of DSBs using ssODN templates
(Gallagher and Haber, 2018; Storici et al., 2006). Given its higher
efficiency and fidelity relative to HDR processes that use dsDNA
templates and the facile access to synthesized and chemically
modified ssODNs, SSTR is the most frequently utilized HDR
mechanism for genome editing (Richardson et al., 2016; Yeh
et al., 2019). SSTR shares similarities with multiple HDR path-
ways. Like SDSA, SSTR is thought to be stimulated by DSB
resection (Canny et al., 2018; Gallagher and Haber, 2018; Nam-
biar et al., 2019), and both HDR processes involve unidirectional
conversion tracts due to strand pairing and extension of one of
the DSB ends (Gallagher and Haber, 2018; Kan et al., 2017;
Paix et al., 2017). However, unlike SDSA, SSTR functions inde-
pendently of RAD51 (Bothmer et al., 2017; Richardson et al.,
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2018). Instead, SSTR requires RAD52, similar to SSA, and remi-
niscent of RNA-templated HDR (Gallagher et al., 2020; Keskin
et al., 2014; Mazina et al., 2017; Storici et al., 2006). In addition
to being used as templates for HDR events, ssODNs can also
directly integrate into homologous genomic sites at Cas9-
induced breaks through mechanisms that remain to be fully es-
tablished (Kan et al., 2017). Besides RAD52, the Fanconi anemia
pathway has also been proposed to be involved in SSTR and
dsDNA donor-dependent HDR through unresolved mechanisms
(Richardson et al., 2018; Wienert et al., 2020). Altogether, several
important aspects of the molecular mechanisms underlying
SSTR remain to be elucidated, including the involvement of
DSB resection machineries and the processes that mediate
strand invasion, D-loop extension, and second end capture.
Applications of HDR-Mediated Genome Editing. The ability of
HDR to install any desired nucleotide change into the genome
makes it an attractive pathway for disease modeling. HDR-
based approaches also hold great promise for clinical manage-
ment of inherited and acquired human diseases (Doudna, 2020).
For example, a pig model of HD was recently developed by re-
placing exon 1 of the pig HTT gene with the corresponding
exon of the human HTT gene containing a 150-CAG repeat,
enabling the recapitulation in mammalian models of the selective
neurodegeneration induced by CAG triplet expansion in HD pa-
tients (Yan et al., 2018). The clinical potential of CRISPR-medi-
ated HDR is also highlighted by the enhanced antitumor activity
exhibited by T cells with a chimeric antigen receptor inserted by
HDR at the T cell receptor locus (Eyquem et al., 2017). Pooled
knock-in HDR-based strategies to insert large DNA cargos into
the T cell receptor locus of primary human T cells have enabled
the identification of gene constructs that improve T cell-medi-
ated antitumor activity (Roth et al., 2020). Furthermore, satura-
tion mutagenesis experiments that used HDR to install all
possible substitution mutations into genomic regions of interest
in haploid cells have allowed the interrogation of clinically action-
able genes at a single-base level (Findlay et al., 2014, 2018).
Despite the success of these studies, the low frequency of
HDR events relative to concomitant mutations induced at the tar-
geted loci by error-prone end-joining-mediated repair has
limited the widespread adoption of high-throughput knock-in
screens using HDR. HDR-based approaches have also been
employed for endogenous gene tagging with genetic markers,
enabling the detection of the subcellular localization of proteins,
isolation of native protein complexes, and temporal regulation of
protein function (Chen et al., 2018a; Cho et al., 2021; Dalvai et al.,
2015; Leonetti et al., 2016; Miyaoka et al., 2014; Natsume et al.,
2016). Finally, HDR-mediated strategies have been used to pro-
mote gene drive, a process that stimulates non-Mendelian inher-
itance of genetic elements, to potentially eradicate harmful spe-
cies causing vector-borne diseases (Champer et al., 2016).

DDR modulating strategies to promote HDR-based
precision genome editing

One of the major determinants of DSB repair pathway choice is
DNA end resection. As discussed above, DNA end resection
promotes DSB repair by MMEJ and HDR while generating
DSB ends not suitable for NHEJ-mediated repair (Symington
and Gautier, 2011). In mammalian cells, DNA end resection
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operates with slower kinetics than NHEJ. It is regulated by the
cell cycle and chromatin environment, ensuring that HDR occurs
inthe S and G2 phases when an appropriate repair template (i.e.,
a sister chromatid) is present (Figure 2, top left) (Hustedt and
Durocher, 2016). Ultimately, DSB repair pathway choice dictates
genome editing outcomes, and competition between alternative
DSB repair pathways can generate mosaicism among edited al-
leles. Consequently, strategies to regulate DSB repair pathway
choice by either stimulating or counteracting specific DSB repair
pathways enable more efficient and precise genome editing.
Given the fast-acting nature of NHEJ, inhibiting this pathway is
an attractive strategy for precision genome editing (Figure 2,
step 2). In this regard, efforts to inhibit the core NHEJ factors
have produced mixed results in human cells. For example, phar-
macological inhibition of Ku70/80 marginally stimulates HDR
(Table 1) (Riesenberg and Maricic, 2018). LIG4 inhibition by the
small-molecule SCRY7 or viral proteins that induce its proteaso-
mal degradation are reported to increase HDR in certain human
and mouse cells, although this effect was more limited in other
cellular contexts (Chu et al., 2015; Greco et al., 2016; Gutschner
et al., 2016; Hu et al., 2018; Maruyama et al., 2015; Pinder et al.,
2015; Robert et al., 2015b; Song et al., 2016; Srivastava et al.,
2012; Yang et al., 2016; Zhang et al., 2017). Such variability in ef-
fect might be partially due to the usage of different chemical de-
rivatives of SCR7 (Yeh et al., 2019). Similarly, small-molecule in-
hibition of DNA-PKcs with NU7441, NU7026, and M3814 has
also been reported to increase HDR (Riesenberg et al., 2019;
Robert et al., 2015; Suzuki et al., 2016). Dual inactivation of
both MMEJ and NHEJ also holds the promise of synergistically
enhancing HDR. For example, combinatorial inactivation of
NHEJ and MMEJ proteins, such as Ku70/80 and Pol6, prevents
off-target integration of dsDNA donors (Zelensky et al., 2017).
Given that inactivation of end joining is associated with exacer-
bation of sensitivity to various genotoxic agents and increased
carcinogenesis (Davis and Chen, 2013; Ramsden et al., 2021),
the impact of these HDR-modulating treatments on genomic
integrity and cell viability needs to be carefully investigated.
Because of the central role of DSB resection in the choice be-
tween end joining and HDR, stimulation of DSB resection has
shown great promise in promoting HDR. TP53-binding protein
1 (53BP1), a key inhibitor of end resection, is recruited to chro-
matin through the binding of its Tudor and UDR domains to his-
tone H4 dimethylated at Lys20 (H4K20me2) and histone H2A
monoubiquitylated at Lys15 (H2AK15ub), respectively (Figure 2,
top right) (Botuyan et al., 2006; Fradet-Turcotte et al., 2013). Mul-
tiple strategies have been developed to stimulate HDR by inhib-
iting 53BP1 function (Table 1). Expression of an engineered ubig-
uitin variant that binds the Tudor domain of 53BP1 (i53, inhibitor
of 53BP1) has been shown to prevent 53BP1 binding to chro-
matin and stimulate HDR (Canny et al., 2018). Similarly, a domi-
nant-negative 53BP1 (dn53BP1) and an engineered variant of
RAD18 (e18) stimulate HDR by competing with 53BP1 for bind-
ing H2AK15ub through their ubiquitin binding domains, thereby
occluding 53BP1 from DSBs (Nambiar et al., 2019; Paulsen
et al., 2017). Fusing Cas9 to dn53BP1 or e18 (Jayavaradhan
et al., 2019; Richardson et al., 2020) also stimulates HDR with
potentially improved specificity, given the targeted inhibition of
53BP1 function at Cas9-induced DSBs. Notably, some of these
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53BP1 targeting strategies stimulate HDR without altering off-
target editing by Cas9 or compromising cellular viability (Jaya-
varadhan et al., 2019; Nambiar et al., 2019; Paulsen et al.,
2017). Additional studies have shown that combinatorial inacti-
vation of 53BP1 along with upregulation of factors downstream
of end resection enhances HDR rates. For example, co-expres-
sion of dn53BP1 and RAD52 additively enhances HDR using
ssODN in human cells (Paulsen et al., 2017). This combination
promotes end resection by blocking 53BP1 with dn53BP1 while
stimulating SSTR by overexpressing RAD52 (Paulsen et al.,
2017; Richardson et al., 2018; Shao et al., 2017). Likewise, fu-
sions of the ubiquitin-binding domains of RAD18 or RNF169 to
BRCA1, a key HDR factor required for RAD51 loading, have
been shown to promote HDR, likely by blocking 53BP1, while
promoting homologous recombination (Bashir et al., 2020).
Finally, the possibility of activating HDR in the G1 phase has
been demonstrated by restoring the BRCA1-PALB2-BRCA2
interaction (required for RAD51 loading) and activating CtIP-
mediated end resection in G1 by expressing a phospho-mimetic
CtIP in a 53BP1 knockout cell line (Orthwein et al., 2015). It re-
mains to be investigated if this approach can promote HDR
with sufficient efficiency and without cellular toxicity to enable
editing of non-dividing cells for clinical applications. Moreover,
because loss of 53BP1 is associated with hyper-resection and
mutagenic repair by SSA (Ochs et al., 2016), the consequences
of transiently inhibiting 53BP1 on genomic integrity need to be
carefully evaluated.

In addition to 53BP1 regulators, proteins that stimulate end
resection (e.g., CtIP and EXO1), DNA recombination factors
(e.g., RAD52), and DNA polymerase subunits (e.g., POLD3)
have been shown to promote HDR when fused to Cas9 (Table
1) (Charpentier et al., 2018; Hackley, 2021; Ma et al., 2020; Reint
etal., 2021; Shao et al., 2017). Such Cas9 fusions can reduce the
pleiotropic consequences of DDR manipulation caused by over-
expression of DNA repair factors. Interestingly, phage-encoded
single-strand DNA annealing proteins improve HDR 1,000-fold in
bacteria through their interactions with host single-strand DNA
binding proteins (Filsinger et al., 2021). However, it remains to
be investigated whether the expression of recombination-pro-
moting viral proteins could similarly stimulate HDR at Cas9-
induced breaks in mammalian cells. Cell cycle modulation has
also been shown to stimulate HDR by ensuring Cas9-mediated
DSB formation at the HDR-permissive S and G2 phases of the
cell cycle (Table 1) (Abe et al., 2020; Gu et al., 2018; Gutschner
et al., 2016; Lin et al., 2014; Lomova et al., 2019; Wienert et al.,
2020). Given that end joining pathways also repair DSBs in the
S and G2 phases, inhibition of end joining has been shown to
synergistically enhance HDR rates in combination with cell cycle
modulation (Maurissen and Woltjen, 2020).

Emerging studies have also highlighted the role of the chro-
matin context in regulating DSB repair pathway choice. Indeed,
Cas9 cleavage efficiency has been shown to correlate positively
with chromatin accessibility and transcription of the target se-
quences (Chen et al., 2016, 2017b; Daer et al., 2017; Horlbeck
et al., 2016; Jensen et al., 2017; Schep et al., 2021). It has also
been observed that NHEJ-mediated repair of Cas9-induced
DSBs is more efficient in euchromatin, while MMEJ and SSTR
are more active in certain heterochromatin contexts (Schep
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et al., 2021). Thus, besides modulating the activity of Cas9, the
chromatin context can influence DSB repair pathway balance
at Cas9-induced breaks (Chakrabarti et al., 2019; Schep et al.,
2021). For example, inhibition of the H3K27 methyltransferase
EZH2 enhances NHEJ-mediated DSB repair at H3K27me3-
marked heterochromatin domains at the expense of MMEJ
(Schep et al., 2021), while chromatinization of dsDNA donors
has been reported to stimulate HDR events (Cruz-Becerra and
Kadonaga, 2020). Future approaches that manipulate the chro-
matin context may provide new strategies to obtain specific
DNA repair outcomes.

