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cytotoxicity.214 In particular, lentiviral vectors have been opti-
mized for highly efficient transduction of T cells and HSCs; how-
ever these vectors also integrate into the genome and stably 
express their transgene cargo. In order to take advantage of the 
efficiency of lentiviral transduction while limiting the duration of 
nuclease expression in target cells, integrase-deficient lentiviral 
vectors have been used to transiently deliver genome-editing tools 
to target cells.57,111 Similarly, adenoviral systems can also achieve 
high levels of transduction of a variety of cell types ex vivo while 
providing only transient nuclease expression.20,137,139 Both lenti-
viral and adenoviral vectors also have the advantage of sufficient 
packaging capacity to carry multiple nucleases or gRNA expres-
sion cassettes for multiplex editing of several loci.215

In vivo gene editing presents additional challenges of 
 tissue-specific targeting, distribution of the vector, and immu-
nogenicity and biocompatibility of the carrier. Although several 
examples of plasmid delivery to the liver have shown important 
proof-of-principle of in vivo gene editing in animal models,216–218 
translating these strategies to human therapy is not yet feasible. 
However, in vivo gene delivery with AAV to the liver, eye, ner-
vous system, and skeletal and cardiac muscle has shown impres-
sive efficacy in both preclinical models and clinical trials.219 
Consequently, AAV is also a promising system for delivery of 
gene-editing nucleases to target tissues.220 Furthermore, the natu-
ral recombinogenic properties of AAV make it a desirable vector 
for delivery of DNA repair templates.56,61,62,221–224 Although some 
studies have shown targeted recombination of genomic loci with 
AAV vectors in the absence of nucleases,58,71 the efficiencies are 
significantly lower than reports that include nucleases. Further 
studies are required to understand which disease indications can 
be robustly addressed at lower efficiencies of gene editing.

Although AAV has shown considerable promise for in vivo 
gene delivery, its packaging capacity is limited to less than ~4.8 kb 
of DNA. This has posed a challenge for the delivery of large nucle-
ases such as TALENs, that require two monomers each encoded 
by cDNAs greater than four kb in size, and the commonly used 

S. pyogenes Cas9 nuclease that is encoded by a ~4.2 kb cDNA. 
Trans-splicing vectors have been designed to recombine within 
cells to expand the size of transgenes delivered by AAV,225 but the 
efficiency of expression is significantly lower than genes delivered 
by a single AAV. A number of smaller Cas9 orthologs exist, and 
the ~3.1 kb Cas9 from S. aureus has been thoroughly character-
ized and shown to mediate highly efficient gene editing in vivo fol-
lowing AAV delivery.35,36,226,227 This important advance is critical to 
enabling facile and robust in vivo gene editing with the CRISPR/
Cas9 system. It is particularly advantageous for developing a 
translatable gene therapy product that can be packaged in a single 
vector.

GENE THERAPY APPLICATIONS
The ability to manipulate any genomic sequence by gene editing 
has created diverse opportunities to treating many different dis-
eases and disorders (Figure 4). Here, we discuss the major catego-
ries of disease indications that have been pursued in preclinical 
models (Table  1), as well as highlight the ongoing or planned 
clinical trials using gene-editing strategies (Table 2).

Antiviral strategies
The most straightforward application of gene editing is to use 
the relatively efficient NHEJ mechanism to knockout genes in an 
ex  vivo autologous cell therapy, where somatic cells can be iso-
lated, modified, and delivered back to the patient. Moreover, one 
of the most compelling applications of gene editing is the pre-
vention of viral infection or replication. Thus the most advanced 
 gene-editing strategy to date is the ex vivo modification of T cells 
to knock out the CCR5 coreceptor used for primary HIV infec-
tion.20 This early study demonstrated decreased viral loads and 
increased CD4+ T-cell counts in HIV-infected mice engrafted 
with T cells in which the CCR5 gene had been knocked out by 
zinc finger nucleases.20 This was later followed by demonstration 
of similar results following gene editing and transplantation of 
CD34+ HSCs into irradiated mice, allowing for protection of all 

Figure 3 Ex vivo and in vivo strategies for therapeutic genome editing.
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Sickle Cell Disease (SCD) Background
• Genetic condition due to HBB point mutation resulting in 

structurally abnormal hemoglobin

• Most common monogenic disorder, affects millions worldwide

• Associated with severe pain, chronic anemia, progressive 
multi-organ failure, and early mortality

