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Extended Data Figure 1 | SpCas9 interaction with the sgRNA and target 
DNA. a, Schematic illustrating the SpCas9–sgRNA complex, with base 
pairing between the sgRNA and target DNA. b, Structural representation 
of the SpCas9-sgRNA complex bound to the target DNA, from PDB 

accession code 4UN3 (ref. 29). The four residues that form hydrogen bond 
contacts to the target-strand DNA backbone are highlighted in blue, the 
HNH domain is hidden for visualization purposes.

© 2016 Macmillan Publishers Limited. All rights reserved
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Rational design
Requirement:
Well known structure and mechanism of the enzyme of interest

Methods:
Site-directed mutagenesis for introduction of specific amino acids into a target gene

• Overlap extension
• Whole plasmid single round PCR 

PeptidomimeticsNMR/ X-ray christ.
Homology modeling



Overlap extension

Ho et al., 1988

1. PCR
4 primers, 2 PCRs take place

2 double-stranded fragments,
containing the desired mutagenic codon 

2. PCR
non-mutated primer set amplifies mutagenic DNA



Whole plasmid single round PCR 

INTRODUCTION 
The QuikChange Lightning Site-Directed Mutagenesis Kit* delivers mutant 
plasmids up to three times faster than our original QuikChange kits, without 
losses in mutagenesis efficiency or accuracy. The kit has been optimized for 
mutagenesis of plasmids of up to 14 kb, allowing rapid, efficient, and 
accurate mutagenesis of small and large plasmids with a single kit. Using 
the most advanced high fidelity enzyme technology, the protocols have been 
accelerated while maintaining the highest accuracy for site-directed 
mutagenesis. Exclusive to the QuikChange Lightning Site-Directed 
Mutagenesis Kit is a proprietary Pfu-based polymerase blend and the newly 
optimized Dpn I enzyme, which together allow for mutagenesis in 
approximately one hour, plus an overnight transformation. 
 
 
 
 

 

FIGURE 1 Overview of the QuikChange Lightning site-directed mutagenesis method. 
 
 
 
* U.S. Patent Nos. 7,176,004; 7,132,265; 6,734,293; 6,444,428; 6,391,548; 6,183,997; 

5,948,663; 5,932,419; and 5,789,166. 
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Evolutionary methods
Evolution is based on
1. Variation (library, the larger the better)
2. Increase in fitness by variation
3. Inheritability

Requirement:
availability of a suitable selection scheme (best high throughput) 
that favors the desired protein properties 



Directed evolution

1. Generate variability 
Genetic environment stable, only modify GOF
• Random point mutations i.e. by error prone PCR (more G,C)
• Indels: by transposons
• Mimick recombination: DNA shuffling
• Systematically randomize by saturation mutagenesis: replace a 

single amino acid within a protein with each of the natural amino 
acids (structure partially known)



Directed evolution
Mimick recombination: DNA shuffling

With restriction enzymes:
1. Digest family of related genes
2. DNA ligase to join fragments
3. Chimeric genes

Annealing where
homology

Series of chimeric genes
with shuffled components

With DNAse1



Directed evolution
2. Increase in fitness by variation
In vivo evolution
Transform each cell with one plasmid containing a 
different member of the library.
1 PCR product per cell

Selection systems
Protein function directly coupled to survival of the gene
Selection for binding activity

• FACS
• Phage display

Series of chimeric genes
with shuffled components

Library is cloned into host cell

Selection for enhanced new
gene function



FACS
• Cells present a scissile bond (i.e. Arg- Val linkage), which can be cleaved by 

a surface-displayed enzyme or not.
• The scissile bond links a fluorophore and a quencher (diminishes fluorophore

intensity).

• Scissile bond not cleaved: No fluorescence emission 
The fluorophore emission is quenched by the quenching fluorophore. 
• Scissile bond cleaved: fluorescence occurs

Fluorophore and quenching fluorophore are then separated 

(Antikainen & Martin, 2005). 



Phage display
Library is subcloned into a bacteriophage 
vector coding for a phage coat protein.

1 PCR product per phage vector
Transduce into E.coli.

Each phage of the mutant pool expresses a 
different enzyme displayed on the coat 
protein of the phage surface.

Those that remain can be eluted, used to 
produce more phage to produce a phage 
mixture that is enriched with relevant (i.e. 
binding) phage.
The repeated cycling of these steps is 
referred to as 'panning'.
Phage eluted in the final step can be used to 
infect a suitable bacterial host, from which 
the phagemids can be collected and the 
relevant DNA sequence excised and 
sequenced to identify the relevant, 
interacting proteins or protein fragments.

Phages of mutant pool



Evolutionary methods
Evolution is based on
1. Variation (library, the larger the better)
2. Increase in fitness by variation
3. Inheritability

Genotype-phenotype link: isolate DNA and functional enzyme
• mRNA display where the mRNA gene is linked to the protein at the end of 

translation by puromycin
• protein and its gene can be co-localised by compartmentalisation in living 

cells 



Applications of enzyme engineering
• Food industry with a variety of food-processing enzymes

• Lactase: production of low-lactose milk
• Protease: meat tenderization
• Pectinase: clarification of wine

• Industry: In Petroleum biorefining new biocatalysts are required

• Environmental applications of enzyme engineering: design 
microorganisms to eliminate environmental pollutants



Specific Cas9: SpCas9-HF1
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High-fidelity CRISPR–Cas9 nucleases 
with no detectable genome-wide  
off-target effects
Benjamin P. Kleinstiver1,2*, Vikram Pattanayak1,2*, Michelle S. Prew1, Shengdar Q. Tsai1,2, Nhu T. Nguyen1,  
Zongli Zheng3 & J. Keith Joung1,2

CRISPR–Cas9 nucleases enable highly efficient genome editing in a 
wide variety of organisms1–3, but can also cause unwanted mutations 
at off-target sites that resemble the on-target sequence4–13. These off- 
target effects can confound research experiments and also have potential 
implications for therapeutic uses of the technology. Various strategies 
have been described to reduce genome-wide off-target mutations of 
the commonly used SpCas9 nuclease, including: truncated sgRNAs 
bearing shortened regions of target site complementarity8,14, SpCas9 
mutants such as the recently described D1135E variant15, paired SpCas9 
nickases16,17, and dimeric fusions of catalytically inactive SpCas9 to a 
non-specific FokI nuclease18–20. However, these approaches are only 
partially effective, have as-yet unproven efficacies on a genome-wide 
scale, and/or possess the potential to create more new off-target sites. 
Furthermore, some require expression of multiple sgRNAs and/or 
fusion of additional functional domains to Cas9, which can reduce 
targeting range and create challenges for delivery with viral vectors that 
have limits on nucleic acid payload size. Thus, a major challenge for the 
field remains the development of a robust and easily used strategy that 
eliminates off-target mutations on a genome-wide scale.