Undesirable DNA repair outcomes associated with
Cas9-induced DSBs

DSBs are dangerous DNA lesions that can impair cell survival or
lead to mutagenesis of the genome (Burgio and Teboul, 2020;
Scully et al., 2019). The consequences of DSB formation include
the generation of indels, gross chromosomal rearrangements
(GCRs), and p53 activation. The nature of these undesirable out-
comes associated with Cas9-induced DSBs are discussed below.
Mutational consequences of DSB induction and repair
lllegitimate and Undesirable DNA Donor Recombination. While
HDR is primarily an error-free repair pathway, several lines of ev-
idence suggest that exogenous donors can promote unintended
mutagenesis at DSBs (Figure 2, bottom right). For example,
dsDNA donors are prone to multiple head-to-tail integrations
or concatenation at on- and off-target loci, which is often accom-
panied by indel formation, suggesting the involvement of NHEJ
and MMEJ in these events (Paulis et al., 2015; Roberts et al.,
2017; Skryabin et al., 2020; Zelensky et al., 2017). Additionally,
inaccurate recombination events occurring using ssODNs have
also been described (Boel et al., 2018; Gallagher et al., 2020;
Paix et al., 2017; Rivera-Torres et al., 2017). These errors are
attributed to mutagenic DNA synthesis during SSTR (Boel
et al., 2018; Gallagher et al., 2020; Paix et al., 2017). Further-
more, it has also been shown that cellular cytidine deaminases
can trigger the deamination of ssODN bases, resulting in base
substitutions in genomic DNA (Lei et al., 2018).

Gross Chromosomal Rearrangements and Large Deletions.
GCRs include chromosomal translocations, inversions, duplica-
tions, deletions, and other complex lesions associated with hu-
man cancers (Dahiya et al., 2021). Mounting evidence points to-
ward the induction of complex chromosomal lesions by
CRISPR-Cas nucleases (Figure 2, bottom) (Liu et al., 2021a). It
was recently shown that DSBs introduced by Cas9 cause the for-
mation of micronuclei and chromosome bridges, which subse-
quently result in catastrophic genomic rearrangements, such
as chromothripsis (Leibowitz et al., 2021). The generation of mi-
cronuclei and chromosome bridges has been attributed to the
presence of unrepaired Cas9-induced DSBs during cell division
(Leibowitz et al., 2021). The formation of chromosomal rear-
rangements induced by chromothripsis can result from NHEJ,
MMEJ, and HDR events (Hastings et al., 2009; Ly and Cleveland,
2017; Piazza et al., 2017; Rausch et al., 2012; Stephens et al.,
2011). The generation of complex rearrangements is favored
by the presence of multiple DSBs induced by site-specific nucle-
ases at on- and off-target sites (Brunet and Jasin, 2018; Frock
et al., 2015; Maddalo et al., 2014; Pristyazhnyuk et al., 2019).
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Large genomic deletions (>250 bp) at single Cas9-induced
DSBs have also been reported in mouse and human cell lines
(Figure 2, bottom left) (Adikusuma et al., 2017, 2018; Alanis-Lo-
bato et al., 2021; Cullot et al., 2019; Kosicki et al., 2018; Owens
et al., 2019; Shin et al., 2017; Weisheit et al., 2020; Zuo et al.,
2017). End resection and MMEJ factors have been implicated
in the generation of large deletions (Kosicki et al., 2020; Owens
et al., 2019). However, the size distributions of large deletions
cannot be predicted by the location of micronomologies alone,
thereby implicating multiple pathways in their generation.
Genome editing in mouse and human embryos results in a high
frequency of large deletions and complex rearrangements,
causing loss of heterozygosity (Adikusuma et al., 2018; Alanis-
Lobato et al., 2021; Egli et al., 2018; Papathanasiou et al.,
2021; Zuccaro et al., 2020). The occurrence of these rearrange-
ments has challenged recent observations of inter-homolog ho-
mologous recombination (IH-HR) following Cas9 cleavage in hu-
man embryos (Ma et al., 2017a, 2018), a process that is thought
to be stimulated by RAD51 (Wilde et al., 2021). Indeed, targeting
the POU5F1 gene in human embryos caused a high frequency of
large deletions that spanned 4 to 20 kb (Alanis-Lobato et al.,
2021), while a single Cas9-induced DSB at a pericentromeric lo-
cus in human embryos was found to yield segmental and whole
chromosome losses (Zuccaro et al., 2020). These studies high-
light the risks of DSB-based genome editing in human embryos
(Adikusuma et al., 2018; Alanis-Lobato et al., 2021; Egli et al.,
2018; Zuccaro et al., 2020).
p53 activation and induction of apoptosis
DSBs activate the tumor suppressor p53, which preserves
genome stability by triggering cell cycle arrest, cellular senes-
cence, and apoptosis (Bieging et al., 2014). In genome editing
applications, DSBs induced by Cas9 have been shown to cause
p53-dependent cell cycle arrest in non-transformed human cells
(Haapaniemi et al., 2018; lhry et al., 2018). Surprisingly, mild, but
sustained, p53 activation was also observed following expres-
sion of Cas9 itself without gRNA (Enache et al., 2020). These
studies suggested that genome editing experiments may result
in the selection of cell clones with a dysfunctional p53-depen-
dent tumor suppressor response (Enache et al., 2020; Yla-Hert-
tuala, 2018), raising safety concerns for the use of edited cells in
ex vivo therapeutic applications. Additional studies have shown
that Cas9-induced p53 activation results in reduced proliferation
and functional impairment of hematopoietic stem and progenitor
cells, which could be partially overcome by transient p53 inhibi-
tion (Ferrari et al., 2020; Schiroli et al., 2019). In addition to p53
mutations, KRAS mutations have also been suggested to confer
a selective advantage to cells undergoing Cas9-mediated DSB
formation (Sinha et al., 2021). The toxicity induced by DSB for-
mation is particularly apparent when high copy number loci or re-
petitive sequences are targeted (Aguirre et al., 2016; Castanon
et al., 2020; Kuscu et al., 2017; Shen and Ideker, 2017). Interest-
ingly, the cellular toxicity associated with targeting repeat se-
quences in the human genome has been exploited as a Kill
switch for Cas9-expressing cells (Castanon et al., 2020).

Future challenges of DSB-based genome editing

As previously discussed, DSB-based genome editing is influ-
enced by the sequence context of the target locus. While the
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main mutagenic outcome of Cas9-induced DSBs can be pre-
dicted (Allen et al., 2019; Chakrabarti et al., 2019; Chen et al.,
2019; Leenay et al., 2019; Shen et al., 2018; Shou et al., 2018;
van Overbeek et al., 2016), the precise mixture of indel outcomes
of end joining pathways remains largely unpredictable. Recent
high-throughput technologies to study the effects of genetic per-
turbations on DNA repair products (i.e., Repair-seq) have shown
the high complexity of the repair events occurring at Cas9-
induced DSBs and defined the end-processing enzymes
responsible for the generation of specific DSB repair products
(Hussmann et al., 2021). Future studies to define the influence
of chromatin contexts and genetic backgrounds on the identity
of the DSB repair products generated by DNA repair enzymes
should provide a more comprehensive view of DSB repair
events, opening potential avenues to modulate DSB repair for
obtaining specific outcomes of interest.

DSB-based genome editing is also affected by the cellular and
tissue context. However, there is currently limited understanding
of the cell- and tissue-specific regulation of DSB repair events,
limiting the implementation of CRISPR technologies for clinical
applications (Ferreira da Silva et al., 2021a). In non-dividing cells
(e.g., neurons), HDR is non-functional and installation of specific
insertions into the genome has only been achieved through inte-
gration of DNA donors by end joining pathways (Suzuki and Izpi-
sua Belmonte, 2018; Suzuki et al., 2016). However, because of
the high frequency and indiscriminate nature of NHEJ, as well
as the low fidelity of MMEJ, off-target integration of dsDNA do-
nors used in such approaches remains a concern. Future work
that elucidates the DSB repair processes occurring in terminally
differentiated cells is needed to enhance the accuracy of end-
joining-mediated precision editing.

In proliferating cells, HDR-mediated genome editing is the
most precise pathway for DSB-based genome editing, as previ-
ously discussed. However, its relatively low frequency remains a
major barrier for DSB-based precision genome engineering.
DDR modulation is therefore a key strategy for stimulating
DSB-based precision genome editing, particularly in contexts
(e.g., in vivo editing) that do not allow for the enrichment of cells
with desirable edits. As previously discussed, several DSB repair
modulating strategies have been designed to stimulate HDR-
based precision genome editing (Table 1). A comparative
approach to evaluate the impact of these strategies on on-target
or off-target editing is required to identify the most effective strat-
egy in locus- or cell type-specific contexts. Additionally, future
efforts are needed to develop approaches for the delivery of
DNA repair modulators for precision genome editing applica-
tions in vivo.

SSB-BASED GENOME EDITING

SSB-based genome editing approaches rely on the use of
CRISPR-Cas nickase mutant proteins. nCas9 proteins carry mu-
tations in either the RuvC (e.g., D10A) or HNH (e.g., H840A,
N863A) nuclease domains (Nishimasu et al., 2014). nCas9-based
approaches have been utilized to generate single or paired nicks
into the genome for end-joining-mediated gene disruption or
HDR-dependent precision genome editing (Davis and Maizels,
2014; Mali et al., 2013; Ran et al., 2013), as discussed below.
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Repair of CRISPR-induced single nicks

Single nicks can stimulate HDR-mediated precision genome ed-
iting, although with lower efficiency than DSBs (Davis and Mai-
zels, 2014). Distinct from DSBs, nicks are asymmetric lesions
that disrupt only one DNA strand. Multiple cellular repair mecha-
nisms can stimulate nick-induced HDR using dsDNA donors or
ssODNs (Figure 3, steps 1-7 and 10-13) (Maizels and Davis,
2018; Vriend and Krawczyk, 2017). Repair of nicks by HDR is
more efficient on the coding strand relative to the non-coding
strand (Davis and Maizels, 2014). Furthermore, nicks are re-
paired by ssODN-mediated HDR using strand-specific mecha-
nisms (Davis and Maizels, 2014). ssODNs complementary to
the nicked strand hybridize to the 3’ end of the nicked target,
which then initiates DNA synthesis using the annealed donor
as a template through SSTR-like mechanisms (Davis and Mai-
zels, 2014, 2016; Maizels and Davis, 2018) (Figure 3, steps 2-
9). On the other hand, ssODNs complementary to the intact
DNA strand have been proposed to be directly incorporated
into the genome (Davis and Maizels, 2014, 2016; Kan et al.,
2017) (Figure 3, steps 10-15).

The repair of nCas9-induced nicks is controlled by DNA end
resection factors and canonical HDR proteins in a manner
dependent on the orientation of the nick and the use of dsDNA
or ssODN donors (Maizels and Davis, 2018). While dsDNA
donor-mediated HDR at nicks requires the RPA complex,
BRCA2, and RAD51 (Davis and Maizels, 2014; Vriend and
Krawczyk, 2017), ssODN-mediated genome editing at single
nicks is inhibited by RAD51 and can occur independently from
resection (Bothmer et al., 2017; Davis and Maizels, 2014; Maizels
and Davis, 2018; Vriend and Krawczyk, 2017). Interestingly, the
fusion of RAD51 mutants to nCas9 results in increased efficiency
of ssODN-mediated HDR, while overexpression of wild-type
RAD51 decreases ssODN-mediated HDR at nCas9-induced
SSBs (Rees et al., 2019). ssODN-mediated HDR occurs with
greater efficiency at nicks generated by Cas9 D10A than at
Cas9 N863A-induced SSBs, possibly due to different accessi-
bility of the DNA strand cleaved by the two nickase mutants
(Bothmer et al., 2017). To further improve the efficiency and ac-
curacy of Cas9 D10A-mediated genome editing, high-fidelity
Cas9 D10A variants that display greater specificity and reduced
off-targets have been derived (Wang et al., 2021b). Given the po-
tential for accurate genome editing events promoted by Cas9
D10A, more fundamental studies dissecting the cellular mecha-
nisms involved in the repair of nCas9-induced SSBs are needed.