• Pharmacologic therapies not curative

• Allogeneic stem cell transplantation curative, but matched do-
nors are limited

Fetal to Adult Hemoglobin Switch 
Coincides with SCD Symptoms Onset
• Individuals that co-inherit SCD and hereditary persistence of fe-

tal hemoglobin (HPFH) mutations are generally asymptomatic

CIRCLE-seq Assay for Defining 
Nuclease Genome-wide Activity
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Summary
• Efficient gene editing of human CD34+ cells and fetal hemoglo-

bin induction in differentiated erythroid progeny

• Less CIRCLE-seq detected sites observed in experiment using 
in vitro transcribed gRNA than chemically modified, synthetic 
gRNA (cm-gRNA)

• Many off-target sites detected with Cas9 complexed to cm-gR-
NA contain gaps when aligned to the intended target site, sug-
gesting they may result from truncated RNA synthesis
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Efficient HBG gene editing in CD34+ cells 
and Fetal Hemoglobin Induction

CIRCLE-seq Specificity Profiles
• Performed preliminary CIRCLE-seq comparison using CIR-

CLE-seq of in vitro transcribed gRNAs versus synthetic, chemi-
cally modified gRNAs targeted against HBG

• Detected more CIRCLE-seq off-target sites with synthetic, 
chemically modified gRNA

• However,  in ongoing targeted sequencing validation of edit-
ed CD34+ cells, off-target mutagenesis activity not detected at 
these sites
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To test potential therapeutic effects of this genome-editing approach, 
we edited CD34+ HSPCs from three patients with SCD (HBB genotype 
SS), induced erythroid differentiation and examined the RBC progeny. 
Deoxygenated sickle hemoglobin (HbS, 2 2) forms rigid polymers 
that underlie the characteristic RBC morphology and pathophysiol-
ogy of SCD, whereas increased levels of HbF inhibit this process9. To 
test the effects of genome editing on HbS polymerization, we cultured 
SCD-associated CD34+-cell-derived RBCs under hypoxia (2% O2). 
Approximately 30–40% of control and gene-edited cells matured to 
reticulocytes, late-stage anucleate RBC precursors (Supplementary 
Fig. 3a). Consistent with previous reports, control (mock-transduced 
or Cas9-only-expressing) cultures contained relatively high percent-
ages of F-cells (~65%)13,14, although 25% of the cells within the entire 
populations showed sickle-like morphology, presumably because HbF 
was either absent in those cells or expressed at insufficient levels to pre-
vent HbS polymerization (Supplementary Fig. 3b). In contrast, Cas9 
+ gRNA-1 expression increased the proportion of F-cells to 90% and 
reduced sickle-like morphology to 4% (Fig. 1e,f). Thus, targeting the 
−102 to −114 HPFH-associated region in HSPCs from patients with SCD 
inhibited HbS polymerization in cultured reticulocyte progeny. Residual 
sickling in Cas9- and gRNA-1-expressing cultures could occur from lack 
of editing or from mutations that do not induce HbF expression.

CRISPR–Cas9 creates targeted double-stranded DNA breaks that are 
repaired via error-prone NHEJ, causing nucleotide insertions and dele-
tions (indels). -globin is expressed from tandem homologous genes, 
HBG2 and HBG1 (Supplementary Fig. 4a). Although the naturally 
occurring 13-nt HPFH-associated deletion alters HBG1, HBG2 contains 
an identical region that is mutated in other individuals with different 
HPFH-associated mutations1,15. To characterize the mutations induced 
by the Cas9- and gRNA-1-expressing lentivirus in CD34+ HSPCs, we 

PCR-amplified a 431-nt region surrounding the predicted cleavage sites 
in HBG2 or HBG1 and deep-sequenced the products. In three biological 
replicate experiments, the indel incidence in all of the transduced cells 
was 56%, 65% and 77%, with equal mutation rates in HBG1 and HBG2 
(data not shown). Approximately half of the mutations were identical 
to the −102 to −114 HPFH-associated deletion (data not shown). It is 
possible that the 13-nt deletion predominates because the Cas9 cleav-
age site is flanked by 8-nt tandem repeats that facilitate microhomol-
ogy-mediated end joining (Fig. 2a)16. To identify mutations associated 
with -globin induction, we purified erythroblasts that expressed low, 
intermediate or high levels of HbF and analyzed the promoter regions by 
deep sequencing (Supplementary Fig. 4b). In four independent experi-
ments, the 13-nt HPFH-associated deletion was enriched in HbFhigh 
cells (P < 0.05) (Fig. 2a and Supplementary Fig. 4c).