We initially hypothesized that off-target effects of SpCas9 might 
be minimized by decreasing non-specific interactions with its target 
DNA site. SpCas9–sgRNA complexes cleave target sites composed of 
an NGG protospacer adjacent motif (PAM) sequence (recognized by 
SpCas9)21–24 and an adjacent 20 base pair (bp) protospacer sequence 
(which is complementary to the 5′  end of the sgRNA)22,25–27. We pre-
viously proposed that the SpCas9–sgRNA complex might possess 
more energy than is needed for optimal recognition of its intended 
target DNA site, thereby enabling cleavage of mismatched off-target 
sites14. Structural studies have suggested that the SpCas9–sgRNA- 
target DNA complex encompasses several SpCas9-mediated DNA 
contacts, including direct hydrogen bonds made by four SpCas9 

residues (N497, R661, Q695, Q926) to the phosphate backbone of 
the target DNA strand28,29 (Fig. 1a and Extended Data Fig. 1a, b). We 
envisioned that disruption of one or more of these contacts might alter 
the energetics of the SpCas9–sgRNA complex so that it might retain 
enough for robust on-target activity but have a diminished ability to 
cleave mismatched off-target sites.

Alteration of SpCas9 DNA contacts
Guided by this excess energy hypothesis, we first constructed 15 dif-
ferent SpCas9 variants bearing all possible single, double, triple, and 
quadruple combinations of N497A, R661A, Q695A, and Q926A sub-
stitutions to test whether contacts made by these residues might be 
dispensable for on-target activity (Fig. 1b). For these experiments, we 
used a previously described human cell-based enhanced GFP (EGFP) 
disruption assay30. Using an EGFP-targeted sgRNA, which we have 
previously shown can efficiently induce insertion or deletion mutations 
(indels) in an EGFP reporter gene when paired with wild-type SpCas9 
(ref. 4), we found that all 15 SpCas9 variants possessed activities com-
parable to that of wild-type SpCas9 (Fig. 1b, grey bars). Thus, alanine 
substitution of one or all of these residues did not reduce on-target 
cleavage efficiency of SpCas9 with this EGFP-targeted sgRNA.

Next, we sought to assess the relative activities of all 15 SpCas9 
variants at mismatched target sites. To do this, we repeated the EGFP 
disruption assay with derivatives of the EGFP-targeted sgRNA used 
in the previous experiment that contain pairs of substituted bases at 
positions ranging from 13 to 19 (numbering starting with 1 for the 
most PAM-proximal base and ending with 20 for the most PAM-distal 
base; Fig. 1b). This analysis revealed that one of the triply substituted 
variants (R661A/Q695A/Q926A) and the quadruple substitution vari-
ant (N497A/R661A/Q695A/Q926A) both showed minimal EGFP dis-
ruption at or near background levels with all four of the mismatched 

CRISPR–Cas9 nucleases are widely used for genome editing but can induce unwanted off-target mutations. Existing 
strategies for reducing genome-wide off-target effects of the widely used Streptococcus pyogenes Cas9 (SpCas9) are 
imperfect, possessing only partial or unproven efficacies and other limitations that constrain their use. Here we describe 
SpCas9-HF1, a high-fidelity variant harbouring alterations designed to reduce non-specific DNA contacts. SpCas9-HF1 
retains on-target activities comparable to wild-type SpCas9 with >85% of single-guide RNAs (sgRNAs) tested in human 
cells. Notably, with sgRNAs targeted to standard non-repetitive sequences, SpCas9-HF1 rendered all or nearly all off-
target events undetectable by genome-wide break capture and targeted sequencing methods. Even for atypical, repetitive 
target sites, the vast majority of off-target mutations induced by wild-type SpCas9 were not detected with SpCas9-HF1. 
With its exceptional precision, SpCas9-HF1 provides an alternative to wild-type SpCas9 for research and therapeutic 
applications. More broadly, our results suggest a general strategy for optimizing genome-wide specificities of other 
CRISPR-RNA-guided nucleases.

1Molecular Pathology Unit, Center for Cancer Research, and Center for Computational and Integrative Biology, Massachusetts General Hospital, Charlestown, Massachusetts 02129, USA. 
2Department of Pathology, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Department of Biomedical Sciences, City University of Hong Kong, Hong Kong, China.
*These authors contributed equally to this work.

© 2015 Macmillan Publishers Limited. All rights reserved

Approach:
Rational design of a more specific SpCas9 enzyme
Requirement:
Well known structure and mechanism of the enzyme of interest
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4. interference stage, target degradation 

Type I system by the example of E.coli type I-E system 
Type I system recognizes and degrades target sequences by complexes consisting 
of several Cas proteins and crRNAs (Spilman et al., 2013). 
 

 
Figure 3.2.10.: Four steps depicting target DNA recognition and base pairing between the crRNA and 
the target DNA. Figure from (van der Oost et al., 2014). 

In a first step the invasive DNA is scanned by the Cascade complex for PAM 
sequences located adjacent to protospacers with the same sequence as the spacers 
of bacterial crRNA (Fig. 3.2.10.). The large subunit is involved in unspecific binding of 
DNA, as well as in PAM recognition on invasive DNA. A flexible loop in the large 
subunit interacts with the 3’ PAM sequence. The 3’ PAM sequence has antigenic 
characteristics, in the sense that it is important for discriminating self from non-self 
DNA, and furthermore prevents autoimmunity (Jore et al., 2011; Sashital et al., 2012; 
Westra et al., 2013). The interaction of the large subunit with the 3’ PAM sequence 
might destabilize the double strand DNA, whereupon the crRNA is able to hybridize 
with the seed region (Sashital, 2012). In type I-E system the seed region is located at 
the 5’ end of the spacer, directly after the PAM sequence, and comprises nucleotides 
1-5 and 7-8 (Semenova, 2011). Specific seed region binding and PAM recognition 
are necessary for complete base pairing between the spacer and the complementary 
target DNA. Complete base pairing is accompanied by R-loop generation 
(Wiedenheft, 2012). R-loops are bubble-like structures that are formed when one 
DNA strand of double stranded DNA is displaced by the annealing of a 
complementary RNA strand (Thomas et al, 1976). R-loops in type I system consist of 

Figure 3.2.9.: Surface representation of the Cas9-gRNA-
DNA complex. The REC lobe consists of three domains. 
The bridge helix (green), which is a long α-helix, the 
REC1 and the REC2 domains (grey). The NUC lobe 
consists as well of three domains, the RuvC (cyan), HNH 
(purple) and PAM-interacting (PI) (beige) domains. The 
REC lobe and the PI domain are specific for Cas9 
families (Nishimasu et al. 2014). Figure from (Nishimasu 
et al., 2014). 

(legend on next page)

936 Cell 156, 935–949, February 27, 2014 ª2014 Elsevier Inc.

Nishimasu et al. 2014
Anders et al., 2014
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Extended Data Figure 1 | SpCas9 interaction with the sgRNA and target 
DNA. a, Schematic illustrating the SpCas9–sgRNA complex, with base 
pairing between the sgRNA and target DNA. b, Structural representation 
of the SpCas9-sgRNA complex bound to the target DNA, from PDB 

accession code 4UN3 (ref. 29). The four residues that form hydrogen bond 
contacts to the target-strand DNA backbone are highlighted in blue, the 
HNH domain is hidden for visualization purposes.

© 2016 Macmillan Publishers Limited. All rights reserved

Structure and mechanism of the SpCas9

Kleinstiver et al., 2016
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Extended Data Figure 1 | SpCas9 interaction with the sgRNA and target 
DNA. a, Schematic illustrating the SpCas9–sgRNA complex, with base 
pairing between the sgRNA and target DNA. b, Structural representation 
of the SpCas9-sgRNA complex bound to the target DNA, from PDB 

accession code 4UN3 (ref. 29). The four residues that form hydrogen bond 
contacts to the target-strand DNA backbone are highlighted in blue, the 
HNH domain is hidden for visualization purposes.

