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The first demonstrations of programmable DNA cleavage by 
Cas9 nuclease1,2 and subsequent early demonstrations of 
its ability to carry out targeted genome modification in liv-

ing eukaryotic cells3–7 initiated an explosive growth in the discov-
ery, engineering and application of CRISPR–Cas genome editing 
tools. In this Review, we focus on CRISPR technologies that col-
lectively bring us closer to realizing the longstanding aspiration of 
being able to install any genetic change at any position within the 
genome of any living cell with minimal unwanted genome modifi-
cation or cellular perturbation. Our objectives are to present read-
ers with an overview of the capabilities and limitations of current 
CRISPR technologies in a way that facilitates tool selection and to 
highlight opportunities for future improvement. We restrict our dis-
cussion to the targeted alteration of genomic DNA sequence using 
CRISPR-based tools and refer readers to excellent reviews of topics 
related to other CRISPR applications such as transcriptional regu-
lation8–12, epigenetic modifications9–12, RNA editing11,12 and nucleic 
acid detection12.

The goal of a genome editing experiment is to convert a targeted 
DNA sequence into a new, desired DNA sequence (or sequences) in 
the native context of a cell’s genome. In most cases, a single sequence 
product is desired in high yield, but depending on the application, 
heterogeneity among edited sequences may be acceptable or even 
preferred. In designing a strategy to achieve the intended sequence 
transformation, it is necessary to consider several factors.

The type of edit desired determines which classes of editing 
agents are suitable (Fig. 1). Common desired targeted edits include 
the following: (i) conversion of DNA base pairs (that is, point muta-
tions), (ii) deletion of DNA base pairs, (iii) insertion of DNA base 
pairs, or (iv) a combination of the above changes (including replace-
ment of DNA base pairs). Different classes of CRISPR–Cas editing 
agents mediate each of these types of changes. Other alterations, 
such as inversion of a DNA segment or chromosomal translocation, 
may also be desired. Desired edits can be further classified on the 
basis of the size of the sequence alteration, as well as the required 
efficiency and product purity (that is, what fraction of edited prod-
ucts must be the desired sequence, with no undesired byproducts).

The ability of the current arsenal of CRISPR–Cas proteins to 
engage the target DNA sequence is a second major consideration. 
Targeting by all DNA-targeting CRISPR–Cas systems described to 
date requires that a short sequence known as a protospacer-adjacent 
motif, or PAM, occur near the target DNA site13. Naturally occur-

ring CRISPR systems provide a variety of PAM options, and still 
more engineered variants have been developed with broadened or 
altered PAM compatibility. The optimal selection of a particular 
tool must take into consideration the availability of PAM sequences 
at the target locus, while recognizing that not all CRISPR-based 
tools are compatible with all PAM-variant Cas protein modules. 
Most CRISPR editing methods further require that the number of 
nucleotides between the PAM and the position of the desired edit 
fall within a certain range.

Finally, the optimal choice of CRISPR–Cas tool and the over-
all editing strategy will also depend on the intended application. 
Factors such as cell type (for example, bacteria, yeasts, mammalian 
cancer cell lines or mammalian postmitotic cells), cellular environ-
ment (for example, cell culture, organoid or in vivo), form of the 
agent (for example, plasmid DNA, ribonucleoprotein (RNP) com-
plex, mRNA or viral vector) and method of delivery (for example, 
lipid-mediated, electroporation, nucleofection or viral infection) 
each impose different constraints, as well as different propensities 
for undesired genome modification events.

In this Review, we navigate these considerations and analyze 
recent developments that have progressively increased the applica-
bility and effectiveness of CRISPR-based genome editing technolo-
gies. We begin by describing the naturally occurring variants of 
Cas9 and Cas12 nucleases that have been characterized and detail 
the development of Cas9 and Cas12 nuclease variants with broad-
ened targeting scope and specificity. Next we discuss the develop-
ment and application of base editors, genome-editing agents that 
precisely install point mutations without requiring double-stranded 
DNA breaks (DSBs) or donor DNA templates. Finally, we summa-
rize emerging CRISPR–Cas genome editing tools, including Cas 
transposons and recombinases, which mediate rearrangements of 
large segments of DNA, and prime editors, which directly copy 
edited sequences into target DNA sites in a manner that replaces the 
original DNA sequence.

Genome editing with CRISPR–Cas nucleases
In nature, bacteria and archaea use the RNA-guided endonucle-
ases of the various CRISPR–Cas systems to bind and cleave foreign 
nucleic acids as part of an adaptive immune system13. These systems 
retain a record of previously encountered pathogens by capturing 
nucleic acid sequences during past infections and then use these 
captured sequences (‘spacer sequences’) to direct CRISPR–Cas  
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proteins to destroy the pathogens’ DNA or RNA during future 
encounters. This mechanism enables CRISPR–Cas systems to 
be readily reprogrammed to target a wide range of DNA or RNA 
sequences simply by using different spacer sequences within a 
guide RNA molecule, provided the matching target DNA ‘proto-
spacer’ sequence is positioned adjacent to a suitable PAM1,2. This 
PAM requirement protects the genomic DNA encoding these guide 
RNAs, which by definition must include targeted spacer sequences 
but which lacks adjacent PAM sequences, from being destroyed by 
CRISPR–Cas systems13.

The programmability of CRISPR–Cas systems, along with the 
robustness of some Cas effectors across various cell types and  

organisms, has enabled their widespread use in the life sciences11,12,14. 
In this section, we overview naturally occurring Cas effectors, the 
ways in which Cas nucleases have been used for genome editing, and 
the development of engineered Cas nuclease variants that enable 
broader targeting scope and higher DNA cleavage specificity. Many 
of the improvements to CRISPR–Cas nucleases are also applicable to 
non-nuclease classes of CRISPR–Cas-based tools, described below.

Naturally occurring CRISPR–Cas immune systems have been 
classified into two main groups: class 1, which uses multiprotein  
complexes for nucleic acid cleavage; and class 2, which uses single- 
protein effector domains for cleavage15,16. Because of the advantages 
offered by single-protein effector domains, class 2 systems are the 

Fig. 1 | overview of genome editing strategies and agents. Four classes of CRISPR-based genome editing agents are nucleases, base editors, 
transposases/recombinases and prime editors. Examples of starting substrates and edited products are shown, along with CRISPR–Cas agents that can be 
used to achieve the transformation and anticipated byproducts. Homology-directed repair (HDR); cytosine base editor (CBE); adenine base editor (ABE); 
end-joining (EJ); prime editor (PE); uracil glycosylase inhibitor (UGI); protospacer adjacent motif (PAM).
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most widely used CRISPR tools for biological research and transla-
tional applications. Class 2 is further subdivided into three types—
II, V and VI—each of which uses a distinct type of Cas protein. Of 
the Cas proteins from class 2 systems, most type-II Cas9 variants 
and type-V Cas12 variants possess RNA-guided DNA endonuclease 
activity, while type-VI Cas13 variants appear to show preferential 
RNA-targeting and cleavage activity. As the scope of this Review is 
DNA editing, our discussion of naturally occurring Cas proteins is 
restricted mainly to Cas9 and Cas12 DNA endonucleases.

Cas9 nucleases. Cas9 effectors from type-II CRISPR systems are 
RNA-guided endonucleases that generate DSBs in target DNA 
sequences17. In their native context, Cas9 nucleases are guided by 
CRISPR RNAs (crRNAs), which pair with trans-activating crRNAs 
(tracrRNAs) that facilitate ribonucleoprotein complex formation18. 
However, most Cas9 genome editing applications use single guide 
RNAs (sgRNAs), which were engineered by fusing the crRNA and 
tracrRNA into a single RNA molecule1. The PAM sequence for all 
Cas9 effectors is located immediately 3′ of the protospacer on the 
DNA strand not complementary to the guide RNA. Cas9 nucle-
ase predominantly makes a blunt-ended DSB 3 bp upstream of the 
PAM, within the protospacer sequence19 (Fig. 2), although alterna-
tive cutting patterns have been observed for some Cas9 nucleases20,21 
and uncommon 1-bp and 2-bp staggered cuts have been inferred 
from DNA repair outcomes22.

Target-site recognition begins with binding of the Cas9–guide 
RNA ribonucleoprotein complex to the cognate PAM sequence, 
followed by unwinding of the double-stranded DNA and concomi-
tant formation of an RNA•DNA heteroduplex between the guide 
RNA spacer and the target DNA strand17. This process proceeds  

directionally, starting at the PAM-proximal region of the proto-
spacer and traveling to the PAM-distal end of the protospacer23. As 
the non-target DNA strand is displaced by the guide RNA spacer, it 
forms a single-stranded DNA ‘R-loop’ that is exposed and accessible 
to other molecules24,25. The accessible and single-stranded nature of 
R-loops is exploited by newer genome editing technologies, includ-
ing base editing and prime editing, discussed below26–29.

After R-loop formation, Cas9 undergoes conformational changes 
that result in activation of its nuclease domains25,30,31. These confor-
mational changes are impeded by mismatches between the target 
strand and guide RNA spacer, thus restricting nuclease activation 
to sequences that are highly complementary to the guide RNA 
spacer32. As described below, mutations in Cas9 that inhibit this 
conformational transition are critical to the enhanced DNA speci-
ficity of high-fidelity nucleases. Finally, after nuclease activation, the 
phosphodiester backbone of DNA is hydrolyzed by Cas9’s two dis-
tinct nuclease domains: the HNH nuclease domain, which cleaves 
the guide RNA–bound target DNA strand; and the RuvC-like nucle-
ase domain, which cleaves the PAM-containing non-target DNA 
strand1. Inactivation through mutation of either of the nuclease 
domains generates a Cas9 nickase (an enzyme that cleaves only one 
of the DNA strands), while inactivation of both nuclease domains 
generates a catalytically dead Cas9 (dCas9)3,33 that can, however, still 
bind specific DNA sequences. Nickases are particularly useful for 
base editors and prime editors, which precisely edit DNA without 
requiring the formation of DSBs or homology-directed repair26–29, 
whereas dCas9 can be exploited for various applications ranging 
from transcriptional regulation8–12 to epigenetic modifications9–12.

Since the initial reports of programmed DNA cleavage by Cas9 
nuclease from Streptococcus pyogenes (SpCas9) in vitro1 and in 
mammalian cells3,4,6,7, many more Cas9 variants have been dis-
covered and tested for genome editing, including orthologs from 
Staphylococcus aureus34, Streptococcus thermophilus3,35,36, Neisseria 
meningitidis35,37,38, Campylobacter jejuni39 and many other organ-
isms40–42. These Cas9 effectors differ in their overall size, cognate 
PAM sequences, guide RNA architecture, optimal spacer length, 
editing efficiency and editing specificity. For example, SpCas9, 
currently the most widely used CRISPR–Cas nuclease, contains 
1,368 amino acids, recognizes a relatively common NGG PAM, 
can be used with either an sgRNA or crRNA/tracrRNA pair, func-
tions optimally with 20-nt spacers, has robust DNA targeting and 
cleavage activity, and supports relatively high levels of off-target 
editing11,14,43. Some Cas9 variants offer particular advantages over 
SpCas9, such as smaller sizes (for example, SaCas9 is 1,053 amino 
acids)34 or pyrimidine-rich PAMs (for example, Nme2Cas9)38. 
Supplementary Table 1 lists many Cas9 orthologs and their key 
properties for genome editing applications.