Repair of paired nicks induced by Cas9 nickases

Paired nCas9 proteins targeting opposite DNA strands with PAM
recognition sites facing outward with respect to each other
(PAM-out orientation) have been shown to generate DSBs
(Bothmer et al., 2017; Ran et al., 2013). Dual nicking by Cas9
D10A and N863A can generate DSBs with 5" or 3’ overhangs,
respectively (Bothmer et al., 2017). Cas9 D10A-induced DSBs
with 5’ overhangs are repaired by HDR more efficiently relative
to DSBs with 3’ overhangs induced by Cas9 N863A (Bothmer
etal., 2017). Given that HDR requires the generation of 3’ ssDNA
tails, DSBs with 5’ overhangs necessitate nucleolytic processing
to initiate HDR. HDR events at Cas9 D10A-induced DSBs require
RAD51 and BRCA2 when a dsDNA template is utilized for repair,
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Figure 3. Repair of CRISPR-induced SSBs for precision genome editing

Multiple RAD51-dependent and -independent cellular mechanisms act at SSBs generated by nCas9 to promote the installment of genomic changes. In the
presence of dsDNA donors, dsDNA donor-dependent HDR (dsDNA HDR) can lead to BRCA2- and RAD51-mediated invasion of the 3’ end of the nicked genomic
DNA strand into the donor DNA, followed by templated DNA synthesis (1). ssODNs complementary to the nicked genomic DNA strand can instead serve as a
template for DNA synthesis following RAD52-dependent ssODN annealing to the nicked strand through a SSTR-like process (2). Displacement of the genomic
DNA strand from dsDNA or ssDNA donors and its reannealing to the parental strand can lead to the generation of a 5’ flap and the formation of heteroduplex DNA
containing a mismatch between the edited and the parental sequence (3—4). Flap excision by 5’ flap endonucleases, followed by DNA ligation and DNA replication
can then lead to the incorporation of the desired change (5-7). Annealing of ssODNs complementary to the non-nicked DNA strand through single-strand DNA
incorporation (ssDI) can result in the formation of 5’ and 3’ flap structures and the generation of heteroduplex DNA with a mismatch (10). Incorporation of the
desired change can then occur upon flap excision by 3’ and 5’ endonucleases, DNA ligation, and DNA replication (10-13). Recognition of mismatches between
the edited and parental strand by the MMR machinery can cause EXO1-dependent degradation of the edited strand, restoring the original DNA sequence (8, 9,
14, and 15). Religation of the nCas9-induced nick can also result in the restoration of the original DNA sequence (16). Alternatively, DNA end processing and gap
filling by SSB repair (SSBR) can lead to error-free repair or formation of indels and substitutions (17 and 18). Unrepaired SSBs can be converted into DSBs during
DNA replication, resulting in the collapse of replication forks and their subsequent repair by either error-free HDR or error-prone DSB repair (DSBR), which can
cause indels, substitutions, and chromosomal aberrations (19 and 20).
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while they occur through SSTR-like, RAD51- and BRCA2-inde-
pendent processes when using ssODNs (Bothmer et al., 2017).
DSBs with 3’ overhangs generated by Cas9 N863A have,
instead, been shown to undergo preferentially MMEJ-dependent
repair, resulting in the generation of insertions (Bothmer et al.,
2017). nCas9-induced DSBs can also be repaired through
NHEJ (Ran et al., 2013). Distinct from paired nCas9 systems
with PAM-out orientation, nCas9 strategies that employ gRNAs
with PAM sites facing inward with respect to each other (PAM-
in orientation) do not efficiently generate DSBs, possibly due to
inadequate DNA strand separation, resulting in a low frequency
of editing events (Bothmer et al., 2017; Mali et al., 2013; Ran
et al., 2013).

Alternative strategies using paired nickases that generate
nicks on the same DNA strand of the target site or on both the
target site and a dsDNA donor molecule have been developed
to promote HDR without the formation of DSBs (Chen et al.,
2017a; Davis and Maizels, 2014; Gongalves et al., 2012; Hyodo
et al., 2020; Nakajima et al., 2018; Wang et al., 2021b). These
nCas9-based strategies have been shown to display greater ef-
ficiency than single-nick-dependent approaches (Chen et al.,
2017a; Davis and Maizels, 2014; Gongalves et al., 2012; Hyodo
et al., 2020; Nakajima et al., 2018), and in some instances they
were reported to be as efficient as DSB-based strategies (Hyodo
et al., 2020).

Applications and current limitations of SSB-based
genome editing approaches

Paired nCas9 proteins that generate DSBs have been utilized
for end-joining-mediated gene disruption or gene insertion in
human cell lines and mouse zygotes and for HDR-dependent
editing of human cell lines, including human embryonic
stem cells (Bothmer et al., 2017; Mali et al., 2013; Ran et al.,
2013). These approaches suffer from the same limitations dis-
cussed above for DSB-inducing nucleases. However, they
display higher specificity and lower indel formation relative to
wild-type Cas9-based approaches (Bothmer et al., 2017; Ran
et al., 2013).

DSB-independent single- and dual-nick-based approaches
have been utilized for generating gene mutations by HDR in hu-
man cell lines, including human embryonic stem cells and iPSCs
(Bothmer et al., 2017; Chen et al., 2017a; Davis and Maizels,
2014; Gongalves et al., 2012; Hyodo et al., 2020; Li and Margolis,
2021; Nakajima et al., 2018; Rees et al., 2019; Wang et al.,
2021b). nCas9-based approaches have also been employed in
human cell lines to induce the contraction of trinucleotide re-
peats associated to neurological diseases (Cinesi et al., 2016).
DSB-independent nick-based strategies do not lead to the acti-
vation of p53-dependent responses associated with DSB-
inducing nucleases (Hyodo et al., 2020). While nicks are signifi-
cantly less toxic lesions than DSBs, the introduction of hundreds
of nicks into the genome can reduce cellular viability (Smith et al.,
2020). Thus, the impact of off-target nicking by nCas9 needs to
be further explored, and such studies could benefit from recently
developed assays that efficiently capture SSBs in genomes (Cao
et al., 2019, 2020; Elacqua et al., 2021; Sriramachandran et al.,
2020). In addition, processing of nCas9-induced SSBs can
lead to indels and nucleotide substitutions (Figure 3, step 18),
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which are suppressed by RAD51 and BRCA2 and depend on
DNA2-mediated gap extension and Pol6-dependent mutagenic
DNA synthesis (Bothmer et al., 2017; Davis and Maizels, 2014;
Zhang et al., 2021). In some instances, nicks introduced by
genome editing machineries can also be converted into DSBs,
causing mutagenic events. For example, when replication forks
encounter a nick, they can convert it into a one-ended DSB (Kuz-
minov, 2001), resulting in replication fork collapse (Figure 3, step
20). Alternatively, endogenous cytidine deaminases can cause
DSB formation by generating additional nicks on the opposite
strand of the nCas9-induced SSB (Lei et al., 2018). However, sin-
gle nicks introduced by Cas9 nickases lead to limited formation
of indels relative to DSBs generated by wild-type Cas9 or paired
nCas9 (Bothmer et al., 2017; Davis and Maizels, 2014; Rees
et al., 2019; Zhang et al., 2021), suggesting a reduced contribu-
tion of error-prone mechanisms to the repair of nCas9-induced
single nicks. Given their overall higher fidelity, SSB-based HDR
strategies may prove to be more attractive than DSB-based
HDR approaches for precision genome editing applications
that require greater accuracy (e.g., clinical applications).

DNA DEAMINATION-MEDIATED GENOME EDITING

Direct modification of nucleotides in DNA sequences or RNA
transcripts can be achieved through base editing (Rees and
Liu, 2018). Here, we focus on DNA base editing, which utilizes
two main types of editing machineries: adenine base editors
(ABE) and cytosine base editors (CBE) (Molla and Yang, 2019;
Porto et al., 2020). We refer readers interested in RNA base edit-
ing to recent reviews covering this topic (Pickar-Oliver and Gers-
bach, 2019; Rees and Liu, 2018).

Development and architecture of base editors

Base editors are programmable molecular machines that deam-
inate base(s) at targeted loci within a window of high activity
(Anzalone et al., 2020; Huang et al., 2021b) without introducing
DSBs and with limited activation of DDR signaling or induction
of apoptosis (Kuscu et al., 2017; Wang et al., 2020c). To achieve
potent site-specific and targeted base deamination, base editors
harbor multiple modules with distinct functions required for (1)
localization to desired genomic regions, (2) chemical modifica-
tion of targeted DNA base(s), and (3) inhibition of key DNA repair
processes (only for CBE). Base editors use the programmable
genome search and targeting ability of CRISPR systems to
locate and engage the desired targeted base(s). Similar to other
CRISPR systems, genomic targeting of base editors requires the
formation of a three-stranded RNA-DNA structure (R-loop) be-
tween the gRNA and the genomic sequence complementary to
the gRNA (Figure 4) (Lapinaite et al., 2020). Base editors also
contain natural or engineered ssDNA-specific deaminases that
modify bases within ssDNA exposed by the R-loop structure,
thereby exhibiting activity on a restricted window of accessible
genomic bases. In particular, CBE consists of a cytidine deami-
nase (e.g., APOBEC1/3, AID, or CDA) fused to a dCas9 or a
nCas9 with an active HNH nuclease domain (Figure 4) (Hess
et al., 2016; Komor et al., 2016; Ma et al., 2016; Nishida et al.,
2016). Cytidine deaminases play critical roles in promoting muta-
genesis during innate and adaptive immunity (Conticello et al.,
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Generation of site-specific base transitions by the canonical base editors ABE and CBE. Traditional ABE is constituted of a fusion of nCas9 to the TadA de-
oxyadenosine deaminase. ABE promotes the deamination of adenines located within the ssDNA of the R-loop generated upon gRNA pairing to the targeted DNA
strand (1). Adenine deamination leads to the formation of inosine and the generation of a I:'T mismatch, which can be recognized by the MMR machinery (1).
nCas9-dependent nicking of the non-edited strand can promote its degradation by EXO1 and its subsequent resynthesis using the edited strand as a template,
resulting in the incorporation of a cytosine opposite to inosine (2 and 3). Alternatively, replacement of the T with a C can occur upon DNA synthesis initiated by the
3’ end of the nicked non-edited strand, followed by strand displacement, excision of the resulting 5’ flap and DNA ligation (4 and 5). These events can occur in a
MMR-dependent manner or result from long-patch repair of the nCas9-induced SSB. T to C substitution can also occur following religation of the nicked strand
and DNA replication (not shown). Subsequent DNA replication or BER can lead to the replacement of the | with a G and the generation of a A:T->G:C transition (6).
Distinct from ABE, CBE is traditionally constituted of a fusion of nCas9 to the cytidine deaminase APOBEC1/3, which catalyzes the deamination of cytosines into
uracils within the ssDNA of the gRNA-containing R-loop (7). CBE inhibits uracil excision by UNG through a UGI peptide fused to nCas9, resulting in the persistence
of a G:U mismatch, which can be recognized by MMR proteins (7). Similar to ABE, CBE then catalyzes the nicking of the non-edited strand, favoring its
degradation or its displacement and excision, followed by the replacement of the G with an A upon DNA synthesis (7-11). G to A substitution can also occur upon
DNA replication (not shown). Subsequent DNA replication or BER can lead to the replacement of the U with a T and the generation of a C:G->T:A transition (12).

2007) and are also responsible for a significant fraction of the
genomic mutations observed in human cancers (Buisson et al.,
2019; Burns et al., 2013; Nik-Zainal et al., 2012; Roberts and
Gordenin, 2014). CBEs divert the mutagenic activity of ssDNA-

specific cytidine deaminases toward genomic bases of interest
within the R-loop. Because natural enzymes that deaminate
adenosine in ssDNA are not currently known, ABEs were derived
as a result of protein engineering and directed evolution
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experiments. In particular, Gaudelli et al. (2017) evolved the pro-
karyotic tRNA-specific adenosine deaminase TadA (Wolf et al.,
2002) to acquire a deoxyadenosine deaminase activity that can
operate on ssDNA (Figure 4). Of note, CBEs, but not ABEs, har-
bor an additional module that functions as a uracil DNA glycosy-
lase inhibitor (UGI). UGI is a DNA mimic peptide isolated from
PBS2, a unique bacteriophage that has a genome rich in uracil
instead of thymine residues (Takahashi and Marmur, 1963).
UGI potently inhibits UNG, the major DNA glycosylase involved
in the removal of uracil from DNA (Wang and Mosbaugh,
1989). During base editing, UNG inhibition allows uracil interme-
diates generated by CBE to persist in genomic DNA, enabling the
subsequent engagement of DNA repair pathways that lead to
base substitution, as discussed below.