© 2016 Macmillan Publishers Limited. All rights reserved

Specific Cas9: SpCas9-HF1

Kleinstiver et al., 2016

Excess energy hypothesis 
SpCas9–sgRNA complex with more E than
needed for optimal recognition of target DNA

enables cleavage of mismatched off-target sites

Direct hydrogen bonds made by four SpCas9 residues
to the phosphate backbone of the target DNA strand.
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Extended Data Figure 1 | SpCas9 interaction with the sgRNA and target 
DNA. a, Schematic illustrating the SpCas9–sgRNA complex, with base 
pairing between the sgRNA and target DNA. b, Structural representation 
of the SpCas9-sgRNA complex bound to the target DNA, from PDB 

accession code 4UN3 (ref. 29). The four residues that form hydrogen bond 
contacts to the target-strand DNA backbone are highlighted in blue, the 
HNH domain is hidden for visualization purposes.
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sgRNAs (Fig. 1b, coloured bars). Based on these results, we chose the 
quadruple substitution variant (hereafter referred to as SpCas9-HF1 
for high-fidelity variant number 1) for further analysis.

SpCas9-HF1 retains high on-target activities
To determine how robustly SpCas9-HF1 functions at a larger number of 
on-target sites, we performed direct comparisons between this variant 
and wild-type SpCas9 using additional sgRNAs. In total, we tested 37 
different sgRNAs, 24 targeted to EGFP and 13 targeted to endogenous 
human gene targets. For 20 of the 24 sgRNAs tested using the EGFP 
disruption assay (Extended Data Fig. 2a) and 12 of the 13 sgRNAs 
tested using a T7 endonuclease I mismatch assay (Fig. 1c), we found 
SpCas9-HF1 exhibited at least 70% of the on-target activities observed 
with wild-type SpCas9 at the same sites (Fig. 1d). Indeed, SpCas9-HF1 
showed highly comparable activities (90–140%) to wild-type SpCas9 
with the vast majority of sgRNAs (Fig. 1d). Three of the 37 sgRNAs 
tested showed essentially no activity with SpCas9-HF1 (EGFP sites 9 
and 23, and RUNX1 site 2), and examination of these target sites did not 
suggest any obvious differences in the characteristics of these sequences 
compared to those for which we saw high activities (Supplementary 
Table 1). Overall, SpCas9-HF1 possesses comparable activities (greater 
than 70% of wild-type SpCas9 activities) for 86% (32/37) of the sgRNAs 
we tested.

Genome-wide specificity of SpCas9-HF1
To test whether SpCas9-HF1 exhibits reduced off-target effects in 
human cells, we used the genome-wide unbiased identification of dou-
ble-stranded breaks enabled by sequencing (GUIDE-seq) method8 to 
assess eight different sgRNAs targeted to sites in the endogenous human 
EMX1, FANCF, RUNX1, and ZSCAN2 genes. The sequences targeted 
by these sgRNAs have variable numbers of predicted mismatched sites 
in the reference human genome (Extended Data Table 1). Assessment 

of on-target double-stranded oligodeoxynucleotide (dsODN) tag inte-
gration (by restriction-fragment length polymorphism (RFLP) assay) 
and indel formation (by T7 endonuclease I assay) for the eight sgRNAs 
revealed comparable on-target activities with wild-type SpCas9 and 
SpCas9-HF1 (Extended Data Fig. 3a and 3b, respectively), demonstrat-
ing that these GUIDE-seq experiments were working efficiently and 
comparably with the two different nucleases.

These GUIDE-seq experiments showed that with wild-type SpCas9, 
seven of the eight sgRNAs induced cleavage at multiple off-target sites 
(ranging from 2 to 25 per sgRNA), whereas the eighth sgRNA (FANCF 
site 4) did not yield any detectable off-target sites (Fig. 2a, b). The 
off-target sites identified harboured one to six mismatches distributed 
throughout various positions in the protospacer and/or PAM sequence 
(Fig. 2c and Extended Data Fig. 4a). However, with SpCas9-HF1,  
a complete absence of GUIDE-seq detectable off-target events was 
observed for six of the seven sgRNAs that induced off-target effects 
with wild-type SpCas9 (Fig. 2a, b). Among these seven sgRNAs, 
only a single detectable genome-wide off-target was identified, for 
FANCF site 2, at a site harbouring one mismatch within the proto-
spacer seed sequence (Fig. 2a). As with wild-type SpCas9, the eighth 
sgRNA (FANCF site 4) did not yield any detectable off-target cleavage 
events when tested with SpCas9-HF1 (Fig. 2a). Notably, with all eight  
sgRNAs, SpCas9-HF1 did not create any new nuclease-induced off- 
target sites (not already observed with wild-type SpCas9) detectable 
by GUIDE-seq.

To confirm these GUIDE-seq findings, we used targeted ampli-
con sequencing to more directly measure the frequencies of indel 
mutations induced by wild-type SpCas9 and SpCas9-HF1. For these 
experiments, we transfected human cells only with sgRNA- and Cas9-
encoding plasmids (without the GUIDE-seq tag). We used next- 
generation sequencing to examine the on-target sites and 36 of the 40 
off-target sites that had been identified for six sgRNAs with wild-type 

Figure 1 | Identification and characterization of SpCas9 variants 
bearing substitutions in residues that form non-specific DNA contacts. 
a, Schematic depicting wild-type SpCas9 interactions with the target  
DNA–sgRNA duplex, based on PDB accession 4OO8 and 4UN3 (adapted 
from refs 28 and 29, respectively). b, Characterization of SpCas9 variants 
that contain alanine substitutions in positions that form hydrogen bonds 
with the DNA backbone. Wild-type SpCas9 and variants were assessed 
using the human cell EGFP disruption assay when programmed with a 

perfectly matched sgRNA or partially mismatched sgRNAs. Error bars 
represent s.e.m. for n =  3; mean level of background EGFP loss represented 
by red dashed line. c, On-target activities of wild-type SpCas9 and 
SpCas9-HF1 across 13 endogenous sites measured by T7 endonuclease I 
assay. Error bars represent s.e.m. for n =  3. d, Ratio of on-target activity  
of SpCas9-HF1 to wild-type SpCas9. The median and interquartile range 
are shown; the interval with > 70% of wild-type activity is highlighted in 
green.
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Structure and mechanism of the SpCas9

Direct hydrogen bonds made by four SpCas9 residues
to the phosphate backbone of the target DNA strand.
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sgRNAs (Fig. 1b, coloured bars). Based on these results, we chose the 
quadruple substitution variant (hereafter referred to as SpCas9-HF1 
for high-fidelity variant number 1) for further analysis.

