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The CRISPR-Cas system holds great promise in the treatment
of diseases caused by genetic variations. The Cas protein, an
RNA-guided programmable nuclease, generates a double-
strand break at precise genomic loci. However, the use of the
clustered regularly interspersed short palindromic repeats
(CRISPR)-Cas system to distinguish between single-nucleotide
variations is challenging. The promiscuity of the guide RNA
(gRNA) and its mismatch tolerance make allele-specific target-
ing an elusive goal. This review presents a meta-analysis of
previous studies reporting position-dependent mismatch toler-
ance within the gRNA. We also examine the conservativity of
the seed sequence, a region within the gRNA with stringent
sequence dependency, and propose the existence of a subregion
within the seed sequence with a higher degree of specificity. In
addition, we summarize the reports on high-fidelity Cas nucle-
ases with improved specificity and compare the standard gRNA
design methodology to the single-nucleotide polymorphism
(SNP)-derived protospacer adjacent motif (PAM) approach,
an alternative method for allele-specific targeting. The combi-
nation of the two methods may be advantageous in designing
CRISPR-based therapeutics and diagnostics for heterozygous
patients.

The clustered regularly interspaced short palindromic repeats
(CRISPR) system is a microbial adaptive immune system repurposed
as a powerful genome-editing tool. A variety of bacteria and archaea
contains an endogenous RNA-based adaptive immune system that
can degrade the nucleic acids of invading phages and plasmids. These
systems consist of CRISPR genes that produce RNA components and
CRISPR-associated (Cas) genes that encode protein components. The
CRISPR RNAs (crRNAs) contain short stretches of homology to spe-
cific viruses and plasmids (spacers) and act as guides to direct Cas nu-
cleases to degrade the complementary nucleic acids of the relevant
pathogen.1 The protospacer adjacent motif (PAM) is a short
sequence, adjacent to the crRNA-targeted sequence, on the target
DNA, and has an essential role in DNA binding and cleavage.2 The
RNA-guided Cas9 protein has two properties that distinguish it as
a promising genome-editing tool, namely, its ability to specifically
bind unique double-stranded DNA sequences, as directed by the
guide RNA (gRNA), and the capacity to then make a DNA double-
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strand break (DSB). Once the DSB has occurred, cellular repair mech-
anisms are recruited to restore DNA integrity.

Non-homologous end joining (NHEJ) is a predominant and generally
accurate error-free cell DNA-repair pathway that permits a low rate of
errors in order to balance genetic stability and genetic diversity.3 As
long as the NHEJ results in precise restoration of the DSB, Cas9 is
able to re-cleave the repair, since its gRNA matches the target DNA
in the presence of an intact PAM. However, once the NHEJ machin-
ery stumbles, and an indel (insertion/deletion) is installed in place of
the original sequence, the Cas9 target sequence is disrupted, and the
newly formed indel remains embedded within the genome. As a
result, in terms of genome engineering, NHEJ is considered an er-
ror-prone indel-forming pathway. Researchers exploit the error-
prone property of NHEJ to randomly install indels, which in most
cases, give rise to a frameshift mutation that leads to knockout of
the target gene.4–6 Homology-directed repair (HDR) is a less-
frequently used cellular repair pathway, by which the cell employs a
DNA template and homologous recombination machinery to repair
the damaged DNA. Among the repertoire of DNA DSB repair path-
ways, HDR is considered the only one that can be relied upon to pro-
vide a precise outcome. However, the low frequency of HDR
compared to NHEJ poses a challenge for gene editing.7–9

Single-nucleotide polymorphisms (SNPs) account for 58% of the
disease-associated genetic variations in humans.10 Gene therapies
designed to correct any consequent pathology require accurate
allele-specific targeting in order to maintain an intact copy of the
wild-type (WT) or a well-functioning allele. Such precise gene editing
can be used to correct mutations or introduce protective mutations
and to study point mutation-associated conditions. However, target-
ing the pathogenic allele while preserving theWT allele is challenging
due to specificity properties of the Cas9:gRNA complex. This review
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describes the specificity of the CRISPR system and the efforts that
have been made to develop highly specific Cas variants and allele-spe-
cific targeting in order to overcome the difficulties. The term speci-
ficity is used herein to describe two issues: targeting the desired allele
and reducing off-target activity. Both derive from a common source,
namely, the resolution in which Cas enzymes distinguish similar
sequences.

The Seed Sequence

In principle, single base substitutions should be simpler for gene edit-
ing than other genetic variations, such as copy number loss or gain, or
large deletions or insertions. However, small differences, such as those
represented by SNPs, may pose a challenge to allele-specific targeting
due to the tolerance of the CRISPR-Cas system to some degree of
mismatch between the gRNA and the target DNA. In order to better
understand the specificity characteristics of the Cas9 enzyme from
Streptococcus pyogenes (SpCas9), we review the fundamental studies
in the field. Jinek et al.1 examined the effect of gRNA:DNA mis-
matches and reported that the six positions in the 50 terminal of the
gRNA could tolerate mismatches. Thus, up to six mismatches in
the PAM-distal region did not disrupt DNA cleavage. In contrast, sin-
gle mismatches in the PAM-proximal region did abolish cleavage.1

