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The past several years have seen an explosion in development of applications for the CRISPR-Cas9 system,
from efficient genome editing, to high-throughput screening, to recruitment of a range of DNA and chromatin-
modifying enzymes. While homology-directed repair (HDR) coupled with Cas9 nuclease cleavage has been
used with great success to repair and re-write genomes, recently developed base-editing systems present a
useful orthogonal strategy to engineer nucleotide substitutions. Base editing relies on recruitment of cytidine
deaminases to introduce changes (rather than double-stranded breaks and donor templates) and offers
potential improvements in efficiency while limiting damage and simplifying the delivery of editing machinery.
At the same time, these systems enable novel mutagenesis strategies to introduce sequence diversity for en-
gineering and discovery. Here, we review the different base-editing platforms, including their deaminase
recruitment strategies and editing outcomes, and compare them to other CRISPR genome-editing technol-
ogies. Additionally, we discuss how these systems have been applied in therapeutic, engineering, and
research settings. Lastly, we explore future directions of this emerging technology.
Introduction
The ability to precisely edit genomic DNA using the CRISPR-Cas9

system has revolutionized the field of genome engineering (re-

viewed in Doudna and Charpentier, 2014; Hsu et al., 2014;

Komor et al., 2017a; Sander and Joung, 2014; Shalem et al.,

2015; Sternberg and Doudna, 2015; Wang et al., 2016). This

targeted nuclease systemwas discovered as a bacterial adaptive

immune system where foreign DNA is incorporated into an array

of clustered regularly interspaced short palindromic repeats

(CRISPRs) (Barrangou, 2013; Ishino et al., 1987; Jansen et al.,

2002; Mojica et al., 2000). The short segments of foreign DNA

captured between repeats are then used to generate guide

RNAs, composed of a targeting CRISPR RNA (crRNA) and trans-

activating CRISPR RNA (tracrRNA). These complex with Cas9

endonuclease, which is targeted to the foreign DNA via the crRNA

sequence and a required protospacer-adjacent motif (PAM) to

digest the foreign DNA (Brouns et al., 2008; Garneau et al., 2010;

Marraffini and Sontheimer, 2008). Significant work has been

done to reveal the underlyingmechanisms of this process (Deltch-

eva et al., 2011; Gasiunas et al., 2012; Jiang and Doudna, 2017;

Jinek et al., 2012; Nishimasu et al., 2014) and enable its transfer

to eukaryotic systems (Cong et al., 2013; Jinek et al., 2013; Mali

et al., 2013). In most applications, single guide RNAs (sgRNAs)

(Jinek et al., 2012), which combine the crRNA and tracrRNA, are

used to target the Cas9 nuclease to a specific site in the genome,

where it introduces a double-strand break (DSB).

Once a DSB is formed by Cas9 and an sgRNA, it can be

repaired through non-homologous end-joining (NHEJ) or homol-

ogy-directed repair (HDR) (Jasin and Haber, 2016). NHEJ intro-

duces insertions or deletions at the damage site (Cong et al.,

2013; Jinek et al., 2013; Mali et al., 2013) and is useful for gener-

ating frameshifts in coding regions causing effective gene
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knockout (Shalem et al., 2014, 2015; Wang et al., 2014) or dis-

rupting transcription factor binding motifs (Canver et al., 2015;

Ernst et al., 2016; Rajagopal et al., 2016; Sanjana et al., 2016)

and splicing elements (Charton et al., 2016; Kapahnke et al.,

2016; Mou et al., 2017). Alternatively, templated repair of the

DSB can be used to introduce specific changes through HDR

in the presence of either single- or double-stranded DNA donor

templates that encode the desired sequence. Cas9-directed

HDR, which utilizes homologous recombination and other repair

pathways, has enabled dramatic improvements in endogenous

tagging of genes (Bak and Porteus, 2017; Lackner et al., 2015;

Leonetti et al., 2016), generation of in-frame protein variants (Fin-

dlay et al., 2014; Garst et al., 2017; Ryan et al., 2014), and clinical

correction of deleterious mutations (Dever et al., 2016; DeWitt

et al., 2016; Yang et al., 2016b). Significant optimization of

Cas9-mediated genome editing has allowed for single-nucleo-

tide editing efficiencies reaching 60% or more in cell culture sys-

tems (Richardson et al., 2016). However, this strategy generally

depends on inducing a DSB; therefore, small indels are an unin-

tended by-product, which can have major negative functional

consequences if the targeted gene is knocked out.

In order to limit DNA damage during editing and eliminate the

need to deliver an HDRdonor template, a number of groups have

recently developed CRISPR base-editing systems. These make

use of Cas9 variants, cytidine deaminases, and manipulation of

DNA repair pathways to achieve specific editing outcomes.

Importantly, base-editing systems enable both highly targeted

single-base changes (see Precision Base Editing) and local

sequence diversification (see Localized Sequence Diversifica-

tion). Here we review the different base editor systems, including

their components, and how they affect the repair of the

deaminated base with respect to efficiency and possible base
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Figure 1. Molecular Components and Mechanisms for Base Editing
(A) Themolecular components of the base editor (BE), Target-AID, Targeted AID-mediatedMutagenesis (TAM), and CRISPR-X technologies are shown. The BE3,
YEE-BE3, and Target-AID systems employ the Cas9 D10A (purple) nickase along with a cytidine deaminase (red) and a uracil DNA glycosylase inhibitor (yellow).
The BE4 system also uses the Gam protein (pink). The TAM and CRISPR-X systems used dCas9 (green) to recruit variants of the deaminase AID (AIDx or MS2-
AID*D). Below each technology, the targeting window is indicated. The increased spectrum of base substitutions that can be achievedwith TAM andCRISPR-X is
represented by the multi-color editing windows.
(B) For base editors, the mechanisms of DNA repair are critical for the eventual editing outcome. After the initial deamination (C to U) conversion, uracil DNA
glycosylase can remove the base and perform error-free (correctly replacing U with C) or error-prone repair, generating different substitutions (left side).

(legend continued on next page)
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substitutions. Given the therapeutic potential for base editing,

current approaches for identifying off-targets of the system are

discussed in detail. Lastly, we review the diverse applications

of the base editors and highlight future directions for the field.

Section 1: Repurposing Deaminases for Base Editing
and Diversification
Natural Roles of Deaminases

Deaminases play important roles in diverse processes including

musculoskeletal myogenesis (Hsieh et al., 2014), central nervous

system development and function (Li and Church, 2013), and

innate and adaptive immune pathways (Hamilton et al., 2010;

Keegan et al., 2001; Samuel, 2012; Vieira and Soares, 2013).

The apolipoprotein B mRNA editing enzyme, catalytic polypep-

tide-like (APOBEC) family of cytidine deaminases (Chiu and

Greene, 2006; Navaratnam and Sarwar, 2006) restrict viral infec-

tion by editing viral genomes. For example, APOBEC3G was

identified as a cellular factor capable of restricting HIV infection

(Sheehy et al., 2002; Yu, 2006); it deaminates HIV viral

cDNA (Harris et al., 2003; Lecossier et al., 2003), rendering it

incapable of replication. APOBEC3 proteins have also been

shown to restrict the activity of endogenous retroelements

(Esnault et al., 2005; Koito and Ikeda, 2013; Muckenfuss

et al., 2006). Deaminases also enable functional diversification:

APOBEC1 was the first RNA-editing enzyme identified (Powell

et al., 1987) and functions in lipid homeostasis by editing apoli-

poprotein B (apoB) mRNA, converting a glutamine to a stop

codon. This creates a truncated APOB48 protein specifically in

the small intestine that transports dietary lipids, while the full-

length APOB100 form retains the ability to bind the LDL receptor

and performs a more general role in lipid transport around the

body (Chan, 1992).