Mechanisms of base editing-dependent lesion repair
Base deamination can result from exposure to environmental
DNA damaging agents, occur spontaneously upon DNA decay,
or be induced by the action of cellular deaminases and base ed-
itors. Hydrolytic deamination of the exocyclic amine of adenine
or cytosine yields the non-canonical inosine or uracil bases,
respectively (Alseth et al., 2014; Nabel et al., 2012). During
DNA replication, inosine is read by DNA polymerases as guanine,
generating I:T to |:C substitutions, while uracil is read as thymine,
causing U:G to U:A changes.

Modified bases are normally detected, excised, and replaced
by the BER pathway (Beard et al., 2019; Caldecott, 2020). BER is
initiated by specialized DNA glycosylases, which catalyze the
cleavage of the glycosidic bond between the nitrogenous base
and the deoxyribose sugar of specific damaged nucleotides,
thereby generating an abasic site (also known as an apurinic/
apyrimidinic site or AP site) (Krokan and Bjoras, 2013). Abasic
sites are among the most prevalent DNA lesions in the genome,
and it is estimated that ~10,000 abasic sites are formed in every
cell of the human body each day (Barnes and Lindahl, 2004). If
left unrepaired, abasic sites threaten genomic integrity, as they
can interfere with DNA replication and transcription (Thompson
and Cortez, 2020). In mammalian cells, uracil DNA glycosylases,
such as UNG and SMUG1, prevent genomic instability by
removing uracils. UNG, the main uracil DNA glycosylase, has
two isoforms, UNG1 and UNG2, that remove uracil from mito-
chondrial and nuclear DNA, respectively (Krokan and Bjoras,
2013). Distinct from uracil, inosine is thought to be excised
from DNA by the AAG glycosylase (Alseth et al., 2014). Abasic
sites generated by DNA glycosylases are subsequently pro-
cessed by AP site DNA lyases (AP lyases), such as APEX1 or
APEX2, with help from other BER factors, such as PARP1 and
XRCC1 (Beard et al., 2019). XRCC1 acts as scaffold for BER fac-
tors and regulates PARP1, preventing BER misregulation and
genomic instability (Demin et al., 2021; Lindahl, 2000). APEX1
is the main AP lyase that initiates abasic site repair by incising
the phosphate backbone on the 5’ side of the abasic site to
create a SSB (Beard et al., 2019). De novo DNA synthesis by
DNA polymerases then fills the remaining gap using the undam-
aged strand as a template. Two main SSB repair pathways that
differ in the length of DNA synthesis promote the filling of gaps
resulting from the processing of DNA base or backbone lesions:
short-patch repair promotes the synthesis of a single nucleotide
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by the DNA polymerase B, while long-patch repair leads to the
synthesis of 2-12 nucleotides catalyzed by the DNA polymer-
ases B, d, or ¢ (Caldecott, 2014). During long-patch repair, a 5’
ssDNA flap structure is generated by strand displacement DNA
synthesis and then subsequently resolved by the FEN1 endonu-
clease (Prasad et al., 2001). Finally, DNA ligase | or lll seals the
remaining nick in the phosphate backbone, restoring the integ-
rity of the double helix (Cappelli et al., 1997; Prasad et al., 1996).

Excision of inosine and uracil by the BER pathway reestab-
lishes the original sequence and, therefore, counteracts the ac-
tivity of base editors. Consequently, efficient base editing re-
quires inhibiting BER to stabilize the modified base(s). As
discussed above, in the case of cytosine deamination by CBE,
this effect is achieved by inhibiting UNG using the UGI peptide
(Figure 4). Interestingly, the fusion of one or multiple UGI pep-
tides to CBEs and the ectopic expression of UGI enhance
base conversion efficiency by blocking BER initiation (Komor
et al., 2016, 2017; Wang et al., 2017). In ABE experiments, stra-
tegies to inhibit inosine excision are not required, given the
limited rate of inosine removal by cellular glycosylases. Indeed,
it was shown that cells lacking AAG or expressing fusions of
ABE to inactive forms of human AAG or E. coli EndoV to block
cellular AAG from accessing inosine do not improve ABE-medi-
ated editing efficiency (Gaudelli et al., 2017). These results sug-
gest that AAG is inefficient at excising inosine from genomic
DNA, possibly because inosine is not frequently found in
genomic DNA, given the absence of cellular deoxyadenosine de-
aminases. Consequently, ABE-mediated deoxyadenosine
deamination leads to limited engagement of BER, thus yielding
base editing products of high purity.

The U:G or I:T mismatches generated by base editors can be
recognized and resolved by MMR (Figure 4, steps 1-3 and 7-9),
a pathway that corrects errors introduced by DNA polymerases
during DNA replication (Sanders et al., 2021). MMR removes
mismatches by catalyzing the degradation of the newly synthe-
sized DNA strand containing the incorrect base and restoring
the correct sequence using the parental DNA strand as a tem-
plate (Jiricny, 2013). To repair mismatches, MMR must distin-
guish the correct from the incorrect DNA strand. In eukaryotes,
strand discrimination is achieved through the recognition of
SSBs and gaps occurring on the newly synthesized DNA strand
during DNA replication (Cortez, 2019; Hsieh and Zhang, 2017;
Kunkel and Erie, 2015; Schanz et al., 2009). SSBs and gaps on
the 5’ side of the mismatch provide entry points for EXO1-medi-
ated DNA degradation, resulting in the processing of the newly
synthesized DNA strand and the removal of the incorrect DNA
base (Constantin et al., 2005; Goellner et al., 2015; Zhang
et al., 2005). Gap filling by the replicative DNA polymerases
d or g, followed by ligation by DNA ligase |, then restores DNA
integrity. To promote the removal of the non-edited base of the
mismatch by MMR, CBE and ABE fusions containing nCas9
introduce a nick on the 5’ side of the mismatch on the non-edited
strand, thus favoring its degradation by EXO1 (Figure 4, steps 2
and 8) (Gaudelli et al., 2017; Gu et al., 2021; Komor et al., 2016).
DNA synthesis can then result in the incorporation of an A oppo-
site to U or a C opposite to | (Figure 4, steps 3 and 9). This pro-
cess can also occur through a round of DNA replication or
following DNA synthesis initiated by the 3’ end of the nick,
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accompanied by the displacement of the non-edited strand and
the excision of the resulting 5’ flap (Gu et al., 2021) (Figure 4,
steps 4, 5, 10, and 11). Nick-induced DNA synthesis can take
place upon recognition of the mismatch by the MMR machinery
or result from long-patch repair of the nCas9-induced SSB. Sub-
sequent DNA replication or BER would then replace the U and |
with T and G, respectively, leading to C:G->T:A and A:T->G:C
base transitions (Figure 4, steps 6 and 12) (Gaudelli et al.,
2017; Komor et al., 2016; Nishida et al., 2016).

Although base editing can also yield byproducts, such as in-
dels and transversion mutations, these outcomes are generated
with relatively low frequency at the targeted locus. Indels origi-
nate from end-joining-mediated repair of DSBs (Koblan et al.,
2021a), likely resulting from nCas9-mediated nicking of the
non-edited strand and APEX1-dependent nicking of the edited
strand at abasic sites generated upon removal of the edited ba-
ses by DNA glycosylases. Additionally, DNA synthesis across
abasic sites by error-prone translesion synthesis (TLS) polymer-
ases can lead to the insertion of incorrect bases, thereby gener-
ating transversion mutations (Koblan et al., 2021a). Indeed, by
modulating the formation of BER intermediates during base edit-
ing, non-canonical base editors that generate predictable trans-
version mutations and small deletions have recently been
developed.

Generation of transversion mutations and precise
deletions using non-canonical base editors

As discussed above, canonical base editors generate transition
mutations, with transversion mutations occurring occasionally
as byproducts. Although the generation of transversion muta-
tions by base editors can be predicted from machine learning
models (Arbab et al., 2020; Marquart et al., 2021), it remains
infrequent and context-specific. Importantly, genetic deletion
of UNG or addition of multiple UGI peptides to base editors leads
to a reduced formation of transversion mutations, suggesting
that these events might result from the accumulation of abasic
sites due to enhanced removal of uracil (Komor et al., 2016,
2017; Kurt et al., 2021).

In mammalian cells, abasic sites can be shielded from DNA
processing enzymes through crosslinking to HMCES (Mohni
et al., 2019). Alternatively, abasic sites can be bypassed using
HDR or TLS (Thompson and Cortez, 2020). In particular, the
TLS polymerase REV1, which exhibits an intrinsic dCMP trans-
ferase activity, incorporates cytosines across abasic sites,
thereby leading to C:G->G:C transversion mutations following
cytosine deamination and uracil removal (Chan et al., 2013;
Kimetal.,2011; Linetal., 1999; Nelson et al., 1996). Accordingly,
loss of REV1 was reported to decrease the formation of C:G-
>@G:C transversions during AID-mediated somatic hypermutation
in mice (Jansen et al., 2006). Therefore, stimulation of REV1-
mediated DNA synthesis across abasic sites could potentially in-
crease the frequency of C:G->G:C transversions. These findings
suggest that stabilization of abasic sites generated from uracil
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excision may favor error-prone DNA repair events and enhance
the generation of transversion mutations by base editors. Based
on these observations, novel base editors that exploit the repair
of abasic sites have been developed to generate C:G->G:C
transversions (Figure 5, steps 4-10). These non-canonical base
editors, named CGBEs for “C-to-G base editors,” consist of a
modified CBE in which the UGI has been removed or replaced
by a uracil DNA glycosylase, such as UNG (Kurt et al., 2021;
Zhao et al., 2021b) or UdgX (Koblan et al., 2021a). In certain
CGBEs, nCas9 has also been fused to DNA repair effectors,
such as the BER factors XRCC1, DNA ligase Ill and DNA poly-
merase B, RBMX, EXO1, and POLD2 (Chen et al., 2021a; Koblan
et al., 2021a). The observation that ABE catalyzes the deamina-
tion of cytosine in a restricted sequence context (TC motifs) in
human cells (Kim et al., 2019) has also led to the derivation of
an ABE variant with increased C:G to G:C editing at TC se-
quences (Jeong et al., 2021). Therefore, a set of CGBEs display-
ing complementary features based on sequence context prefer-
ence, editing purity, and efficiency are currently available for
genome editing studies.

Recently developed non-canonical base editing approaches
also include the APOBEC-Cas9 fusion-induced deletion (AFID)
system, which introduces and processes uracil bases to
generate small predictable targeted deletions (Wang et al,
2020b). The AFID system combines a Cas9 nuclease, a cytidine
deaminase, a uracil DNA glycosylase, and an AP lyase in a single
construct (Figure 5, steps 11-15). The target base(s) is deami-
nated into uracil(s) by the cytidine deaminase. The uracil DNA
glycosylase then generates an abasic site, which is subse-
quently nicked by the AP lyase. Additionally, Cas9 cuts the two
strands on the 3’ side of the nick, thus exposing the ssDNA re-
gion in between the nick and the DSB. These steps generate
two non-compatible DNA ends (blunt end and ssDNA-containing
end), requiring nucleolytic degradation of the ssDNA region
before subsequent blunt ligation of the two ends by NHEJ.
Therefore, AFID systems generate small deletions spanning
from the deaminated C to the Cas9 cleavage site (Wang et al.,
2020b). Improvements in the prediction of cytosine deaminase
activity based on the sequence context, combined with the
use of Cas9 PAM variants appropriate for the locus of interest,
should enable a more precise generation of desired small dele-
tions, which would be particularly useful for generating in-frame
protein deletion mutants. Additionally, the accuracy of the dele-
tions generated by AFID could be further improved by modu-
lating the activity of the DNA repair factors fused to Cas9. Future
work will be required to optimize the architecture of non-canon-
ical base editors to maximize the generation of C:G->G:C trans-
versions and small deletions and enhance product purity in
different cellular systems.

Base editing on dsDNA
Canonical base editors are unable to edit bases in the context of
dsDNA because of the ssDNA-specific activity of cytidine and

uracil, which is then excised by the uracil DNA glycosylase, generating an abasic site (11 and 12). However, distinct from CGBE, AFID systems introduce a DSB
near the PAM sequence and express an AP lyase, which introduces a nick at the abasic site, resulting in the generation of a DNA end with a 5’ ssDNA tail (13 and
14). Degradation of the 5’ ssDNA tail and DSB repair by NHEJ results in predictable deletions spanning from the deaminated cytosine to the site of the Cas9-

induced DSB (15).