Cas12 nucleases. In the current classification scheme16, Cas12 
nucleases encompass several variants from type-V CRISPR 
systems. These proteins possess just a single RuvC-like nucle-
ase domain that mediates target DNA cleavage of both strands  
(Fig. 2). Many Cas12 nucleases are naturally guided by a single 
crRNA, though some natively use an additional tracrRNA similar to 
that of type-II CRISPR systems. Cas12 nucleases typically generate 
staggered cuts within regions of the protospacer that are distal to the 
PAM sequence44. These features contrast with the PAM-proximal 
blunt-end cuts generated by Cas9.

Cas12a (formerly named Cpf1) is the first Cas12 nuclease that 
has been widely used for genome editing applications44. Cas12a is 
able to process its single crRNAs from an array using a dedicated 
RNase domain, facilitating multiplexed gene editing45. Cas12a 
orthologs generally use T-rich PAMs, which are orthogonal to the 
PAMs of most Cas9 effectors. Some Cas12 variants, such as Cas12f 
(formerly Cas14), robustly cleave single-stranded DNA targets46. 
Still other Cas12 variants, including Cas12b (formerly c2c1) and 
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Fig. 2 | Genome editing with Cas nucleases. Cas9 nucleases are guided 
by guide RNAs to generate predominantly blunt-end DSBs using two 
distinct nuclease domains (RuvC and HNH). The DSBs occur within the 
protospacer, typically preceding three base pairs upstream of the PAM. 
Cas12 nucleases are guided by crRNAs to cleave both strands of DNA 
with a single RuvC-like nuclease domain. Cas12 cuts DNA in a staggered 
orientation within PAM-distal regions of the protospacer. Genome editing 
with CRISPR–Cas nucleases results from two major arms of DNA repair. 
End-joining mechanisms, such as classical nonhomologous end-joining 
(c-NHEJ) and microhomology-mediated end-joining (MMEJ, or alt-NHEJ), 
result in uncontrolled, but predictable, indels for gene disruption. In the 
presence of a donor DNA template, homology directed repair (HDR) is a 
competing (typically less efficient) pathway that occurs mostly in dividing 
cells and is used to install targeted mutations or to knock in larger DNA 
sequences. Insertion sizes with single-stranded oligonucleotide donors 
(ssODNs) are typically limited by synthesis capabilities118.
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Cas12i, predominantly nick double-stranded DNA47–49, though 
Cas12b has been engineered48 to more efficiently cleave both DNA 
strands at 37 °C. Cas12e (formerly CasX), notable for its small size 
(<1,000 amino acids), is active in bacterial and human cells50,51.

Several Cas12 variants, including Cas12a, indiscriminately 
cleave single-stranded DNA or RNA following target site recogni-
tion and nuclease activation49,52. This collateral cleavage activity has 
been used in nucleic acid detection applications46,52–54. Although 
most Cas12 variants target and cleave DNA, other Cas12 effec-
tors, such as Cas12g, are RNA-guided RNA-cleaving enzymes that 
exhibit both collateral RNase and DNase activity upon activation49. 
Supplementary Table 1 lists several Cas12 variants that have been 
applied for genome editing applications.

Repair pathways. Prior studies in mammalian cells using other 
targeted nucleases, including homing endonucleases (also known 
as meganucleases)55–57, zinc finger nucleases58–61 and transcription 
activator-like effector nucleases (TALENs)62,63, provided an intel-
lectual foundation for the application of Cas nucleases for genome  
editing by establishing how a targeted DSB can initiate DNA 
sequence alteration.

Multiple DNA repair mechanisms within cells repair DSBs64. 
Several factors influence which repair pathway is used by a cell, 
including cell type, cell state and the nature of the DSB65. DSB repair 
pathways can be divided into two main arms: those that perform 
re-ligation (end-joining) of the broken DNA ends, often with addi-
tional nucleotide deletions or insertions at the DSB site; and those 
that use DNA templates for homology-directed repair (HDR)66. 
While end-joining processes are typically efficient in most mam-
malian cells67, HDR is generally active in only dividing cells and 
requires proteins that are expressed predominantly in the S and G2 
cell-cycle phases68–70.

CRISPR–Cas nucleases are most commonly used to efficiently 
and selectively disrupt target gene sequences3–7,71. In most mam-
malian cells, nuclease-induced DSBs are most often repaired by 
error-prone end-joining processes (Fig. 2). Perfect end-joining 
repair regenerates the starting sequence, which remains a substrate 
for subsequent nuclease cleavage, but end-joining may also result in 
the insertion or deletion of nucleotides around the break site that 
prevent subsequent recognition and re-cutting by the nuclease72. 
The mixture of insertion and deletion (indel) products that result 
from DSBs cannot (thus far) be controlled, but they are not random, 
and can be predicted by inspection or using a machine-learning 
model73–77, especially when the break site lies in a region of micro-
homology. In some cases, end-joining produces high yields of a 
single desired product74,78.

If nucleases are targeted to open reading frames, indel products 
after end-joining usually generate frameshift mutations in cod-
ing sequences that abrogate protein function79–82. Nucleases can 
also be used to disrupt cis-regulatory elements within promoters 
or enhancers83, as well as to characterize non-coding RNAs84,85. 
The delivery of multiple guide RNAs that target distinct genomic 
sequences will typically result in the multiplex generation of tar-
geted DSBs3,4,71. Pairs of guide RNA sequences that target adjacent 
regions of a chromosome sequence will often result in the dele-
tion of the intervening sequence3,4,86. Similarly large deletions have 
been generated using type-I Cas3 editing systems, which repre-
sent an exciting area for future development87–89. End-joining has 
also been used to insert DNA sequences at sites of Cas9-induced 
DSBs90–92 (Fig. 2).

The simultaneous introduction of two DSBs in a cell can lead 
to additional rearrangements such as deletions, inversions and 
chromosomal translocations93 (Fig. 1). These rearrangements are 
of particular interest to the biomedical research community since 
they occur frequently during oncogenesis, particularly in hema-
tological malignancies94. The efficiency and purity of this process 

can be enhanced by the addition of homology donors that serve as 
templates to stitch together the desired chromosome fragments95. 
In addition to these designed chromosomal translocations96–98, 
Cas9 nuclease has been reported to induce undesired chromosomal 
translocations and other complex rearrangements in cells99.

A landmark study by Jasin and co-workers100 demonstrated that 
DSBs stimulate HDR at a genomic locus in human cells. HDR in 
theory can introduce a variety of genome edits, including point 
mutations, precise insertions, precise deletions and integration 
of gene-sized DNA fragments101 (Fig. 1). As with other nucle-
ases, Cas nucleases can be used to initiate HDR in the presence of 
double-stranded DNA or single-stranded DNA (ssDNA) donor 
templates3,4,7 (Fig. 2).

Nuclease-induced DSBs are repaired more frequently by 
end-joining mechanisms than by the desired HDR pathway67. Cas9 
nickases, on the other hand, do not lead to high yields of indels at 
most loci and can also be used to stimulate HDR102,103. The effi-
ciency of HDR can be increased by suppressing the activity of pro-
teins that mediate nonhomologous end-joining or enhancing the 
activity of HDR pathways using gene silencing66, small-molecule 
reagents66,104–110 or expressed proteins66,106,111–113. Given the impor-
tance of DNA repair proteins, however, many of these strategies are 
anticipated to be difficult to implement in vivo.

In addition to the DNA repair pathways described, the genera-
tion of DSBs in cells can also lead to undesired genomic alterations 
such as translocations and large deletions99,114, as well as activation of 
p53 responses in cells115,116. Various improvements to HDR, such as 
improved designs for DNA donor templates102,117,118, colocalization 
of donor DNA templates to the sites of nuclease-induced DSBs119–121,  
cell cycle synchronization70, or the use of adeno-associated virus 
(AAV) genomes as donor DNA templates122, can increase editing 
efficiencies. Even with these improvements, in most cases indels still 
represent the majority of edited products with Cas nuclease-initiated 
HDR, especially in non-mitotic cells14,67.

Engineered Cas variants with expanded targeting scope. 
Expanding the targeting scope of genome editing agents has been 
a major focus of CRISPR–Cas technology development. The pri-
mary requirement for Cas protein binding is the presence of a PAM 
sequence13. A number of Cas9 and Cas12 orthologs have been dis-
covered that recognize various PAM sequences123, and this natural 
diversity has been harnessed to enable targeting of a greater fraction 
of genome sequences. PAM availability, however, remains a com-
mon limitation even with the use of natural Cas protein orthologs, 
as only a minor fraction of total PAM space is collectively accessed 
by all of the natural Cas proteins shown to function in mammalian 
cells. Because of these challenges, many researchers have engineered 
or evolved Cas9 or Cas12 variants with less restrictive PAM compat-
ibilities (see Supplementary Table 1).

The earliest reported examples of Cas9 effectors with altered 
PAM specificity were developed using a combination of ratio-
nal design and directed evolution approaches. In 2015, Joung 
and co-workers reported SpCas9-EQR, SpCas9-VQR and 
SpCas9-VRER, mutants of SpCas9 that recognize NGAG, NGA and 
NGCG PAM sequences, respectively124. These variants were gener-
ated by first installing an R1335Q mutation, which disrupts a critical 
interaction between wild-type SpCas9 and the third nucleotide of its 
canonical PAM sequence (NGG). The PAM-interacting domain of 
the SpCas9(R1335Q) variant was then mutagenized into a library 
of variants, which was then subjected to selection in bacteria for 
cleavage of target sequences containing NGA PAMs. Many enriched 
variants contained mutations at three particular amino acid posi-
tions (D1135V/Y/N/E, R1335Q, T1337R) that restored nuclease 
activity on sequences containing an altered PAM. In structural stud-
ies, these mutated amino acids were later found to interact directly 
with the new PAM sequence125. Shortly thereafter, a hybrid variant 
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of SpCas9-VRER and SpCas9-VQR, SpCas9-VRQR, was reported 
to have improved NGA-targeting activity in human cells126.

We127 have used directed evolution to generate Cas9 proteins 
with broadened PAM compatibility. Phage-assisted continuous evo-
lution (PACE) and selection in bacteria that links phage replication 
to broader PAM compatibility generated variants such as xCas9-3.7, 
which displays higher activity on non-NGG PAM sequences (espe-
cially NGT and NGA PAMs) than that of wild-type SpCas9 and 
greatly reduced off-target activity in human cells127,128.

Nureki and co-workers129 used structure-guided rational design 
to develop SpCas9-NG, a Cas9 variant that can target all NG PAM 
sequences with varying activities, in many cases with higher effi-
ciency than xCas9-3.7. SpCas9-NG incorporates several of the 
mutations used in SpCas9-VQR, while also adding mutations that 
stabilize the Cas9–PAM interaction. Recently, an extensive com-
parison of SpCas9, xCas9-3.7 and SpCas9-NG activity in human 
cells128 revealed that nucleotides outside of the traditional trinu-
cleotide PAM sequence, extending to up to 5 nucleotides adja-
cent to the protospacer, can influence targeting activity by each 
of these Cas9 variants. Moreover, this study showed that the engi-
neered variants xCas9-3.7 and SpCas9-NG were less tolerant of 
extended guide RNAs containing a 5′ G, which is often appended 
to enable efficient transcription from the commonly used U6 pro-
moter, as compared to a standard 20-nt spacer with a matched or  
mismatched 5′ G128.