Activation-induced cytidine deaminase (AID) is responsible for

antibody diversification through somatic hypermutation and

class switch recombination. During somatic hypermutation,

AID is specifically targeted to the Ig locus, where it creates

diverse mutations that are then subjected to selection through

antigen binding; this allows for maturation of both affinity and

specificity. Loss of AID function prevents class switch recombi-

nation and somatic hypermutation, which causes a form of

hyper-immunoglobulin M syndrome where low-affinity anti-

bodies are generated (Revy et al., 2000; Xu et al., 2012). Promis-

cuous targeting of AID outside the Ig locus has been associated

with B cell lymphomas (K€uppers et al., 1999; Xu et al., 2012) and

has been shown to be required for development of germinal-

center-derived B cell lymphomas in several mouse models

(Pasqualucci et al., 2008; Ramiro et al., 2006). Intriguingly, the

process of somatic hypermutation mediated by AID biases

repair pathways to error-prone outcomes through mechanisms

that are incompletely understood (Larson et al., 2005; Odegard

and Schatz, 2006; Reynaud et al., 2003).
Alternatively, a uracil DNA glycosylase inhibitor (UGI) can be used to block base e
deaminated strand promotes long-patch BERwhere the deaminated strand is pre
T:A base pair. Upon formation of the abasic site, an AP lyase can remove the site
create a DSB. Addition of the bacteriophage protein Gam reduces the frequency
with DSBs. Endogenous repair machinery is labeled in black and represented w
trated and labeled in color.
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These deaminases share a common mechanism by which

they modify cytidine to uridine. RNA targets of cytidine deamina-

tion do not undergo further processing, but for DNA, the conver-

sion generates a DNA lesion that can be repaired through several

pathways: (1) uridine can be replaced by a thymidine during DNA

replication, (2) base excision repair (BER) can excise the uridine

allowing the insertion of an alternative nucleotide, or (3)mismatch

repair (MMR) by way of translesion synthesis, where an error-

prone polymerase goes through the lesion, increasing the possi-

bility of mutations at nearby nucleotides. Incorporation of uracil

is common, and its repair is often performed in an error-free

manner; however, the potential for error-prone repair facilitates

antiviral defense and functional diversification.

Precision Base Editing with BE3/4 and Target-AID

The ability to manipulate the damage and repair pathways uti-

lized by cytidine deaminases, combined with the precise target-

ing of Cas9, is a powerful strategy to introduce specific point

mutations. Cas9-targeted deamination was first demonstrated

in the pioneeringwork of the Liu group to develop the Base Editor

(BE) system (Komor et al., 2016). Since a major goal of this work

was to induce base changes without double-strand DNA breaks,

the initial BE1 system included only rat deaminase APOBEC1

(rAPOBEC1) fused to deactivated Cas9 (dCas9), in which the

two nuclease domains of Cas9 are inactivated by mutation of

D10A and either H840A or N863A (Jinek et al., 2012; Qi et al.,

2013). Transfection of BE1 and a targeted sgRNA successfully

converted cytidines to thymidines within a window of �16

to �12 bases from the PAM of the sgRNA (Figure 1A).

An optimized BE2 system resulted from the addition of the ura-

cil DNA glycosylase inhibitor (UGI) (Figure 1A) from the Bacillus

subtilis bacteriophage PBS1 (Mol et al., 1995). UGI directly binds

and inhibits uracil DNA glycosylase, thus blocking uridine exci-

sion and the ensuing BER pathway. This improvement increased

base-editing efficiency of the C>T substitution 3-fold by effec-

tively disfavoring error-free repair (Figure 1B). Further improve-

ment was realized by changing the dCas9 to a ‘‘nickase’’ Cas9

D10A, which nicks the strand opposite the deaminated cytidine.

In principle this should initiate long-patch BER, where the deam-

inated strand is preferentially used to template the repair to pro-

duce a U:A base pair. This intermediate is then converted to T:A

during DNA replication (Heller and Marians, 2006; Robertson

et al., 2009; Zharkov, 2008) (Figure 1B). The optimized BE3 editor

consists of rAPOBEC1 fused to the N terminus of nickase Cas9

D10A and a UGI fused to the C terminus. This iteration, BE3,

achieved a 6-fold increase in efficiency over BE2, with up to

37% of targeted alleles edited. It is worth noting that the opti-

mized BE3 system also exhibited a slightly increased indel fre-

quency of 1.1%, as compared to < 0.1% for the BE2 system,

since nicks can lead to NHEJ at a low rate (Certo et al., 2011).

A similar system, Target-AID (Nishida et al., 2016), uses nick-

ase Cas9 D10A to recruit the cytidine deaminase PmCDA1 (from
xcision by uracil N-glycosidase (UNG). Nicking via a Cas9 nickase of the non-
ferred for templated repair, generating a U:A base pair that is then resolved as a
, forming a ssDNA break. This excision in conjunction with the Cas9 D10A can
of indel formation by directly binding the DSB, which may select against cells
ith black triangles. Exogenous components of the base-editing tools are illus-



Box 1. Quantifying Mutation Frequency

Quantifying base-editing mutation rates is a challenging problem, especially at the low frequencies induced over the large

sequence space generated by diversifying base editors (analogous to the problems encountered when sequencing the B cell re-

ceptor repertoire). In addition to sequencing assays, fluorescent and drug resistance assays have been used to estimate the rate of

mutations.

MEASUREMENT BY PHENOTYPE

In a number of studies, change in a gene’s phenotype has been used as a proxy for mutation rate. For example, both the TAM and

CRISPR-X systems were initially quantitated by following GFP fluorescence (by repair of a stop codon or loss of fluorescence,

respectively). Similarly, on-target editing by the Target-AID system has beenmeasured in S. cerevisiae by following loss of function

in the CAN1 gene (causing resistance to canavanine) or ADE1 gene (red pigment upon loss of function). In this study, loss of LYP1,

whose knockout provides protection against S-aminoethyl-L-cysteine, was used as a separate marker for non-specific mutations

in the genome. In mammalian cells, the HPRT gene was targeted, where its loss of function conferred resistance to 6TG (Nishida

et al., 2016). Although these various phenotypic measurements provide a rapid method for assessing mutation frequency, it is

important to note that this may be inaccurate in some cases because not all mutations lead to a measurable phenotype;

conversely, the phenotype may require all alleles to be mutated simultaneously. As an example of this discrepancy, the rescue

of GFP fluorescence using the TAM system was observed in 4%–5% of cells, but sequencing of the GFP loci revealed more

than 20% of the loci contained at least one mutation (Ma et al., 2016).

