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Whether this platform is widely adopted 
may depend as much on its cost above and 
beyond standard whole-genome shotgun 
sequencing as on its technical merit. The 
authors show that the droplet-barcoded librar-
ies have good genomic coverage and can be 
used to jointly call and phase SNVs. Despite a 
modest loss of sensitivity in variant detection, 
the cost savings are likely to be substantial rela-
tive to previous approaches, which require one 
round of sequencing to discover variants and a 
second round of sequencing to phase them.

Numerous other sequencing applications 
could benefit from linked-read data coupled 
with massively parallel partitioning. Shotgun 
metagenomics is a prime example, for which 
similar data generated at a smaller scale have 
already been used to improve species com-
position of complex microbial communities 
and to phase intra-strain variation11. Applied 
to cDNA rather than genomic DNA, linked-
read sequencing could be used to deeply assess 
splice isoform diversity12. Finally, similar 
methods that compartmentalize and prepare 

RNA-seq libraries from individual cells13 raise 
the possibility that the approach could be sim-
ilarly adapted to interrogate gene expression 
and chromatin state across many thousands of 
cells in parallel.
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Cas9 loosens its grip on off-target 
sites
Christopher E nelson & Charles a Gersbach

Two new variants of the Cas9 nuclease have minimal activity at off-target 
DNA sites.

The excitement surrounding Cas9—an RNA-
guided nuclease that simplifies editing of 
nearly any DNA sequence in any organism1—
has been tempered by the concern that it can 
cleave at sites other than the intended target 
sequence. Such off-target effects may confound 
experimental results and raise important  
safety considerations for any potential  
clinical applications of the approach2. Now, 
two studies, by Zhang and colleagues3 in 
Science and Joung and colleagues4 in Nature, 
report engineered variants of Cas9 with 
greatly improved specificity. These devel-
opments are an important advance toward 
clinical translation of Cas9-based gene 
therapies, but also highlight the need for 
more sensitive methods for monitoring off- 
target effects.

The Cas9 genome editing tool—a complex 
of the Cas9 protein and a single guide RNA 
(sgRNA)—facilitates genome editing because 
it can be targeted to cleave any DNA sequence 
of interest by tailoring the sequence of the 
sgRNA. Cellular DNA repair mechanisms are 
then exploited to make the desired sequence 
changes. The first reports of Cas9 off-target 
activity appeared soon after the initial dem-
onstrations of gene editing, particularly when 
Cas9 was expressed at high levels. Since then, 
various strategies for mitigating off-target 
activity have been proposed5. However, they 
have not been widely adopted owing to various 
drawbacks, such as requirements for new Cas9 
delivery methods, redesigned sgRNAs, multi-
ple sgRNAs per target site, and/or a Cas9 fusion 
protein in place of conventional Cas9. Because 
Cas9 is relatively large, fusions to additional  
domains create challenges for delivery  
by size-restricted vectors. Moreover, all 
of these methods still have some residual  
off-target activity.

The natural function of Cas9 is to recognize 
and cleave foreign invading DNA as part of a 

bacterial adaptive immune system1. In a previous 
study, investigators from the Joung laboratory 
speculated that, to be effective in recognizing 
foreign DNA, Cas9 likely binds to its targets 
with more energy than is minimally necessary 
for activity6. This excess binding energy would 
ensure efficient recognition of weaker target sites 
and prevent foreign invaders from circumvent-
ing detection through mutation. To develop a 
more specific gene editing tool, they truncated 
the sgRNA target site to lower its overall bind-
ing energy6. However, in some cases, truncation 
also decreased activity at the intended target, and 
off-target activity, although reduced, could still 
be observed for some sites. Interestingly, more 
recent studies suggested that Cas9 with a trun-
cated sgRNA may still bind to some off-target 
sites without adopting the activated conforma-
tion necessary for nuclease function7.