More recently, our group130 and that of Kleinstiver131 have fur-
ther broadened the range of targetable PAM sequences. We130 used 
phage-assisted continuous and non-continuous evolution to gener-
ate three new SpCas9 variants (SpCas9-NRRH, SpCas9-NRCH and 
SpCas9-NRTH, where H is A, C or T, and R is A or G) with higher 
activity than xCas9-3.7 that collectively can be used to target almost 
any NR PAM. Kleinstiver and co-workers131 used structure-guided 
engineering to develop SpG and SpRY, two SpCas9-based variants 
that recognize NGN and NRN/NYN (where Y is C or T) PAMs, 
respectively. NRN is recognized more efficiently than NYN.

An engineered chimeric Cas9 protein, Spy-mac Cas9 (and an 
enhanced-activity variant called iSpy-mac Cas9), was reported to 
recognize NAA PAM sequences132. Spy-mac Cas9 was constructed 
by replacing the PAM-interaction domain of SpCas9 with that of 
SmacCas9, which was computationally predicted to recognize AA 
dinucleotide PAMs. A similar computational strategy was used 
to identify an ScCas9 ortholog40 and to subsequently engineer 
high-activity ScCas9 variants that recognize NNG PAM sequences133.

SaCas9, which offers advantages for certain genome editing 
applications due to its smaller size34, natively has a fairly restric-
tive PAM (NNGRRT), which is present on average at 1 in every 
~64 genome sequence positions. Through mutagenesis of the 
PAM-interacting domain and bacterial selections, an engineered 
SaCas9-KKH variant was developed134 that recognizes NNNRRT 
PAM sequences, expanding the targeting scope by ~4-fold com-
pared to wild-type SaCas9. Additionally, FnCas9, which has a high 
intrinsic specificity, has been engineered using rational approaches 
to create effectors that recognize YG PAMs in place of its original 
NGG PAM41. The engineered FnCas9-RHA variant was designed 
using structural data that suggested the possibility for disrupting an 
interaction between Arg1556 and the third canonical PAM nucle-
otide (NGG). While FnCas9 was found to have low genome edit-
ing activity in human cells, targeting of a dSpCas9 to an adjacent  
region (the ‘proxy-CRISPR’ approach) facilitates FnCas9-mediated 
DNA cleavage20.

The T-rich PAM sequences recognized by Cas12 proteins 
complement the G-rich PAMs preferred by many Cas9 orthologs. 
However, canonical Cas12 PAMs are often somewhat restric-
tive, such as the TTTV PAM (where V indicates A, C or G) rec-
ognized by LbCas12a and AsCas12a44. Cas12a variants have been 
engineered using structure-guided mutagenesis to recognize 

either TATV or TYCV PAM sequences135. Recently, Joung and 
co-workers136 reported enAsCas12a, a Cas12a variant with roughly 
twice the activity of wild-type AsCas12a on canonical TTTV PAMs.  
This Cas12a variant, developed using structure-guided mutagen-
esis, also recognizes an expanded set of PAMs, including TTYN, 
VTTV and TRTV.

The set of natural and engineered Cas protein variants reported 
to date can collectively recognize over half of the PAM sequence 
space, signifying a great deal of progress in the field from its begin-
nings with SpCas9. Nonetheless, improving the targeting scope of 
Cas effectors—in particular, to recognize non-purine-containing 
PAM sequences—presents an important challenge. Although sub-
stantial effort has focused on expanding the targeting scope of 
Cas9 variants, particularly SpCas9, the discovery and engineering 
of Cas12 variants that recognize T-rich PAM sequences will likely 
continue to expand the targetability of Cas effectors to help meet 
these needs. Finally, we note that the robustness of engineered Cas 
protein variants often does not match that of their naturally occur-
ring Cas counterparts128. This drawback is most evident when Cas 
proteins are used for more demanding applications, such as edit-
ing animal models of human genetic diseases or targeting DNA 
loci that are occupied by endogenous proteins. Thus, the creation 
of robust Cas variants that maintain high activity while accessing 
certain challenging PAM sequences, such as those sparsely covered 
or missing in Supplementary Table 1, remains an important oppor-
tunity for future advancement.

Engineered Cas variants with higher DNA specificity. Precise 
targeting by Cas nucleases depends on their ability to discrimi-
nate on-target sequences from similar off-target sequences present 
throughout the genome137. While some Cas9 and Cas12 orthologs 
have been found to be naturally high-fidelity effectors38,138–142, a 
major research focus has been the development of engineered Cas 
variants that have greater discrimination for on-target sequences 
over off-target sequences. The development of high-fidelity 
enzymes has been greatly facilitated by the development of methods 
to sensitively detect off-target Cas nuclease activity43.

One strategy to improve targeting precision is to require two 
Cas proteins to bind adjacently to induce a DSB. This goal has 
been achieved using two distinct strategies. Paired Cas9 nickases, 
together with two sgRNAs that target opposing strands of a DNA 
target, can induce dual nicks only when both nickases bind nearby 
target sequences, decreasing the likelihood of off-target DSBs, 
which would require that two off-target sites be near each other in 
the genome143. When using this strategy, the spacing and orientation 
between the two nick sites is an important determinant of DSB for-
mation efficiency. In a second strategy, fusions of dCas9 to the cata-
lytic domain of Fok1 have been used to increase the specificity of 
DSB formation144,145. The Fok1 nuclease catalytic domain, which has 
been used extensively with other programmable nucleases such as 
zinc finger nucleases and TALENs, is only active upon homodimer-
ization146. Thus, the simultaneous recruitment of two Fok1 catalytic 
domain monomers at adjacent DNA sites is required for efficient 
and specific DNA cleavage in human cells, making the off-target 
editing efficiency of these systems is very low144,145. Alternatively, 
fused Cas9–Cas9 chimeras have been used to increase DNA speci-
ficity147. In this design, one Cas9 domain is catalytically inactivated 
and serves as an auxiliary DNA binding domain, while a second 
Cas9 domain is catalytically competent but attenuated. This strat-
egy biases nuclease activity to sites where both Cas9 domains can 
bind147. The specificity advantages of these dual nickase systems 
are balanced by their greater complexity and the requirement of  
additional components.

In an effort to increase the intrinsic specificity of Cas9 proteins, 
several high-fidelity variants have been engineered or evolved to 
have lower off-target editing activity126,127,148–153. First, Zhang and 
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co-workers148 reported eSpCas9(1.1), an SpCas9 variant that was 
discovered through alanine scanning of positively charged residues 
that line the non-target-strand binding groove, with the hypothesis 
that interrupting interactions between these residues and the nega-
tively charged nucleic acid backbone would decrease binding affin-
ity. After screening mutants, the combination of K848A, K1003A 
and R1060A mutations was chosen, and the resulting eSpCas9(1.1) 
variant displayed efficient and precise genome editing in human 
cells. Joung and co-workers126 used similar principles in their design 
of the high-fidelity Cas9 variant SpCas9-HF1, where they aimed to 
decrease the binding affinity between the Cas9–sgRNA complex 
and the DNA target by mutating Cas9 residues that make polar 
contacts with the phosphate backbone of the target DNA strand 
(N497A, R661A, Q695A, Q926A). Like eSpCas9(1.1), SpCas9-HF1 
has high on-target activity and reduced off-target editing as char-
acterized by GUIDE-seq154. An enhanced fidelity variant, termed 
HeFSpCas9, was later constructed150 by combining mutations found 
in eSpCas9(1.1) and SpCas9-HF1.

Following the development of eSpCas9(1.1) and SpCas9-HF1, 
Doudna and co-workers149 examined the biochemical mechanism 
of off-target discrimination by high-specificity Cas9 effectors. Their 
study revealed that, compared to wild-type Cas9, eSpCas9(1.1) 
and SpCas9-HF1 spend a larger fraction of time occupying the 
nuclease-inactive conformation when bound to off-target DNA 
sequences. This insight enabled the generation of HypaCas9, a high 
fidelity SpCas9 variant that exploits this conformational proofread-
ing mechanism. HypaCas9 contains N692A, M694A, Q695A and 
H698A mutations and also demonstrates a high ratio of on-target to 
off-target cleavage activity149.

Whereas eSpCas9(1.1), SpCas9-HF1 and HypaCas9 were  
generated using rational design approaches, Cereseto and 
co-workers151 took an unbiased approach by developing a yeast-based 
assay to screen a library of SpCas9 effectors with mutations in the 
REC3 domain. Simultaneous positive and negative selection using 
well-established yeast auxotrophic markers allowed the direct  
selection of library members with both high on-target activity and 
low off-target activity. This resulted in the identification of evoCas9, 
a quadruple mutant with mutations not found in any previously 
reported high-fidelity Cas9 variants, which showed greater fidelity 
than other previously developed SpCas9 high-specificity variants151.

Kim and co-workers152 applied a conceptually similar posi-
tive and negative selection scheme in Escherichia coli to identify 
a more specific SpCas9 variant named Sniper–Cas9. Libraries of 
Cas9 variants were generated using a combination of error-prone 
PCR and DNA shuffling on full-length SpCas9. These librar-
ies were then subjected to a selection in which cell survival was 
dependent on the Cas9 variant cutting a target sequence within 
a toxic plasmid encoding ccdB while also avoiding cleavage of 
a similar off-target sequence within the genome. The authors 
evaluated the fidelity of Sniper–Cas9 using Digenome-seq155 and 
observed significantly lower off-target editing than with SpCas9. 
Moreover, Sniper–Cas9 showed wild-type-like levels of on-target 
activities with truncated sgRNAs or sgRNAs with 5′-G-extended 
mismatched spacers152.

In general, Cas12a variants have been reported to generate few 
off-target editing events by comparison to many of the Cas9 ortho-
logs138,139. Although an enhanced-activity AsCas12a variant (enAs-
Cas12a) was found to produce higher levels of off-target editing 
than wild-type AsCas12a, a high-fidelity variant (enAsCas12a-HF1) 
restored the low off-target editing activity136.

The delivery of CRISPR–Cas systems in the form of RNP com-
plexes often results in much lower levels of off-target modifica-
tion86,139,156–158. Recently, a single-point-mutation variant of SpCas9 
(R691A), named HiFiCas9, has been shown to display even lower 
off-target editing when used with RNP delivery platforms153. Of 
note, the previously reported high fidelity variants eSpCas9(1.1), 

SpCas9-HF1 and HypaCas9 demonstrated lower on-target editing 
as RNPs in these systems.

Engineered sgRNAs have also been used to reduce off-target 
activity159,160. Truncated sgRNAs, referred to as tru-gRNAs159, use 
spacer sequences with <20 nucleotides complementary to the pro-
tospacer target. Tru-gRNAs were shown to reduce off-target edit-
ing efficiency by up to three orders of magnitude while maintaining 
high levels of on-target editing. As an alternative sgRNA platform 
for increased editing specificity, hp-sgRNAs were designed to con-
tain an extension on the 5′ end of the spacer that has the potential to 
form an RNA hairpin with the spacer sequence160. These hp-sgRNAs 
likely reduce the binding stability of Cas9 nuclease to its DNA target 
in a manner that more strongly impacts off-target nuclease activity 
than on-target activity.

Although substantial progress has been made identifying and 
engineering higher fidelity Cas variants that can reduce off-target 
editing to a substantial extent, high-throughput evaluation of these 
variants has shown that they generally support lower on-target 
activity as well43,161. In addition, most high-fidelity Cas9 variants do 
not tolerate changes to the canonical guide RNA, including 5′ G 
additions or mismatches126,128,162. These factors limit their usefulness 
in practice, especially when combined with other activity-reducing 
modifications such as those that alter PAM compatibility. Thus, 
identifying CRISPR–Cas genome editing systems that have reduced 
off-target editing activity while maintaining robust on-target edit-
ing efficiency and compatibility with commonly used guide RNA 
variants continues to present opportunities to advance the DNA 
specificity of genome-editing agents.