While investigating the gRNA:DNA tolerance to mismatches, Cong
et al.2 found that a single mismatch within the 11 positions upstream
of the PAM (PAM-proximal region) completely disrupted DNA
cleavage and described the nine PAM-distal bases as tolerant posi-
tions. Later, Hsu et al.11 described the specificity and tolerance of mis-
matches within the gRNA and reported varying degrees of specificity
within the 20 bases that constitute the spacer sequence. Consistent
with previous studies, they reported that mismatches within the
PAM-distal region are more tolerated and defined a range of 8 to
14 bases in the PAM-proximal region as the seed sequence that pro-
vides specificity. Hence, mismatches within the seed sequence lead to
poor performance by Cas9.11 These results were supported by
Doench et al.,12 who performed a similar mismatch analysis assay
to determine the effects of the mismatch position and type of mis-
matched bases. Data from both studies revealed that a rG:dT
mismatch (where T appears in the target DNA with G instead of A
in the complementary position in the gRNA) is the most tolerated
mismatch in the 20-nucleotide (nt) spacer.12 In addition, both studies
support the seed-sequence consensus, as they observed a trend to
increased sensitivity to mismatches across the PAM region.

A comparison of Cas9 activity on very similar off-target sequences,
differing by a single nucleotide, was carried out by Cho et al.13 In
contrast to the results of previous studies, they concluded that the
enzyme could not discriminate between single-base mismatches in
either the seed sequence or the non-seed sequence. Whereas a
mismatch in the second position nearly abolished Cas activity
(1.6% indels), the ninth position exhibited a higher tolerance with
nearly the same editing rate as the perfect-match target DNA.13 Smith
et al.14 demonstrated allele-specific gene editing in heterozygous hu-
man induced pluripotent stem cells (iPSCs) carrying mutations in
either the JAK2 or SERPINA1 genes. The disease-associated SNP
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was introduced at the 5th position of the spacer and yielded allele-spe-
cific editing in most cases. Some gRNAs also achieved significant
DNA cleavage in the WT allele.14

A GFP disruption assay was used by Fu et al.15 and demonstrated
inconsistent Cas9 activity at three different sites of the EGFP gene.
Multiple gRNAs for each site were designed, each with a mismatch
in a different position, in order to prepare a specificity profile for
SpCas9. The results at one site were consistent with the seed-sequence
consensus, since the 11 PAM-proximal positions were sensitive to
mismatches, although low levels of Cas9 activity were still detected.
However, at the other two sites, Cas9 activity was preserved after mis-
matches in most of the gRNA positions. Interestingly, the mismatch-
sensitive positions were different for each site.15 This genomic
context-dependent mismatch sensitivity was also observed by Capon
et al.,16 who examined the allele-specificity property of SpCas9 in ze-
brafish. Two genomically distinct strains, qWIK and AB, were crossed
to form a zebrafish with heterozygous polymorphisms. Nineteen
gRNAs were then designed to specifically target SNPs originating
from the qWIK strain. SNPs were selected to test 13 positions of
the gRNA, and all 19 gRNAs were designed to target the qWIK alleles.
The results revealed that 14 of the gRNAs displayed a general prefer-
ence for DNA cleavage when there was a perfect complementarity be-
tween the gRNA and target DNA. Out of the five others, four gRNAs
evinced no allelic preference, and one actually displayed a preference
in favor of the AB allele. Among the 14 allele-specific gRNAs, most
generated indels at low frequency in the AB alleles. Interestingly,
out of six positions (positions 1, 6, 10, 13, 15, and 18), which were
independently tested by two different SNPs, three (positions 1, 6,
and 10) yielded inconsistent results, indicating the presence of
sequence-dependent sensitivity.16 Anderson et al.17 performed a re-
porter assay to test gRNA tolerance for single mismatches at a given
position. They reported consistent results, suggesting a seed sequence
in positions 1–10, as well as a less-restricted region in positions 11–20,
where single mismatches had a minimal influence on Cas9 activity.
The reporter assay was performed using two crRNA sequences, which
each displayed a varying degree of mismatch tolerance. Whereas mis-
matches in the seed sequence generally disrupted Cas9 activity, non-
seed-sequence positions were highly tolerant of mismatches without a
consistent position pattern between the two gRNAs.17

In order to achieve a comprehensive picture of the specificity at
each position of the gRNA, we conducted a meta-analysis of
datasets from six studies that examined the specificity profile of
SpCas9.11–13,15–17 The specificity in the described data was measured
as cleavage efficiency of a mismatched gRNA compared to a perfect-
match gRNA. Thus, low values indicate high specificity and vice versa.
As mentioned above, specificity profiling was conducted by more
studies other than the six depicted herein. The primary data of those
studies, which were not included in the meta-analysis, were not avail-
able. Importantly, although data collection and sample size differed,
when the reported results in each study were normalized to the
appropriate baseline, consistent trends were observed despite the dif-
ferences inmethodologies and experimentalmodels. High-throughput
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Figure 1. Specificity Profiles of CRISPR-Cas Enzymes