362 Molecular Cell 82, January 20, 2022



Molecular Cell

adenosine deaminases. Furthermore, because RNA molecules
cannot enter mitochondria, the mitochondrial genome is not a
substrate for conventional CBE and ABE editors (Gammage
et al., 2018). However, recent studies have shown that DddA, a
toxin secreted by bacteria to induce replication stress and
genomic instability in neighboring bacteria, displays cytidine
deaminase activity on dsDNA (de Moraes et al., 2021). To deter-
mine whether DAdA could be used for base editing on dsDNA,
its toxic deaminase domain was split into two non-toxic halves
and fused to two TALE arrays, which enables the in situ reconsti-
tution of a functional cytidine deaminase domain upon DNA bind-
ing (Mok et al., 2020). The resulting DddA-derived cytosine base
editor (DACBE) was shown to efficiently convert C:G to T:Ain nu-
clear dsDNA of mammalian cells, and similar editing events were
observed in mitochondrial dsDNA following the fusion of DACBE
to a mitochondrial-targeting signal (Mok et al., 2020) (Figure 5,
steps 1-3). Although lacking DSB repair, mitochondria possess
functional BER and MMR pathways that enable the repair of
base lesions generated by base editing (Fu et al., 2020). Accord-
ingly, fusion of one or two UGI peptides to DACBE was shown
to enhance its editing efficiency and decrease base editing by-
products, probably through inhibition of UNG1. Besides its use
for editing the mitochondrial genome in mammalian cells, DACBE
has also been successfully exploited to modify mitochondria in
mice and zebrafish embryos (Lee et al., 2021; Sabharwal et al.,
2021). The use of DACBE has enabled the direct manipulation of
mitochondrial DNA (mtDNA) in living systems with single-base
resolution without requiring the formation of R-loop structures
necessary for the activity of ssDNA-specific deaminases and in
the absence of mitochondrial DSBs, which cause mtDNA degra-
dation and potent induction of innate immune signaling events (Ti-
gano etal., 2021). The development of DACBE is a prime example
of how mining bacterial genomes can lead to the discovery of un-
expected enzymatic activities that can be harnessed to create
new genome editing tools. Further advancements in the genera-
tion of base editing tools for mtDNA will provide novel opportu-
nities to correct pathogenic mtDNA variants that cause mitochon-
drial disorders (Murphy and Hartley, 2018) and will enable a better
understanding of mtDNA repair mechanisms.

Applications of canonical and non-canonical base
editors

Base editors have been successfully applied to introduce tar-
geted genomic modifications in many cellular and animal models
(Molla and Yang, 2019). Furthermore, base editing has allowed
investigators to model and correct genetic variants in both
dividing and non-dividing cells (Billon et al., 2020; Gaudelli
et al,, 2017; Komor et al., 2016; Newby and Liu, 2021; Yeh
et al., 2018), inactivate genes through the insertion of premature
STOP codons (Billon et al., 2017; Kuscu et al., 2017) or splice site
mutations (Gapinske et al., 2018; Kluesner et al., 2021; Yuan
et al., 2018), disrupt multiple loci without the formation of unde-
sired chromosomal translocations and mosaicism (Kim et al.,
2017a; Webber et al., 2019), and study coding and non-coding
nucleotide variants at scale (Cheng et al., 2021; Cuella-Martin
et al., 2021; Després et al., 2020; Hanna et al., 2021; Hess
et al., 2016; Huang et al., 2021a; Jun et al., 2020; Kweon et al.,
2020; Li et al., 2018a; Ma et al., 2016; Sangree et al., 2021; Xu
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etal., 2021a). With all three modes of currently available base ed-
itors, CBE (C:G->T:A), ABE (A:T->G:C), and CGBE (C:G->G:C), a
complete set of mutation types can be theoretically obtained by
multistep editing (Zhao et al., 2021b). For example, the target C
of C:G can be initially edited into U by CBE (U:G), and U:G can in
turn be converted into T:A by cellular DNA replication and repair
mechanisms. Alternatively, C:G can be edited into G:C by CGBE,
followed by CBE-mediated conversion of the nascent G:C pair
into A:T. This strategy could then convert a targeted C into T
(CBE), G (CGBE), or A (CGBE + CBE). Similarly, A can be edited
into G (ABE), C (ABE + CGBE), or T (ABE + CGBE + CBE). How-
ever, multi-step editing is difficult to achieve at high efficiency
and specificity because of the limitations of base editing dis-
cussed below. Given its ability to precisely induce base transition
mutations at single-nucleotide resolution, base editing has been
employed to generate new cellular and animal models of cancer
and various genetic syndromes (Annunziato et al., 2020; Rosello
etal., 2021; Ryu et al., 2018; Zafra et al., 2018). Especially prom-
ising is the prospect of using base editing to revert disease-
causing mutations (Doudna, 2020; Porto et al., 2020). For
example, base editing has already been applied to rescue animal
models of Hutchinson-Gilford progeria syndrome, sickle cell dis-
ease, tyrosinemia, DMD, phenylketonuria, and deafness, andto
reduce cholesterol levels in mice and primates (Koblan et al.,
2021b; Levy et al., 2020; Musunuru et al., 2021; Newby et al.,
2021; Rossidis et al., 2018; Rothgangl et al., 2021; Ryu et al.,
2018; Song et al., 2020; Villiger et al., 2018; Yeh et al., 2020).
These remarkable pre-clinical results bode well for future appli-
cations of base editing in the treatment of many human diseases.

Current limitations of base editing approaches

Despite its high efficiency, base editing is restricted to a window
of high deaminase activity (~5-8 bp for Cas9-based CBE and
ABE) located at a specific position from the PAM sequence.
Furthermore, the editing outcome and efficiency of base editing
can be affected by the sequence context of the targeted locus.
The presence of multiple editable bases within the activity win-
dow—and occasionally outside of the window —can result in un-
desired bystander mutations. Although prediction methods for
the outcome and efficiency of base editing guides have been
developed based on studies in HEK293 and mouse ES cells (Ar-
bab et al., 2020; Marquart et al., 2021; Wang et al., 2021c), these
methods require further refinement through studies in other
cellular systems.

To overcome the above limitations, base editors have been
extensively engineered for improving their targeting scope, effi-
ciency, and specificity (Anzalone et al., 2020; Arbab et al,,
2020; Fu et al., 2021; Gaudelli et al., 2020; Gehrke et al., 2018;
Grunewald et al., 2020; Hu et al., 2018a; Jeong et al., 2021;
Kim et al., 2017b; Kleinstiver et al., 2019; Koblan et al., 2018; Li
et al., 2018b; Richter et al., 2020; Sakata et al., 2020; Walton
et al., 2020; Wang et al., 2018, 2021a; Zafra et al., 2018; Zhang
et al., 2020a, 2020b). These studies have led to the development
of alarge set of base editors with distinct PAM requirements and
editing windows, higher on-target editing efficiency, and
decreased generation of off-target events. In addition, to
generate concomitant A:T->G:C and C:G->T:A changes, base
editors with both ABE and CBE activities have been developed
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(Grinewald et al., 2020; Li et al., 2020a; Sakata et al., 2020;
Zhang et al., 2020b). However, there are currently no tools avail-
able to simultaneously introduce combinatorial transition and
transversion mutations. It is expected that future developments
will provide a greater array of base editing tools with multiple
distinct features, allowing for even more precise genomic
changes, including combinations of selected mutations, in the
locus and cell type of interest. At the same time, given that the
SSBs and abasic sites generated during base editing can poten-
tially interfere with DNA replication and transcription, additional
studies of the impact of base editors on genomic stability in
the cell type of interest would be especially important.

ERROR-PRONE DNA-SYNTHESIS-BASED GENOME
EDITING

DNA synthesis promoted at loci of interest enables the rewriting
of genomic DNA sequences for precision genome editing. As
discussed above, HDR-mediated genome editing strategies
entail the copying of a synthetic donor template by cellular
DNA polymerases at sites of DSB or SSB formation. Additionally,
certain non-canonical base editors exploit error-prone TLS poly-
merases to insert cytosines across abasic sites and generate
transversion mutations. Recent studies have successfully em-
ployed a nCas9 fusion to Poll3M, an E. coli DNA polymerase
Poll mutant engineered for low fidelity, to initiate DNA synthesis
from nCas9-induced nicks in the genomes of both bacteria and
yeast (Halperin et al., 2018; Tou et al., 2020). Although this sys-
tem, known as EvolvR, is efficient in generating a spectrum of
transition and transversion mutations, the identity of the muta-
tions introduced is not predictable. Furthermore, it remains to
be established whether EvolvR, or a similar approach that relies
on nCas9-fusions to other error-prone DNA polymerases, can be
successfully applied to mammalian systems.

REVERSE-TRANSCRIPTION-BASED GENOME EDITING

Mechanism of prime editing

Reverse transcriptases (RTs) synthesize complementary DNA
strands from an RNA template, transferring genetic information
from RNA to DNA molecules (Martin-Alonso et al., 2021). Recent
studies have exploited the activity of a CRISPR-based engi-
neered RT paired with a multifunctional prime editing gRNA
(pegRNA) to introduce sequences of interest into the genome
without DSB intermediates or exogenous DNA templates (Anz-
alone et al., 2019). This technology, known as prime editing, le-
verages the possibility to extend the 3’ end of gRNAs with se-
quences of interest and exploits the ability of nicked DNA
strands to prime DNA synthesis by RTs when annealed to RNA
templates of interest. Prime editors are composed of a modified
Moloney murine leukemia virus (M-MLV) RT conjugated to
nCas9 (Figure 6A). The pegRNA carries a reverse transcription
template that encodes the desired sequence to be incorporated
in the genome, a primer binding site (PBS) to prime the RT, and a
regular gRNA sequence for nCas9-mediated genomic targeting.
The nick introduced by nCas9 (HNH mutant) on the non-target
strand enables pairing of the generated 3’ ssDNA end with
its complementary sequence located within the PBS. This
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DNA:RNA heteroduplex primer initiates RNA-templated DNA
synthesis by the RT, resulting in the extension of the non-target
DNA strand. Strand extension produces a 3’ flap structure con-
taining the desired modifications. The edited flap competes for
base pairing with the cognate target strand containing the orig-
inal sequence, generating an equilibrium between a 3’ flap con-
taining the edited sequence and a 5’ flap lacking the edited
sequence (Figure 6B, step 1). The observation that prime editing
can be applied successfully in both yeast and mammalian cells
implies that the machinery that resolves prime editing intermedi-
ates is conserved among eukaryotes (Anzalone et al., 2019).
Indeed, DNA flaps are structures frequently processed during
DNA replication and repair. In particular, 5’ flap structures can
be removed by the FEN1, EXO1, and DNA2 nucleases, while 3
flaps are generally cleaved by endonucleases of the XPF family
(Balakrishnan and Bambara, 2013; Ciccia et al., 2008; Sertic
et al., 2020; Zheng et al., 2020). Given the equilibrium between
5" and 3’ flaps in prime editing intermediates, editing outcomes
vary depending on which flap is excised, such that 3’ edited
flap cleavage restores the original genomic sequence, while 5’
flap excision leads to incorporation of the edited sequence
(Figure 6B, steps 2 and 13). Consistently, knockdown of the 5’
flap endonuclease FEN1 reduces the frequency of intended edits
in prime editing experiments (Chen et al., 2021b). Furthermore,
given the presence of a nick on the edited strand, the MMR ma-
chinery is targeted to that DNA strand to promote EXO1-medi-
ated degradation of the mismatch generated by prime editing
and restore the original sequence (Figure 6B, steps 4 and 5).
Thus, loss of MMR proteins or EXO1, or inhibition of the MMR
pathway, stimulates the efficiency of prime editing (Chen et al.,
2021b; Ferreira da Silva et al., 2021b). Installing silent mutations
in the vicinity of the edit of interest can also increase prime edit-
ing efficiency by weakening the recognition of the edited
mismatch by the MMR machinery (Chen et al., 2021b). More-
over, prime editing efficiency can be stimulated by introducing
a nick on the non-edited strand with a second gRNA, which
can favor EXO1-mediated degradation of the non-edited strand
or promote its displacement and excision, accompanied by DNA
resynthesis using the edited strand as a template (Figure 6B,
steps 6-11). Alternatively, enhanced installment of precise inser-
tions or deletions can also be achieved by using paired pegRNAs
that generate complementary DNA sequences on both DNA
strands, thus limiting the formation of DNA mismatches (Figures
7A and 7B) (Anzalone et al., 2021; Choi et al., 2021b; Jiang et al.,
2021; Lin et al., 2021; Zhuang et al., 2022).