Genome editing with base editors
Base editors precisely install targeted point mutations without 
requiring DSBs or donor DNA templates, and without reliance 
on HDR14,26–28,163–166. Current base editors contain a catalytically 
impaired CRISPR–Cas nuclease (that cannot make DSBs) fused 
to a single-stranded DNA deaminase enzyme and, in some cases, 
to proteins that manipulate DNA repair machinery. Two main 
classes of base editors have been developed to date: cytosine base 
editors (CBEs), which catalyze the conversion of C•G base pairs 
to T•A base pairs; and adenine base editors (ABEs), which cata-
lyze A•T-to-G•C conversions26,27. CBEs and ABEs can efficiently 
mediate all four possible transition mutations (C→T, A→G, T→C, 
G→A), which represent approximately 30% of currently annotated 
human pathogenic variants167. Base editors have been applied in 
a variety of cell types and organisms, including animal models of 
human genetic diseases, to install or revert transition point muta-
tions28,164,165 using CBEs168–206 and ABEs180,193,205–217.

In both CBEs and ABEs, the catalytically impaired Cas nucle-
ase domain localizes a ssDNA deaminase enzyme to a genomic 
target sequence of interest. Upon Cas binding, hybridization of the 
guide RNA spacer to the target DNA strand causes displacement 
of the PAM-containing genomic DNA strand to form a ssDNA 
R-loop17,33. Although PAM-proximal nucleotides (typically the  
6 ± 2 nt adjacent to the PAM) are occluded by the Cas effector 
domain, PAM-distal nucleotides are exposed as ssDNA and are 
accessible to the deaminase domain of the base editors17,26,163. CBEs 
use cytidine deaminases to convert cytosines within the R-loop to 
uracils, which are read by polymerases as thymines26,218. Similarly, 
ABEs use laboratory-evolved TadA* deoxyadenosine deaminases to 
convert adenosines within the R-loop to inosines, which are read 
as guanines by polymerases27. Base editing of target nucleotides 
within the R-loop is dependent on productive interactions between 
the deaminase and substrate nucleotides, and those nucleotide posi-
tions within the R-loop that support efficient base editing outcomes 
define the base editing ‘activity window’. For canonical CBEs and 
ABEs that use SpCas9, this activity window spans approximately 
protospacer positions 4–8 (where position 1 is the first nucleotide 
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of the protospacer and the PAM is at positions 21–23), but can be 
influenced by differences in DNA state, such as chromatin architec-
ture, that may vary by locus or cell type26,27.

Deamination of substrate nucleotides within the editing win-
dow initially generates uridine and inosine, creating a mismatched 
DNA base pair with the G or T, respectively, on the opposite, 
non-deaminated strand (Fig. 3). Stable base editing outcomes 
require replacement of the unedited strand to install the corre-
sponding A and C complementary nucleotides opposite the uridine 
or inosine, respectively. However, uracil and inosine intermediates 
are mutagenic, and DNA repair pathways have evolved in most 
organisms to remove these bases from genomic DNA219. Uracil is 
rapidly excised from genomic DNA by uracil DNA N-glycosylase 
(UNG2)220–223. If uracil excision occurs before installation of the 
complementary G-to-A conversion on the non-deaminated strand, 
the resulting abasic site will often revert to the original sequence 
(or an undesired transversion mutation) through the base excision 

repair pathway (Fig. 3a). To increase the half-life of uracil at the 
target locus and consequently increase editing efficiency and purity, 
CBEs typically include uracil glycosylase inhibitor proteins (UGIs) 
that substantially increase editing yield and product purity26,163,218,224. 
For ABEs, inhibition of MPG, the glycosylase thought to excise 
inosine from genomic DNA in eukaryotic cells, did not further 
increase already very high editing product purities, suggesting that 
inosine excision is much less efficient in mammalian cells than ura-
cil excision27,225.

To further improve base editing efficiency, most base edi-
tors, such as BE3 (the first described CBE) and ABE7.10, use a 
Cas nickase, rather than a dCas DNA-binding protein, to nick the 
non-deaminated DNA strand (Fig. 3). The resulting nick stimulates 
cellular repair of the non-deaminated strand, using the deami-
nated strand as a template for resynthesizing the nicked strand. 
Deamination of one strand and resynthesis of the complementary 
strand therefore results in editing of both target DNA strands to 
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Fig. 3 | Installing transition point mutations with CRISPR–Cas base editors. Base editing with CBEs and ABEs is shown using Cas9 effectors as examples. 
a, CBEs install C•G-to-T•A point mutations using Cas9 nickases or dCas9 fused to cytidine deaminases and uracil glycosylase inhibitor domains (UGI). 
CBEs bind to a target DNA sequence and form a single-stranded R-loop. Cytosines within the R-loop are substrates for the cytidine deaminase domain, 
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yield stable conversion of the target base pair26,218. Additional 
improvements such as linker optimization and the fusion of a sec-
ond UGI domain further improved CBE activity, resulting in the 
BE4 architecture (Fig. 3c)218. Nuclear localization sequence and 
codon optimization yielded the BE4max and ABEmax variants, 
which offer substantially increased editing efficiencies in mamma-
lian cells and in vivo169,226. Subsequent improvements, summarized 
below, have dramatically expanded the genome targeting scope, 
efficiency and product purity of base editors.

Maximizing base-editor targeting scope. Base editors use RNA 
programmable CRISPR–Cas DNA binding proteins to enable the 
targeted deamination of single nucleotides that fall within a particu-
lar window in the target protospacer. As such, PAM availability is an 
important determinant of whether a target sequence can be modi-
fied with a base editor. The first CBE and ABE variants were devel-
oped with SpCas9, which has an NGG PAM requirement. NGG 
PAM CBEs could in theory correct approximately 26% of annotated 
pathogenic T•A-to-C•G mutations in ClinVar, while NGG ABEs 
could in theory correct 28% of annotated pathogenic G•C-to-A•T 
point mutations26,27,127,167.

Early efforts to expand the targeting scope of base editors used 
Cas orthologs or engineered Cas variants that were developed to 
recognize alternative PAMs (summarized above; Supplementary  
Table 2). In addition to Cas9 effector variants, CBEs have also 
been constructed using various Cas12a homologs (Supplementary  
Table 2). By contrast, ABE7.10 has proven to be less tolerant of 
Cas domains beyond wild-type SpCas9 than CBEs, although sev-
eral ABE7.10 Cas variants have been reported with at least mod-
est activity in mammalian cells (Supplementary Table 2). Recently, 
the incompatibility of ABEs with some Cas domains (most nota-
bly, Cas12 domains) was overcome through the evolution of ABE8 
deaminases, which offer up to 590-fold higher activity than ABE7.10 
and enable efficient A•T-to-G•C editing with all Cas9 and Cas12 
domains tested, including LbCas12a and enAsCas12a227,228. The edi-
tor architectures and editing windows for many of these constructs 
are shown in Fig. 3c and Fig. 428. Notably, ABE8 variants support 
high-efficiency editing with a smaller architecture that uses a single 
evolved TadA* monomer229, removing ~500 bp of coding sequence 
from the editor. We anticipate that further evolution and computa-
tional analysis may help describe the contributions each mutation 
makes to the overall activity of these enzymes230, enabling future 
engineering efforts. Collectively, these Cas variants expand the 
genome targeting breadth of CBEs and ABEs to ~95% of pathogenic 
transition mutations in ClinVar167.

In addition to increasing genome targeting scope, the contin-
ued development of base editors with different Cas domains is also 
enabling in other ways. Genes encoding smaller Cas proteins such 
as SaCas934 and newer Cas12 variants46,231, for example, are more 
readily deliverable to target tissues using size-constrained delivery 
modalities such as AAVs. Recent work has reported dual AAV split 
base editor systems that enable efficient in vivo base editing170,180,207. 
Further optimization of Cas domains and deaminases may enable 
single-AAV editing approaches. Finally, because the on-target 
efficiencies of all genome editing tools vary by site (including 
exact protospacer and PAM position), cell type and cell state, a  
diverse toolbox that provides multiple base editor options for a 
given target of interest will facilitate many applications, including 
functional screens191,192,204,232–234.

Modifying R-loop–deaminase interactions. The R-loop that 
is formed after the Cas domain binds its target provides a 
single-stranded DNA substrate for the deaminase domain of a base 
editor. Base editing efficiency within this R-loop is determined by 
productive interactions between R-loop substrate nucleotides and 
the deaminase enzyme235. The efficiency with which target bases are 

edited typically peaks around the most accessible nucleotides within 
the R-loop26,27,235. The base editing activity window is defined as those 
protospacer positions that support a certain fraction (typically 50%) 
or higher of average peak editing efficiency (Fig. 4). The location 
of the editing window can change when a different Cas domain is 
used or when the deaminase domain changes227,236,237. Broader edit-
ing windows increase the frequency of bystander editing—editing  
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Fig. 4 | CRISPR–Cas base editors and variants thereof. CBEs and ABEs 
classified by editing characteristics and origin. SpCas9 CBEs and ABEs are 
shown to illustrate the array of editors available; in most cases, other Cas 
domains can also be used. CBEs are available as narrow-window editors, 
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shown as representative diagrams but vary based on sequence. References 
for editing windows are provided in Supplementary Tables 2 and 3.  
aCBE variants with decreased DNA and RNA off-target editing have 
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off-target DNA and RNA editing include PpAPOBEC1 H122A, PpAPOBEC1 
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new CBEs are not yet known. bLow RNA editing.
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within the protospacer at a position other than the target posi-
tion—of nearby C or A nucleotides, which in some cases may lead 
to undesired effects.

Naturally occurring and engineered Cas variants offer different 
editing windows. For example, SaCas9 typically supports a broader 
editing window (typically protospacer positions ~3–12 for CBEs 
and ~4–12 for ABEs)236 than SpCas9 (positions ~4–8 for CBEs 
and ~4–7 for ABEs), while Cas12a-derived CBEs and ABEs gener-
ally offer an editing window of 8–13 (where position 1 is the first 
nucleotide after the 5′ PAM)170,238. Researchers have also engineered 
SpCas9 domains that modify the location of the base editing win-
dow. Modifying the Cas–deaminase linker, for example, can restrict 
editing to particular locations within the editing window of some 
CBEs239,240. Circular permutation (CP) of SpCas9241 changes the 
position of the deaminase relative to the R-loop, enabling more effi-
cient conversion of target nucleotides positioned at the edge of the 
editing window237. Embedding the deaminase domain within a loop 
of the Cas9 PAM-interacting domain, which predictably changes 
the spatial relationship between the deaminase and the R-loop, has 
also led to editors with broadened editing windows242. Recruiting 
multiple deaminase copies to the R-loop to increase the exposure of 
available nucleotides to high concentrations of deaminase enzymes 
can also broaden the size of the editing window243–245.

Varying the deaminase domain of base editors has also provided 
base editors with different editing window features. CBEs were first 
developed26 with APOBEC1, a deaminase with a standard edit-
ing window (protospacer positions 4–8), and were subsequently 
reported with different APOBEC1 family members246, as well as 
other deaminases such as CDA129,163,171,179,181,189,194,195,218,235,239,247–253, 
AID204,206,218,244,248,252–257 and APOBEC3 family members (A3A, A3B, 
A3C, A3D, A3F, A3G, A3H, A3I)185,235,246,253,258–265. Deaminases vary 
in their kinetic parameters and nucleotide substrate preferences, 
giving rise to different editing window widths and activities on 
different substrate sequences. For example, rat APOBEC1 prefers 
to deaminate cytosines within TC motifs, and it strongly disfavors 
deamination of cytosines within a GC context. In contrast, A3G 
prefers editing CC motifs26,260. Base editors with CDA, AID and A3A 
deaminases typically have wider windows, likely due to the higher 
activities of these deaminases163,253,258,265. Supplementary Table 3 
summarizes the deaminase domains and Cas domains used to con-
struct base editors to date.