Attenuated editing efficiency indicates increased specificity. (A–C) The results describe SpCas9 activity (A and B) and Cas12a activity (C) in the presence of a mismatch in

each position of the gRNA. (A) The average specificity at each position of the gRNA is calculated as the editing efficiency in the presence of a mismatch, normalized to perfect

match gRNA. The colors represent the quartiles of specificity. The seed region is defined as the 10 PAM-proximal positions. (B) Heatmap representation of the average

efficiency as measured in six unrelated studies. The general average efficiency was calculated by combining all datasets and not by averaging the average scores of each

study in order to consider the sample size and samples per position in each study (Hsu et al.:11 n = 12, Doench et al.:12 n = 12, Cho et al.:13 n = 1, Fu et al.:15 n = 3, Capon

et al.:16 n = 1/2, Anderson et al.:17 n = 2). (C) Blue, AsCas12a; orange, LbCas12a. The x axis represents the distance from the PAM, where the Cas12a PAM is located

upstream to the protospacer. Data displayed as mean ± SEM (A and C).
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analysis-derived data aremore accurate and impactful than analyses of
one or two gRNAs per position. Nonetheless, small sample-size studies
have other advantages, such as reporting the specificity in different
models and genomic contexts. The seed sequence defined as the ten
PAM proximal positions was clearly distinguishable from the ten
PAM distal positions. Notably, we could also identify a subregion of
the seed sequence from positions 2–8, which had a greater sensitivity
to mismatches than the other seed-sequence positions (1, 9, and 10).
Indeed, after normalizing and dividing the activity levels of Cas9 per
position into quartiles, the two lower quartiles (Q1 and Q2) that repre-
sent the highest specificity were found to include the ten positions of
the seed sequence, whereas the upper quartiles (Q3 and Q4) comprised
the ten PAM-distal positions (Figure 1A).

The aforementioned studies provide a better understanding of the
seed sequence and the nature of its specificity and mismatch sensi-
tivity. The varying results reported in each study (Figure 1B) empha-
size the importance of using a standardizedmethod tomeasure gRNA
specificity and Cas9 activity. The discrepancies between the studies
may be attributed, at least partially, to the diverse methods used to
measure Cas9 activity (Table 1). In this context, different methods
of detecting indels have been shown to produce varying results.18–20

The single guide RNA (sgRNA) design strategy of Cho et al.13 and
Capon et al.16 provides a higher level of confidence regarding the ac-
tivity of a certain gRNA. Their use of the same gRNA for two similar
sequences, where one was a perfect match, and the other differed by a
single nucleotide, allowed them to isolate the effect of the gRNA var-
iable. The lower activity on themismatched sequence was shown to be
due to the mismatch itself and not to the ability of a particular gRNA
to induce DNA cleavage. However, the small sample size in both
studies may account for the different trends observed for some posi-
tions. Most studies target a specific DNA region and design multiple
Molecular Therapy Vol. 29 No 3 March 2021 3
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Table 1. A Summary Table of the Compared Studies

Author Data Collection Method Sample Size (gRNAs per Position) Experimental Model Comments

Hsu et al.11 deep sequencing

3 per locus. 4 loci within the EMX1 gene
were targeted. A profile of all 12
possible substitutions per position was
generated.

HEK293FT cells �

Doench
et al.12

flow cytometry

3 per locus. Multiple loci within the
CD33 gene were targeted. A profile of
all 12 possible substitutions per position
was generated.

MOLM13 cells

sgRNAs were designed to target CD33.
Cas activity was measured as CD33
knockout percentage by flow
cytometry.

Cho et al.13 deep sequencing 1 K562 cells
off-target analysis by comparing two
similar genomic loci

Fu et al.15 GFP disruption assay 3 U2OS.EGFP cells
three sgRNAs targeting different sites
within the EGFP gene

Capon
et al.16

deep sequencing 1 or 2
zebrafish embryos derived from a cross
between the qWIK and AB strains

The two strains have certain SNPs in
different genes. The sgRNAs were
designed to target only the qWIK
SNPs.

Anderson
et al.17

Ubi-GFP U2OS-Cas9 EGFP
fluorescence assay

2

Ubi-GFP U2OS-Cas9 cells stably
express EGFP fused to a non-cleavable
ubiquitin moiety. The EGFP is being
degraded constitutively through the
proteosome pathway.

Two gRNAs were designed to target
components of the proteosome (either
VCP or PSMD7). Disruption of the
proteosome complex leads to
accumulation of EGFP in the cells. For
each target, 20 gRNAs carrying single
mismatches were designed and
compared to a perfect match gRNA.
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gRNAs, each with a mismatch relative to the target sequence in a
different position in order tomap the full range of mismatch tolerance
positions. However, positive controls are not available for all of the
tested gRNAs. Moreover, the genomic context may contribute to
the disparate results of the different gRNAs checked. The finding of
inconsistent results at different target sites has repeated itself in
several studies and in between studies. Taken together, these data sug-
gest a position and sequence-dependent mismatch tolerance that is in
apparent conflict with the seed-sequence specificity consensus.
Another high-throughput analysis study describes the specificity pro-
file of SpCas9 compared to two synthetic variants, xCas9 and SpCas9-
NG, with altered PAM requirement. Due to the lack of primary
numeric data, this study was not included in the meta-analysis. How-
ever, they report results consistent with the seed-sequence consensus
and provide further evidence of a highly specific subregion within the
seed sequence.21
Cas Orthologs