MEASUREMENT BY SEQUENCING

High-throughput sequencing of the locus can address these issues and has been used to measure the frequency of mutations

induced by base editors. Sequencing data are typically filtered for read quality and overall alignment to the regions targeted for

mutagenesis before quantifying the frequency of mutation at each base position in the targeting window, when compared to

the unmutated gene or parent population.

One key limitation to high-throughput sequencing approaches for detectingmutations is the inherent error rate. Errors can be intro-

duced in a number of ways: (1) SNPs or sequence heterogeneity may already exist in some cultured cell lines, (2) PCR error can

occur during the preparation of sequencing libraries, or (3) bases can be incorrectly read during sequencing. Error rates for high-

throughput sequencing systems are typically well below 1% (Reuter et al., 2015), but still limit the detection frequency ofmutations.

These errors can be estimated and accounted for by preparing and sequencing unmutated samples in parallel. For example, in the

CRISPR-X system,mutation frequencies for individual baseswere calculated by normalizing to the average frequency ofmutations

in non-mutated samples. The standard deviation of the mutation frequency for non-mutated samples was used to estimate the

noise in sequencing. The calculated standard deviation of the mutation frequency at a single base was 0.05%, allowing for the

detection of mutations as low as 0.05%. Using this background, mutation frequency was quantified at each base position in

the 100 bp targeting window for the 30 sgRNAs tested, and ranged as high as 20% (Hess et al., 2016). While it may be possible

to detect even more rare mutations, these may require sequencing samples with high coverage over the targeted area in order to

confidently distinguish them from errors in sequencing.

A second limitation is the ability to detect co-occurring mutations when multiple sgRNAs are introduced over a large region

(>600 bp). While long-read technologies exist, they are limited in throughput, and for highly diverse populations, the lack of

sequencing depth can misrepresent the population. Alternatively, by measuring the relative frequencies of mutations in the pop-

ulation after each round of selection, it may be possible to determine which mutations co-occur (Sakoparnig et al., 2015; Wang

et al., 2012; Yeang et al., 2008; Zhang et al., 2014).

A final consideration, especially for experiments with diversifying base edits, is the number of cells that should be maintained for

the experiment. This number plays a critical role in experimental design to avoid bottlenecking the population and to determine the

sequencing depth needed to assay the population. Estimating diversity through sequencing is a complex problem due to

sequencing errors, as described above. Significant work has been done on this problem when estimating the diversity of the anti-

body repertoire (reviewed in Benichou et al., 2012; Robins, 2013). This undertaking has proved challenging due to the complexity of

the library and the need to separate the mutation and selection processes. However, through a number of statistical models

(Elhanati et al., 2015; Greiff et al., 2015; Mora et al., 2010) and other strategies (reviewed in Hoehn et al., 2016), the potential di-

versity of the antibody repertoire has been estimated to have a lower bound of 1018 (Elhanati et al., 2015), though in fact there

may only be 3–9 x 106 different antibodies among�109 B cells in the human body (Arnaout et al., 2011). While quantifying mutation

frequency over a single sgRNA-targeted region is somewhat simpler, significant variability has been observed in terms of the range

of mutations that can be induced with diversifying base editors. For example, for the TAM and CRISPR-X systems, mutation fre-

quencies at single bases for a single sgRNA targeting an integrated GFP locus were found to range between�1% and 25% (Hess

et al., 2016; Ma et al., 2016). Given the challenge of quantifying diversity in a starting population of mutated cells for diversifying

(Continued on next page)
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Box 1. Continued

base editors, it is helpful to estimate the total diversity created by a single sgRNA. For example, between 20% and 80% of all

possible single-base mutations were detectable above background sequencing noise within the +20 to +40 bp mutation hotspot,

measured in a population (0.5–1.5million cells extracted) with an average of 4.5 million sequencing reads using the CRISPR-X sys-

tem (Hess et al., 2016). This calculation provides an estimate of the number of possible variants made by a single sgRNA. In this

way, mutation frequency, size of the mutagenized region, population size, and sequencing read depth can be taken into account

when designing selection experiments.

Molecular Cell

Review
sea lamprey) to a gene of interest. Using this system to target the

ADE1 gene in yeast, �15%–50% of cells could be induced to

exhibit the red colony phenotype for the mutated ADE1 gene

(Box 1). When this system was transported into mammalian cells

using a dCas9-PmCDA1 fusion to target the HPRT gene, a

smaller fraction (�2%) of cells exhibited resistance to 6-Thiogua-

nine (6TG). Introducing the Cas9D10A nickase increased the fre-

quency of resistant cells to 35%, but subsequent targeted

sequencing revealed that many of these mutations were dele-

tions. To address this, the authors added UGI to block the

removal of the uracil base and observed a 2- to 3-fold increase

of mutation frequency and reduction in deletions. Further char-

acterization through deep sequencing at other targeted loci indi-

cated mutation frequencies of 15%–55% localized to �19 to

�15 bases with respect to the PAM, similar to those observed

in yeast. Thus, while BE3 and Target-AID use different cytidine

deaminases and protein fusion arrangement (Figure 1A), both

demonstrate the utility of an opposite-strand nick and UGI to in-

crease C>T base-editing efficiency.

Within a year of its publication, BE3 has been widely applied to

edit diverse cell, plant, and animal genomes (see Applications of

Precision Editing), but further development of base editor tools

has continued in parallel. The Liu group has now introduced

BE4, with optimized longer linkers and two fused copies of UGI

to further reduce uracil N-glycosylase (UNG)-mediated BER

(Komor et al., 2017b) (Figure 1A). This design decision is well

supported by experiments in UNG knockout cells that clearly

demonstrate UNG is necessary for generating most undesirable

substitutions and indels. The additional fusion of the DNA end-

binding Gam protein (from Mu bacteriophage) (d’Adda di Faga-

gna et al., 2003) to BE4 helped moderately reduce undesirable

indels. In theory, this works by Gambinding the double-stranded

breaks that occasionally result from the combination of an

endogenous DNA-apurinic or apyrimidinic site lyase (AP lyase)

nick on the target strand and a Cas9 D10A nick on the non-target

strand (Figure 1B). The authors speculate that Gam competes

with error-prone DSB repair processes and induces cell death,

thus removing indels from the surviving population of cells. In a

head-to-head experiment with six sites in HEK293T cells, BE4

generally outperformed BE3 and Target-AID, although Target-

AID is optimal at more PAM-distal Cs because it has a different

targeting window. When compared with BE4 containing SpCas9

D10A, BE4with SaCas9 D10A appeared tomaintain consistently

high editing efficiency at cytosines within �19 to �9 bases with

respect to the SaCas9 PAM. Therefore, the choice of optimal

precision base editor for a given target site will likely depend

on PAM availability, position of target C relative to PAM, accept-

ability of indels in population, and delivery modality constraints.
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Localized Sequence Diversification with CRISPR-X

and TAM

While BE4 and Target-AID perform a specific C>T conversion, an

alternative approach is to use deamination as a means of

creating a diverse library of point mutations localized to a tar-

geted region of the genome. This is similar to the process of

somatic hypermutation during antibody affinity maturation, nor-

mally performed by AID. Two technologies, Targeted AID-medi-

ated Mutagenesis (TAM) (Ma et al., 2016) and CRISPR-X (Hess

et al., 2016), use this strategy to generate localized sequence

diversity through base editing.