Transduction of CD34+ cells with the Cas9- and gRNA-1-expressing 
lentivirus produced over 40 different indels smaller than 13 nt (Fig. 2a  
and Supplementary Fig. 4c), although their low individual frequencies  
impeded efforts to determine the effects on HbF expression. Thus, we 
performed clonal studies by transiently expressing gRNA-1 and Cas9 
in CD34+ cells, via DNA electroporation, followed by methylcellulose 
culture to analyze single-cell-derived burst-forming unit–erythroid 
(BFU-E) colonies (Fig. 2b and Supplementary Fig. 5). Of 344 colo-
nies screened from three experiments, 30 had on-target mutations, 
with 16 containing at least one 13-nt HPFH-associated deletion 
(Supplementary Fig. 5). All of the BFU-E colonies analyzed were 
mosaic for HBG1 and HBG2 mutations, reflecting editing over several 
progenitor divisions. HBG1 and HBG2 were mutated equally. The 
mutation frequencies correlated moderately with %HBG1/2 mRNA 
levels in each colony (Fig. 2b) (r2 = 0.41; P < 0.0001). Several small 
indels within the CCAAT box and/or the DR were associated with 
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Figure 1 Genome editing of the HBG1 and HBG2 promoters increases 
erythroid fetal hemoglobin (HbF) levels. (a) Extended -globin locus 
showing -globin-like genes as boxes. Arrows within the locus control 
region mark DNase-hypersensitive sites, indicating an upstream 
enhancer. A region of the HBG1 promoter is shown numbered according 
to the position upstream of the transcription start, with the 13-nt 
HPFH-associated deletion boxed. gRNA spacer sequences (blue) and 
the protospacer adjacent motif (PAM; 5 -NGG-3 , where N refers to 
any nucleotide) (orange), which specify the site of Cas9 binding and 
DNA cleavage, are shown. gRNA-1 and gRNA-2 are complementary to 
the sense and antisense strands, respectively. Arrows on gRNA-1 and 
gRNA-2 show the predicted Cas9-cleavage sites. (b) Representative flow 
cytometry plots showing HbF+ immunostaining in HUDEP-2 cells 5 d 
after transduction with lentivirus encoding Cas9 (left), Cas9 + gRNA-1 
(middle) or Cas9 + gRNA-2 (right). Numbers indicate mean  s.e.m. from 
four independent experiments. (c) Hemoglobin (Hb) protein content, as 
assessed by HPLC, in normal human CD34+ HSPCs that were transduced 
with lentivirus encoding Cas9, Cas9 + gRNA-1 or Cas9 + gRNA-2 and 
subsequently cultured for 21 d in erythroid-cell-inducing cytokines. 
% HbF = (HbF/(HbA +  HbF)) × 100. Each dot represents a separate 
experiment performed with CD34+ cells from the same donor. On-target 
editing rates of HBG1 and HBG2 in three experiments were 56%, 
65% and 77%. (d) Representative flow cytometry plots showing HbF+ 
erythroblasts, derived as described in c. Numbers indicate mean  s.e.m. 
from three experiments. (e,f) Representative images of CD34+ cells from a 
patient with SCD (HBB genotype SS) that were transduced with lentivirus 
expressing Cas9 (left) or Cas9 + gRNA-1 (right), differentiated into RBCs 
and cultured in 2% O2 (e) and quantification of hypoxia-induced sickled 
cells (f). In e, red arrows denote cells with sickle-like morphology; original 
magnification, 200×; size bars, 20 m. In f, data are mean  s.e.m. from 
three experiments using CD34+ cells from three different donors with SCD 
(HBB genotype SS) (>1,000 cells scored per experiment). In b–d,f,  
****P < 0.0001 and **P < 0.01 by unpaired t-test.
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To test potential therapeutic effects of this genome-editing approach, 
we edited CD34+ HSPCs from three patients with SCD (HBB genotype 
SS), induced erythroid differentiation and examined the RBC progeny. 
Deoxygenated sickle hemoglobin (HbS, 2 2) forms rigid polymers 
that underlie the characteristic RBC morphology and pathophysiol-
ogy of SCD, whereas increased levels of HbF inhibit this process9. To 
test the effects of genome editing on HbS polymerization, we cultured 
SCD-associated CD34+-cell-derived RBCs under hypoxia (2% O2). 
Approximately 30–40% of control and gene-edited cells matured to 
reticulocytes, late-stage anucleate RBC precursors (Supplementary 
Fig. 3a). Consistent with previous reports, control (mock-transduced 
or Cas9-only-expressing) cultures contained relatively high percent-
ages of F-cells (~65%)13,14, although 25% of the cells within the entire 
populations showed sickle-like morphology, presumably because HbF 
was either absent in those cells or expressed at insufficient levels to pre-
vent HbS polymerization (Supplementary Fig. 3b). In contrast, Cas9 
+ gRNA-1 expression increased the proportion of F-cells to 90% and 
reduced sickle-like morphology to 4% (Fig. 1e,f). Thus, targeting the 
−102 to −114 HPFH-associated region in HSPCs from patients with SCD 
inhibited HbS polymerization in cultured reticulocyte progeny. Residual 
sickling in Cas9- and gRNA-1-expressing cultures could occur from lack 
of editing or from mutations that do not induce HbF expression.