SpCas9 is the most studied and best characterized Cas ortholog with
extensive information available about its specificity profile, as well as
on-target efficiency and off-target activity. However, other natural
Cas enzymes, such as Staphylococcus aureus Cas9 (SaCas9) and
Cas12a enzymes (e.g., Acidaminococcus sp. [AsCas12a] and Lachno-
spiraceae bacterium [LbCas12a]), previously known as Cpf1, have
unique properties that may make them preferable to SpCas9 in
certain circumstances. SaCas9, as well as Staphylococcus auricularis
(SauriCas9)22 and the viral CasF23 are more compact and therefore
fit in adeno-associated virus (AAV) vectors, making them potential
4 Molecular Therapy Vol. 29 No 3 March 2021
candidates for in vivo delivery. In the case of SaCas9, the PAM
sequence also differs from the G-rich PAM of SpCas9 (NGG), as it
recognizes NNGRRT for a PAM,24 Tycko et al.25 performed a series
of specificity profiling experiments with SaCas9 and identified
increased sensitivity to mismatches when used with a 20-nt gRNA
compared to more efficient, if less specific, 21 nt and 22 nt gRNAs.
The seed sequence was determined to comprise the nine PAM-prox-
imal positions.25 Cas12a enzymes are type V CRISPR nucleases. In
contrast to other Cas9 enzymes, the Cas12a PAM is T rich (TTTN)
and oriented upstream to the protospacer. Kleinstiver et al.,26 Kim
et al.,27 and Wang et al.28 described the specificity of the Cas12a nu-
cleases. We performed a meta-analysis of the data from these three
studies (Figure 1C) and conclude that the most conserved positions
within the gRNA that represent the seed sequence, are 2–7.26–28 Inter-
estingly, the data reveal higher degrees of mismatch sensitivity of the
Cas12a enzyme for most positions in the seed sequence than dis-
played by SpCas9.

Taken together, the data suggest that in most cases, the seed-sequence
consensus is permissive, with the varying degrees of mismatches
tolerated by the gRNA, influenced by mismatch type, genetic context,
and Cas type. Other understudied Cas orthologs may exhibit different
degrees of specificity; however, their specificity profiles have yet to be
revealed.
Synthetic Cas Variants

Specificity is a major concern when it comes to therapeutic genome
engineering, since mismatch tolerance by the Cas nuclease may
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Figure 2. High-Fidelity Cas9 Variants and Their Mutations

(A) 2D visualization of ten high-fidelity Cas enzymes and their mutations relative to the protein domains of SpCas9. (B) 3D visualization of three high-fidelity mutation clusters.

Variant residues shown as sticks, the Cas9 protein as cartoon, and nucleic acids (sgRNA, target strand [TS]-DNA; non-target strand [NTS]-DNA) as cartoon (left) or sticks

(right). PDB: 5F9R.40
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lead to unintended off-target effects. For this reason, much effort has
been invested in developing novel synthetic Cas enzymes with
increased specificity. In addition to a reduction of off-target cleavage
in distinct loci, such enzymes contribute to allele-specific targeting ac-
curacy, as they have increased sensitivity to mismatches. Two main
strategies that have been employed to discover novel Cas variants
with increased specificity are rational protein engineering29–33 and
directed evolution34–39 (Figure 2A).

Rationally Designed Variants

The two first independently reported variants eSpCas9(1.1)29 and
SpCas9-HF130 were rationally designed to alter the native activity
of Cas9. Positive residues within the HNH and RuvCIII domains of
eSpCas9(1.1) were mutated by Slaymaker et al.29 with the aim of
reducing the helicase activity. The weakening of the binding to the
non-target strand should strengthen the rehybridization of target
and non-target strands and require more stringent base pairing be-
tween the gRNA and target DNA for strand separation and subse-
quent nuclease activity.29 SpCas9-HF1 contains four mutations that
disrupt the hydrogen bonds between Cas9 and the phosphate back-
bone of the target DNA strand, thereby decreasing the ability of
Cas9 to cleave mismatched off-target sites.30 Chen et al.31 demon-
strated that when bound to mismatched targets, both eSpCas9(1.1)
and SpCas9-HF1 restrict the conformational activation of the HNH
domain. The mechanism proposed for protospacer sensing-mediated
targeting relies on the REC2 domain (part of the recognition lobe)
that is responsible for HNH docking at the active site. REC2 reorien-
tation is mediated via REC3 binding to the gRNA:target-DNA strand
duplex. Having mutations concentrated within the REC3 domain that
are involved in RNA-DNA duplex recognition, HypaCas9 confers
Molecular Therapy Vol. 29 No 3 March 2021 5
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greater sensitivity to mismatches in the middle and PAM-proximal
regions of the spacer.31 In a recent study, Bratovi�c et al.32 demon-
strated the influence of arginine residues within the bridge helix
region on mismatch sensitivity. The bridge helix mediates the forma-
tion of the spacer:protospacer hybrid (also termed “R-loop”), which is
followed by displacement of the non-complementary strand.32,41 The
bridge helix of SpCas9 contains eight arginine residues that make
contact with the gRNA phosphate backbone in the seed sequence.
These arginines can be categorized into two groups that either in-
crease or decrease the sensitivity to mismatches. Three arginines
(R63, R66, and R70) were shown to reduce Cas9 specificity by stabi-
lizing the R-loop structure in the presence of mismatches. The
neutralization of the R63 residue (R63A) increased Cas9 sensitivity
to PAM-proximal mismatches. Moreover, replacement of glutamine
768 with alanine (Q768A) increased the sensitivity to PAM-distal
mismatches. Thus, the Cas9_R63A/Q768A variant has greatly
enhanced specificity.32