In the TAM system (Ma et al., 2016), human AID is fused to the

C terminus of dCas9 (Figure 1A). When this system was targeted

to a copy of GFP containing a premature stop codon with a pool

of sgRNAs, 2% of cells exhibited GFP fluorescence, indicating

successful editing. This efficiency could be doubled by removing

the C terminus of AID (AIDx), which includes a nuclear export

signal (NES) that normally limits AID activity. Sequencing of the

targeted GFP locus revealed mutation frequencies > 20%, with

transitions and transversions from cytidine and guanine to the

other three bases with only a slight bias for C>T and G>A transi-

tions. Coexpression of UGI resulted in an increase in frequency

of mutation when using single sgRNAs, but limited mutations

to C>T transitions within a window of �16 to �12 bases with

respect to the PAM of the sgRNA.

In the CRISPR-X system (Hess et al., 2016), dCas9 is used to

recruit a hyperactive variant of the AID enzyme. Three mutations

(K10E, T82I, and E156G) were previously identified in a bacterial

screen that increased the deamination activity of AID (Wang

et al., 2009); this variant was combined with a deletion of the

NES to generate AID*D. Instead of fusing the enzyme to

dCas9, AID*D was fused to MS2 protein and recruited to the

locus via two MS2 RNA hairpins inserted into the sgRNA back-

bone (Konermann et al., 2015) (Figure 1A). Compared to native

AID without an NES (AIDD), which induced mutations within a

targeting window of +12 to +32 bp from the PAM site,

CRISPR-X using AID*D induced a �2- to 6-fold increased fre-

quency of mutations (> 20%) over a larger window of �50

to +50 bp. Similar to the TAM system, the conversion of C

to A, G, or T and G to A, C, or T showed only a slight preference

for C>T. Mutations at A and T bases were also observed, but at a

much lower frequency. Interestingly, using CRISPR-X, the posi-

tion of targetedmutations appears to be sensitive to the direction

of transcription, with the region of highest mutation downstream

of the PAM site with respect to the direction of transcription. This

is consistent with previous observations that mutagenesis by

AID depends on interactions with the transcription machinery

(Chaudhuri et al., 2003). Nonetheless, when CRISPR-X was



Table 1. Efficiency of Precision Base Editors in Diverse Model Systems

Gene (Variant) Cell Type Delivery Method Base Editor

Substitution

Frequency

Indel

Frequency

Comparison to

Active Cas9 (With

or Without Donor)

Substitution

Frequency

Indel

Frequency Reference

APOE4 (C158R) Mouse astrocyte Plasmid nucleofection BE3 58%–75% 4%–6% SpCas9 and donor

200-nt ssDNA

0.1%–0.3% 26%–40% Komor et al., 2016

TP53 (Y163C) HCC1954 human

breast cancer

cell line

Plasmid nucleofection BE3 3%–8% <0.7% SpCas9 and donor

200-nt ssDNA

0% 6%–8% Komor et al., 2016

6 loci (incl. EMX1,

FANCF, RNF2)

HEK293T cells Plasmid lipofection BE3 5%–37% 1%–6% SpCas9 and donor

200-nt ssDNA

<2% 2%–7% Komor et al., 2016

6 loci (incl. EMX1,

FANCF, RNF2)

HEK293T cells Plasmid lipofection BE4 20%–50% 0.5%–3% N/A N/A N/A Komor et al., 2017b

6 loci (incl. EMX1,

FANCF, RNF2)

HEK293T cells Plasmid lipofection Target-AID 5%–50% 0.5%–3% N/A N/A N/A Komor et al., 2017b

4 loci (incl. FANCF) HEK293T cells Plasmid lipofection SaBE4-Gam 40%–65% 0.5%–4% N/A N/A N/A Komor et al., 2017b

4 loci (incl. EMX1,

FANCF, VEGFA)

HEK293T cells RNP lipofection BE3 5%–65% %5% N/A N/A N/A Rees et al., 2017

TYR1, TYR2, TYR3 Zebrafish embryo RNP lipid nanoparticle

injection

BE3 0%–5% <2% N/A N/A N/A Rees et al., 2017

VEGFA site 2 Murine NIH/3T3

cells

Plasmid lipofection BE3 10%–85% N/R N/A N/A N/A Rees et al., 2017

VEGFA site 2 Murine NIH/3T3

cells

RNP lipofection BE3 5%–45% N/R N/A N/A N/A Rees et al., 2017

VEGFA site 2 Mouse inner ear RNP lipid nanoparticle

injection

BE3 <1.5% <0.1% N/A N/A N/A Rees et al., 2017

Dmd, Tyr Mouse embryo RNP electroporation BE3 56%–69% N/R N/A N/A N/A Kim et al., 2017b

Dmd, Tyr Mouse embryo mRNA microinjection BE3 44%–100% N/R N/A N/A N/A Kim et al., 2017b

Tyr Mouse embryo mRNA microinjection HF-BE2 11.6%–50% 4.5% N/A N/A N/A Liang et al., 2017

HPRT, EMX1,

Efemp1, MGAT1

CHO cells Plasmid lipofection and

G418 selection

Target-AID 17%–55% 4%–12% SpCas9 without

donor

0.1%–0.6% 71%–93% Nishida et al., 2016

Can1 Saccharomyces

cerevisiae BY4741

Transformation and

selection for mutations

Target-AID 96% 0.2% SpCas9 without

donor

<5% 5%–40% Nishida et al., 2016

PCSK9 Adult mouse liver Adenoviral vector BE3 19%–34% 1%–2% SpCas9 without

donor

N/A 50% Chadwick et al., 2017;

Ding et al., 2014

FTIP1e and ALS Rice calli Agrobacterium

transfection and

selection for mutations

Target-AID 34%–89% 11%–66% N/A N/A N/A Shimatani et al., 2017

NRT1.1B

and SLR1

Rice calli Agrobacterium

transformation and

selection for delivery

BE3 without UGI 2.7%–

13.3%

8.9%–

10.8%

N/A N/A N/A Lu and Zhu, 2017
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targeted to regions upstream of annotated transcription start

sites, mutations could be detected at similar frequencies to cod-

ing regions.

Although the designs of each of these base-editing systems

are different, a common thread is the ability to generate point

mutations at cytosine and guanine nucleotides with a low rate

of indels, in contrast with HDR-based methods, which often

generate more indels than substitutions. This is critical when

modifying protein-coding genes where indels could generate

frameshifts that make truncated or nonsense protein products.

The diverse editing outcomes generated by these systems

enable both precision editing of single C>T bases as well as

sequence diversification; each technology facilitates a range of

possible applications.

Section 2: Applications of Base Editing
Though base-editing technologies are still new, there have

already been many successful applications in vitro and in vivo,

ranging from precise therapeutic and agronomic editing to broad

screens for directed evolution and mapping of protein-drug in-

teractions (Figure 2). These pioneering experiments have been

conducted in a wide panel of cell lines and organisms, summa-

rized in Tables 1 and 2. In this section, we review how current

base-editing systems have been applied.