CRISPR–Cas9 creates targeted double-stranded DNA breaks that are 
repaired via error-prone NHEJ, causing nucleotide insertions and dele-
tions (indels). -globin is expressed from tandem homologous genes, 
HBG2 and HBG1 (Supplementary Fig. 4a). Although the naturally 
occurring 13-nt HPFH-associated deletion alters HBG1, HBG2 contains 
an identical region that is mutated in other individuals with different 
HPFH-associated mutations1,15. To characterize the mutations induced 
by the Cas9- and gRNA-1-expressing lentivirus in CD34+ HSPCs, we 

PCR-amplified a 431-nt region surrounding the predicted cleavage sites 
in HBG2 or HBG1 and deep-sequenced the products. In three biological 
replicate experiments, the indel incidence in all of the transduced cells 
was 56%, 65% and 77%, with equal mutation rates in HBG1 and HBG2 
(data not shown). Approximately half of the mutations were identical 
to the −102 to −114 HPFH-associated deletion (data not shown). It is 
possible that the 13-nt deletion predominates because the Cas9 cleav-
age site is flanked by 8-nt tandem repeats that facilitate microhomol-
ogy-mediated end joining (Fig. 2a)16. To identify mutations associated 
with -globin induction, we purified erythroblasts that expressed low, 
intermediate or high levels of HbF and analyzed the promoter regions by 
deep sequencing (Supplementary Fig. 4b). In four independent experi-
ments, the 13-nt HPFH-associated deletion was enriched in HbFhigh 
cells (P < 0.05) (Fig. 2a and Supplementary Fig. 4c).