Directed Evolution-Mediated Discovery of Novel Cas Variants

Directed evolution is a protein-engineering approach that mimics the
process of natural selection in the laboratory. The iteration of genetic
diversification and selection or screening makes it possible to obtain
variant proteins with improved fitness. Through the sequence space,
multiple rounds of directed evolution may direct the evolving protein
toward a form with improved activity.42,43 However, excessive rounds
may lead to saturation, where the fitness of the variant protein stops
improving.44 Directed evolution methods allow comprehensive
investigation of large mutant libraries, thus overcoming a major
impediment of rational design methodologies. Focused mutagenesis
strategies take advantage of a priori knowledge about residues sus-
pected of playing a role in the desired outcome. Such methods direct
diversification toward a certain domain or residues that interact with
the substrate. The evoCas9 variant was generated by using a yeast-
based assay, developed to identify highly specific and efficient SpCas9
variants through auxotrophic yeast selection. The REC3 domain of
the Cas9 protein was chosen for targeted mutagenesis due to the
extensive interactions with the gRNA:target DNA duplex. A library
of variants carrying mutations within the REC3 domain was
randomly generated by error-prone PCR and assembled in vivo via
homologous recombination. Four advantageous mutations identified
after a single round of directed evolution were combined to generate
evoCas9.34 More recent studies have confirmed the high specificity of
evoCas9 compared to WT SpCas9 and other HF variants, although
the on-target activity levels were impaired.36,38

An alternative approach, designed to generate variants with a wider
range of PAM compatibility, used the phage-assisted continuous evo-
lution (PACE) system45 to establish xCas9. Several hundreds of rounds
of directed evolution occur during a single week of PACE, and indeed,
the final variants evolved for 7 days with many intermediates.35 Due to
the broad PAM compatibility, xCas9 could have been expected to
display increased off-target activity levels, but surprisingly, the evolved
variants (xCas9-3.6 and xCas9-3.7) demonstrated increased specificity
compared toWT SpCas9. Sniper-Cas9,36 HiFi Cas9,37 LZ3Cas9,38 and
6 Molecular Therapy Vol. 29 No 3 March 2021
SpartaCas39 are additional highly specific variants developed by
different methods of directed evolution in bacteria.

Interestingly, a number of residues, found to confer specificity by their
mutation in directed evolution studies, were previously predicted and
shown to be beneficial in independent rational engineering studies.
For example, R661 is mutated in both SpCas9-HF1 (R661A) and evo-
Cas9 (R661L), whereas the residueM694 ismutated in bothHypaCas9
(M694A) and xCas9 (M694I). Alternative mutations in close prox-
imity were identified in a number of other variants, thereby validating
the rational protein engineering hypotheses. We defined three clusters
of mutations from all of the synthetic Cas variants based on their prox-
imity and overlapping.We sought to assess whether these residues and
regions were preferred due to possible interactions with the gRNA or
DNA. Indeed, most of the clustered variants are in proximity to nu-
cleic acids and presumably affect the affinity and interactions that
are brought to DNA binding and cleavage by Cas9 (Figure 2B).

Notably, a recently developed assay, termed tagmentation-based tag
integration site sequencing (TTISS) for analyzing and profiling spec-
ificity and activity of Cas variants, illustrates a trade-off between spec-
ificity and activity. Eight HF synthetic Cas variants were compared to
WT SpCas9 by their on-target and off-target editing. Whereas the
specificity of the variants was improved by 15% to 30%, most ex-
hibited lower efficiency than the WT SpCas9.38 Hence, it is decisive
to distinguish highly specific editing from attenuated activity to iden-
tify improved variants.

SNP-Derived PAM

Wu et al.4 first described the specific targeting of a mutant allele using a
method later termed SNP-derived PAM. This method employs the
PAM sequence to gain specificity by designing a gRNA flanked by a
PAM that is present only within the allele intended for targeting (Fig-
ure 3). Embryonic stem cells carrying either a WT or a deletion muta-
tion form of the CRYGC gene were treated with five different gRNAs.
One was designed to target both alleles, whereas three other gRNAs
matched the mutation sequence harboring the change in their PAM
distal region, and the last gRNA was designed for SNP-derived
PAM. Two out of the three gRNAs, as well as the SNP-derived PAM
gRNA, yielded allele-specific cleavage. DSB in one allele may be re-
paired by gene conversion with the homologous chromosome serving
as the repair template. HDR rates weremeasured and detected in 47.3%
of the edited cells (an average of cell clones treated with the three allele-
specific gRNAs), suggesting that allele-specific targeting may lead to
allelic repair, rather than always producing knockout.4 Filler Hayut
et al.,46 who studied targeted recombination between homologous
chromosomes in tomatoes, reported allele-specific targeting in hetero-
zygous tomatoes with gene conversion observed in 14% of the reads.