Engineered deaminase domains have also been used in base edi-
tors with specific editing characteristics. For example, editors with 
narrowed windows have been developed by structure-based muta-
genesis of APOBEC1 to impair its catalytic activity236,266. Ancestral 
reconstruction of APOBEC family members uncovered variants 
with unique sequence preferences and led to increased editor expres-
sion levels226. Engineering of APOBEC3A led to eA3A (APOBEC3A 
N57G), a deaminase with strong TC motif preference258. Truncated 
A3B variants that remove the N-terminal RNA-binding domain 
show higher editing activity than wild-type A3B deaminases, while 
truncated forms of APOBEC1, A3A and CDA have also been shown 
to support efficient base editing activity240,261,267. Other engineered 
AID, A3A and A3B deaminase variants have also been observed 
to support base editing activity, particularly for targeted random 
mutagenesis206,244,252,254,257.

PACE of CBEs has also yielded base editors with increased edit-
ing activity, broader sequence context compatibility surrounding 
the target cytosine (for example, evoAPOBEC1-BE4), and wider 
editing windows (for example, evoCDA-BE4)235. Other evolution 
campaigns have generated deaminases derived from ancestrally 
reconstructed APOBEC lineages that are ~30% smaller than other 
APOBEC1-based deaminases and show little sequence context pref-
erence (for example, evoFERNY-BE4)235. The development of diverse 
CBEs with natural, engineered, and evolved deaminases has thus 
expanded the targeting scope, precision and effectiveness of CBEs.

Combining the rapidly expanding suite of Cas effectors with 
the growing set of deaminase domains has substantially advanced 
the capabilities and utility of base editors. The rapid increase in the 
number of known CBE- and ABE-compatible Cas domains with 
distinct PAM preferences, truncation or extension of the sgRNA 
to alter editing outcomes152,207, as well as the increase in deaminase 
domains with different target sequence compatibilities and editing 
window positions, greatly increases the probability that a base edi-
tor exists that can convert a given target nucleotide of interest. At 
the theoretical extreme, when sufficient base editors exist such that 
every genome position lies within at least one base editor’s activ-
ity window, ideal base editors would edit only a single nucleotide 
position within a single sequence context to minimize the possibil-
ity of bystander or off-target editing. The ever-increasing collective 
targeting scope of base editors therefore creates opportunities to 
develop more sequence-specific and narrow-window editors that 
minimize bystander or other unwanted base editing events.

Minimizing undesired base editing. Undesired byproducts of base 
editing can be classified into those that occur at the target site and 
those that occur at off-targets. Three types of undesired editing 
byproducts occur at on-target sites: transversion mutations at the 
target nucleotide (that is, C•G-to-[A•T or G•C] or A•T-to-[C•G 
or T•A]), bystander editing and indels.

Transversions occur when target nucleotides are converted to 
unintended nucleotides, and are observed as rare byproducts of 
CBEs that vary in frequency by target locus. Transversions likely 
arise from error-prone repair of abasic sites that are generated when 
cellular DNA glycosylases hydrolyze the glycosidic bond linking 
deaminated nucleobases such as uracil to the deoxyribose back-
bone218. Architectural changes from BE3 to BE4 decrease the fre-
quency of transversions for CBEs by providing a second UGI copy, 
while increasing average editing efficiency218. Overexpression of 
UGI in trans or by P2A linkage also demonstrated improved edit-
ing purity224. Transversions are highly site-dependent for CBEs. 
ABEs do not display significant base randomization27, presum-
ably due to the much slower rate of inosine excision compared to  
uracil excision.

All base editors can generate bystander edits when multiple C 
or A nucleotides are present within the editing window. Because 
of degeneracy in the genetic code, when editing protein-coding 
genes with canonical CBEs or ABEs, ~53% of the time, bystander 
edits will not occur or will result in only silent mutations28. Some 
non-silent bystander base edits result in conservative mutations, 
such as Ile→Val, that may be inconsequential. In other cases, how-
ever, bystander editing is problematic. Researchers have reduced 
or avoided bystander editing by engineering deaminases with nar-
rowed editing windows (YE1, YE2, YEE, EE and YFE)236,266 or with 
high sequence context dependence (eA3A, which preferentially edits 
TC motifs)229. CBEs with highly active deaminases and broad edit-
ing windows, such as those containing CDA, AID, A3A or evoCDA 
deaminases28,235 or that use circularly permuted Cas9 domains237, 
intrinsically have a higher propensity to produce bystander edits. 
If a target site lacks an ideally positioned PAM, however, or if base 
editors are sought for large-scale mutation and screening, then 
wide-window editors may be required to achieve acceptable levels 
of on-target editing235,243,244.

Sequence context-specific and narrowed-window ABEs have yet 
to be developed, but would be quite useful given the broad Cas9 
and Cas12a PAM variant compatibility of high-activity ABEs such 
as ABE8228 or ABE8e227.

Indel byproducts at target loci can arise from the use of CBEs 
and, to a lesser extent, ABEs. Because base editors use nickase or 
dead Cas effectors, they do not directly generate DSBs and therefore 
generate far fewer indel products than Cas nucleases. Nonetheless, 
the excision of deaminated bases can initiate base excision repair, 
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which transiently breaks the DNA backbone of the deaminated 
strand219,268. If base excision repair occurs while the non-deaminated 
strand is nicked by a nicking-competent base editor or by endog-
enous DNA repair processes, then a DSB can result. Fusion of Mu 
Gam, a protein that binds to the ends of DSBs and protects them 
from degradation, can decrease indel formation in CBEs218. ABEs 
typically induce lower indel frequencies than CBEs27, consistent 
with inefficient base excision of inosine and/or the slower kinetics 
of the ABE7.10 deaminase. Non-nicking dCas9 variants can be used 
to markedly reduce indel frequencies as well26,228, but typically have 
lower base editing activity.

In addition to byproducts generated at the target site, undesired 
deamination at off-target DNA or RNA sites can also occur fol-
lowing the use of base editors in cells. Off-target DNA base edit-
ing can occur in a Cas-dependent (guided) or a Cas-independent 
(unguided) manner. Cas-dependent off-target base editing is 
caused by the Cas domain and guide RNA binding to sequences 
that are similar to the on-target locus137,269,270. Assays for detecting 
the genome-wide Cas-dependent off-targets of base editors have 
detected Cas9-dependent off-target base editing for both CBEs and 
ABEs, which primarily occur at a subset of Cas9 nuclease off-target 
sites271–273. Productive base editing requires additional criteria that 
affect the off-target profile, such as the presence of a cytosine or ade-
nine within the editing window, nucleotide sequence context, and 
R-loop accessibility by deaminases, that are not satisfied for all Cas 
nuclease-dependent off-target sites. Cas9-mediated R-loop forma-
tion drives off-target editing events, making the use of highly sensitive 
Cas nuclease off-target detection methods such as CIRCLE-seq274,275 
an effective assay for identifying Cas-dependent off-target base edit-
ing candidate loci. The transient formation of R-loops by Cas9 melt-
ing of off-target DNA may also lead to off-target base editing at sites 
that are not bona fide nuclease off-target loci, although unbiased 
base editing off-target studies suggest such sites are rare271,272.

The use of high-fidelity Cas domain variants can greatly reduce 
the frequency of Cas-dependent off-targets events127,158. While only 
a subset of the many high-fidelity Cas domains have been tested as 
base editors, increasing the DNA specificity of the Cas domain indeed 
minimizes Cas-dependent off-target DNA base editing of both CBEs 
and ABEs (Supplementary Table 2)127,152,158,184,247,251,258,273,276. In addition 
to using Cas domains with enhanced DNA specificity, sgRNA trun-
cations have been reported to limit off-target base editing152. Limiting 
exposure of cells to base editors by delivering base editor RNPs, 
instead of DNA constructs, also greatly decreases off-target base 
editing while maintaining comparable on-target editing, likely due 
to more rapid action of base editors at on-target loci than off-target 
loci158. Finally, catalytically impaired or sequence-specific deaminases 
(for example, those in YE-BE4 and similar variants)236,258,266 have also 
been shown to improve DNA specificity by decreasing off-target base 
editing more than on-target editing236,277.

Base editors can also induce Cas-independent DNA off-target 
editing, which occurs from the long-term expression of deaminases 
that can randomly deaminate transiently accessible nucleotides at a 
low level across the genome. This phenomenon has been observed 
for CBEs in both mammalian and plant cells, but was not detected 
for ABE7.10278–280. Detecting Cas-independent off-target base edit-
ing is especially challenging because their low frequency (~5 × 10−8 
per base pair in mouse embryos injected with high levels of CBE 
mRNA278) is below most reported rates of spontaneous somatic cell 
mutation, and their random locations preclude the use of targeted 
amplicon sequencing to amplify off-target editing signals.

Recently, Liu and co-workers277 and Gaudelli and co-workers246 
independently generated a series of bacterial and mammalian cell 
assays that do not require whole genome sequencing and sensitively 
detect the propensity of different CBEs to induce Cas9-independent 
off-target editing246,277. These efforts led to a broad characteriza-
tion of the Cas-independent off-target activity for many reported 

cytosine base editor variants. Our group277 developed YE1-BE4 
and newly engineered YE1-BE4 variants with greater targeting 
scope were found to offer on-target editing efficiencies similar to 
those of BE4max, but with minimal Cas-independent off-target 
DNA editing activity. Gaudelli and co-workers246 tested 153 deami-
nase domains and identified four APOBEC deaminase variants 
(PpABOBEC1, RrA3F, AmAPOBEC1 and SsAPOBEC3b) with 
decreased Cas-independent off-target DNA editing activity246. 
Additional engineering of these four deaminases led to the develop-
ment of ‘hifi’ versions of these deaminases that further decreased 
the Cas9-independent off-target DNA editing (PpAPOBEC1 
H122A, PpAPOBEC1 R33A, RrA3F F130L and SsAPOBEC3B 
R54Q). The relationship between on-target editing efficiency and 
off-target effects must be weighed for each editing application. 
Highly sequence-specific or narrow-window deaminases can be 
combined with the ever-growing set of Cas domains to create edi-
tors with targeting breadth, efficiency and DNA specificity proper-
ties that are well-suited for most base editing applications246,277.

Finally, the deaminase domains of CBEs and ABEs, which are 
derived from enzymes that natively deaminate RNA, can also induce 
Cas-independent off-target RNA base editing when overexpressed 
at high levels in mammalian cells229,263,281,282. Like Cas-independent 
off-target DNA editing, off-target RNA base editing occurs at 
low levels but in a random and widespread manner. For example, 
overexpression of ABE7.10 induces ~0.22–0.24% A-to-I deamina-
tion across the transcriptome, compared with ~0.14–0.19% A-to-I 
deamination from endogenous cellular adenosine deaminases227,282. 
Although the overall transcriptome-wide frequency of C-to-U 
deamination with and without CBE overexpression has not yet been 
reported, Joung and co-workers281 observed low-level but wide-
spread cytosine deamination among cellular RNAs in cells highly 
enriched for maximal CBE overexpression. RNA editing from base 
editors is transient, given the rapid rate of RNA turnover, and is only 
expected to occur while base editors are at high levels (for example, 
~48 h following transient transfection of overexpression plasmids).