Transduction of CD34+ cells with the Cas9- and gRNA-1-expressing 
lentivirus produced over 40 different indels smaller than 13 nt (Fig. 2a  
and Supplementary Fig. 4c), although their low individual frequencies  
impeded efforts to determine the effects on HbF expression. Thus, we 
performed clonal studies by transiently expressing gRNA-1 and Cas9 
in CD34+ cells, via DNA electroporation, followed by methylcellulose 
culture to analyze single-cell-derived burst-forming unit–erythroid 
(BFU-E) colonies (Fig. 2b and Supplementary Fig. 5). Of 344 colo-
nies screened from three experiments, 30 had on-target mutations, 
with 16 containing at least one 13-nt HPFH-associated deletion 
(Supplementary Fig. 5). All of the BFU-E colonies analyzed were 
mosaic for HBG1 and HBG2 mutations, reflecting editing over several 
progenitor divisions. HBG1 and HBG2 were mutated equally. The 
mutation frequencies correlated moderately with %HBG1/2 mRNA 
levels in each colony (Fig. 2b) (r2 = 0.41; P < 0.0001). Several small 
indels within the CCAAT box and/or the DR were associated with 
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Figure 1 Genome editing of the HBG1 and HBG2 promoters increases 
erythroid fetal hemoglobin (HbF) levels. (a) Extended -globin locus 
showing -globin-like genes as boxes. Arrows within the locus control 
region mark DNase-hypersensitive sites, indicating an upstream 
enhancer. A region of the HBG1 promoter is shown numbered according 
to the position upstream of the transcription start, with the 13-nt 
HPFH-associated deletion boxed. gRNA spacer sequences (blue) and 
the protospacer adjacent motif (PAM; 5 -NGG-3 , where N refers to 
any nucleotide) (orange), which specify the site of Cas9 binding and 
DNA cleavage, are shown. gRNA-1 and gRNA-2 are complementary to 
the sense and antisense strands, respectively. Arrows on gRNA-1 and 
gRNA-2 show the predicted Cas9-cleavage sites. (b) Representative flow 
cytometry plots showing HbF+ immunostaining in HUDEP-2 cells 5 d 
after transduction with lentivirus encoding Cas9 (left), Cas9 + gRNA-1 
(middle) or Cas9 + gRNA-2 (right). Numbers indicate mean  s.e.m. from 
four independent experiments. (c) Hemoglobin (Hb) protein content, as 
assessed by HPLC, in normal human CD34+ HSPCs that were transduced 
with lentivirus encoding Cas9, Cas9 + gRNA-1 or Cas9 + gRNA-2 and 
subsequently cultured for 21 d in erythroid-cell-inducing cytokines. 
% HbF = (HbF/(HbA +  HbF)) × 100. Each dot represents a separate 
experiment performed with CD34+ cells from the same donor. On-target 
editing rates of HBG1 and HBG2 in three experiments were 56%, 
65% and 77%. (d) Representative flow cytometry plots showing HbF+ 
erythroblasts, derived as described in c. Numbers indicate mean  s.e.m. 
from three experiments. (e,f) Representative images of CD34+ cells from a 
patient with SCD (HBB genotype SS) that were transduced with lentivirus 
expressing Cas9 (left) or Cas9 + gRNA-1 (right), differentiated into RBCs 
and cultured in 2% O2 (e) and quantification of hypoxia-induced sickled 
cells (f). In e, red arrows denote cells with sickle-like morphology; original 
magnification, 200×; size bars, 20 m. In f, data are mean  s.e.m. from 
three experiments using CD34+ cells from three different donors with SCD 
(HBB genotype SS) (>1,000 cells scored per experiment). In b–d,f,  
****P < 0.0001 and **P < 0.01 by unpaired t-test.



Safety considerations:  
What about off-target effects?

• Typically, hundreds of millions or more cells 
modified by therapeutic gene editing 

• Even low-frequency off-target mutations may be 
relevant if they induce a cellular growth advantage 

• Important to address, particularly for therapeutic 
applications



• Unlike gene therapy, no vector integrations in gene editing for easy tracking 

• Defining off-target locations is important, even if we cannot currently 
interpret the function of many off-target sequences 

• Methods for defining off-targets as comprehensively as possible enable 
monitoring for clonal expansion of cells harboring specific unintended 
edits 

• However, new methods for assessing functional impact (risk) are urgently 
needed.

Defining where off-targets may occur  
enables critical safety monitoring



1. Introduction 
2. State-of-the-art
3. Challenges 
4. Summary
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Intended target site 

Detection of Cas9-
mediated mutations 
at amRNified sites D[ 
high-throughput 
sequencing or 
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Cleavage with Cas9–gRNA
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Gaps in base pairing between 
target DNA or guide RNA at 
an RNA-guided nuclease 
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Rolling circle amplification
A method for generating many 
concatemerized copies of a 
circular template using a 
strand-displacing polymerase.

High-throughput 
sequencing
A method for sequencing 
populations of DNA molecules, 
typically with short (<300 bp) 
reads that have error rates an 
order of magnitude or more 
higher than standard long-read 
Sanger sequencing.

RNA-guided nature of this nuclease might have greater 
potential for off-target effects, especially relative to ZFNs 
and TALENs, which recognize their target sites using 
 protein–DNA interactions.

To determine whether SpCas9 off-target mutagenesis 
might occur with any given gRNA, one method that we 
and others used in early studies was in silico prediction 
of potential off-target cleavage sites based on similarity 
to the intended target site followed by targeted experi-
mental assessment of characteristic NHEJ-induced indel 
mutations at those genomic locations35,36. In one study 
from our group, potential off-target cleavage sites with 
five or fewer mismatches relative to the intended target 
sequence were identified, and at least one of those mis-
matches was in the PAM-distal portion of the potential 
off-target cleavage site35 (FIG. 1a). Another study compu-
tationally searched for and tested sites with RNA or DNA 
‘bulges’ at the RNA–DNA interface38. The main conclu-
sions from these and other initial studies of SpCas9 speci-
ficity were that high-frequency mutagenesis is possible at 
mismatched sites35,36; in some cases, off-target sites were 
mutagenized at frequencies comparable to or higher 
than what was observed at the intended on-target site35; 
sites with a non- canonical PAM sequence could also be 
cleaved and mutagenized (for example, 5′-NAG-3′ PAMs 
compared with the canonical 5′-NGG-3′ PAMs, in which 