SpCas9-HF1 retains high on-target activities
To determine how robustly SpCas9-HF1 functions at a larger number of 
on-target sites, we performed direct comparisons between this variant 
and wild-type SpCas9 using additional sgRNAs. In total, we tested 37 
different sgRNAs, 24 targeted to EGFP and 13 targeted to endogenous 
human gene targets. For 20 of the 24 sgRNAs tested using the EGFP 
disruption assay (Extended Data Fig. 2a) and 12 of the 13 sgRNAs 
tested using a T7 endonuclease I mismatch assay (Fig. 1c), we found 
SpCas9-HF1 exhibited at least 70% of the on-target activities observed 
with wild-type SpCas9 at the same sites (Fig. 1d). Indeed, SpCas9-HF1 
showed highly comparable activities (90–140%) to wild-type SpCas9 
with the vast majority of sgRNAs (Fig. 1d). Three of the 37 sgRNAs 
tested showed essentially no activity with SpCas9-HF1 (EGFP sites 9 
and 23, and RUNX1 site 2), and examination of these target sites did not 
suggest any obvious differences in the characteristics of these sequences 
compared to those for which we saw high activities (Supplementary 
Table 1). Overall, SpCas9-HF1 possesses comparable activities (greater 
than 70% of wild-type SpCas9 activities) for 86% (32/37) of the sgRNAs 
we tested.

Genome-wide specificity of SpCas9-HF1
To test whether SpCas9-HF1 exhibits reduced off-target effects in 
human cells, we used the genome-wide unbiased identification of dou-
ble-stranded breaks enabled by sequencing (GUIDE-seq) method8 to 
assess eight different sgRNAs targeted to sites in the endogenous human 
EMX1, FANCF, RUNX1, and ZSCAN2 genes. The sequences targeted 
by these sgRNAs have variable numbers of predicted mismatched sites 
in the reference human genome (Extended Data Table 1). Assessment 

of on-target double-stranded oligodeoxynucleotide (dsODN) tag inte-
gration (by restriction-fragment length polymorphism (RFLP) assay) 
and indel formation (by T7 endonuclease I assay) for the eight sgRNAs 
revealed comparable on-target activities with wild-type SpCas9 and 
SpCas9-HF1 (Extended Data Fig. 3a and 3b, respectively), demonstrat-
ing that these GUIDE-seq experiments were working efficiently and 
comparably with the two different nucleases.

These GUIDE-seq experiments showed that with wild-type SpCas9, 
seven of the eight sgRNAs induced cleavage at multiple off-target sites 
(ranging from 2 to 25 per sgRNA), whereas the eighth sgRNA (FANCF 
site 4) did not yield any detectable off-target sites (Fig. 2a, b). The 
off-target sites identified harboured one to six mismatches distributed 
throughout various positions in the protospacer and/or PAM sequence 
(Fig. 2c and Extended Data Fig. 4a). However, with SpCas9-HF1,  
a complete absence of GUIDE-seq detectable off-target events was 
observed for six of the seven sgRNAs that induced off-target effects 
with wild-type SpCas9 (Fig. 2a, b). Among these seven sgRNAs, 
only a single detectable genome-wide off-target was identified, for 
FANCF site 2, at a site harbouring one mismatch within the proto-
spacer seed sequence (Fig. 2a). As with wild-type SpCas9, the eighth 
sgRNA (FANCF site 4) did not yield any detectable off-target cleavage 
events when tested with SpCas9-HF1 (Fig. 2a). Notably, with all eight  
sgRNAs, SpCas9-HF1 did not create any new nuclease-induced off- 
target sites (not already observed with wild-type SpCas9) detectable 
by GUIDE-seq.

To confirm these GUIDE-seq findings, we used targeted ampli-
con sequencing to more directly measure the frequencies of indel 
mutations induced by wild-type SpCas9 and SpCas9-HF1. For these 
experiments, we transfected human cells only with sgRNA- and Cas9-
encoding plasmids (without the GUIDE-seq tag). We used next- 
generation sequencing to examine the on-target sites and 36 of the 40 
off-target sites that had been identified for six sgRNAs with wild-type 

Figure 1 | Identification and characterization of SpCas9 variants 
bearing substitutions in residues that form non-specific DNA contacts. 
a, Schematic depicting wild-type SpCas9 interactions with the target  
DNA–sgRNA duplex, based on PDB accession 4OO8 and 4UN3 (adapted 
from refs 28 and 29, respectively). b, Characterization of SpCas9 variants 
that contain alanine substitutions in positions that form hydrogen bonds 
with the DNA backbone. Wild-type SpCas9 and variants were assessed 
using the human cell EGFP disruption assay when programmed with a 

perfectly matched sgRNA or partially mismatched sgRNAs. Error bars 
represent s.e.m. for n =  3; mean level of background EGFP loss represented 
by red dashed line. c, On-target activities of wild-type SpCas9 and 
SpCas9-HF1 across 13 endogenous sites measured by T7 endonuclease I 
assay. Error bars represent s.e.m. for n =  3. d, Ratio of on-target activity  
of SpCas9-HF1 to wild-type SpCas9. The median and interquartile range 
are shown; the interval with > 70% of wild-type activity is highlighted in 
green.
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sgRNAs (Fig. 1b, coloured bars). Based on these results, we chose the 
quadruple substitution variant (hereafter referred to as SpCas9-HF1 
for high-fidelity variant number 1) for further analysis.

SpCas9-HF1 retains high on-target activities
To determine how robustly SpCas9-HF1 functions at a larger number of 
on-target sites, we performed direct comparisons between this variant 
and wild-type SpCas9 using additional sgRNAs. In total, we tested 37 
different sgRNAs, 24 targeted to EGFP and 13 targeted to endogenous 
human gene targets. For 20 of the 24 sgRNAs tested using the EGFP 
disruption assay (Extended Data Fig. 2a) and 12 of the 13 sgRNAs 
tested using a T7 endonuclease I mismatch assay (Fig. 1c), we found 
SpCas9-HF1 exhibited at least 70% of the on-target activities observed 
with wild-type SpCas9 at the same sites (Fig. 1d). Indeed, SpCas9-HF1 
showed highly comparable activities (90–140%) to wild-type SpCas9 
with the vast majority of sgRNAs (Fig. 1d). Three of the 37 sgRNAs 
tested showed essentially no activity with SpCas9-HF1 (EGFP sites 9 
and 23, and RUNX1 site 2), and examination of these target sites did not 
suggest any obvious differences in the characteristics of these sequences 
compared to those for which we saw high activities (Supplementary 
Table 1). Overall, SpCas9-HF1 possesses comparable activities (greater 
than 70% of wild-type SpCas9 activities) for 86% (32/37) of the sgRNAs 
we tested.

Genome-wide specificity of SpCas9-HF1
To test whether SpCas9-HF1 exhibits reduced off-target effects in 
human cells, we used the genome-wide unbiased identification of dou-
ble-stranded breaks enabled by sequencing (GUIDE-seq) method8 to 
assess eight different sgRNAs targeted to sites in the endogenous human 
EMX1, FANCF, RUNX1, and ZSCAN2 genes. The sequences targeted 
by these sgRNAs have variable numbers of predicted mismatched sites 
in the reference human genome (Extended Data Table 1). Assessment 

of on-target double-stranded oligodeoxynucleotide (dsODN) tag inte-
gration (by restriction-fragment length polymorphism (RFLP) assay) 
and indel formation (by T7 endonuclease I assay) for the eight sgRNAs 
revealed comparable on-target activities with wild-type SpCas9 and 
SpCas9-HF1 (Extended Data Fig. 3a and 3b, respectively), demonstrat-
ing that these GUIDE-seq experiments were working efficiently and 
comparably with the two different nucleases.