Rational engineering of deaminase domains has generated CBEs 
and ABEs with minimal RNA editing activity. For both CBEs and 
ABEs there are now several engineered variants with decreased 
Cas9-independent RNA editing activity229,246,263,281,282. Some of these 
improvements—namely, the V106W mutant282—have been com-
bined with the recently evolved ABE8 variants to generate edi-
tors with high on-target activity and minimal Cas9-independent 
DNA and RNA off-target activity227,228. Successes minimizing 
Cas-independent off-target DNA and RNA editing reflect the fea-
sibility of modifying deaminases to be more dependent on Cas 
domain-mediated DNA binding—for example, by elevating the 
Michaelis constant (Km) of the deaminase for DNA or RNA to mini-
mize nucleic acid binding without Cas domain assistance.

Considerations for the use of base editors. Researchers have now 
generated a large suite of base editors, each with different character-
istics. Although the diversity of base editors increases the likelihood 
of their successful application, the many available choices can make 
selecting the most promising base editor for a given application 
challenging. In this section, we discuss key considerations, includ-
ing PAM availability, nucleotide context, editing window, product 
purity and DNA specificity, each of which guides the appropriate 
selection of a base editor for a given target sequence and applica-
tion. Figure 5 shows a strategic flow chart summarizing these con-
siderations. Recent efforts to develop machine learning models of 
genome editing outcomes73,74,283–285 are further facilitating and auto-
mating this process.

If the genome editing application calls for a C•G-to-T•A 
transition point mutation, CBEs will be the appropriate editors, 
while for A•T-to-G•C transition point mutations, ABEs will 
be required. For random mutagenesis applications, base editors  
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containing both cytidine deaminases and deoxyadenosine deami-
nases domains286–289, CBE variants with no UGI domains (for tar-
geted base scrambling)163,218,244,250,254,257,265, and wide-window base 
editor variants243,244 are often useful.

After selecting the appropriate class of editor for an application 
of interest, the next consideration is the identification of a suitable 
PAM. For C•G-to-T•A transitions, a Cas9- or Cas12-based CBE 
can be used if a suitable PAM exists 3′ (for Cas9-containing editors) 
or 5′ (for Cas12-containing editors) of the target C nucleotide on 
the same strand. A•T-to-G•C transitions can similarly be achieved 
with Cas9- or Cas12-based ABEs. Optimal editing occurs when 
the target base falls in the center of the editing window, typically 
protospacer positions ~4–8 for SpCas9-based CBEs and ABEs and 
positions ~8–13 for Cas12a-based editors. SaCas9 variants typically 
show a broader editing window (positions ~4–12) for both CBEs 
and ABEs (Fig. 5 and Supplementary Table 2).

Next, the sequence context of the target nucleotide should be 
analyzed. For CBEs, some of the component deaminases have strong 
sequence preferences (for example, the APOBEC1 family does not 
efficiently edit some cytosines in GC contexts). When needed, CBEs 
harboring deaminases with broader sequence context compatibility 
may be used, such as CBEs with evoAPOBEC1, evoFERNY, AID, 
CDA or A3A deaminases (Fig. 5). It is possible that additional C 
nucleotides, beyond the target C, will also be present in the edit-
ing window, especially when using broad-window editors. If the 
resulting bystander edits are predicted to occur with high efficiency, 
and if they are unacceptable for the application (for example, if they 
introduce non-silent or non-conservative substitutions in a gene 
correction effort), then other PAM sequences, narrow-window  

editors or sequence-constrained deaminase editors should be  
considered (Fig. 5).

If the target base is not in a GC context and there is low con-
cern for bystander editing, then standard window editors such 
as APOBEC1, Anc689 or FERNY can be used. If the potential 
bystander edit is in a GC context, non-evolved APOBEC1 edi-
tors are excellent candidates because GC bystander nucleotides 
are less likely to be deaminated by APOBEC1 deaminases226,235. If 
bystander edits are possible and the target C falls within a TC motif 
while other non-target bases do not, the eA3A CBE variant can be 
used258. APOBEC3G (D316R, D317R) can be used to efficiently tar-
get cytosines in CC motifs260 and eAID N51G prefers to deaminate 
GC motifs in a standard AID editing window255. If specificity can-
not be attained on the basis of sequence context, narrow-window 
editors such as YE1, YE2, YEE, EE or YFE can be used if the tar-
get base exists in protospacer positions 4–6. Notably, these deami-
nases share sequence context preferences with APOBEC1236,266. 
Changes that rigidify the Cas–deaminase linker have also led to 
window-narrowing effects239 (Fig. 5).

If PAM availability does not allow placement of the target C 
within a standard editing window, then expanded-window edi-
tors should be considered (Fig. 5), although using CBEs with wider 
editing windows increases the likelihood of bystander mutations. 
While deaminases with broader editing windows have been used to 
expand the editing scope of base editing, architectural changes to 
the SpCas9 domain have also broadened the editing window of base 
editors. When PAM availability permits, using broad-window deam-
inases with other Cas domains that show different standard editing 
windows may also expand the editing window. Expanded-window  
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Fig. 5 | Decision trees for choosing base editors. Base editors can be chosen on the basis of several criteria, including the desired edit (C•G-to-T•A or 
A•T-to-G•C), the availability of suitable PAMs within the target sequence, sequence motifs surrounding the target nucleotide, the position of the target 
nucleotide within the protospacer, the possibility of undesired bystander mutations and the need to minimize off-target DNA or RNA editing. The flow 
chart can guide identification of candidate base editors. Depending on the application, some criteria will take priority over others, and trade-offs between 
efficiency and specificity may be necessary. The standard editing window for SpCas9 CBEs is typically protospacer positions 4–8, for SaCas9 CBEs is 
positions 3–12 and for Cas12a CBEs is 8–13. The standard editing window for SpCas9 ABEs is typically protospacer positions 4–7, for SaCas9 ABEs is 
positions 6–12 and for Cas12a ABEs is 8–13.
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editors should only be used when the target nucleotide does not 
exist within a standard base editing window and when bystander 
edits do not exist or are acceptable for the application. Recruiting 
multiple deaminase domains to the target locus can also increase 
the width of the editing window243–245.

If the desired edit is an A•T-to-G•C transition, similar consid-
erations apply for ABE use. If a candidate PAM has been identified 
that places the target A base in a standard ABE editing window (pro-
tospacer positions ~4–7), the potential for bystander edits should 
be considered. If no problematic bystander editing is possible, then 
ABE7.1027, ABE8.20-m228 or ABE8e227 can be used. ABE8 variants 
show substantially higher activity that supports a much broader set 
of Cas domains compared to ABE7.10, although the higher activity 
of ABE8 variants may necessitate the use of Cas domain variants 
that decrease Cas-dependent off-target DNA editing or the use of 
deaminase variants described above that reduce Cas-independent 
off-target DNA and RNA editing (for example, ABE8e V106W 
or ABE8.17-m V106W)227,228. If there are bystander edits, the 
narrow-window ABE7.10 F148A may be considered263. If the tar-
get nucleotide is more PAM-proximal, ABE7.9 should be consid-
ered215. If the target A falls outside of the standard editing window 
but within protospacer positions 3–11, CP-1041 ABE can be used237 
(Fig. 5). Broadened ABE editing windows have been observed with 
ABE8 variants containing circularly permuted Cas9 domains that 
further extend this window (Fig. 5 and Supplementary Table 2)227.

If Cas-dependent off-target DNA editing is a concern  
when using either CBEs or ABEs on the basis of experimental or 
computational analysis of the target protospacer, then high-fidelity 
Cas9 variants with enhanced DNA specificity should be  
considered (Supplementary Table 1). Although only some 
high-fidelity Cas domains have been tested as base editors, if the 
wild-type Cas domain is known to be compatible with the base edi-
tor, then corresponding well-characterized high-fidelity variants 
of that Cas domain may retain base editor activity (Supplementary 
Table 2)127,152,158,184,247,251,273,276. Truncations of the sgRNA can also help 
mitigate off-target effects with minor window-narrowing effects at 
the on-target locus152. Importantly, most high-fidelity Cas domains 
show lower tolerance for non-canonical guide RNAs (see above).

If Cas-independent DNA or RNA off-target editing cannot be 
tolerated for a particular application, both CBE and ABE deami-
nases have been developed to mitigate these issues. To minimize 
Cas-independent editing, narrow-window CBEs such as YE1, 
or variants of YE1 that have wider editing windows or expanded 
PAM compatibility, can be used277. Additional APOBEC variants 
with decreased Cas9-independent DNA off-target editing have 
been further engineered to decrease RNA off-target editing246. If 
off-target RNA editing is a concern and a standard editing win-
dow is desired, several variants have been developed to suit these 
needs229,246,263,277,281. If a broad editing window is required while mini-
mizing RNA editing, CDA and AID can be considered229. Among 
the ABEs, ABE7.10 has not been reported to show Cas-independent 
DNA editing279, while ABE8e shows modest increases in this form 
of off-target editing that are reduced to ABE7.10 levels by introduc-
ing the V106W mutation227. Off-target RNA editing activity from 
ABEs has been mitigated by the development of the ABE7.10-AW282 
and SECURE-ABE editors229, as well as by introducing the V106W 
mutation to ABE8 and ABE8e, as ABE8 V106W and ABE8e V106W 
show similar RNA editing profiles to that of ABE7.10227. These con-
structs show significantly decreased RNA editing activity, often to 
levels similar to background levels from endogenous cellular RNA 
deamination. If these editors do not support sufficient on-target 
editing, ABE8.17m V106W228 or ABE8e V106W227 should be con-
sidered (Fig. 5).

General strategies for limiting cellular exposure to base editors 
beyond the duration necessary to achieve desired on-target editing 
levels—for example, by delivery of base editor RNPs rather than 

plasmids or viruses158,173,190 or by using small-molecule-controlled 
editing agents—has been shown to greatly reduce off-target base 
editing, likely because on-target sequences are edited at much 
faster rates than off-target sequences158,190,290–293. The substantial 
improvements in DNA specificity that result from transient expo-
sure of cells to editing agents create opportunities for the develop-
ment of additional strategies to control editing agent activity at the 
post-translational level.

Targeted random mutagenesis with base editors. In some 
instances, it is desirable to use base editors to randomly mutagenize 
a locus of interest rather than to install a specific point mutation. 
Variants of CBEs and ABEs have been used to enable effective tar-
get locus random mutagenesis in bacterial250, plant254,287 and mam-
malian cells244,257. One strategy for targeted random mutagenesis 
uses Cas proteins fused to high-activity cytidine deaminases with-
out UGI fusion or coexpression. Since abasic site generation likely 
mediates base scrambling following cytosine deamination and ura-
cil excision, UGI inhibits base randomization. UGI-less CBEs using 
APOBEC1, A3A or AIDx (AID without a putative nuclear export 
sequence) have been shown to lead to higher rates of base scram-
bling at targeted cytosines163,218,244,250,254,257,265. This strategy likely 
can be applied to other cytidine deaminases as well, whereas it is 
unlikely to be effective with ABEs, which do not give rise to signifi-
cant amounts of target base scrambling even when known inosine 
glycosylases are inhibited27.