Prime editing applications

Prime editing is a highly versatile technology with multiple ad-
vantages over other genome editing approaches. Distinct
from HDR, prime editing does not rely on DSB formation or syn-
thetic exogenous DNA donor molecules to replace targeted
genomic sequences. In addition, prime editors can edit the
genomic region containing the PAM, allowing for the introduc-
tion of silent mutations to block potential multi-turnover nCas9
cleavage, a current limitation of base editors. Prime editing also
enables the incorporation of a greater variety of desirable
genomic changes relative to base editing. Although still in its
early stages, highly versatile approaches and applications for
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Figure 6. Repair of DNA lesions generated by prime editing

(A) Modules that constitute prime editors. Prime editors consist of the fusion of an engineered RT to nCas9. The RT utilizes an RNA:DNA heteroduplex formed
upon the annealing of the nicked non-target DNA strand to a PBS in the pegRNA. The 3’ end of the nicked DNA strand is then extended by the RT using the
pegRNA sequence containing the desired edits as a template (RT template).

(B) Processing of DNA intermediates generated by prime editors. Prime-editor-mediated reverse transcription leads to the generation of a 3’ flap containing the edit, in
equilibrium with a 5’ flap that does not contain the edit (1). Formation of the 5 flap is accompanied by the generation of heteroduplex DNA containing a mismatch
between the edited strand and the parental strand (1). In PE2 prime editing systems, excision of the 5’ flap by FEN1 can be followed by resolution of the mismatch upon
ligation of the nicked strand and DNA replication, leading to the incorporation of the desired change (2 and 3). Recognition of the mismatch by the MMR machinery can
lead to MLH1-and EXO1-dependent degradation of the nicked edited strand, restoring the original sequence (4 and 5). In PE3 prime editing systems, introduction of a
nick onthe 5’ side of the mismatch using a second gRNA can engage the MMR machinery on the non-edited strand and promote its degradation by EXO1, resulting in
the incorporation of the desired change following DNA synthesis (6-9). Incorporation of the edits of interest in PE3 systems can also occur upon DNA synthesis
initiated by the 3’ end of the nicked non-edited strand, followed by strand displacement and excision of the resulting 5’ flap (10 and 11). Engagement of the MMR
machinery on the nicked edited strand can lead to the restoration of the original sequence also in PE3 systems (12; 4 and 5). To suppress MMR-mediated restoration of
the original sequence, the PE4 and PE5 prime editing systems combine respectively PE2- and PE3-based approaches with the transient expression of a dominant
negative MLH1 protein (MLH1dn) (4). Excision of the 3’ flap containing the edited sequence results in MMR-independent restoration of the original sequence (13).
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prime editing have already been developed. Indeed, prime ed-
iting has been exploited to efficiently generate transition and
transversion mutations, small insertions and deletions, and
combinations of mutations in cancer and primary cells (Aida
et al.,, 2020; Anzalone et al., 2019; Benamozig et al., 2021;
Habib et al., 2021; Kweon et al., 2021; Liu et al., 2020b; Petri
et al., 2021), patient-derived organoids (Schene et al., 2020),
zebrafish (Petri et al., 2021), flies (Bosch et al., 2021), bacteria
(Tong et al., 2021), and plants (Lin et al., 2020). Small genomic
insertions can be introduced at higher efficiency, although with
increased indel formation, using prime editors that generate
DSBs and engage end joining pathways (Peterka et al., 2021).
Moreover, prime editing has been utilized for saturation muta-
genesis studies, allowing the interrogation of single genomic
bases without introducing DSBs or editing byproducts (Erwood
et al., 2021). Prime editing has also been used to develop
genome-based systems that enable multiplex recording of
cell lineage histories, transcriptional activities, and signaling
events (Chen et al., 2021d; Choi et al., 2021a). Importantly,
recent studies have demonstrated that prime editing can be
used to correct pathogenic mutations in adult mice (Bock
et al., 2021; Jang et al., 2021; Liu et al., 2021b), suggesting a
promising future for this technology in therapeutic applications.

Limitations and current improvements of prime editing

The current main limitations of prime editing are its lower editing
efficiency and more complex gRNA design relative to other pre-
cision genome editing technologies, such as base editing. How-
ever, recent reports in human cells and plants have shown that
high-efficiency pegRNAs can be designed based on Cas9 activ-
ity prediction models and sequence contexts, highlighting, for
example, that editing efficiency is influenced by the length of
the PBS sequence and the RT template and by the GC base con-
tent and secondary structure of the insert sequence (Kim et al.,
2021b; Koeppel et al., 2021; Lin et al., 2021). It is expected
that prime editing will follow the same path of other genome edit-
ing technologies, such as base editing, leading to the design of
more efficient prime editors. Such editors could be achieved,
for example, by improving the processivity and fidelity of the
RT, engineering the 3’ extension of the gRNA, developing ma-
chine learning algorithms to predict pegRNA efficiency in various
cellular systems, and fusing, co-expressing, or inhibiting DNA
repair factors to modulate prime editing outcome. Indeed, recent
studies have already shown that prime editing efficiency can be
enhanced by engineering pegRNAs and prime editors and
modulating cellular DNA repair. For instance, adding hairpin
structures to the 3’ end of the pegRNA, which contains the RT
template sequence and the PBS, protects pegRNAs from degra-
dation by cellular exonucleases and enhances prime editing ef-
ficiency (Chai et al., 2021; Liu et al., 2021c; Nelson et al,,
2021). Prime editing events can also be enhanced by optimizing
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the codon sequence of the RT (Chen et al., 2021b), by increasing
the localization of prime editors into the nucleus using multiple
nuclear localization signal sequences (Chen et al., 2021b; Liu
et al., 2021b), by introducing mutations in Cas9 that improve
its nickase activity (Chen et al., 2021b), and by expressing a
RT fusion that is recruited to prime editing sites through a MS2
RNA aptamer fused to the pegRNA (Chai et al., 2021). Further-
more, prime editing efficiency can be stimulated by co-express-
ing a dominant negative version of the MMR protein MLH1 to
disrupt MMR-mediated degradation of the edited DNA bases
(Chen et al., 2021b) or by fusing the DNA binding domain of
RAD51 to prime editors to stabilize the pairing of the pegRNA
to the nicked target DNA strand (Song et al., 2021). Prime editor
fusions to small peptides derived from DNA repair proteins have
also been shown to display greater editing efficiency, although
their mechanisms of action still remain to be elucidated (Velimir-
ovic et al., 2021). Recent studies have also reported improve-
ment of prime editing efficiency through marker-free co-selec-
tion of edits simultaneously introduced in a gene of interest
and ATP1AT1, an essential gene encoding for the main subunit
of the sodium/potassium pump (Levesque et al., 2021).

Prime editing strategies relying on dual nicking events (e.g.,
PES, paired prime editors) can lead to the formation of DSBs (Fig-
ures 6B and 7B), resulting in increased frequency of indel byprod-
ucts relative to single-nick-based prime editing approaches (e.g.,
PE2) (Anzalone et al., 2019; Chen et al., 2021b; Lin et al., 2021).
However, the frequency of indel byproducts, which is significantly
lower than that obtained using Cas9 nucleases (Anzalone et al.,
2019, 2021), can be reduced by inhibiting MMR (Chen et al.,
2021b). Prime editing is highly specific, showing a low frequency
of pegRNA-dependent off-target edits and no observable
pegRNA-independent off-targets in plants and human cells (Gao
etal., 2021a; Jinetal., 2021). Whole-genome sequencing of plants
has also revealed that prime editors do not change retrotranspo-
son copy number or telomere structure (Jin et al., 2021). While
prime editing leads to minimal perturbations of the cellular tran-
scriptome (Anzalone et al., 2019), the M-MLV RT utilized for prime
editing has been shown to promote the readthrough of STOP co-
dons through its interaction with the translation pre-termination
complex (Tang et al., 2016; Zheng et al., 2021), thereby potentially
affecting protein synthesis. However, this activity can be disrup-
ted by deleting the RNase H domain of the M-MLV RT without re-
sulting in a reduction of prime editing efficiency (Zheng et al,,
2021). Given their smaller size, prime editors lacking the RNase
H domain of the RT have been employed for in vivo editing
following delivery by adeno-associated virus (AAV) vectors
(Bock et al., 2021; Gao et al., 2021b).

RETRON-BASED GENOME EDITING

Retrons are bacterial genetic elements composed of a RT and a
non-coding RNA that generate chimeric RNA-DNA molecules to

sequence, and DNA ligation, can lead to the replacement of the genomic sequence of interest with the desired insert (5 and 6). Deletions (right) can be obtained
using paired prime editors that generate 3’ flaps (blue and red) complementary to genomic sequences upstream and downstream of the generated flaps (blue and
red) (7). Annealing of the 3’ flaps with their complementary genomic sequences, followed by excision of the corresponding annealed 5’ flaps and ligation of the
nicked strands, can result in the deletion of the genomic sequence located between the two 3’ flaps (8 and 9). Paired prime editors can be utilized for the insertion
of serine recombinase sites (e.g., attP or attB sites), enabling site-specific integration of gene-size fragments upon transfection of donor gene constructs and
expression of serine recombinases (e.g., Bxb1) (10). Site-specific integration can also be obtained using a prime editor fused to Bxb1 (not shown).
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protect cells against phages (Millman et al., 2020). CRISPR-
dependent retron systems encode a gRNA fused to a retron
RNA, which is used as a template by a RT to produce a multi-
copy ssDNA product tethered to the retron RNA (Simon et al.,
2019). CRISPR/retron systems have been employed to generate
ssDNA donors in cellulo to serve as templates for HDR-mediated
introduction of targeted substitutions in the genomes of bacteria,
yeast, and human cells (Lim et al., 2020; Sharon et al., 2018;
Zhao et al., 2021a). In their current format, however, these sys-
tems rely on the generation of DSBs and provide limited HDR
stimulation in human cells (Zhao et al., 2021a). DSB- and
CRISPR-independent retron systems that rely on the recombin-
eering of ssDNA products into the bacterial genome have
recently been developed for high-throughput generation of
nucleotide variants and other genome engineering applications
(Farzadfard et al., 2021; Schubert et al., 2021). ssDNA-based re-
combineering approaches have also enabled the generation of
mutant yeast strains at scale through RAD51-independent an-
nealing of ssDNA oligos to the lagging strand of replication forks
(Barbieri et al., 2017). However, whether CRISPR-independent
retron systems can be employed to engineer eukaryotic cells re-
mains to be determined.

INTEGRATION-BASED GENOME EDITING

CRISPR-associated recombinase systems

Insertion of large DNA sequences is critical for many biomedical
applications, including gene therapy (High and Roncarolo, 2019).
Site-specific insertion of genetic payloads can be achieved by
HDR or NHEJ approaches. However, as discussed above, these
methods suffer from the introduction of DSB intermediates and
the generation of editing byproducts.

Site-specific recombinases are widely used as genetic tools
for their ability to enable robust and stable DNA manipulations
(Merrick et al., 2018; Olorunniji et al., 2016). To enhance their
specificity, recombinases have been fused to genome editing ef-
fectors. The fusion of serine recombinase domains to program-
mable TALE and zinc-finger effectors and to dCas9 has resulted
in site-directed insertion or deletion of desired DNA sequences
at exogenous recombinase recognition sites or at endogenous
genomic pseudo-sites recognized by recombinases, albeit
with limited efficiency (Chaikind et al., 2016; Gersbach et al.,
2011; Gordley et al., 2009; Mercer et al., 2012). Recent studies
led to the development of improved CRISPR-based recombi-
nase systems that employ prime editing to insert recognition se-
quences of site-specific recombinases (e.g., attB or attP sites)
using single or paired pegRNAs, enabling targeted integration
of gene-size payloads into the genome by serine recombinases
(e.g., Bxb1) ectopically expressed or fused to prime editors (Anz-
alone et al., 2021; loannidi et al., 2021) (Figure 7B, step 10).