These GUIDE-seq experiments showed that with wild-type SpCas9, 
seven of the eight sgRNAs induced cleavage at multiple off-target sites 
(ranging from 2 to 25 per sgRNA), whereas the eighth sgRNA (FANCF 
site 4) did not yield any detectable off-target sites (Fig. 2a, b). The 
off-target sites identified harboured one to six mismatches distributed 
throughout various positions in the protospacer and/or PAM sequence 
(Fig. 2c and Extended Data Fig. 4a). However, with SpCas9-HF1,  
a complete absence of GUIDE-seq detectable off-target events was 
observed for six of the seven sgRNAs that induced off-target effects 
with wild-type SpCas9 (Fig. 2a, b). Among these seven sgRNAs, 
only a single detectable genome-wide off-target was identified, for 
FANCF site 2, at a site harbouring one mismatch within the proto-
spacer seed sequence (Fig. 2a). As with wild-type SpCas9, the eighth 
sgRNA (FANCF site 4) did not yield any detectable off-target cleavage 
events when tested with SpCas9-HF1 (Fig. 2a). Notably, with all eight  
sgRNAs, SpCas9-HF1 did not create any new nuclease-induced off- 
target sites (not already observed with wild-type SpCas9) detectable 
by GUIDE-seq.

To confirm these GUIDE-seq findings, we used targeted ampli-
con sequencing to more directly measure the frequencies of indel 
mutations induced by wild-type SpCas9 and SpCas9-HF1. For these 
experiments, we transfected human cells only with sgRNA- and Cas9-
encoding plasmids (without the GUIDE-seq tag). We used next- 
generation sequencing to examine the on-target sites and 36 of the 40 
off-target sites that had been identified for six sgRNAs with wild-type 

Figure 1 | Identification and characterization of SpCas9 variants 
bearing substitutions in residues that form non-specific DNA contacts. 
a, Schematic depicting wild-type SpCas9 interactions with the target  
DNA–sgRNA duplex, based on PDB accession 4OO8 and 4UN3 (adapted 
from refs 28 and 29, respectively). b, Characterization of SpCas9 variants 
that contain alanine substitutions in positions that form hydrogen bonds 
with the DNA backbone. Wild-type SpCas9 and variants were assessed 
using the human cell EGFP disruption assay when programmed with a 

perfectly matched sgRNA or partially mismatched sgRNAs. Error bars 
represent s.e.m. for n =  3; mean level of background EGFP loss represented 
by red dashed line. c, On-target activities of wild-type SpCas9 and 
SpCas9-HF1 across 13 endogenous sites measured by T7 endonuclease I 
assay. Error bars represent s.e.m. for n =  3. d, Ratio of on-target activity  
of SpCas9-HF1 to wild-type SpCas9. The median and interquartile range 
are shown; the interval with > 70% of wild-type activity is highlighted in 
green.
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Alanine substitution of one or all of these residues did not reduce on-target cleavage efficiency of SpCas9 with this EGFP-targeted sgRNA. 
One of the triply substituted variants and the quadruple substitution variant showed minimal EGFP disruption 

matched mismatched

EGFP disruption assay:  U2OS.EGFP cells + EGFP-targeted sgRNA
52h post transfection FACS for loss of EGFP expression 
Background EGFP loss was determined using negative control transfections
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sgRNAs (Fig. 1b, coloured bars). Based on these results, we chose the 
quadruple substitution variant (hereafter referred to as SpCas9-HF1 
for high-fidelity variant number 1) for further analysis.

SpCas9-HF1 retains high on-target activities
To determine how robustly SpCas9-HF1 functions at a larger number of 
on-target sites, we performed direct comparisons between this variant 
and wild-type SpCas9 using additional sgRNAs. In total, we tested 37 
different sgRNAs, 24 targeted to EGFP and 13 targeted to endogenous 
human gene targets. For 20 of the 24 sgRNAs tested using the EGFP 
disruption assay (Extended Data Fig. 2a) and 12 of the 13 sgRNAs 
tested using a T7 endonuclease I mismatch assay (Fig. 1c), we found 
SpCas9-HF1 exhibited at least 70% of the on-target activities observed 
with wild-type SpCas9 at the same sites (Fig. 1d). Indeed, SpCas9-HF1 
showed highly comparable activities (90–140%) to wild-type SpCas9 
with the vast majority of sgRNAs (Fig. 1d). Three of the 37 sgRNAs 
tested showed essentially no activity with SpCas9-HF1 (EGFP sites 9 
and 23, and RUNX1 site 2), and examination of these target sites did not 
suggest any obvious differences in the characteristics of these sequences 
compared to those for which we saw high activities (Supplementary 
Table 1). Overall, SpCas9-HF1 possesses comparable activities (greater 
than 70% of wild-type SpCas9 activities) for 86% (32/37) of the sgRNAs 
we tested.

Genome-wide specificity of SpCas9-HF1
To test whether SpCas9-HF1 exhibits reduced off-target effects in 
human cells, we used the genome-wide unbiased identification of dou-
ble-stranded breaks enabled by sequencing (GUIDE-seq) method8 to 
assess eight different sgRNAs targeted to sites in the endogenous human 
EMX1, FANCF, RUNX1, and ZSCAN2 genes. The sequences targeted 
by these sgRNAs have variable numbers of predicted mismatched sites 
in the reference human genome (Extended Data Table 1). Assessment 

of on-target double-stranded oligodeoxynucleotide (dsODN) tag inte-
gration (by restriction-fragment length polymorphism (RFLP) assay) 
and indel formation (by T7 endonuclease I assay) for the eight sgRNAs 
revealed comparable on-target activities with wild-type SpCas9 and 
SpCas9-HF1 (Extended Data Fig. 3a and 3b, respectively), demonstrat-
ing that these GUIDE-seq experiments were working efficiently and 
comparably with the two different nucleases.

These GUIDE-seq experiments showed that with wild-type SpCas9, 
seven of the eight sgRNAs induced cleavage at multiple off-target sites 
(ranging from 2 to 25 per sgRNA), whereas the eighth sgRNA (FANCF 
site 4) did not yield any detectable off-target sites (Fig. 2a, b). The 
off-target sites identified harboured one to six mismatches distributed 
throughout various positions in the protospacer and/or PAM sequence 
(Fig. 2c and Extended Data Fig. 4a). However, with SpCas9-HF1,  
a complete absence of GUIDE-seq detectable off-target events was 
observed for six of the seven sgRNAs that induced off-target effects 
with wild-type SpCas9 (Fig. 2a, b). Among these seven sgRNAs, 
only a single detectable genome-wide off-target was identified, for 
FANCF site 2, at a site harbouring one mismatch within the proto-
spacer seed sequence (Fig. 2a). As with wild-type SpCas9, the eighth 
sgRNA (FANCF site 4) did not yield any detectable off-target cleavage 
events when tested with SpCas9-HF1 (Fig. 2a). Notably, with all eight  
sgRNAs, SpCas9-HF1 did not create any new nuclease-induced off- 
target sites (not already observed with wild-type SpCas9) detectable 
by GUIDE-seq.