N can be any nucleotide)36; off-target cleavage could be 
detected at sites with up to five mismatches relative to the 
intended target sequence34–36; and target sites with small, 
1 bp bulge indels in the DNA target strand relative to 
the gRNA sequence could also be mutated38. Based on the 
results of studies such as these, some groups developed 
online tools designed to predict potential off-target sites 
based on their degree of similarity to the on-target 
site and other parameters, such as the location of mis-
matches within the protospacer sequences. Examples 
of such publicly available, web-based tools include the 
CRISPR Design Tool36 and E-CRISP42.

At the same time these in silico-directed approaches 
were being tested, another group performed in vitro 
interrogation of partially randomized target site 
 libraries34, a method that was first developed to charac-
terize the specificity of ZFNs43 (and, later, TALENs as 
well44). This approach is based on the circularization of 
partially degenerate oligonucleotide libraries that are 
biased to resemble the intended gRNA target sequence, 
followed by rolling circle amplification, in vitro cleavage 
by SpCas9, ligation of adaptors to the newly available 
ends, and then high-throughput sequencing (FIG. 1b). The 
main advantage of using in vitro selection is that large 
and diverse libraries of sites similar in sequence to the 
on-target site can be interrogated to define broad cleavage 

Figure 1 | Targeted methods for defining off-target cleavage effects. a|| An early method for identifying off-target 
effects was computational prediction of off-target sites followed by targeted analysis by mismatch cleavage assay, such 
as|tJe 6� endonucNease + 
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off-target sites undetected. b|| In vitro site selection of partially randomized libraries. Concatameric libraries are generated 
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REF. 34, Nature Publishing Group.

REV IEWS

302 | MAY 2016 | VOLUME 17 www.nature.com/nrg

Principle

• Computationally predict sites based on 
sequence similarity, etc. 

Advantages

• Easy 

Disadvantages

• Biased by assumptions

In silico prediction



The Streetlight Effect



Whole genome sequencing  
is broad but shallow

• not practical to 
sequence large numbers 
of genomes 

• significant limitation: it 
will miss off-target effects 
with low-frequency (i.e. 
sensitivity is poor)



Cell-based Methods

• Integration deficient lentiviral (IDLV) capture 

• High-throughput genome-wide translocation sequencing (HTGTS)  

• Breaks labeling, enrichment on streptavidin and next-generation sequencing (BLESS) 

• Genome-wide unbiased identification of DSBs enabled by sequencing (GUIDE-seq) 

In vitro Methods

• Digested genome sequencing (Digenome-seq) 

• selective enrichment and identification of adapter-tagged DNA ends by sequencing (SITE-Seq) 

• Circularization for in vitro Reporting of Cleavage Effects by Sequencing (CIRCLE-seq)

Strategies for Defining Gene Editing 
Nuclease Genome-wide Activity



Principle

• Optimized tag integration into DSBs 
followed by tag-specific amplification 
and sequencing 

Advantages

• Quantitative and unbiased method 

• Can identify background or fragile sites 

Disadvantages

• Requires transfection of DNA tag, 
limiting use in some primary cells

GUIDE-seq: Genome-wide unbiased 
identification of DSBs enabled by sequencing

Tsai et al. Nat Rev Genetics 2016
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GUIDE-seq in Human Primary T-cells
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• Tag integration proportional to mutagenesis frequency 

• Increasing sensitivity will require linear scaling of input genomes and 
sequencing

GUIDE-seq is quantitative  
but has limits to sensitivity

4 ADVANCE ONLINE PUBLICATION   NATURE BIOTECHNOLOGY

varied widely, ranging from zero to >150 (Fig. 1e), demonstrating that 
unwanted genomic cleavage by any particular RGN can be considerable 
or minimal on the extremes. Control experiments in which we sequenced 
across dsODN insertions at on- and off-target sites for five of the RGNs 
revealed that >93% of these sites (123 out of 132) showed detectable evi-
dence of one or more dsODN molecules, consistent with NHEJ-mediated 
capture into the DSB (data not shown).