CRISPR-associated transposases

Transposases are self-contained enzymatic machineries that
insert or excise DNA segments in the genome (Rebollo et al.,
2012). Transposases act by recognizing and excising cognate
donor sites located at the ends of the transposable element (Mu-
foz-Lopez and Garcia-Pérez, 2010). The transposable element
is then integrated to new non-homologous insertion sites. Trans-
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position requires multiple DNA repair activities. For instance,
loss of host NHEJ repair factors affect piggyBat excision and
repair of the broken donor backbone in yeast (She et al., 2015).
Transposition results in the duplication of the transposon end se-
quences originating from the repair of ssDNA gaps generated
during the integration of the transposon into the genome (Hick-
man and Dyda, 2016).

Recent computational analysis of bacterial genomes revealed
the association of bacterial Tn7-like transposons with nuclease-
defective CRISPR systems (Peters et al., 2017), suggesting the
potential existence of RNA-guided transposition in bacteria
(Faure et al., 2019). Subsequent studies successfully reconsti-
tuted minimal RNA-guided transposition using type | and
type V CRISPR systems, resulting in site-specific insertion of
large DNA fragments in bacteria (Klompe et al., 2019; Strecker
et al., 2019b). These studies led to the characterization of
insert transposable elements by guide RNA-assisted targeting
(INTEGRATE) and CRISPR-associated transposase (CAST) sys-
tems for site-specific transposition of genetic cargos into the
bacterial genome. While INTEGRATE is based on the CRISPR-
Cas type I-F system, which lacks the Cas3 nuclease-helicase
and is associated with the transposition protein TniQ, CAST em-
ploys a Tn7-like transposon associated with the CRISPR-Cas
type V-K system, which contains a catalytically inactive
Cas12k nuclease (Klompe et al., 2019; Strecker et al., 2019b).
Comparative studies have shown that the INTEGRATE system
is more efficient and displays higher purity of products relative
to CAST (Rubin et al., 2021; Vo et al., 2021).

Alternative approaches led to the development of an engi-
neered synthetic RNA-guided transposition system, called
Cas-Transposon (Cas-Tn), by fusing the Himar1 transposase
to dCas9 to induce site-specific transposition of DNA cargos
into plasmids in bacteria (Chen and Wang, 2019). However, it re-
mains to be determined whether the Cas-Tn system allows inte-
gration of cargos into the bacterial and eukaryotic genomes.
More recent studies have reported the development of a trans-
position-based system that relies on the fusion of an engineered
piggyBac transposase domain to Cas9 (Pallares-Masmitja et al.,
2021). This system enables site-specific integration of multi-kilo-
base piggyBac transposon constructs into the mammalian
genome (Pallarés-Masmitja et al., 2021).

Applications and current limitations of CRISPR-
associated integration-based systems

CRISPR-associated DNA integration systems generally operate
without formation of DSBs and do not require the presence of
DNA sequences homologous to the targeted genomic sequence
in DNA donor molecules (Anzalone et al., 2021; loannidi et al.,
2021; Klompe et al., 2019; Strecker et al., 2019b). While
CRISPR-associated recombinase systems require prior inser-
tion of exogenous sequences into the genome, CRISPR-based
transposition enables integration of large DNA cargos at any
genomic sequence of interest. However, CRISPR-based trans-
position is not scarless, resulting in the incorporation of trans-
poson end sequences into the genome and the duplication of
targeted genomic sites (Klompe et al., 2019; Strecker et al.,
2019b). Further studies will be required to minimize the amount
of undesired genetic changes induced by CRISPR-associated
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Table 1. Strategies utilized to improve CRISPR-based HDR at Cas9-induced DSBs

Strategy Proposed mechanism of action Treatment Treatment format Delivery of Cas9 Donor type Cell line Effect References
Optimizing the Improved annealing of the Asymmetric ssODN Oligonucleotide RNP ssODN o HEK293 ? T Richardson et al., 2016
donor DNA DNA donor to the
asymmetrically released
3’ end of the non-target
strand following Cas9
cleavage
Generation of DNA donor dsDNA donor with Plasmid, RNP dsDNA o HEK293 ? HDR Hirotsune et al., 2020;
ends that facilitate HDR 3’ overhangs oligonucleotide o MESCs Liang et al., 2017
o Mouse
zygotes
Chromatin-mediated Chromatinized dsDNA Plasmid Plasmid dsDNA e MCF10A HDR Cruz-Becerra and
stimulation of HDR donor o Hela Kadonaga, 2020
Inhibition of DNA donor ssODN with Oligonucleotide Plasmid, mRNA ssODN o U20S ? HDR Renaud et al., 2016
degradation phosphorothioate- o RPE1
modified ends o Rat C6
o Rat, mouse,
and zebrafish
embryos
dsDNA donor with DNA amplicon mRNA dsDNA o Medaka * leaitimat Gutierrez-Triana et al.,
Inhibition of DNA donor biotin-modified 5’ ends zygotes D:?AI Zna e 2018
multimerization int (;nor
integration
Enhanced DNA donor dsDNA or ssDNA/ Oligonucleotide + RNP dsDNA, o T cells ? HDR Nguyen et al., 2020;
uptake dsDNA hybrid donor RNP ssDNA/ e Bcells Shy et al., 2021
with Cas9 target dsDNA o NK cells
sequences o hHSPCs
gRNA-mediated localization gRNA-ssODN Oligonucleotide + RNP ssODN o HEK293 HDR Lee etal., 2017
of the DNA donor to the covalently linked fusion RNP
Cas9-induced DSB gRNA-S1m aptamer- Oligonucleotide + RNP ssODN e hPSCs HDR Carlson-Stevermer
streptavidin/biotin- RNP o HEK293 etal, 2017
ssODN complex
Cas9-mediated localization Cas9-avidin/biotin- Oligonucleotide + RNP, plasmid, ssODN o HEK293 f HDR Ma et al., 2017b
of the DNA donor to the DSB ssODN complex RNP / plasmid / mRNA ® Mouse
mRNA zygotes
ssODN covalently Oligonucleotide + RNP ssODN o HEK293 ? HDR Aird et al., 2018
tethered to a Cas9- RNP e U20S
PCV fusion
ssODN covalently Oligonucleotide + RNP ssODN o HEK293 ? HDR Savic et al., 2018
tethered to a Cas9- RNP o K562
SNAP tag fusion e MESCs
DBCO-ssODN Oligonucleotide + RNP ssODN o HEK293 ? DR Ling et al., 2020
covalently tethered to RNP o Mouse
an azido-modified Cas9 zygotes

(Continued on next page)
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Table 1. Continued

Strategy Proposed mechanism of action Treatment Treatment format Delivery of Cas9 Donor type Cell line Effect References
Controlling the G1/S phase synchronization: Aphidicolin Small molecule RNP ssODN o HEK293 ? HDR Lin et al., 2014
cell cycle DNA polymerase o inhibition o Neonatal
dermal
fibroblasts
S phase synchronization: XL413 Small molecule RNP ssODN, o HEK293 ? HDR Wienert et al., 2020
CDC7 inhibition dsDNA o Hela
o U-251 ¢ NHEJ
o K562
@ hiPSCs
e Primary
HSPCs
e Primary
T cells
G2/M phase synchronization: Nocodazole Small molecule RNP ssODN, o HEK293 ? HDR Lin et al., 2014
inhibition of microtubule dsDNA
polymerization ABT-751 Small molecule Plasmid dsDNA o hESCs 4 Lor Yang et al.,, 2016
e hiPSCs
G2/M phase synchronization: RO-3306 Small molecule mRNA AAV6 o hHSPCs ? HDR Lomova et al., 2019
CDKT1 inhibition
¢ End joining
Restricting Cas9 Limiting Cas9 activity to Cas9-geminin fusion Plasmid Plasmid dsDNA o HEK293 ? DR Gutschner et al., 2016
function during the S/G2 phase
the cell cycle mRNA mRNA AAV6 o hHSPCs ? HDR Lomova et al., 2019
* NHEJ
Plasmid Plasmid dsDNA o HEK293 ? HDR Charpentier et al., 2018
Cas?9 injection in the mRNA, mRNA, dsDNA o Mouse ? HDR Abe et al., 2020
S phase RNP RNP zygotes
Cas9 injection in the mRNA mRNA dsDNA o Mouse ? HDR Gu et al., 2018
G2 phase embryos
Promoting open Histone deacetylase (HDAC) Trichostatin A (TSA), Small molecule Plasmid, RNP dsDNA, o Pig fetal ? HDR Li et al., 2020b
chromatin inhibition, acetylation- PCI-24781 ssODN fibroblasts MMéJ
mediated regulation of e Pig
DSB repair factors embryos
HDAC inhibition TSA Small molecule Cas9-expressing None o HepG2 ? End ioini Chakrabarti et al., 2019
cell line nd joining
Entinostat, Small molecule Plasmid, dsDNA o HEK293 HDR Liu et al., 2020a
Panobinostat AdV e HelLa End T
© HT29 nd joining
Valproic acid Small molecule Plasmid dsDNA o hESCs ? HDR Takayama et al., 2017
e hiPSCs

(Continued on next page)
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Table 1. Continued

Strategy Proposed mechanism of action Treatment Treatment format Delivery of Cas9 Donor type Cell line Effect References
Inhibiting NHEJ Ku depletion shRNA, siRNA Plasmid, siRNA Plasmid dsDNA o HEK293 ? Chu et al., 2015;
hiDE Robert et al., 2015
* NHEJ
LIG4 inhibition shRNA, siRNA Plasmid, siRNA Plasmid dsDNA o HEK293 ? Chu et al., 2015;
hiDE Robert et al., 2015
* NHEJ
SCR7 Small molecule Cas9-expressing dsDNA, o A549 ? DR Maruyama et al., 2015
cell lines, mMRNA ssODN o MelJuSo
e mDC2.4 * NHEJ
o Mouse
zygotes
Plasmid dsDNA o HEK293 ? Chu et al., 2015;
HEIR Pinder et al., 2015;
Vv NHEY Robert et al., 2015
Plasmid, Cas9- dsDNA, o HEK293 No HDR Gutschner et al., 2016;
expressing ssODN o hiPSCs stimulation Riesenberg and
cell lines Maricic, 2018; Zhang
etal., 2017
Expression of the Plasmid Plasmid dsDNA o HEK293 ? HDR Chu et al., 2015;
Ad4/Ad5 proteins o Mouse Robert et al., 2015
E1B55K and Edorf6 Burkitt v NHEJ
lymphoma
cells
DNA-PKcs inhibition siRNA siRNA Plasmid dsDNA o HEK293 ? TS Robert et al., 2015
* NHEJ
NU7441 Small molecule Plasmid dsDNA, o HEK293 ? R Robert et al., 2015
ssODN o MEFs *
NHEJ
Plasmid dsDNA o hiPSC ? Zhang et al., 2017
HDR
RNP None e HEK293 ? van Overbeek et al.,
DR 2016
* NHEJ
Plasmid dsDNA e U20S ? Canny et al., 2018
HDR
NU7026 Small molecule Plasmid dsDNA o HEK293 ? HDR Suzuki et al., 2016
* NHEJ
KU-0060648 (also Small molecule Plasmid dsDNA, o HEK293 ? HDR Robert et al., 2015
inhibits PI3K ssODN o MEFs *
NHEJ
M3814 Small molecule RNP ssODN o K562 ? Riesenberg et al., 2019
o hiPSCs HDR
* End joining

(Continued on next page)
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Table 1. Continued

BRCA1
variant BRCA1M1775R

(Continued on next page)