Applications of Precision Editing

As a Therapeutic Platform. The precise conversion of cytidine

to thymidine by the BE system lends itself as a potential thera-

peutic approach for the targeted insertion of beneficial muta-

tions. Komor et al. first demonstrated the potential use of this

system by correcting Alzheimer’s Disease-associated mutations

in APOE4 in mouse astrocytes and TP53 mutations in a mouse

breast cancer line (Komor et al., 2016). Since this initial demon-

stration, there have been many successful examples of base

editing to substitute a desired mutation (Table 1). Base-editing

systems, most notably BE3, have been used in a wide range of

mammalian cell culture models including HEK293Ts (Chadwick

et al., 2017; Kim et al., 2017a, 2017c; Komor et al., 2016), human

iPSCs (Chadwick et al., 2017), CHO cells (Nishida et al., 2016),

U2OS cells (Kim et al., 2017c; Komor et al., 2016), HCC1954 cells

(Komor et al., 2016), mouse Neuro-2a cells (Chadwick et al.,

2017), and mouse astrocytes (Komor et al., 2016). There have

also been successful demonstrations of base editing in vivo via

delivery by adenoviral vector into mouse liver (Chadwick et al.,

2017) and by RNP delivery into the mouse inner ear (Rees

et al., 2017). Zebrafish (Rees et al., 2017; Zhang et al., 2017)

and mouse embryos (Kim et al., 2017b; Liang et al., 2017) have

also been successfully base edited, with the latter being reintro-

duced into surrogate mothers and giving rise to properly edited

offspring.

Komor et al. estimated that 3,000 genetic variants listed

in ClinVar would be correctable with a C>T substitution. How-

ever, given PAM sequence requirements, narrow base editing

windows relative to the guide-targeted PAM sequence, and

the potential need to avoid editing multiple cytidines in the

editing window, they further estimated that only 300–900

would be targetable (Komor et al., 2016). To address these lim-

itations, the BE system has been fused to an array of Cas9

variants with varied PAM-sequence specificities derived from



Box 2. Specificity and Off-Target Base Editing

Unintended off-target mutations pose a challenge to the application of any genome-editing technology. Researchers measuring

and improving base-editing specificity can employ some of the same tools developed for preceding technologies, including

computational prediction of off-targets and targeted deep sequencing to detect off-target mutations (reviewed in Hsu et al.,

2014; Tsai and Joung, 2016; Tycko et al., 2016). However, distinct properties of base editors also create a need for distinct spec-

ificity methods and tools.

PROXIMAL OFF-TARGETS

Base editing at additional cytosines proximal to the targeted basemay be unintended and considered as off-target mutations. One

solution is to more tightly restrict the targetable window. Optimizing the rAPOBEC1 with a mutant deaminase domain effectively

reduced the window from 4–6 bases to as little as 1–2 bases (Kim et al., 2017c). A triple mutant rAPOBEC1 (YEE-BE3) achieves this

extreme precision at the cost of 2.9-fold lower average maximal editing than BE3, while double mutant YE1-BE3 retained maximal

editingwith a targeting window of 2–3 bases. Notably, the restricted targeting windowdecreases the likelihood of finding an appro-

priate NGG PAM site for a given target. However, base editors can be built with a variety of engineered S. pyogenes Cas9 PAM

variants (Kleinstiver et al., 2015b, 2016) or S. aureus Cas9 and its engineered PAM variants (Kleinstiver et al., 2015a) to widen

the number of available targeting sites (Kim et al., 2017c; Komor et al., 2017b). Careful experimental design can sometimes obviate

the need for these engineered variants, as proximal off-target mutations are relatively inconsequential in coding regions if the off-

target mutation creates a synonymous codon (Komor et al., 2016).

GENOME-WIDE OFF-TARGETS

Base editors can also induce distal off-target mutagenesis at other binding sites across the genome. In fact, as Cas9 binding is

more promiscuous than Cas9 cleavage (Wu et al., 2014), one might expect less specificity from base editors than active Cas9

nuclease. However, head-to-head comparisons across a range of mismatched target sites show generally similar specificity rules,

with notable exceptions in which their off-targets do not coincide (Kim et al., 2017a). For example, BE3 appears more tolerant of

DNA-sgRNA mismatch bulges than Cas9. Unsurprisingly, Cas9 is more prone to off-target effects at sites without editable cyto-

sines in the BE3-targetable window as the base editor induces minimal mutagenesis of non-cytosine bases.

These exceptions, along with the fact that most off-target detection methods rely on DSBs and would not be applicable to base

editors, motivate the development of new methods for the unbiased detection of base editing genome-wide. The developers of

Digenome-seq, an in vitro genome-wide detection method (Kim et al., 2015), recently modified the protocol so it could be applied

to base editors (Kim et al., 2017a). Their modified protocol took advantage of the deaminated uracil intermediate, which rarely

occurs in the genome. They applied the USER enzymes (a uracil DNA glycosylase and DNA glycosylase-lyase endonuclease

VIII) to cleave off the base-edited uracils on one strand while the Cas9 D10A nicks the opposite strand. This generates an enrich-

ment of free DNA ends at the targeted site, which can be computationally identified in aligned whole-genome sequencing data.

Given that this process requires uracil DNA glycosylase activity to cleave the DNA, BE3 was modified so that it no longer included

the uracil glycosylase inhibitor. Across seven different guide RNAs, they found C-to-U conversions at only 18 ± 9 sites in the human

genome. These off-targets were often different from those of active Cas9.

Standard whole-genome sequencing (WGS) can also be used to measure editing genome-wide in cells. WGS was applied in the

smaller yeast genome and detected a slight increase in single-nucleotide variants, which could be attributed to the deaminase but

not the Cas9 (Nishida et al., 2016). When WGS was applied in a F0 base-edited mouse, no off-target mutations were discovered,

demonstrating the high specificity of base editing in some applications (Kim et al., 2017b). While WGS is appropriate for clonal or

largely homogeneous genomemixtures, themodified Digenome-seq in vitromethod ismore sensitive to rare off-targets, detecting

sites with substitution frequencies as low as 0.1%of alleles. Nonetheless, there remains a need for improvedmethods for unbiased

off-target detection in cells and tissues with increased sensitivity to detect variants in heterogeneous populations.

MINIMIZING OFF-TARGET EDITING

Optimizing sgRNA design can also lower the frequency of off-targets at mismatched sites. While there are a number of active

nuclease Cas9 sgRNA design tools that can predict off-targets, most do not explicitly consider the targetable windows of base

editors as a design constraint. At least one tool (https://www.benchling.com) allows users to rank base-editing sgRNAs by their

predicted off target effects, but there remains a need for data-driven models of base-editing specificity. It is important to consider

not only mismatched sites, but also sites with small indels or non-canonical PAMs (Leenay et al., 2016). Ideally, sgRNAs should

also be designed to be specific in the actual genome under experimentation and not merely in the reference genome (Yang

et al., 2014). Beyond careful sgRNA selection, specificity may be improved by modifying the sgRNA construct. For example,

(Continued on next page)
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Box 2. Continued

extending the sgRNAwith two additional guanines (ggX20) maintained on-target efficiency while improving specificity in one study

(Kim et al., 2017a).