Nevertheless, this work established the idea 
that gene editing specificity could be improved 
by reducing the strength of the interactions of 
the Cas9-sgRNA complex with off-target sites to 
below the threshold necessary for binding while 
still retaining binding at the target site (Fig. 1a). 
The present studies3,4 build on this concept. 
Binding of the Cas9-sgRNA complex to DNA 
relies on both specific and nonspecific interac-
tions. The specific interactions occur between the 
Cas9 protein and a short DNA sequence known 
as the protospacer-adjacent motif, and through 
base pairing of the sgRNA and a DNA sequence 
of ~20 nucleotides. In addition, binding is sta-
bilized by nonspecific interactions between the 
Cas9 protein and the DNA backbone7. 

Zhang and colleagues3 and Joung and 
colleagues4 both show that by decreasing 
the strength of these nonspecific interac-
tions through amino acid substitutions, the 
resulting Cas9 variants are more dependent 
on correct sgRNA-DNA base pairing, lead-
ing to decreases in off-target activity with 
no significant decreases in on-target activity. 
Interestingly, the two groups approach this 
challenge by mutating different regions of 
Streptococcus pyogenes (Sp) Cas9. Zhang and 
colleagues3 focus on residues that interact 
with the nontarget DNA strand to generate 
eSpCas9, whereas Joung and colleagues4 alter 
amino acids that contact the DNA backbone 
on the target strand to produce SpCas9-HF1 
(Fig. 1b). Using unbiased, genome-wide 
assays, both groups show a reduction of off-
target effects to below detectable levels for 
several sgRNAs. 

The importance of off-target effects is a 
frequent topic of discussion in the gene edit-
ing community, and there is an emerging 
consensus that the degree to which this issue 
must be addressed depends on the application.  
For many uses in basic research, simple controls 
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substitutions in each variant, are unmeasurable  
by current techniques. Thus, increasing the 
sensitivity of methods for detecting off-target 
effects is an important goal for the field.

Diminishing off-target effects to below the 
detection limits of the most sensitive assays 
available was unimaginable even recently. 
These new advances promise even further 
progress toward clinical applications of Cas9 
that require the utmost specificity.
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may be sufficient5. However, additional rigor is 
warranted for therapeutic applications in which 
eliminating the potential for off-target modifi-
cation of tumor suppressor genes or oncogenes 
is essential2. Regardless, the beauty of this work 
is the simplicity of using eSpCas9 or SpCas9-
HF1 in place of wild-type SpCas9. There is no 
barrier to using these variants in any applica-
tion. Future work will undoubtedly include 
expanding this approach to Cas9 variants 
from other species and to epigenome editing 
tools that use catalytically inactive Cas9 (ref. 8). 
This work was already begun by Zhang and 
colleagues3 for the Staphylococcus aureus Cas9 
(ref. 9), although a complete characterization of 
these variants remains to be performed. 

The new SpCas9 variants are particu-
larly remarkable in that no off-target effects 
could be found for several sgRNAs using 
unbiased genome-wide assays. However, an 
important caveat is the limitation of these 
methods for detecting low levels of off-target 
activity5. All of these assays depend on next-
generation sequencing technologies, which 
have an inherent error rate that varies by 
target sequence but can be as high as 0.1% 
in many cases. Although off-target activity  
below this level is likely acceptable for many 
research uses, it could be a concern for thera-
peutic applications in which hundreds of mil-
lions of patient cells are being treated. Similarly, 
reducing the off-target activity below this level 
will be particularly valuable for in vivo genome 
editing in which available delivery methods 
lead to prolonged Cas9 expression10. Moreover, 
any differences between eSpCas9 or SpCas9-
HF1, or any further improvements to their 
specificity, such as combining the amino acid 

Figure 1  Engineering increased specificity into the Cas9 nuclease. (a) Wild-type Cas9 binds both on-target and off-target sites with sufficient energy for 
efficient gene editing, but decreasing overall binding strength can preferentially reduce activity at off-target sites. (b) Different regions of the Cas9 protein 
(HnH and RuvC) are altered to decrease nonspecific interactions with the DnA backbone. PAM, protospacer-adjacent motif.  
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