human cell lines (Supplementary Table 1). By analyzing the dsODN 
integration sites (Online Methods), we were able to identify the precise 
genomic locations of DSBs induced by each of the ten RGNs, mapped to 
the nucleotide level (Fig. 1d and Supplementary Fig. 2). For the majority 
of these genomic sites, we identified an overlapping target sequence that 
was either the on-target site or a closely related off-target site (Online 
Methods). The total number of off-target sites we identified for each RGN 
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Figure 3  Analysis of RGN-induced, off-target 
sequence characteristics. (a) Overview of the 
AMP-based sequencing method used to confirm 
indel mutations at GUIDE-seq cleavage sites 
(top). Histogram plots of mapped indel mutations 
for three RGN on-target sites (below). Deletions 
are shown above the x axis whereas insertions are 
shown below. Boundaries of the overall target site 
(i.e., protospacer and PAM sequence) are shown 
with dotted lines and the boundary between the 
protospacer and PAM sequence is shown as a 
dotted line between the other two. RGN cleavage 
is predicted to occur 3 to 4 bp from the 5ʹ edge 
of the protospacer. (Additional on-target and 
off-target indel histogram plots are shown in 
Supplementary Fig. 4.) (b–f) Scatterplots of indel 
frequencies (x axis) and GUIDE-seq sequencing 
read counts (y axis) for cleavage sites identified 
by GUIDE-seq for RGNs targeted to VEGFA site 
1 (b), VEGFA site 2 (c), VEGFA site 3 (d), EMX1 
(e) and FANCF (f). (g) Number of potential RGN 
off-target sites bearing number of mismatches 
indicated that are cleaved (as detected by GUIDE-
seq). (h) Plots of GUIDE-seq read counts (log-
scale) for RGN off-target cleavage sites bearing 
number of mismatches indicated. (i) Effects of 
mismatch position within the protospacer on 
GUIDE-seq read counts for RGN off-target sites. 
Bases are numbered 1 to 20 with 20 being the base adjacent to the PAM. Error bars represent 95% confidence intervals of the mean. (j) Effects of wobble 
transition, non-wobble transition and transversion mismatches, estimated by linear regression analysis. Error bars represent 95% confidence intervals of 
the mean. (k) Fraction of GUIDE-seq read count variance explained by individual univariate analyses for the effect of mismatch number, mismatch type, 
mismatch position, PAM density, expression level and genomic position (intergenic/exon/intron).
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Principle

• In vitro cleavage of genomic DNA, whole 
genome sequencing, and identify sites with 
uniform ends 

Advantages

• Simple, PCR-free 

Disadvantages

• High number of sequencing reads required and 
high background 

• Candidate sites need to be confirmed in cells

Digenome-seq:  
Digested Genome Sequencing 

Tsai et al. Nat Rev Genetics 2016.

Cas9 
cleavage site

gDNA
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and mapping

adapter ligation
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reference
genome



Standing out from a crowd

Be different.



Principle

• Selective sequencing of nuclease-cleaved 
genomic DNA 

Advantages

• Low background 

• High sensitivity 

• Reference-free 

Disadvantages

• Candidate sites need cellular confirmation

CIRCLE-seq: Circularization for in vitro 
reporting of cleavage effects by sequencing

Cas9 
cleavage site

sheared
genomic DNA

circularization

Cas9 cleavage

cleaved uncleaved

paired-end
high-throughput sequencing

DSB

CIRCLE-seq
reads

adapter ligation + PCR 

degrade residual linear DNA

Tsai et al. Nature Methods 2017



CIRCLE-seq improves signal to noise 
while using 100-fold less reads
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CIRCLE-seq genome-wide  
nuclease activity profiles
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CIRCLE-seq detects nearly all sites 
previously detected by GUIDE-seq
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• Background indel rate of modern high-throughput sequencing around 0.1% 

• Tag integration is unambiguous evidence of DSB repair 

• Proxy for mutagenesis frequency

Targeted tag sequencing strategy can overcome  
standard NGS limits of detection

dsODN tag

Targeted Tag Sequencing

Tsai et al. Nature Methods 2017.
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Integration frequency by deep sequencing
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1 2310 20
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~25% of sites detected only by CIRCLE-seq confirmed as bona fide cellular sites.
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Technical limitations of standard 
high-throughput  sequencing

• Error-rate obscures 
low-frequency 
mutations 

• Short read length 
prevents mapping 
through repetitive 
regions

1 in 10
1 in 102

1 in 103

1 in 104

1 in 105

1 in 106

1 in 107

1 in 108

detectable

NOT 
detectable

limit of  
detection

therapeutic 
cell dose



What is technical reproducibility  
 of measurements?
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What determines relationship between 
cellular and in vitro measurements?