Cas9 fusion proteins can also be optimized for improved specificity. The engineered rAPOBEC1 variants with restricted targeting

windows decrease off-target editing at mismatched sites (Kim et al., 2017a). Alternatively, installing the BE3 fusion onto an engi-

neered ‘‘high fidelity’’ HF-Cas9 (Kleinstiver et al., 2016) reduces off-target effects, though this results in somewhat reduced on-

target efficiency (Rees et al., 2017). However, delivering BE3 as a purified ribonucleoprotein (RNP) resulted in even greater

specificity than HF-BE3 plasmid delivery while maintaining on-target efficiency (Rees et al., 2017), which is consistent with previ-

ous demonstrations of Cas9 RNP specificity (Kim et al., 2014; Zuris et al., 2015).

Overall, off-targets can be minimized by iterating a process of: (1) selecting specific sgRNAs (Doench et al., 2016; Perez et al.,

2017; Scott and Zhang, 2017), (2) employing optimized Cas9 variants and delivery methods, (3) detecting mutations with unbiased

genome-wide methods, and (4) validating off-target edits with sensitive targeted sequencing.
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S. pyogenes (‘‘NGG’’) or S. aureus (‘‘NNGRRT’’) or evolved arti-

ficially (‘‘NGA,’’ VQR-Cas9; ‘‘NGAG,’’ EQR-Cas9; ‘‘NGCG,’’

VRER-Cas9; ‘‘NNNRRT,’’ SaKKH-Cas9), thus allowing the BE

system to target 2,200 of these C:T or G:A point mutations

(Kim et al., 2017c; Komor et al., 2017b). The space of targetable

mutations has been further expanded by the fusion of cytidine

deaminases to other programmable DNA binding proteins

such as zinc fingers and TALENs, which are not restricted by

PAM sites (Yang et al., 2016a).

Base-editing systems may offer several advantages over

traditional HDR-based CRISPR-Cas9 genome-editing methods

as a therapeutic tool. Importantly, these systems exhibit signifi-

cantly lower indel rates, which decreases the chance of disrupt-

ing the function of the target gene through NHEJ (Komor et al.,

2016). More recently, base-editing constructs (e.g., YEE-BE3)

have been engineered to decrease the number of undesirable

substitutions generated proximal to the target site by narrowing

the editing window to 1 or 2 bases (Kim et al., 2017c) (Box 2).

Comparisons between the frequency of off-target mutations

generated using base editing versus cleavage with active Cas9

nuclease suggest that base editing may have greater specificity

(Kim et al., 2017a, 2017c). To further reduce non-specific muta-

tions, BE3 has been fused to a high-fidelity SpCas9 (HF-Cas9)

(Kleinstiver et al., 2016), which has reduced affinity to off-target

mismatch sites, resulting in the creation of a HF-BE3 with lower

non-specific editing rates (Rees et al., 2017). However, this

benefit came at the cost of lower on-target editing rates.

Additional engineering has been done to control the dynamics

of base editing. The Liu group embedded self-cleaving catalytic

RNA aptazymes in the sgRNA, which block the sgRNA spacer

sequence until exposure to a ligand (Tang et al., 2017). This

makes base editing responsive to a ligand, although the system

exhibited some activity without ligand and was somewhat less

efficient than standard sgRNAs. Additional means of inducing

Cas9 activity, such as light (Nihongaki et al., 2015; Polstein

and Gersbach, 2015), cell surface interactions (Dingal et al.,

2017), and other small molecules (Gao et al., 2016; Senturk

et al., 2017; Zetsche et al., 2015b), should be transferrable to

base editors and enable fine control of editing dynamics.

Notably, the unbiased, sensitive, genome-wide off-target

detection methods in cells (i.e., GUIDE-seq [Tsai et al., 2015])

and tissues (i.e., BLESS [Ran et al., 2015]) rely on double-

stranded breaks and are not compatible with base editors in their
34 Molecular Cell 68, October 5, 2017
current form. While base editor off-targets can be characterized

with in vitro assays (i.e., Digenome-seq [Kim et al., 2017a]),

whole-genome sequencing, and targeted sequencing, unbiased

methods have not been developed for detecting off-target base

edits in cells and tissues. Additional improvements to specificity

and off-target detection would accelerate translation of safe and

effective base-editing therapeutics.

Engineering Agricultural Traits. The recent demonstrations of

efficient base editing in crops (Lu and Zhu, 2017; Shimatani

et al., 2017; Zong et al., 2017) (Figure 2A) provide a new method

to select for and fine-tune desirable crop traits that are attribut-

able to point mutations, such as 14 key agronomic traits in rice

(Huang et al., 2010) and the flavor of tomatoes (Tieman et al.,

2017). This can be further extended to other agricultural de-

mands, including improving nutrition and production of crops

(reviewed in Baltes et al., 2017). In rice, multiplex base editing

of ALS and FTIP1e generated double mutants resistant to two

herbicides (Shimatani et al., 2017). Interestingly, despite using

similar Target-AID constructs, the rate of indels has been signif-

icantly higher in crops (Lu and Zhu, 2017; Shimatani et al., 2017)

(Table 1) than in yeast or mammalian cells (Nishida et al., 2016).

Nonetheless, indel rates are still lower than using traditional

HDR-based CRISPR-Cas9 gene editing (Li et al., 2013; Mao

et al., 2013). Base-editing tools have also been successfully

used in wheat, maize (Zong et al., 2017), and Arabidopsis

(Chen et al., 2017). Delivery of base-editing systems to plants

has been performed using either transformed agrobacterium

(Hooykaas and Schilperoort, 1992; Voytas, 2013) or biolistic par-

ticle bombardment (Sanford, 1988). Although delivery of DNA via

agrobacterium ismore controllable for single copy insertions, the

particle bombardment strategy can be used to deliver the sys-

tem to a wider range of organisms, including those that are not

compatible with agrobacterium colonization (Nam et al., 1997).

Both methods have been effective (Table 1) in a variety of plants.

Given these initial successes, it is likely that base editing may be

broadly useful in other varieties of crops, plants (Baltes et al.,

2017), and animals (Petersen, 2017) as well.

Applications of Diversifying Editing

Evolving Protein Function and Structure. Base-editing systems

have been used for protein evolution and saturationmutagenesis

(Table 2 and Figure 2B) and present a number of useful features

when compared to traditional methods such as error-prone

PCR, recombination, and DNA synthesis (reviewed in Packer



Figure 2. Applications of Base-Editing Technologies
Base editing has been applied in two main areas: precision editing and screening applications.
(A) For precision editing, corrective or beneficial conversion of cytidines to thymidines has been demonstrated in many systems. Multiple delivery targets and
methods that have been used are shown (see also Table 1). Precision editing has also been used for agricultural engineering using agrobacterium or biolistic DNA
particle bombardment to deliver base editors to tomato, maize, wheat, and rice plants.
(B) Diversifying base editors have been used to evolve and study protein function and structure. In these experiments, sgRNAs tiling a region are used to generate
targeted mutations, and the subsequent population of variants is screened for specific phenotypes (i.e., drug resistance/fluorescence), followed by targeted
sequencing of the locus. To validate identified mutations, enriched variants are individually installed, and drug resistance or the activity of the individual clones is
validated.
(C) The precise base-editing system can also be used for screening applications. Targeting the BE3 system to Arg, Gln, and Trp codons can edit each into stop
codons, generating truncated gene products (CRISPR-STOP, iSTOP). This platform provides a potential alternative to Cas9 gene screens without inducing
double-strand breaks.
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and Liu, 2015). More recently, active Cas9 has been used