In a study by Courtney et al.,47 the SNP-derived PAM method was
reported to achieve SNP-specific targeting in vivo in a transgenic
mutantKRT12mouse model of Meesmann’s epithelial corneal dystro-
phy. The results indicated that a mutation within the KRT12 gene
(AAG / AGG) could generate NGG PAM. The occurrence of a
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PAM in the disease-causing allele attracts specific targeting to that
allele, ensuring the integrity of the well-functioningWT allele. This ef-
fectmay be particularly beneficial in treating autosomal-dominant dis-
eases in heterozygous patients. The study reported highly specific
cleavage of the mutant allele (73.4 ± 2.7% reduction in luciferase activ-
ity in a dual-luciferase assay), with minimal, if any, effect on the WT
allele.47 Another study by Christie et al.48 (fromC.B.T.Moore’s group)
compared the SNP-derived PAM method to the common guide-spe-
cific approach in which the mutant SNP is located within the gRNA
sequence. The results indicated that the SNP-derived PAM gRNAs
could achieve stringent allele-specific cleavage, whereas the gRNAs
showed robust cleavage of both the WT and mutant alleles.48 Two
other methods reported to reduce off targets; namely, the reduction
of the spacers’ length to 18 nt49 and addition of a 50-GG to the
20-nt gRNA sequence13 failed to yield allele-specific targeting. In order
to expand the potential scope of SNP-derived PAMs to target preva-
lent mutations, they screened for several distant PAMs (NGG,
NNGRRT, and VYCV - where N represents A/C/G/T, R represents
A/G, Y represents C/T and V represents A/C/G) in different Cas pro-
teins (SpCas9, SaCas9, and a mutant form of AsCpf1, respectively).

Trinucleotide repeat disorders, such as the CAG expansion of the
HTT gene in Huntington’s disease, require special treatment in order
to obtain allele-specific targeting. A 20-nt-long gRNA is unable to
distinguish between the normal and expanded alleles, as they differ
only in the number of codon repeats but not the sequence. To resolve
this issue, Shin et al.50 utilized a predictable haplotype-specific inac-
tivation approach that exploits a non-pathogenic SNP adjacent to
the mutant extended expansion to target the mutant allele. As the first
step, HTT disease haplotypes were obtained from the 1000 Genomes
Project data, and several hundreds of NGG SNP-derived PAMs were
identified among the eight most commonHTT disease haplotypes. In
order to detect and specifically knock out the mutant allele, two
gRNAs were designed to cleave the sequence upstream to the pro-
moter region and downstream to the third exon in an allele-specific
manner. This resulted in the exclusion of a large region and perma-
nently inactivated the mutant HTT allele.50

György et al.51 targeted a pathogenic mutation within the TMC1 gene
that causes hearing loss. The authors compared the results of using
SNP-derived PAM methodology with a KKH-SaCas9 nuclease to
the guide-specific approach with three different HF synthetic Cas9
enzymes (eSpCas9, HypaCas9, and SpCas9-HF1). Surprisingly, all
three HF enzymes failed to target the pathogenic allele specifically,
even though the disease-causing SNP was incorporated within the
seed sequence of the gRNA. In contrast, the SNP-derived PAM
gRNA delivered with the KKH-SaCas9 efficiently introduced indels
in the mutant allele, whereas WT allele cleavage was abolished.51

The SNP-derived PAM approach was subsequently employed in a
number of other studies to achieve allele specificity in treatment of
autosomal-dominant disorders52–56 and detection of target alleles.57

Whereas the SNP-derived PAM concept seems promising for treating
conditions caused by a SNP, two major issues that require consider-
ation are the PAM limitation and the inflexibility of the gRNA design.
Themethod is not applicable if there is no PAM sequence generated by
a SNP. Interestingly, we have recently reported that 90% of the path-
ogenic SNPs in humans generate at least one PAM,58 enabling treat-
ment of heterozygous carriers in the vast majority of cases. Moreover,
novel Cas proteins, recognizing unique PAM sequences, are still being
discovered, and new synthetic variations are frequently reported. Such
Cas proteins expand the targeting scope of CRISPR in general and
SNP-derived PAMs in particular. Noticeably, a number of Cas proteins
(predominantly synthetic variants), including xCas9,35 cCas9,59 and
enAsCas12a,60 recognize multiple PAM sequences. Although such
Cas proteins may be exploited for SNP-derived PAM targeting, it is
essential to consider all PAM variations and ensure the reference allele
is not targetable by the Cas. Furthermore, some PAMs might be re-
ported as the only PAMs of a certain Cas enzyme, whereas practically,
alternative non-canonical PAMs may be recognized as well.61

Alternative Methods for Specificity Enhancement

Restriction of Cas nuclease abundance is a rational approach to in-
crease the specificity of the RNA-guided nuclease to its target. This
can be achieved by either CRISPR-Cas inhibitors or by using a limited
amount of the Cas enzyme.

CRISPR-Cas-Controlled Activity

Inhibition of Cas activity is thought to reduce off-target editing due to
the faster kinetics of on-target binding compared to mismatched off-
target binding.12,62 Anti-CRISPR (Acr) genes were found in bacterio-
phages as a mechanism of resistance against host defense.63 Acrs were
shown to reduce off-target activity in a dose-dependent manner. As
expected and in accordance with the earlier-discussed specificity-ac-
tivity trade-off, Acrs lead to a slight reduction of on-target editing as
well.64,65 Cas-Acr fusion was reported to be effective in off-targeting
reduction. Three HF Cas variants (Sniper-Cas9, xCas9, and Hypa-
Cas9) were compared to the fused Cas-Acr and revealed an inconsis-
tent preference in different genomic loci.65 Thus, the ideal system of
either HF nuclease or Cas-Acr should be experimentally determined
per target.