To confirm these GUIDE-seq findings, we used targeted ampli-
con sequencing to more directly measure the frequencies of indel 
mutations induced by wild-type SpCas9 and SpCas9-HF1. For these 
experiments, we transfected human cells only with sgRNA- and Cas9-
encoding plasmids (without the GUIDE-seq tag). We used next- 
generation sequencing to examine the on-target sites and 36 of the 40 
off-target sites that had been identified for six sgRNAs with wild-type 

Figure 1 | Identification and characterization of SpCas9 variants 
bearing substitutions in residues that form non-specific DNA contacts. 
a, Schematic depicting wild-type SpCas9 interactions with the target  
DNA–sgRNA duplex, based on PDB accession 4OO8 and 4UN3 (adapted 
from refs 28 and 29, respectively). b, Characterization of SpCas9 variants 
that contain alanine substitutions in positions that form hydrogen bonds 
with the DNA backbone. Wild-type SpCas9 and variants were assessed 
using the human cell EGFP disruption assay when programmed with a 

perfectly matched sgRNA or partially mismatched sgRNAs. Error bars 
represent s.e.m. for n =  3; mean level of background EGFP loss represented 
by red dashed line. c, On-target activities of wild-type SpCas9 and 
SpCas9-HF1 across 13 endogenous sites measured by T7 endonuclease I 
assay. Error bars represent s.e.m. for n =  3. d, Ratio of on-target activity  
of SpCas9-HF1 to wild-type SpCas9. The median and interquartile range 
are shown; the interval with > 70% of wild-type activity is highlighted in 
green.
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SpCas9-HF1 retains high on-target activities 

T7 endonuclease I assays: detect indels
Amplify ∼100 ng DNA of on-target sites with Phusion Hot-Start Flex DNA Polymerase. 
Kit to purify PCR product
Denaturation and annealing of ∼200 ng of the PCR product
Digestion with T7 endonuclease I (recognizes and cleaves non-perfectly matched DNA = indel)
Purify digestion products
Quantify using a QIAxcel capillary electrophoresis instrument (Qiagen, replace traditional, labor-intensive gel analysis)
Quantify frequencies induced by Cas9-sgRNA complexes.

24 13

SpCas9-HF1 exhibited
> 70% of the on-target activities
for 86% (32/37) of the sgRNAs. 



Genome-wide specificity of SpCas9-HF1 

GUIDE-seq:
Transfect U2OS cells with Cas9 and sgRNA plasmids and GUIDE-seq dsODN

GUIDE-seq relies on the integration of a short dsODN tag into DNA breaks
Enables amplification and sequencing of adjacent genomic sequence
The number of tag integrations at any given site provides a quantitative measure of cleavage efficiency. 
Tag-specific amplification and library preparation and before high-throughput sequencing on an Illumina MiSeq

Positional profiles for potential genomic off-target sites were restricted to sequences containing five or fewer
mutations relative to the on-target site and to sequences containing NGG PAMs. 2 to 25 per sgRNA
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SpCas9 in our GUIDE-seq experiments (four of the 40 sites could not 
be specifically amplified from genomic DNA). These deep sequenc-
ing experiments showed that: (1) wild-type SpCas9 and SpCas9-HF1 
induced comparable frequencies of indels at each of the six sgRNA 
on-target sites, indicating that the nucleases and sgRNAs were func-
tional in all experimental replicates (Fig. 3a, b); (2) as expected, wild-
type SpCas9 showed statistically significant evidence of indel mutations 
at 35 of the 36 off-target sites (Fig. 3b) at frequencies that correlated well 
with GUIDE-seq read counts for these same sites (Fig. 3c); and (3) the 
frequencies of indels induced by SpCas9-HF1 at 34 of the 36 off-target 
sites were statistically indistinguishable from the background level of 
indels observed in samples from control transfections (Fig. 3b). For the 
two off-target sites that appeared to have statistically significant muta-
tion frequencies with SpCas9-HF1 relative to the negative control, the 
mean frequencies of indels were 0.049% and 0.037%, levels at which it is 
difficult to determine whether these are due to sequencing or PCR error 
or are bona fide nuclease-induced indels. Based on these results, we 
conclude that SpCas9-HF1 can completely or nearly completely reduce 
off-target mutations that occur across a range of different frequencies 
with wild-type SpCas9 to levels generally undetectable by GUIDE-seq 
and targeted deep sequencing.

We next assessed the capability of SpCas9-HF1 to reduce genome-
wide off-target effects of sgRNAs designed against atypical homopol-
ymeric or repetitive sequences. Although we and other researchers 
now try to avoid on-target sites with these characteristics due to their 
relative lack of orthogonality to the genome, we wished to challenge 
the genome-wide specificity of SpCas9-HF1 with sites that have very 
large numbers of known off-target sites in human cells. Therefore, 
we used previously characterized sgRNAs4,8 that target either a cyto-
sine-rich homopolymeric sequence or a sequence containing multiple 
TG repeats in the human VEGFA gene (VEGFA site 2 and VEGFA site 
3, respectively) (Extended Data Table 1). In control experiments, we 
again found that each of these sgRNAs induced comparable levels of 
GUIDE-seq dsODN tag incorporation (Extended Data Fig. 3c) and 
indel mutations (Extended Data Fig. 3d) with both wild-type SpCas9 
and SpCas9-HF1, demonstrating that SpCas9-HF1 is not impaired 
in on-target activity with either of these sgRNAs. Importantly, these 
GUIDE-seq experiments revealed that SpCas9-HF1 was highly effec-
tive at reducing off-target sites of these sgRNAs, with 123/144 sites for 
VEGFA site 2 and 31/32 sites for VEGFA site 3 not detected (Fig. 4a 
and Extended Data Fig. 5). Examination of wild-type SpCas9 off-target 
sites not detected with SpCas9-HF1 showed that they each possessed a 
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Figure 2 | Genome-wide specificities of wild-type SpCas9 and 
SpCas9-HF1 with sgRNAs targeted to standard, non-repetitive sites.  
a, Off-target cleavage sites of wild-type SpCas9 and SpCas9-HF1 with  
eight sgRNAs targeted to endogenous human genes, as determined by 
GUIDE-seq. Read counts represent a measure of cleavage frequency at a 
given site; mismatched positions within the spacer or PAM are highlighted 

in colour. b, Summary of the total number of genome-wide off-target sites 
identified by GUIDE-seq for wild-type SpCas9 and SpCas9-HF1 with  
the sgRNAs used in panel a. c, Off-target sites identified for wild-type 
SpCas9 and SpCas9-HF1 for the eight sgRNAs, binned according to the 
total number of mismatches (in the protospacer and PAM) relative to  
the on-target site.
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SpCas9 in our GUIDE-seq experiments (four of the 40 sites could not 
be specifically amplified from genomic DNA). These deep sequenc-
ing experiments showed that: (1) wild-type SpCas9 and SpCas9-HF1 
induced comparable frequencies of indels at each of the six sgRNA 
on-target sites, indicating that the nucleases and sgRNAs were func-
tional in all experimental replicates (Fig. 3a, b); (2) as expected, wild-
type SpCas9 showed statistically significant evidence of indel mutations 
at 35 of the 36 off-target sites (Fig. 3b) at frequencies that correlated well 
with GUIDE-seq read counts for these same sites (Fig. 3c); and (3) the 
frequencies of indels induced by SpCas9-HF1 at 34 of the 36 off-target 
sites were statistically indistinguishable from the background level of 
indels observed in samples from control transfections (Fig. 3b). For the 
two off-target sites that appeared to have statistically significant muta-
tion frequencies with SpCas9-HF1 relative to the negative control, the 
mean frequencies of indels were 0.049% and 0.037%, levels at which it is 
difficult to determine whether these are due to sequencing or PCR error 
or are bona fide nuclease-induced indels. Based on these results, we 
conclude that SpCas9-HF1 can completely or nearly completely reduce 
off-target mutations that occur across a range of different frequencies 
with wild-type SpCas9 to levels generally undetectable by GUIDE-seq 
and targeted deep sequencing.