An alternative targeted random mutagenesis strategy has been 
to create base editors with both cytidine and adenosine deaminases 
fused to a single Cas domain286–289 or tandem fusion of multiple cyti-
dine deaminases294. While mutators of this type were reported with 
AID or CDA and the evolved ABE7.10 deaminase in tandem, other 
combinations from the set of the deaminases in Supplementary Table 
3 are likely to work as well. These combination base editors generate 
both C→T and A→G edits, and some variants have removed the 
UGI domain to increase the base randomization incurred by cyto-
sine deamination. Another mechanism for colocalizing multiple 
editing domains to a locus of interest uses the MS2 coat protein–
aptamer pair (CRISPR-X)244 or the Suntag epitope–monobody pair 
(BE-PLUS)243, both of which drive multimeric protein recruitment 
and high levels of mutagenesis.

Base editor variants that introduce random mutations at targeted 
sites complement a recently developed mutagenesis tool, EvolvR, 
that consists of a fusion of a mutagenic DNA polymerase to a Cas9 
nickase295. EvolvR has been shown to introduce random mutations 
within a window of up to 350 bp adjacent to targeted regions of 
the E. coli genome295, although application of this tool for directed 
mutagenesis in mammalian cells has not yet been reported.

Next steps for base editors. Building on successive developments 
from many researchers, current-generation CBEs and ABEs are 
capable of efficiently installing precise transition mutations at tar-
geted loci throughout a genome, in a variety of sequence contexts 
and in a wide range of cell types and organisms, including mam-
mals. As base editors continue to advance toward clinical applica-
tions, their continued optimization to maximize their efficiency, 
specificity and ability to be delivered in vivo will remain an impor-
tant priority. Developing additional strategies to control base editor 
activity temporally158,173,190 or using exogenous small molecules296,297 
could further increase their utility as research tools and potential 
therapeutics.

Recent improvements in base editing efficiency and targeting 
capabilities make their application to install multiple different tar-
geted point mutations, to randomize target bases in high-throughput 
genetic screens, or to record cellular signals and lineages especially 
promising. Given the unique mechanism of base editing—direct, 
self-contained conversion of one DNA base to another—and 
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its established compatibility with many types of dividing and 
non-dividing cells in vitro and in vivo, the development of addi-
tional base editors capable of installing transversion point muta-
tions remains an opportunity to further expand the capabilities of 
genome editing in a manner that complements nuclease-initiated 
HDR and prime editing approaches.

transposases and recombinases
General methods for targeted integration in living cells have been 
a long-standing challenge in genome editing. While nuclease- and 
nickase-mediated HDR can insert genetic payloads of interest, 
these approaches are limited to actively dividing cells, constraining 
their usefulness for many applications. Recently described natural 
CRISPR-associated transposases and engineered Cas-domain-fused 
transposase systems can integrate genomic cargos in vitro and into 
bacterial genomes298–300. Engineered Cas-fused recombinases, which 
can in theory insert, delete, invert or replace target DNA, have also 
been reported to modify plasmid substrates in mammalian cells and 
to delete targeted genomic DNA in human cells, albeit so far with 
low efficiency and substantial target sequence restrictions301.

CRISPR-associated transposases. Exploring the biodiversity of 
CRISPR systems led to the recent discovery of CRISPR-associated 
transposases that function in bacterial cells298,299,302,303. Computational 
analysis identified CRISPR loci containing CRISPR RNA array ele-
ments, Cas genes, and transposase-specific genes15,302–307. These 
loci appear to be the product of transposable genetic elements 
co-opting CRISPR–Cas machinery. Many of these loci, however, 
lack nuclease-active Cas genes. For example, some type I loci lack 
the essential Cas3 helicase–nuclease domain303. Type V loci include 
Cas12 variants predicted to be unable to function as nucleases302. 
Additional prophage-derived type IV systems, as well as subtype I-E 
variants, have been identified as candidate transposase-associated 
CRISPR–Cas systems with similar characteristics302. The putative 
lack of functional enzyme domains suggests that the Cas domains of 
these systems serve as genome-targeting modules for other nucleic 
acid effectors, such as the transposases associated with these loci. 
Some of these Tn7-like transposon variants have been reconstituted 
to perform CRISPR-associated transposon-mediated genomic inte-
gration events in bacteria298,299.

Understanding the components of the Tn7 transposase and their 
function helps illuminate these new tools. Tn7-like transposons 
typically contain tnsA, tnsB, tnsC, tnsD and tnsE genes, as well as 
other genetic cargo. Typically, TnsA and TnsB form a TnsAB com-
plex that specifically recognizes the left end (LE) and right end 
(RE) motifs that flank the transposon and catalyze the excision of 
the transposon from the donor locus. TnsB is a member of the ret-
roviral integrase superfamily and catalyzes the 3′ cleavage of the 
phosphodiester backbone, while TnsA, a FokI-like protein, subse-
quently catalyzes cleavage of the 5′ ends, although this activity is 
not essential to all transposases308,309. TnsB then joins the free 3′ 
ends of the transposon DNA to a target DNA substrate determined 
by the TnsD or TnsE substrate-partitioning domains, leaving small 
gaps at the 5′ junctions. Repair of these gaps leads to a character-
istic 5-bp target site duplication (Fig. 6a). TnsC is an ATPase that 
interacts with the TnsAB complex, duplex DNA, and one of TnsD 
or TnsE. CRISPR-associated transposons use many of these same 
components but replace the tnsD or E genes with a Cas domain for  
DNA targeting.

A type I-F locus isolated from Vibrio cholerae (Tn6677) was 
recently developed into a tool that inserts a genetic cargo of interest 
into E. coli genomes298,310. This system uses a combination of three 
plasmids to install cargo at target loci in the E. coli genome. The 
helper plasmid provides the transposase operon expressing TnsA, 
TnsB and TnsC. TnsB and TnsC were reported to be essential in 
catalyzing transposition, while a system with catalytically inactive 

TnsA still supported product formation, as this system is predicted 
to perform replicative transposition as opposed to cut-and-paste 
transposition298,311. A second plasmid, termed pQCascade, encodes 
the CRISPR–Cas associated machinery, as well as TniQ, a TnsD 
homolog. The CRISPR-associated components include the CRISPR 
array (a targeting RNA and spacer sequence, termed a guide RNA) 
as well as the cas6, cas7 and cas8–cas5 fusion genes. The third plas-
mid contains the donor LE–cargo–RE transposase DNA substrate 
that will be integrated into the target genomic locus. These compo-
nents together form R-loop structures and perform transposition on 
these substrates in a coordinated manner that cannot be replicated 
by simple R-loop formation using dCas9298. The Tn6677 system 
uses a CC PAM motif that lies 5′ to a 32-bp protospacer sequence. 
Transposition cargo insertions occur 47 to 51 bp downstream of the 
end of the protospacer, with the integration distance being some-
what heterogenous and locus-dependent. Extending the guide RNA 
also modulates the integration distance298. Optimal cargo size was 
determined to be ~775 bp, although successful transposition of 
cargos up to 10 kb in length was observed. Cargos were found to 
integrate in either orientation. Product alleles generated by Tn6677 
transposition contain the original PAM and protospacer, a 47- to 
51-bp gap, the inserted sequence, the 5 bp downstream of the inser-
tion site, the LE–cargo–RE, and a duplication of the 5-bp sequence 
downstream of the insertion site. Genome-wide off-target sites were 
not reproducibly detected for these tools in the E. coli genome298. 
Continued exploration of cargo compatibility, PAM preference, 
guide RNA sequences and locus requirements should improve our 
understanding of this system. Engineering or further exploring 
these systems to develop variants that can perform targeted trans-
position in mammalian cells would add an exciting capability to the 
eukaryotic genome editing toolbox.

Type V-K Tn7-like CRISPR-associated transposases have also 
recently been reported to support cargo transposition in E. coli299. 
This system, termed CAST for CRISPR-associated transposase, 
uses a helper plasmid that bears tnsB, tnsC, tniQ, cas12k and the 
Cas12k guide RNA array. This type V-K system lacks the tnsA gene. 
Cas12k is a catalytically inactive Cas12 variant, suggesting that this 
domain was solely a DNA-binding and R-loop-generating domain. 
Transposition was not observed when Cas12k was replaced with 
Cas9, suggesting that Cas12k or its specific interactions with the 
other CAST components facilitate product formation299. Two CAST 
variants were characterized: Scytonema hofmannii (ShCAST) and 
Anabaena cylindrica (AcCAST). ShCAST and AcCAST both report-
edly require a 5′-NGTN-3′ PAM. Insertions for ShCAST occur pre-
dominantly between 60 and 66 bp 3′ of the PAM, while AcCAST 
cargos are inserted 49–56 bp 3′ of the PAM. CAST cargo integration 
was only observed in the forward 5′-LE–cargo–RE-3′ orientation. 
ShCAST exhibits a modest preference for W (A or T) 3 nt upstream 
of the insertion site (Fig. 6a). ShCAST supports insertion of cargo 
DNA up to 10 kb. Of 48 tested target loci in the E. coli genome, 
29 (60%) showed detectable transposition. Off-target transposition 
was detected at multiple loci for ShCAST, unlike with the Tn6677 
system298. As with the Tn6677 system, the activity of the CAST sys-
tem in mammalian cells has not yet been reported.

dCas9–transposase and recombinase fusions. Fusions to dCas9 
have also been used to facilitate locus-specific transposition and 
recombination. Recent efforts to develop CRISPR–Cas transposases 
inspired the development of a Himar transposase–dCas9 fusion300. 
This transposase is highly active as a dimer and does not require 
additional cellular factors to function. Himar can insert genomic 
cargos >7 kb into TA motifs in the genome. Wang and co-workers 
demonstrate that fusion of this highly sequence-permissive Himar 
monomer with dCas9 enables locus-enriched cargo integra-
tion into plasmids in E. coli using paired sgRNAs. The spacing 
from the insertion site to the protospacer can alter transposition  
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frequency, and sgRNA positions and orientations relative to the tar-
get TA sequence show modest effects on transposition outcomes. 
The high frequency of off-target cargo integration, as well as the 
restriction of the method to bacterial cells, limits its utility as a tar-
geted genome-editing technique. These off-targets likely arise from 
in trans formation of dimers that can transpose at TA motifs across 
the genome.

Recombinases have also been explored as tools for targeted 
genomic modification. The stringent sequence requirements 
for these tools often limits their usefulness; however, efforts to 
engineer and evolve these agents have led to the development of 
non-programmable recombinases that can excise target genetic 
cargo of interest, such as the HIV genome312,313. Fusions of dCas9 
with recombinase domains have also been explored in an attempt 
to overcome the sequence constraints of these tools. These highly 
restrictive sequence requirements limit off-target integration con-
cerns. Liu and co-workers sought to overcome these high sequence 
constraints using Ginβ–dCas9 fusions301. Because Ginβ recom-
binase functions as an obligate dimer, two sgRNAs were used to 
adjacently localize two Ginβ monomers fused to separate dCas9 
domains at the locus of interest. This ‘recCas9’ system showed  

modest efficiency on plasmid substrates and could mediate with low 
efficiency a large genomic deletion in mammalian cells. Although 
the sequence constraints of known recombinase domains, including 
Ginβ, limit their use, the ability of recombinases to perform a wide 
diversity of genome-modifying activities including insertions, dele-
tions, replacements and inversions make them exciting targets for 
continued development.