together with a synthetic library of oligonucleotide HDR tem-

plates (Findlay et al., 2014; Garst et al., 2017; Ryan et al.,

2014) to maximize variant sequence space by allowing complete

control of all base substitutions at a specified locus. However,

these techniques require laborious synthesis of donor templates

for each region and carry the risk of DNA damage and indel gen-

eration by active Cas9. The ability to efficiently create diverse
populations of mutations at precise regions within endogenous

genes using diversifying base editors eliminates the need to

separately synthesize and deliver a donor library—which may

be constrained by donor length, sequence complexity, and li-

brary size. Modifying the endogenous gene obviates the need

to use artificial promoters to express a variant library, which

may change the native regulation of protein function and

localization. Proteins evolved in bacteria or yeast may also not
Molecular Cell 68, October 5, 2017 35
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function appropriately when transferred back into mammalian

systems (Way et al., 2014; Yuen et al., 2006). At the same time,

the targeted nature of the base-editing approach decreases

the number of cells and reduces sequencing cost that would

otherwise be needed to analyze a mutagenized genome gener-

ated with radiation or chemical mutagenesis.

AID has evolved as an efficient generator of genetic diversity.

B cell lymphoma lines withmisregulated AID-dependent somatic

hypermutation have been used to evolve antibodies or fluores-

cent proteins (Arakawa et al., 2008; Lim et al., 2016; Wang

et al., 2004), but the promiscuous mutagenesis in this system

is relatively inefficient. In contrast, by directly recruiting AID,

diversifying base-editing systems (CRISPR-X and TAM) can

facilitate efficient, targeted mutagenesis of key structural or

functional domains of endogenous targets through carefully de-

signed sgRNA pools. For example, the CRISPR-X platform has

been used to evolve wtGFP to EGFP using a targeted pool of

sgRNAs. In this proof-of-principle study, dCas9-expressing

K562 cells were electroporated with MS2-AID*D and sgRNAs

targeting wtGFP near known spectrum-shifting mutation sites;

cells with shifted emission spectra were sorted by FACS, and

the GFP locus was sequenced. The identified residue change

(S65T) matched the previously known mutation to confer the

wtGFP to EGFP spectral shift (Heim and Tsien, 1996). The broad

editing window of CRISPR-X and its ability to generate diverse

base transitions and transversions are well-suited for the

directed evolution of proteins (Hess et al., 2016).

In addition to the evolution of protein function, base-editing

systems can also be used to map key structural features

required for protein-protein and protein-drug interactions. For

example, base editing across full protein coding regions per-

formed using the TAM and CRISPR-X platforms has enabled

the identification of known and novel drug-resistant gene vari-

ants, such as mutations in PSMB5 that confer bortezomib resis-

tance (Hess et al., 2016) and mutations in the BCR-ABL kinase

domain that confer imatinib resistance (Ma et al., 2016). Identi-

fying variant-drug interactions can improve molecular diagnosis

to inform clinical treatment, lend insight toward a mechanistic

understanding of drug resistance, and facilitate drug design.

Other groups have successfully used active Cas9 to mutagenize

protein-coding regions, wherein error-prone NHEJ mechanisms

create gene variants that confer novel phenotypes such as drug

resistance (Donovan et al., 2017; Ipsaro et al., 2017). While using

active Cas9 for mutagenesis is straightforward, a large portion of

NHEJ-generated mutations are frameshifts andmultiple base in-

dels, whichmay be either highly useful or undesirable depending

on the application (Shalem et al., 2014; van Overbeek et al.,

2016; Wang et al., 2014). Therefore, this approach may require

a larger starting cell population as well as a strong selectable

phenotype to enrich for single point mutants. Thus, diversifying

base editors present a useful alternative for broad mutagenesis

screens byminimizing indels and creating more varied point mu-

tations.

Screening Gene Knockouts with CRISPR-STOP and iSTOP.

Precision base editing can also be used to screen the effects

of gene knockouts. The CRISPR-STOP and iSTOP systems

use BE3 to efficiently generate early stop codons at arginine,

glutamine, and tryptophan residues (Figure 2C), effectively
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causing gene inactivation (Billon et al., 2017; Kuscu et al., 2017).

In addition to transcriptional repression using CRISPRi (Gilbert

et al., 2013, 2014), CRISPR-STOP and iSTOP may be an attrac-

tive alternative approach for disrupting the function of genes pre-

sent at a high copy number, where active Cas9 nuclease can

sometimes create heterogeneous repair outcomes and trigger

excessive DNA damage and cell death (Aguirre et al., 2016; Mor-

gens et al., 2017; Munoz et al., 2016; Wang et al., 2015). In

contrast with CRISPRi screens, CRISPR-STOP and iSTOP

generate gene knockouts via early truncation at targeted loci

rather than transcriptional knockdown, with potentially different

phenotypic consequences. While genome-wide screens with

CRISPR-STOP and iSTOP have not yet been conducted, these

tools may have advantages where a defined protein truncation

product is desired and it is necessary to avoid DSBs.

Section 3: Future Directions and Areas for Improvement
While base editing has already been successful in initial studies,

several technological improvements would enable additional

applications: increased editing specificity, decreased PAM site

dependencies, and an expansion of control over the types and

frequencies of base transitions and transversions. Nevertheless,

current tools enable significant extension of current applications

and exploration of new ground. In this final section, we briefly

discuss how base-editing systems might be improved, current

limitations for their delivery in vivo, and future possibilities for

base editing in therapy and engineering.

Future Improvements to Base-Editing Tools

Additional engineering to the enzymes recruited by dCas9 may

increase the versatility of base-editing technology. Specifically,

engineering the deaminase or DNA repair machinery may

make it possible to direct different specific conversion events

(e.g., convert C>A instead of C>T). It should also be noted that

the deaminases comprise a large family of diverse enzymes. In

addition to the APOBEC family and AID, these include adenosine

(Alseth et al., 2014; Bass, 2002) and guanine deaminases (Roy

and Roy, 1967; Yuan et al., 1999). For example, ADA is an aden-

osine deaminase involved in the purine salvage process that

converts adenosine to inosine; loss of this enzyme causes auto-

somal recessive severe combined immunodeficiency (SCID)

(Hershfield, 1998; Hirschhorn, 1990). Recruitment of adenosine

deaminases would expand the range of targetable bases to

allow conversion of adenine (and thymidine as its reverse com-

plement) to alternative bases. Furthermore, ADAR enzymes (Li

and Church, 2013; Nishikura, 2010), adenosine deaminases

able to act on RNA, open up the potential for post-transcriptional

editing of mRNA (Hanswillemenke et al., 2015; McMahon et al.,

2016;Montiel-Gonzalez et al., 2013; Schneider et al., 2014) using

a modified Cas9 system capable of targeting RNA (Nelles et al.,

2016) or the C2c2 CRISPR effector (Abudayyeh et al., 2016;

East-Seletsky et al., 2016), which can be targeted to RNA.