We next assessed the capability of SpCas9-HF1 to reduce genome-
wide off-target effects of sgRNAs designed against atypical homopol-
ymeric or repetitive sequences. Although we and other researchers 
now try to avoid on-target sites with these characteristics due to their 
relative lack of orthogonality to the genome, we wished to challenge 
the genome-wide specificity of SpCas9-HF1 with sites that have very 
large numbers of known off-target sites in human cells. Therefore, 
we used previously characterized sgRNAs4,8 that target either a cyto-
sine-rich homopolymeric sequence or a sequence containing multiple 
TG repeats in the human VEGFA gene (VEGFA site 2 and VEGFA site 
3, respectively) (Extended Data Table 1). In control experiments, we 
again found that each of these sgRNAs induced comparable levels of 
GUIDE-seq dsODN tag incorporation (Extended Data Fig. 3c) and 
indel mutations (Extended Data Fig. 3d) with both wild-type SpCas9 
and SpCas9-HF1, demonstrating that SpCas9-HF1 is not impaired 
in on-target activity with either of these sgRNAs. Importantly, these 
GUIDE-seq experiments revealed that SpCas9-HF1 was highly effec-
tive at reducing off-target sites of these sgRNAs, with 123/144 sites for 
VEGFA site 2 and 31/32 sites for VEGFA site 3 not detected (Fig. 4a 
and Extended Data Fig. 5). Examination of wild-type SpCas9 off-target 
sites not detected with SpCas9-HF1 showed that they each possessed a 
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Figure 2 | Genome-wide specificities of wild-type SpCas9 and 
SpCas9-HF1 with sgRNAs targeted to standard, non-repetitive sites.  
a, Off-target cleavage sites of wild-type SpCas9 and SpCas9-HF1 with  
eight sgRNAs targeted to endogenous human genes, as determined by 
GUIDE-seq. Read counts represent a measure of cleavage frequency at a 
given site; mismatched positions within the spacer or PAM are highlighted 

in colour. b, Summary of the total number of genome-wide off-target sites 
identified by GUIDE-seq for wild-type SpCas9 and SpCas9-HF1 with  
the sgRNAs used in panel a. c, Off-target sites identified for wild-type 
SpCas9 and SpCas9-HF1 for the eight sgRNAs, binned according to the 
total number of mismatches (in the protospacer and PAM) relative to  
the on-target site.
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SpCas9 in our GUIDE-seq experiments (four of the 40 sites could not 
be specifically amplified from genomic DNA). These deep sequenc-
ing experiments showed that: (1) wild-type SpCas9 and SpCas9-HF1 
induced comparable frequencies of indels at each of the six sgRNA 
on-target sites, indicating that the nucleases and sgRNAs were func-
tional in all experimental replicates (Fig. 3a, b); (2) as expected, wild-
type SpCas9 showed statistically significant evidence of indel mutations 
at 35 of the 36 off-target sites (Fig. 3b) at frequencies that correlated well 
with GUIDE-seq read counts for these same sites (Fig. 3c); and (3) the 
frequencies of indels induced by SpCas9-HF1 at 34 of the 36 off-target 
sites were statistically indistinguishable from the background level of 
indels observed in samples from control transfections (Fig. 3b). For the 
two off-target sites that appeared to have statistically significant muta-
tion frequencies with SpCas9-HF1 relative to the negative control, the 
mean frequencies of indels were 0.049% and 0.037%, levels at which it is 
difficult to determine whether these are due to sequencing or PCR error 
or are bona fide nuclease-induced indels. Based on these results, we 
conclude that SpCas9-HF1 can completely or nearly completely reduce 
off-target mutations that occur across a range of different frequencies 
with wild-type SpCas9 to levels generally undetectable by GUIDE-seq 
and targeted deep sequencing.

We next assessed the capability of SpCas9-HF1 to reduce genome-
wide off-target effects of sgRNAs designed against atypical homopol-
ymeric or repetitive sequences. Although we and other researchers 
now try to avoid on-target sites with these characteristics due to their 
relative lack of orthogonality to the genome, we wished to challenge 
the genome-wide specificity of SpCas9-HF1 with sites that have very 
large numbers of known off-target sites in human cells. Therefore, 
we used previously characterized sgRNAs4,8 that target either a cyto-
sine-rich homopolymeric sequence or a sequence containing multiple 
TG repeats in the human VEGFA gene (VEGFA site 2 and VEGFA site 
3, respectively) (Extended Data Table 1). In control experiments, we 
again found that each of these sgRNAs induced comparable levels of 
GUIDE-seq dsODN tag incorporation (Extended Data Fig. 3c) and 
indel mutations (Extended Data Fig. 3d) with both wild-type SpCas9 
and SpCas9-HF1, demonstrating that SpCas9-HF1 is not impaired 
in on-target activity with either of these sgRNAs. Importantly, these 
GUIDE-seq experiments revealed that SpCas9-HF1 was highly effec-
tive at reducing off-target sites of these sgRNAs, with 123/144 sites for 
VEGFA site 2 and 31/32 sites for VEGFA site 3 not detected (Fig. 4a 
and Extended Data Fig. 5). Examination of wild-type SpCas9 off-target 
sites not detected with SpCas9-HF1 showed that they each possessed a 
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Figure 2 | Genome-wide specificities of wild-type SpCas9 and 
SpCas9-HF1 with sgRNAs targeted to standard, non-repetitive sites.  
a, Off-target cleavage sites of wild-type SpCas9 and SpCas9-HF1 with  
eight sgRNAs targeted to endogenous human genes, as determined by 
GUIDE-seq. Read counts represent a measure of cleavage frequency at a 
given site; mismatched positions within the spacer or PAM are highlighted 

in colour. b, Summary of the total number of genome-wide off-target sites 
identified by GUIDE-seq for wild-type SpCas9 and SpCas9-HF1 with  
the sgRNAs used in panel a. c, Off-target sites identified for wild-type 
SpCas9 and SpCas9-HF1 for the eight sgRNAs, binned according to the 
total number of mismatches (in the protospacer and PAM) relative to  
the on-target site.
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range of total mismatches distributed at various positions within their 
protospacer and PAM sequences: 2 to 7 mismatches for the VEGFA site 
2 sgRNA and 1 to 4 mismatches for the VEGFA site 3 sgRNA (Fig. 4b 
and Extended Data Fig. 4b); also, nine of these off-targets for VEGFA 
site 2 may be recognized by an alternate potential base pairing inter-
action with the sgRNA that might occur with a single bulged base12 at 
the sgRNA–DNA interface (Extended Data Figs 5 and 6). Overall, the 
sites that were still mutated by SpCas9-HF1 possessed a range of 2 to 
6 mismatches for the VEGFA site 2 sgRNA and 2 mismatches in the 
single site for the VEGFA site 3 sgRNA (Fig. 4b), with three of the off- 
target sites for the VEGFA site 2 sgRNA having an alternative potential  
single bulge alignment (Extended Data Figs 5 and 6). Notably, no new 
nuclease-induced off-target sites were induced by SpCas9-HF1 with 
either of the two sgRNAs. Collectively, these results demonstrate that 
SpCas9-HF1 can be highly effective at reducing off-target effects of  
sgRNAs targeted to simple repeat sequences and can also have substan-
tial impacts on sgRNAs targeted to homopolymeric sequences.