Next steps for CRISPR transposases and recombinases. Although  
CRISPR-targeted transposases have been used to modify DNA 
substrates in vitro and in bacterial cells with impressive out-
comes298–300, activity in mammalian cells has yet to be reported. A 
limited number of the computationally predicted CAST systems 
have been characterized thus far. Investigating the properties of 
other nodes and comprehensive characterization of the genome 
targeting breadth and cargo limitations, as well as the continued 
study of potential off-target activities of these new tools, remain 
important research focuses. Enabling eukaryotic genome editing 
with CRISPR-targeted transposases, especially in human cells, 
would also mark a major milestone in the continued development 
of these technologies.
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Fig. 6 | emerging CRISPR–Cas genome editing technologies: transposases and prime editors. a, Cas transposases include both Cas proteins and 
transposase-associated components. Cargo DNA is identified by its left end (LE) and right end (RE) sequences and bound by transposase proteins 
(Tns). Cas proteins are directed to the target locus of interest in a PAM-dependent, RNA-directed manner. Cas binding localizes transposase proteins 
to the target sequence of interest and facilitates cargo integration at the target site. The target site is duplicated and flanks the integrated LE–cargo–RE 
sequence. Each Cas-transposase complex has a particular guide RNA length and preferred integration distance 3′ of the PAM. ShCAST, S. hofmannii 
CRISPR-associated transposase; Tn6677, CRISPR-associated transposase isolated from a V. cholerae type I-F locus. b, Prime editors consist of a Cas9 
nickase domain fused to a reverse transcriptase domain. The spacer sequence of an engineered prime editing guide RNA (pegRNA) guides the prime 
editor to its genomic DNA target and also encodes the desired edit within an extension. After nicking the PAM-containing strand, the newly released 
genomic DNA 3′ end hybridizes to the pegRNA extension to form a primer–template complex. The reverse transcriptase domain then copies the template 
from the pegRNA extension into the genomic DNA directly, adding the edited sequence to the target locus. The product of reverse transcription, an edited 
3′ flap, can then incorporate into the DNA duplex by competing with the original and redundant 5′ flap sequence. After 5′ flap excision and ligation of the 
edited strand, the non-edited complementary strand is replaced by DNA repair using the edited strand as a template. The latter step is facilitated by the 
adding an sgRNA to programs the prime editor protein to nick the non-edited strand away from the initial nick.
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Further development of CRISPR-targeted recombinases is an 
exciting but challenging area of development in genome editing. 
The activity of known recombinases is highly sequence dependent, 
and the development of recombinases compatible with a wide range 
of sequences that could in principle be fused to a Cas targeting 
domain has proven difficult. Recent recombinase DNA profiling 
methods may facilitate these efforts314. Together, identifying, engi-
neering and further developing CRISPR-targeted transposases and 
recombinases represent exciting opportunities in genome editing 
that may enable precise rearrangements of large DNA sequences  
of interest.

Prime editing
Many genome editing applications, particularly those relating to 
the installation or correction of pathogenic mutations in mamma-
lian genomes, require the introduction of precise point mutations, 
small insertions or small deletions167. As discussed above, CRISPR–
Cas nucleases generate DSBs and can be used to disrupt, insert or 
delete DNA sequences using end-joining processes or to install 
precise changes using HDR in amenable cell types with high levels 
of accompanying indel byproducts. Base editors can install transi-
tion point mutations without generating DBSs, but cannot currently 
install transversion point mutations (C•G-to-A•T, C•G-to-G•C, 
T•A-to-A•T and T•A-to-G•C), precise insertions or precise dele-
tions. Moreover, base editors can generate undesired bystander 
mutations when multiple target nucleotides exist within the base 
editing window, and PAM availability sometimes prevents targeting 
particular C or A bases28.

Prime editing is a recent genome editing technology that can 
introduce all 12 possible types of point mutations (that is, all 6 pos-
sible base pair conversions), small insertions and small deletions 
in a precise and targeted manner with favorable editing to indel 
ratios29. Prime editors are fusion proteins between a Cas9 nickase 
domain (inactivated HNH nuclease) and an engineered reverse 
transcriptase domain. The prime editor protein, exemplified by 
PE2, is targeted to the editing site by an engineered prime editing 
guide RNA (pegRNA), which not only specifies the target site in its 
spacer sequence, but also encodes the desired edit in an extension 
that is typically at the 3′ end of the pegRNA. Upon target binding, 
the Cas9 RuvC nuclease domain nicks the PAM-containing DNA 
strand. The prime editor then uses the newly liberated 3′ end at the 
target DNA site to prime reverse transcription using the extension 
in the pegRNA as a template. Successful priming requires that the 
extension in the pegRNA contain a primer binding sequence (PBS) 
that can hybridize with the 3′ end of the nicked target DNA strand 
to form a primer•template complex. In addition, pegRNAs contain 
a reverse transcription template that directs the synthesis of the 
edited DNA strand onto the 3′ end of the target DNA strand. The 
reverse transcription template contains the desired DNA sequence 
change(s), as well as a region of homology to the target site to facili-
tate DNA repair (Fig. 6b).

After reverse transcription, the newly synthesized edited DNA 
strand exists as a 3′ DNA flap that is redundant with a 5′ flap 
containing the original, unedited DNA sequence. Cellular DNA 
repair processes are thought to excise the 5′ flap, allowing the 
edited 3′ DNA flap to be incorporated into the target site to gener-
ate heteroduplex DNA containing one edited and one non-edited 
strand (Fig. 6b). Finally, permanent installation of the edit occurs 
through replacement of the non-edited strand by DNA repair of 
the non-edited strand, which can be promoted by using a simple 
sgRNA to direct PE2 to nick the non-edited strand. This additional 
nick stimulates resynthesis of the non-edited strand using the edited 
strand as a template, resulting in a fully edited duplex (Fig. 6b).

Three versions of the prime editor system have been charac-
terized. PE1 contains a fusion of Cas9 nickase to the wild-type 
Moloney murine leukemia virus (M-MLV) reverse transcriptase 

(RT). PE2 substitutes for the wild-type M-MLV reverse transcrip-
tase an engineered pentamutant M-MLV RT that increases editing 
efficiency by about threefold. Finally, PE3 combines the PE2 fusion 
protein and pegRNA with an additional sgRNA that targets the 
non-edited strand for nicking, further increasing editing efficiency 
two- to fourfold. A variant of the PE3 system called PE3b uses a 
nicking sgRNA that targets only the edited sequence, resulting in 
decreased levels of indel products by preventing nicking of the 
non-edited DNA strand until the other strand has been converted 
to the edited sequence.

A major determinant of prime editing efficiency is the design 
of the pegRNA29. These pegRNAs contain 3′ extensions with a PBS 
and an RT template, each of which can be chosen from many plau-
sible candidates. The combinatorial matrix of possible PBS and RT 
template pairings presents many possible designs to optimize the 
efficiency of a given desired edit, and typically only a small fraction 
of PBS and RT template combinations will support optimal prime 
editing efficiencies. In general, efficient PBSs will fall in a range 
between 8 and 15 nt, whereas RT templates are often optimally 
10–20 nt in length. An exception is made for larger insertions and 
deletions (>10 nt), which appear to be more efficient with longer 
RT templates that incorporate additional homology to the region 
downstream of the edit29. Although optimal PBSs and RT templates 
are currently determined empirically, systematic insights into the 
factors that govern optimal pegRNA designs—such as GC content, 
primary sequence motifs and secondary structures within pegRNA 
3′ extensions—would greatly facilitate the design of efficient prime 
editing agents for new targets.

Prime editors are able to install point mutations at distances far 
(>30 bp) from the site of Cas9 nicking, which offers greater tar-
geting flexibility than nuclease-mediated HDR with ssDNA donor 
templates, which typically are unable to introduce edits efficiently 
more than ~10 bp from the cut site117,315. In principle, this feature 
also makes PAM availability less restrictive for prime editing. 
Cas9-dependent off-target prime editing was found to be much 
lower than Cas9 nuclease off-target indel generation at known 
Cas9 off-target sites29, likely because two nucleic acid hybridization 
steps in addition to conventional protospacer–spacer annealing 
(that is, nicked target strand–PBS hybridization and 3′ flap–target 
strand hybridization) are required for productive prime editing. 
Each of these three hybridization steps provide an opportunity to 
reject off-target loci. More studies will be required to determine 
whether prime editors generate other forms of off-target genomic 
changes, such as those that might arise from incorporation of 
reverse-transcribed DNA away from the target site.

Prime editing has been tested in multiple human cell lines29, 
postmitotic mouse cortical neurons29, human induced pluripotent 
stem cells316 and mouse embryos317. While multiple mammalian cell 
types support prime editing, they do so with varying efficiencies29. 
In addition, prime editors have been shown to support all types of 
nucleotide substitutions, as well as targeted insertions and deletions, 
in rice and wheat protoplasts, which can generate edited plants318–321. 
While the cellular factors that result in variable prime editing effi-
ciencies across cell types has not yet been elucidated, differences in 
the expression levels of prime editing components or differences in 
the repertoire of expressed DNA repair proteins involved in prime 
editing could explain these observations. An understanding of how 
these factors affect prime editing efficiency could prove useful to 
further advance prime editing capabilities322.

Compared with current-generation base editors, prime editors 
as initially reported are typically less efficient and generate higher 
levels of indels, although both editing modalities offer favorable 
editing/indel ratios. Prime editors can mediate all types of local 
edits, however, including those inaccessible to base editors; may be 
more easily targeted than other precision CRISPR editing meth-
ods because of greater flexibility in the distance between the PAM 
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and the edit; and also appear to be free of bystander editing since  
the sequence of the RT template determines the sequence of the 
edited DNA.

While prime editing brings a highly versatile new approach to 
precision genome editing, several key issues remain to be addressed 
for prime editing to achieve the widespread applicability and thera-
peutic potential demonstrated by CRISPR nucleases and base edi-
tors. These issues include illuminating the cell-state or cell-type 
determinants of prime editing efficiency, understanding the DNA 
repair mechanisms that result in productive or unproductive prime 
editing, and developing delivery strategies for in vivo applications 
that require delivery of the prime editor protein and pegRNA. 
Manipulation of DNA repair to favor the replacement of the 5′ flap 
by the edited 3′ flap, or to favor the replacement of the non-edited 
strand over the edited strand after successful incorporation of the 3′ 
flap, could improve prime editing efficiency and broaden its com-
patibility with less amenable cell types322. Moreover, in vivo deliv-
ery of nucleic acids encoding prime editors could be made more 
efficient by using smaller reverse transcriptase enzymes. These and 
other developments will expand the applicability of this new genome 
editing strategy in diverse research and therapeutic contexts.

Conclusions
The progression from the initial discovery and characterization of 
CRISPR–Cas systems to their development into sophisticated, pre-
cise and versatile genome editing agents has occurred at a breath-
taking pace. These tools have transformed the life sciences, enabling 
many advances in basic research, and established a promising foun-
dation for the development of a new generation of human therapeu-
tics that can treat—or even potentially cure—many human diseases 
with a genetic component. In less than 8 years, increasingly precise 
and versatile tools have been engineered and evolved that bring us 
nearer to the ultimate aspiration of being able to make any desired 
sequence alteration to the genome of any living cell without unde-
sired editing byproducts.

The rapid evolution of genome-editing technologies has led us 
into a new era—an era in which we can now edit our own genomes, 
as well as the genomes of many other organisms that affect our 
communities. We are at the fragile beginnings of this new era. 
Continued efforts to improve editing capabilities, to understand all 
the consequences of editing our genomes, to innovate new ways to 
deliver editing agents into cells, and to fully engage scientists, doc-
tors, ethicists, governments and other stakeholders will be crucial to 
guide our next steps and to ensure that these scientific advances can 
realize their full potential to benefit society.
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