Strategy Proposed mechanism of action Treatment Treatment format Delivery of Cas9 Donor type Cell line Effect References
Promoting end Inhibition of 53BP1 i53 (inhibitor of 53BP1 Plasmid, AAV Plasmid, RNP ssODN, o U20S ? HDR Canny et al., 2018
resection dsDNA o HEK293
o K562
o MCF10A
o MEFs
e18 (enhanced RAD18 Plasmid, mRNA Plasmid, mRNA ssODN, o HEK293 ? HDR Nambiar et al., 2019
variant dsDNA e Hela MME‘J
e U20S
o hESCs * NHEJ
Cas9-DN1S (dominant Plasmid, RNP Plasmid, RNP dsDNA, o HEK293 ? HDR Jayavaradhan et al.,
negative 53BP1 SCAAV, o K562 2019
mutant) fusion SsAAV olLCL * NHEJ
o Jurkat
o Patient-
derived
B lymphocytes
Engagement of CtIP Cas9-HE (minimal Plasmid, mRNA Plasmid, mRNA dsDNA o HEK293 ? HDR Charpentier et al.,
N-terminal CtIP e HCT116 MME’J 2018
fragment) fusion o RG37
@ hiPSCs NHEJ
e Rat oocytes
Engagement of EXO1 Cas9-HR (EXO1 Plasmid Plasmid dsDNA ® A549 ? HDR Hackley, 2021
fragment) fusion o H1299
o K562
Inhibiting MMEJ POLQ inactivation POLQ knockout Cas9-mediated Plasmid None o miPSCs * MME. Mateos-Gomez et al.,
gene knockout 2015
dsDNA o MEFs ? MR Mateos-Gomez et al.,
o mESCs 2017
Promoting strand ~ RAD52 stimulation RAD52 overexpression Plasmid Plasmid ssODN e hiPSCs ? HDR Paulsen et al., 2017
annealing o HEK293
Cas9-Rad52 (yeast Plasmid Plasmid dsDNA, e HEK293 ? HDR Shao et al., 2017
homolog) fusion ssODN e PK15
Promoting RAD51 stimulation RS-1 Small molecule Plasmid dsDNA o HEK293 ? HDR Pinder et al., 2015
DNA o U20S
iecalb=tien RADS51 overexpression mRNA mRNA dsDNA o Rabbit 4 hor Song et al., 2016
embryos
RAD51 localization Expression of miCas9 Plasmid, Plasmid, ssODN, o Human ? HDR Ma et al., 2020
(fusion of BRCA2 RNP RNP dsDNA fibroblasts g
exon 27 to SpCas9 o AECs * End joining o
@ hiPSCs —
© Ad293 ()
© hHSCs (@)
o Jurkat
=
BRCA1 modulation Expression of the Plasmid Plasmid dsDNA o HEK293 ? HDR Pinder et al., 2015 m
-
®
—
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Table 1. Continued 8
Strategy Proposed mechanism of action Treatment Treatment format Delivery of Cas9 Donor type Cell line Effect References :
Enhancing DSB Stimulation of DSB repair events Cas9-POLDS fusion Plasmid, mRNA, Plasmid, mRNA, ssODN o HEK293 f HDR Reint et al., 2021 m
repair RNP RNP o RPE1 NHE:J —
e (@)
o PBMCs
o hESCs ‘D
——
Combining Stimulation of G1 to S phase Cyclin D1 overexpression + Plasmid + small Plasmid dsDNA @ hiPSCs ? B Zhang et al., 2017
multiple HDR transition and G/M phase nocodazole treatment molecule
regulators synchronization
G2/M phase synchronization Nocodazole + Small molecule RNP ssODN o hESCs ? HDR Lin et al., 2014
followed by G1/S phase aphidicolin treatment
synchronization
G2/M phase synchronization + RO-3306 + Cas9- Small molecule + mRNA AAV6 o hHSPCs ? e Lomova et al., 2019
degradation of Cas9 in the geminin fusion mRNA
G1 phase * End joining
Confinement of Cas9 activity Injection of a Cas9- mRNA + DNA mRNA dsDNA o Mouse ? T Guetal., 2018
to the G2 phase + localization streptavidin fusion amplicon embryos
of the DNA donor to the and a biotin-dsDNA
Cas9-induced DSB donor in the G2 phase
Promotion of strand annealing Expression of RAD52 Plasmid Plasmid ssODN @ hiPSCs ? HDR Paulsen et al., 2017
and end resection and dominant-negative o HEK293
53BP1 (dn53BP1
Inhibition of MMEJ and NHEJ Disruption of POLQ Cas9-mediated Plasmid dsDNA o MESCs * legitimat Zelensky et al., 2017
and Ku gene knockout D;‘i{ Ic::])?w:r
integration
Modulation of multiple DSB CRISPY mix (NU7026 + Small molecule nCas9-expressing ssODN o hiPSCs ? HDR Riesenberg and
repair proteins TSA + MLN4924 + cell line, plasmid o hESCs Maricic, 2018
NSC 15520 * End joining
End resection initiation and eRAD18 (e18)-Cas9- Plasmid Plasmid dsDNA o HEK293 ? HDR Richardson et al., 2020
extension CtIP fusion
Cell cycle modulation + XLF413 + cold shock + Small molecule + RNP ssODN e hiPSCs ? HDR Maurissen and Woltjen,
inhibition of NHEJ NU7441 + SCR7 temperature change 2020
* End joining
Promotion of end resection + CRISPRa/i-mediated Plasmid, lentivirus Cas9-expressing dsDNA o HEK293 ? HDR Ye et al., 2018
inhibition of NHEJ activation of CDK1 cell lines e Hela
and repression of Ku80
Stimulation of RAD51- RAD51 overexpression + Plasmid + small Plasmid dsDNA o hESCs ? HDR Takayama et al., 2017
mediated valproic acid treatment molecule o hiPSCs
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strand invasion + chromatin
opening at target site

(Continued on next page)
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Table 1. Continued
Strategy Proposed mechanism of action Treatment Treatment format Delivery of Cas9 Donor type Cell line Effect References
Limiting cell Transient inhibition of p53 Expression of a dominant- mRNA RNP AAV6 ® hHSPCs f HDR Schiroli et al., 2019
toxicity negative p53 truncated
associated with form (GSE56
DSB formation Transient inhibition of p53 + Expression of the Ad5 mRNA RNP AAV6, IDLV @ hHSPCs f HOR Ferrari et al., 2020
and/or dlonor cell cycle modulation protein E4orf6/7 and the End v
DNA delivery dominant-negative p53 nd joining
mutant protein GSE56
Transient inhibition of p53 Overexpression of Plasmid RNP ssODN o RPE1 f HDR Haapaniemi et al., 2018
MDM2 (p53 antagonist
Inhibition of apoptotic cell Overexpression of Plasmid, lentivirus Plasmid dsDNA, o hiPSCs f HDR Lietal., 2018c
death BCL-XL ssODN o MESCs NHE\‘J
Of unknown Unknown for genome editing; L755507 Small molecule Plasmid dsDNA, o MESCs ? R Yu et al., 2015
mechanism B3-adrenergic receptor activation ssODN o Hela
® K562 * End joining
e hiPSCs
o Neural
stem cells
o HUVECs
e CRL-2097
Unknown for genome editing; Brefeldin A Small molecule Plasmid dsDNA e mESCs HDR
ER-Golgi transport inhibition
Unknown; potential contribution Cold shock (32°C for mRNA ssODN o HEK293 ? HDR Guo et al.,, 2018
of cell cycle-dependent and 1-2 days Temperature change e hiPSCs
-independent effects
Unknown SHROOM1 depletion / siRNA, Cas9- Plasmid, mRNA dsDNA, o HEK293T ? ST Zhao et al., 2020
deletion mediated gene ssODN o HCT116
knockout o Hepal-6
o Mouse
embryos
Unknown Resveratrol Small molecule Plasmid dsDNA e Porcine ? ST Lietal, 2017
fetal
fibroblasts

The mechanisms of action for each strategy are indicated, along with the type of treatment, the delivery method for Cas9, the DNA donor type, the cell lines utilized, and the effect observed on
DSB repair. References of the studies that employ the indicated strategies are also listed. AAV, adeno-associated virus; AAV6, adeno-associated virus type 6; AdV, adenovirus; Ad4, adenovirus
type 4; Ad5, adenovirus type 5; AECs, alveolar epithelial cells; CRISPRa/i, CRISPR activation and interference; DBCO, dibenzylcyclooctyne; hESCs, human embryonic stem cells; h(HSCs, human
hematopoietic stem cells; hHHSPCs, human hematopoietic stem and progenitor cells; hiPSCs, human induced pluripotent stem cells; hPSCs, human pluripotent stem cells; HUVECs, human
umbilical vein endothelial cells; IDLV, integrase defective lentiviral vector; LCL, lymphoblastoid B cell line, EBV-transformed; MEFs, mouse embryonic fibroblasts; mESCs, mouse embryonic
stem cells; miPSCs, mouse induced pluripotent stem cells; PBMCs, peripheral blood mononuclear cells; PCV, porcine circovirus 2 Rep protein; RNP, ribonucleoprotein; scAAV, self-comple-

mentary adeno-associated virus; ssAAV, single-stranded adeno-associated virus.
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transposition. Improved CRISPR-associated transposon sys-
tems will surely emerge upon further characterization of their
structural features and molecular mechanisms (Halpin-Healy
et al., 2020; Park et al., 2021; Petassi et al., 2020; Querques
et al.,, 2021; Saito et al., 2021; Shen et al., 2021; Vo et al.,
2021; Xiao et al., 2021). RNA-guided transposases have been
exploited for high-throughput gene disruption studies in bacteria
(Chen et al., 2021e) and for locus- and species-specific genetic
manipulation of bacteria in complex microbial communities (Ru-
bin et al., 2021; Vo et al., 2021). This approach has the potential
to revolutionize the manipulation of bacterial communities in hu-
man-health-related environments, such as the gut microbiome,
and symbiotic agricultural microbial communities. Additional
work is, however, necessary to achieve programmable transpo-
sition using these approaches in mammalian cells. PiggyBac
transposase-based CRISPR systems have been shown to pro-
mote site-specific integration of transgenes in mammalian cell
lines and in the mouse liver (Pallares-Masmitja et al., 2021). How-
ever, these systems result in indel formation due their reliance on
Cas9-induced DSBs, which stimulate the insertional activity of
the piggyBac transposase (Pallares-Masmitja et al., 2021).

Prime-editing-dependent recombinase systems have been
shown to enable efficient and site-specific integration of large
DNA cargos into the genome of mammalian cells (Anzalone
et al., 2021; loannidi et al., 2021). These approaches have
been employed for inserting fluorescent markers and antibiotic
resistance gene cassettes, labeling proteins with fluorescent
tags, producing and secreting therapeutically relevant enzymes,
and correcting pathogenic genomic inversions (Anzalone et al.,
2021; loannidi et al., 2021). The recent discovery of a multitude
of microbial serine recombinases with diverse target sites (Dur-
rant et al., 2021) should provide enhanced efficiency, flexibility,
and multiplexing capabilities to recombinase-based systems.
Altogether, technologies relying on CRISPR-associated DNA
integration hold great promise for clinical applications requiring
the integration of fully functional therapeutic genes, the replace-
ment of gene exons, or the insertion of engineered constructs,
such as chimeric antigen receptors, in safe harbor loci while
minimizing the safety concerns associated with the random
insertion of viral constructs, as in current gene therapy stra-
tegies.

CONCLUSIONS AND FUTURE PERSPECTIVES

Programmable technologies enabling the introduction of site-
specific DSBs have sparked a revolution in genome editing. In
particular, the repurposing of natural CRISPR systems into
powerful genome editing technologies and the development of
new tools for genome engineering are transforming biology
and medicine (Doudna, 2020; Kulkarni et al., 2021; Pickar-Oliver
and Gersbach, 2019) and offering encouraging perspectives for
the treatment of debilitating human diseases (Frangoul et al.,
2021; Gillmore et al., 2021; Lu et al., 2020; Newby and Liu,
2021; Porteus, 2019; Stadtmauer et al., 2020; Xu et al., 2019).
Moreover, DSB-free technologies, such as CRISPR-dependent
base editing, prime editing, and DNA integration, have allowed
unprecedented interrogation of genomes with high precision at
single-base resolution and enabled highly efficient insertion of

¢? CellPress

DNA constructs at sites of interest. These technologies hold
great promise for the correction of disease-causing mutations
and the development of mutation-specific or gene replacement
therapies. The next generation of precision genome editing tools
are likely to result from fundamental discoveries obtained by
studying the wide diversity of prokaryotic organisms and the
broad variety of anti-phage immune mechanisms (Hampton
et al., 2020; Hug et al., 2016). For instance, recent studies have
discovered several novel bacterial defense systems with unique
properties and activities that might bolster the development of
future genome engineering technologies (Altae-Tran et al,
2021; Doron et al., 2018; Gao et al., 2020; Karvelis et al., 2021;
Rousset et al., 2021). These tools will help us define the funda-
mentals of organismal life, combat environmental pollution, pro-
duce improved food, and understand and treat genetic and in-
fectious human diseases.
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