A high-throughput platform was developed to identify small mole-
cules that disrupt the interaction of SpCas9 with the DNA. The fluo-
rescence-based high-throughput screening identified small molecules
that efficiently inhibited SpCas9 activity in a dose-dependent
manner.66 An independent study employed small nucleic acid-based
inhibitors (SNuBs) to inhibit CRISPR-Cas activity. SNuBs can be de-
signed to bind the crRNA-guide sequence (anti-guide), the tracrRNA
sequence (anti-tracr), or the PAM-interacting (PI) domain of the pro-
tein (anti-PAM). The advantage of SNuBs over ortholog-specific Cas
inhibitors is their simple design to bind the gRNA or the Cas enzyme.
Thus, SNuBs may be redesigned to inhibit different Cas variants.67

The KamiCas9 system utilizes an anti-Cas9 gRNA for self-inactiva-
tion. The self-inactivating gRNA is expressed under a weaker pro-
moter compared to the anti-target gRNA to allow the CRISPR-Cas
system cleaving the target sequence prior to its self-destruction.67
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Figure 3. SNP-Derived PAM

Representation of two targeting approaches: standard strategy, where the pathogenic SNP is located within the seed sequence of the gRNA (middle sequence), and SNP-

derived PAM, where it is located within the PAM sequence (lower sequence). A pathogenic SNP (rs63750526) is depicted as an example of a point mutation that generates a

unique PAM sequence—NNGRRT (SaCas9) —where N represents A/C/G/T, and R represents A/G. The C (pyrimidine, Y)-to-A (purine, R) base substitution forms the

SaCas9-corresponding PAM sequence.
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The concentration of the Cas9 protein was reported to affect the
specificity property of the seed sequence. Excess enzyme apparently
eliminates the specificity and increases the gRNA tolerance to mis-
matches.68 These findings are consistent with the concept of using pu-
rified Cas9 proteins (ribonucleoproteins [RNPs]) to achieve efficient
on-target cleavage, whereas reducing the off-target activity. This is
preferable to plasmid transfection or viral transduction, because of
the rapid degradation of the protein in the cell.69 Similarly, delivery
of Cas9 mRNA has been shown to maintain efficient editing and
reduce off targets compared to viral or plasmid-based delivery.70,71

Inducible CRISPR-Cas systems rely on a similarmechanism of activity
inhibition and restriction. An engineered inducible Cas9 enzyme acti-
vated by a small molecule was reported to increase the specificity of
Cas9 by up to 25-fold compared to WT Cas9. Moreover, Davis
et al.72 provide evidence that the increased specificity stems from
the controlled induction of the engineered Cas, rather than a general
decrease in Cas activity. Such systems refine gene-editing specificity by
limiting Cas activity to a short time, thus, allowing Cas binding to an
on-target site and eliminating it prior to kinetically unfavorable off-
target binding. In addition to enhanced specificity, switchable gene-
editing systems may also provide spatial and temporal specificity.73–75

Multicomponent Conditional CRISPR-Cas Systems

Although the CRISPR-Cas system is known for its high accuracy, a
dual-gRNA conditional system would significantly increase the strin-
gent requirement of the system. In two independent studies, re-
searchers employed the FokI nuclease and fused it to a deactivated
8 Molecular Therapy Vol. 29 No 3 March 2021
Cas9 (dCas9). FokI induces DSBs as a homodimer, brought together
by two dCas-FokI (i.e., fCas976 or RFN77) complexes. Each of the two
gRNAs is targeting one of the strands in an opposite orientation, lead-
ing to physical proximity and dimerization of the two FokI mono-
mers. Notably, when using dCas9-FokI nucleases, doubling the
specificity is accompanied by doubling the limiting requirements,
specifically the PAM limitation. This may be overcome by relaxed35,78

or even PAM-less79 Cas nucleases. Although decreasing off targeting,
dCas-FokI nucleases do not have a distinguished advantage in point-
mutation targeting. Further studies of HF and PAM-relaxed dCas-
FokI nucleases should be done to address the potential of such
systems in allele-specific targeting.

Prime editing (PE), as described by Anzalone et al.,80 is a search-and-
replace gene-editing methodology that exploits a reverse transcriptase
(RT) fused to a catalytically impaired Cas enzyme. In addition to the
spacer sequence, a PE gRNA (pegRNA) also includes a template
sequence for the RT enzyme that encodes the requested edit. In
contrast to former next-generation CRISPR technologies (e.g., base
editing, dCas9-FokI nucleases, etc.), PE is a versatile method that en-
ables any nucleotide substitution (transitions and transversions),
small deletions, and insertions. Similar to base editing, PE does not
involve DSBs nor the HDR machinery. Prime editors were reported
to have significantly lower rates of off-target editing compared to
an active Cas9 nuclease. Being able to precisely perform genetic ma-
nipulations with no involvement of DSBs and having extended versa-
tility compared to base editors, prime editors have a great potential in
future therapeutics and other genome engineering applications.80
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Base editors employ a dCas or Cas nickase (nCas) enzyme fused to a
deaminase that installs a certain base transition (cytosine base editors
[CBEs] convert C to T and adenine base editors [ABEs] convert A to
G).81,82 The conversion occurs in a specific region defined as the dis-
tance from PAM and termed the activity window. Whereas base ed-
itors are prone to off targeting, like any RNA-guided nuclease,
bystander editing of the same nucleotides within the activity window
may occur as well. One should consider potential genome-wide off
targets and bystander editing that may lead to unintended amino
acid substitutions. Recently, we have reported a computational tool
that predicts potential corrections of a given point mutation via pre-
cise or synonymous corrections. We defined four scenarios of suc-
cessful corrections, in which three of them account for synonymous
or even beneficial bystander editing.83 Similar to PE, base editing
does not involve DSBs and may provide an elegant correction of a
target nucleotide. Moreover, the use of base editing to efficiently treat
genetic diseases caused by a SNP was demonstrated in several
studies.84–86 The targeting scope of base editing is thought to be
limited to transition substitutions (i.e., purine / purine and pyrim-
idine / pyrimidine). However, a novel class of base editors that
convert C to G were recently introduced. The newly developed trans-
version-capable base editors expand the base-editing toolbox.87,88