detected
in cells

detected
in vitro

bona fide

functional
impact



What is the impact of human genetic 
variation on genome editing activity?
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most recent version of the dbSNP database37, one might expect 
to find an SNP in ~69% of SpCas9 off-target sites in the human 
genome. As expected, the range of mismatches observed at the off-

target sites we examined was increased when considering diverse 
individual genotypes from the 1000 genomes project (Fig. 4d).  
Interestingly, approximately 9% of variant off-target-site haplotypes  
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Figure 4 | Using CIRCLE-seq to assess the impacts of personalized SNPs on off-target site analysis. (a) Scatterplots of CIRCLE-seq read counts from 
experiments performed on genomic DNA from two different cell types. Sites with nonreference genetic variation in only one cell type are highlighted 
in red, while those with nonreference variation in both cell types are highlighted in blue. (b) Examples of allele-specific CIRCLE-seq read counts at off-
target sites with nonreference genetic variation. Mismatches to the intended target sequence are indicated with colored nucleotides, while matching 
bases are indicated with a dot. The base position harboring the differential genetic change between cell types is indicated with a small arrow. n.d., 
not detected. (c) Proportion of CIRCLE-seq off-target sites where nonreference genetic variation was identified in genotyped individuals from the 1000 
Genomes Project (AFR, African; AMR, Ad Mixed American; EAS, East Asian; EUR, European; SAS, Southeast Asian superpopulations) and a combined 
population average. (d) Histogram showing distribution of CIRCLE-seq off-target sites by numbers of mismatches in reference human genome sequence 
(red) and in 1000 Genomes Project data-derived off-target site haplotypes (blue). (e) Proportion of 1000 Genomes Project-derived haplotypes with 
increased (blue), decreased (red), or same (gray) numbers of mismatches in off-target sites identified by CIRCLE-seq.
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most recent version of the dbSNP database37, one might expect 
to find an SNP in ~69% of SpCas9 off-target sites in the human 
genome. As expected, the range of mismatches observed at the off-

target sites we examined was increased when considering diverse 
individual genotypes from the 1000 genomes project (Fig. 4d).  
Interestingly, approximately 9% of variant off-target-site haplotypes  
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Figure 4 | Using CIRCLE-seq to assess the impacts of personalized SNPs on off-target site analysis. (a) Scatterplots of CIRCLE-seq read counts from 
experiments performed on genomic DNA from two different cell types. Sites with nonreference genetic variation in only one cell type are highlighted 
in red, while those with nonreference variation in both cell types are highlighted in blue. (b) Examples of allele-specific CIRCLE-seq read counts at off-
target sites with nonreference genetic variation. Mismatches to the intended target sequence are indicated with colored nucleotides, while matching 
bases are indicated with a dot. The base position harboring the differential genetic change between cell types is indicated with a small arrow. n.d., 
not detected. (c) Proportion of CIRCLE-seq off-target sites where nonreference genetic variation was identified in genotyped individuals from the 1000 
Genomes Project (AFR, African; AMR, Ad Mixed American; EAS, East Asian; EUR, European; SAS, Southeast Asian superpopulations) and a combined 
population average. (d) Histogram showing distribution of CIRCLE-seq off-target sites by numbers of mismatches in reference human genome sequence 
(red) and in 1000 Genomes Project data-derived off-target site haplotypes (blue). (e) Proportion of 1000 Genomes Project-derived haplotypes with 
increased (blue), decreased (red), or same (gray) numbers of mismatches in off-target sites identified by CIRCLE-seq.

Tsai et al. Nature Methods 2017.
Could be tested in genome-in-a-bottle reference cell lines.



Towards Developing Genome Editing 
Measurement Standards

• Reference standards for validating low-
frequency mutation detection. 

• Challenge and benchmark detection 
methods at common targets/nucleases/cells. 

• Define reproducibility and limits of detection.
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• Important to empirically define genome-wide activity of gene editing 
for therapeutics 

• GUIDE-seq and CIRCLE-seq are two complementary methods to 
define genome-wide genome editing activity 

• Glass half full: fortunate to have many sensitive and unbiased 
genomic methods to define nuclease specificity 

• NIST consortium has opportunity to develop standards to define 
genome editing measurements and increase confidence in safety of 
promising genome editing therapeutics

Summary
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