New base-editing Cas9 variants (alternate PAM sites [Kim

et al., 2017c], Cpf1 [Zetsche et al., 2015a], high-fidelity variants

[Rees et al., 2017]) may each have different susceptibilities to

off-target effects and will need to be carefully characterized.

Although significant work has been done to quantify the on-

target and off-target effects for active Cas9 (reviewed in Hsu

et al., 2014; Tsai and Joung, 2016; Tycko et al., 2016), similar
methods for base editing are only emerging (Box 2). These

new methods will be critical to benchmark improvements in

base-editing platforms.

Therapeutic Delivery of CRISPR Base Editors

Therapeutic base editing will depend on efficient delivery. RNP

lipofection (Rees et al., 2017), mRNA microinjection (Kim et al.,

2017b), and administration of adenoviral vectors (Chadwick

et al., 2017) have been used for making therapeutic precision

edits (Table 1). A comparison of the plasmid and RNP delivery

methods found that RNPs had higher specificity (Rees et al.,

2017). Another study that compared mRNA injections and

RNPs found that mutant ratios among blastocysts and trans-

ferred embryos that gave rise to offspring were both efficient

(Kim et al., 2017b). Given that the choice of delivery method

may influence editing efficiency and specificity, it will be impor-

tant to systematically and directly compare delivery methods

for each application. Notably, adenovirus has been superseded

by adeno-associated virus (AAV) in in vivo gene therapy pipelines

because of AAV’s favorable efficiency and immunogenicity pro-

file (Valdmanis and Kay, 2017). However, base editors are large

fusion proteins that exceed the packaging capacity of AAV.

Further efforts to reduce the size (Friedland et al., 2015; Zetsche

et al., 2015b) and limit immunogenicity of base-editing compo-

nents or vehicles (Abudayyeh et al., 2016; Bessis et al., 2004;

Chew et al., 2016; Hirsch et al., 2016; Wang et al., 2017; Yin

et al., 2016; Zuris et al., 2015) may also improve their clinical

utility.

Identifying and Characterizing Pathogenic Variants

Base editing can efficiently install mutations and generate variant

libraries to screen for specific phenotypes; combining these two

current applications may facilitate high-throughput characteriza-

tion of known and putatively pathogenic SNPs/SNVs. While the

majority of known disease-associated gene variants are point

mutations (Landrum et al., 2016), there is often insufficient statis-

tical power from human subject studies to establish a causal

relationship between specific variants and their putative pheno-

types (Strande et al., 2017). In cases where base editors can

target and correct the mutations, such edits can rescue the

wild-type phenotype in vitro or in animal models, validating the

mutation. Recently, active Cas9 has also been used to validate

possible causal variants affectingMYB expression through satu-

rationmutagenesis (Canver et al., 2017). In addition to character-

izing variants, base editors with broad, diversifying properties

can be used to identify known and novel variants that affect

measurable phenotypes (e.g., alternative splicing behaviors or

gene expression levels). The information generated from these

approaches could be used to support a causal variant-pheno-

type relationship or improve our understanding of diseasemech-

anisms and identify key functional residues.

Investigating the Non-coding Genome

Base-editing systems may also be well-suited to investigate

sequence-function relationships in enhancers and other non-

coding regions. Previously, active Cas9 and CRISPRi have

been used to tile enhancer regions to identify important regula-

tory elements that control gene expression (Canver et al.,

2015, 2017; Diao et al., 2017; Fulco et al., 2016; Gasperini

et al., 2017; Korkmaz et al., 2016; Sanjana et al., 2016; Xie

et al., 2017). Precise base-editing systems, and those with
Molecular Cell 68, October 5, 2017 37
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broader editing windows like CRISPR-X, may be similarly

applied to interrogate regulatory elements through saturation

mutagenesis. While base editors used in such a waymay identify

the sequence determinants of a regulatory element’s function at

single-nucleotide resolution, the narrower functional and muta-

genic windows may practically constrain the amount of

sequence space that can be screened. Mutations generated

by current base editors may not necessarily disrupt regulatory

function, whereas active Cas9 and CRISPRi may bemore readily

able to inhibit activity—although repressing enhancers and other

regulatory elements with CRISPRi may also vary in efficiency de-

pending on the chosen repressor and surrounding epigenetic

signature.

Mapping Protein-Protein and Protein-Drug Interactions

The CRISPR-X and TAM base-editing systems have been used

to identify mutations that confer drug resistance. Both systems

may be extended to map and characterize protein-protein and

protein-ligand interactions to determine biological function. As

with the identification of bortezomib- and imatinib-resistant mu-

tants, an efficient interaction screen would likely require a select-

able phenotype amenable to high-throughput screening, such as

cell growth and survival, reporter expression, or two-component

reporter systems such as the kinase substrate sensor (KISS)

(Lievens et al., 2014).

One of the benefits of Cas9-based technologies is the straight-

forward path to simultaneously target multiple sites in the

genome. Indeed, both Target-AID and CRISPR-X systems have

been used to mutagenize two loci within a cell (Hess et al.,

2016; Nishida et al., 2016). This capacity opens up a number of

possibilities for future applications. Because the repair mecha-

nism for base editing does not involve DSBs—a requirement

for HDR-mediated editing—multiple edits can be made without

risk of translocations or paired deletions between the cut sites.

Simultaneous mutagenesis of two sites should make it possible

to study protein-protein interactions through co-evolution.

Base Editing for Directed Evolution and Synthetic

Biology

While base editing can be used to investigate molecular interac-

tions, it can also be used for the directed evolution of improved

biomolecules. As an initial proof-of-principle, wild-type GFP was

evolved toEGFPusingCRISPR-X (Hesset al., 2016). This strategy

can be used in both industrial engineering and synthetic biology

applications (Cobbetal., 2013). Forexample,metabolicengineer-

ing (Jako�ci�unas et al., 2017) of microbes or yeast can be accom-

plished by generating focused libraries of mutants in situ to refine

the function of a desired enzyme or pathway. The base-editing

diversification strategies provide a straightforward means of

generating new libraries without requiring the library to be

removed from the organism, randomized through gene shuffling

or error-prone PCR, and replaced. The endeavor to engineer pro-

moters, sensors, or other regulatory elements and functional cir-

cuits may also benefit from base-editing tools, which can mutate

these componentswithinmammalian cells in their native genomic

context (Lienert et al., 2014; Mathur et al., 2017).

Conclusion
In summary, base editing presents a useful alternative to HDR-

mediated genome editing with active Cas9 nuclease, avoiding
38 Molecular Cell 68, October 5, 2017
DSBs and the resulting indels. Capable of generating either pre-

cise C>T edits or targeted diversification of a genomic region,

base-editing systems have been applied to therapeutic correc-

tion of deleterious mutations, engineering of agricultural crops,

and the study and evolution of protein structure and function.

As with any emerging technology, base-editing systems will

require additional fine tuning and characterization, especially

for therapeutic applications of precise base editing. Nonethe-

less, base editing is an exciting new addition to the CRISPR

toolbox, and its potential in genome engineering and biology is

just beginning to be realized.
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