gRNA Design and Modifications

Several studies reported improved specificity of the CRISPR-Cas sys-
tem by modifying the gRNA. A chemical modification, 20-O-methyl-
30-phosphonoacetate (i.e., MP), incorporated at certain positions of
the spacer, significantly reduced off targeting. The position of the
modification and the genomic context alter the outcomes for both
on-target and off-target editing. The greatest specificity was obtained
by modifying positions 5 and 11. It is suggested that MP modifica-
tions destabilize the RNA:DNA pairing interactions at the positions
proximal to the modification and thus, modulate the kinetics of the
Cas complex.89 This strategy has clear advantages for specificity
improvement. However, it is not applicable for viral or plasmid-
driven gRNA expression and may require adjustments and calibra-
tions for each target.

Engineering the RNA secondary structure of the gRNA by adding a
hairpin motif (stem and loop) in the PAM distal end was shown to
reduce off-target activity. The rationale behind it lies in the same prin-
ciple of inflecting the steric and energetic interactions toward R-loop
formation. Similar to other mentioned strategies, the hairpin (hp)-
sgRNA plays an inhibitory role to direct the Cas binding and cleavage
kinetics in favor of gRNA:on-target pairing. Moreover, it has been re-
ported that hp-sgRNAs also improved the specificity of different Cas9
and Cas12a variants.90 This method can be employed to improve ed-
iting specificity by any gRNA delivery approach, including viral or
plasmid-based delivery.

An alternative resolution to improve single-base specificity via gRNA
design is incorporating another mismatch in addition to the target
SNP. By having two mismatches between the gRNA (i.e., attenuated
gRNA) and the non-target allele, binding to the non-target allele
dramatically declines. This method was utilized to distinguish be-
tween WT and mutant alleles on a PCR genotyping assay.91 This
concept is in congruence with other works reporting that two mis-
matches lead to increased stringency in DNA binding compared to
a single mismatch, particularly if located within the seed
sequence.11,13,15,17 If using attenuated gRNAs, one should note poten-
tial genome-wide off targets derived from the altered gRNA.

Perspective

The data presented in this review provide a better understanding of the
seed sequence, together with its limitations, and its potential to acquire
allele specificity on a single nucleotide basis. The region of the seed
sequence, from the 2nd position through the 8th, appears to be more
conserved than other parts. However, even the conserved subregion
of the seed sequence can tolerate somemismatch, although Cas activity
may be reduced by 70% compared to a perfect matched gRNA:DNA.
The varying results obtained in different studies may be due to
different methods of measuring Cas activity. Whereas single mis-
matches within the seed sequence could reduce essentially all of the
Cas activity detected by the GFP disruption assay, studies that utilized
more sensitive methods, such as deep sequencing, reported varying
levels of activity, starting from as low as 0.45% edited reads. Despite
the varying methodologies, our meta-analysis identified consistent
trends among the datasets and supports the consensus regarding the
seed sequence. Nonetheless, the analysis also emphasizes the permis-
sive nature of the seed sequence and its inability to permanently
abolish DNA cleavage in the presence of a single mismatch between
the gRNA and the target DNA. Thus, the SNP-derived PAM targeting
approach, which overcomes this limitation, may provide the optimal
strategy for allele-specific targeting. In light of the consensus that the
original role of the PAM in bacteria was to distinguish between self
and non-self DNA sequences and avoid self-cleavage of the CRISPR
array within the bacterial genome,92 it makes sense that the PAM pre-
sents a higher level of specificity than the gRNA. Moreover, studies
have shown that apart from DNA cleavage, the PAM is also essential
for DNA unwinding and RNA:DNA hybrid formation.93,94 Intuitively,
the SNP-derived PAM approach increases the specificity of Cas9 to the
target allele, since DNA unwinding is prevented in the absence of a
PAM. Even though natural and synthetic Cas proteins have a variable
tolerance for mismatches, and current specificity-improved Cas vari-
ants show promising results of reduced off targets, they are still not
as accurate as the SNP-derived PAM approach. Since gRNAs may
potentially cause genome-wide off targets, the use of HF nucleases,
combined with gRNAs designed to target SNP-derived PAMs, may
both enhance allele specificity and reduce potential off-target activity.
As discussed herein, genomic context plays a major role in matching
the most fit system for highly specific targeting. The development of
an experimental assay to compare different HF CRISPR-Cas systems
and gRNA design strategies would improve the likelihood of successful
allele-specific targeting and reduced genome-wide off targeting.
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