Refining the specificity of SpCas9-HF1
Previously described methods such as truncated sgRNAs14 and the 
SpCas9 D1135E variant15 can partially reduce SpCas9 off-target effects, 
and we therefore wondered whether these might be combined with 
SpCas9-HF1 to further improve its genome-wide specificity. Testing of 
SpCas9-HF1 with matched full-length and truncated sgRNAs targeted 
to four sites in the human cell-based EGFP disruption assay revealed 
that shortening sgRNA complementarity length substantially impaired 
on-target activities (Extended Data Fig. 7a). By contrast, SpCas9-HF1 
with an additional D1135E substitution (a variant we call SpCas9-HF2) 
retained 70% or more activity of wild-type SpCas9 with six of eight 
sgRNAs tested using our human cell-based EGFP disruption assay  
(Fig. 5a and Extended Data Fig. 2b). We also constructed SpCas9-HF3 
and SpCas9-HF4 variants harbouring additional L169A or Y450A sub-
stitutions, respectively, at positions whose side chains are believed to 
mediate non-specific hydrophobic interactions with the target DNA 

on its PAM proximal end28,31 (Fig. 1a). The Y450 residue is notable 
for participating in a base stacking interaction with the sgRNA31 and 
undergoing a 120 degree shift upon target binding to create its hydro-
phobic interaction with the DNA28,32. SpCas9-HF3 and SpCas9-HF4 
retained 70% or more of the activities observed with wild-type SpCas9 
with the same six out of eight EGFP-targeted sgRNAs (Fig. 5a and 
Extended Data Fig. 2b).

We next sought to determine whether SpCas9-HF2, -HF3, or -HF4 
could reduce indel frequencies at two off-target sites that remained 
susceptible to modification by SpCas9-HF1, one with the FANCF site 
2 sgRNA and another with the VEGFA site 3 sgRNA. For the FANCF 
site 2 off-target, which bears a single mismatch in the seed sequence of 
the protospacer, we found that SpCas9-HF4 (containing the additional 
Y450A substitution) reduced indel mutation frequencies to near back-
ground level as judged by T7 endonuclease I assay, while also beneficially 
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Figure 4 | Genome-wide specificities of wild-type SpCas9 and 
SpCas9-HF1 with sgRNAs targeted to non-standard, repetitive sites. 
a, Summary of the total number of genome-wide off-target cleavage sites 
identified by GUIDE-seq for wild-type SpCas9 and SpCas9-HF1 with 
sgRNAs targeted to VEGFA sites 2 and 3. b, Off-target sites identified for 
wild-type SpCas9 or SpCas9-HF1 with sgRNAs targeted to VEGFA sites 
2 and 3 binned according to the total number of mismatches (within the 
protospacer and PAM) relative to the on-target site.

Figure 3 | Validation of SpCas9-HF1 specificity improvements by deep 
sequencing of off-target sites identified by GUIDE-seq. a, Mean  
on-target per cent modification for wild-type SpCas9 and SpCas9-HF1 
with six sgRNAs from Fig. 2. Error bars represent s.e.m. for n =  3. b, Per 
cent modification of on-target and GUIDE-seq detected off-target sites 
with indel mutations. Triplicate experiments are plotted for wild-type 
SpCas9, SpCas9-HF1, and a negative control; off-target sites are numbered 
as indicated in Fig. 2a. Filled circles below the x axis represent replicates 
for which no indels were observed (Supplementary Table 4). Hypothesis 
testing using a one-sided Fisher exact test with pooled read counts found 

significant differences (P <  0.05 after adjusting for multiple comparisons 
using the Benjamini–Hochberg method) for comparisons between 
SpCas9-HF1 and the control condition only at EMX1 site 2 off-target 1 
and FANCF site 3 off-target 1. Significant differences were also found 
between wild-type SpCas9 and SpCas9-HF1 at all off-target sites, and 
between wild-type SpCas9 and the control condition at all off-target sites 
except RUNX1 site 1 off-target 2. c, Scatter plot of the correlation between 
GUIDE-seq read counts (from Fig. 2a) and mean per cent modification 
determined by deep sequencing at on- and off-target cleavage sites with 
wild-type SpCas9.
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range of total mismatches distributed at various positions within their 
protospacer and PAM sequences: 2 to 7 mismatches for the VEGFA site 
2 sgRNA and 1 to 4 mismatches for the VEGFA site 3 sgRNA (Fig. 4b 
and Extended Data Fig. 4b); also, nine of these off-targets for VEGFA 
site 2 may be recognized by an alternate potential base pairing inter-
action with the sgRNA that might occur with a single bulged base12 at 
the sgRNA–DNA interface (Extended Data Figs 5 and 6). Overall, the 
sites that were still mutated by SpCas9-HF1 possessed a range of 2 to 
6 mismatches for the VEGFA site 2 sgRNA and 2 mismatches in the 
single site for the VEGFA site 3 sgRNA (Fig. 4b), with three of the off- 
target sites for the VEGFA site 2 sgRNA having an alternative potential  
single bulge alignment (Extended Data Figs 5 and 6). Notably, no new 
nuclease-induced off-target sites were induced by SpCas9-HF1 with 
either of the two sgRNAs. Collectively, these results demonstrate that 
SpCas9-HF1 can be highly effective at reducing off-target effects of  
sgRNAs targeted to simple repeat sequences and can also have substan-
tial impacts on sgRNAs targeted to homopolymeric sequences.

Refining the specificity of SpCas9-HF1
Previously described methods such as truncated sgRNAs14 and the 
SpCas9 D1135E variant15 can partially reduce SpCas9 off-target effects, 
and we therefore wondered whether these might be combined with 
SpCas9-HF1 to further improve its genome-wide specificity. Testing of 
SpCas9-HF1 with matched full-length and truncated sgRNAs targeted 
to four sites in the human cell-based EGFP disruption assay revealed 
that shortening sgRNA complementarity length substantially impaired 
on-target activities (Extended Data Fig. 7a). By contrast, SpCas9-HF1 
with an additional D1135E substitution (a variant we call SpCas9-HF2) 
retained 70% or more activity of wild-type SpCas9 with six of eight 
sgRNAs tested using our human cell-based EGFP disruption assay  
(Fig. 5a and Extended Data Fig. 2b). We also constructed SpCas9-HF3 
and SpCas9-HF4 variants harbouring additional L169A or Y450A sub-
stitutions, respectively, at positions whose side chains are believed to 
mediate non-specific hydrophobic interactions with the target DNA 

on its PAM proximal end28,31 (Fig. 1a). The Y450 residue is notable 
for participating in a base stacking interaction with the sgRNA31 and 
undergoing a 120 degree shift upon target binding to create its hydro-
phobic interaction with the DNA28,32. SpCas9-HF3 and SpCas9-HF4 
retained 70% or more of the activities observed with wild-type SpCas9 
with the same six out of eight EGFP-targeted sgRNAs (Fig. 5a and 
Extended Data Fig. 2b).

We next sought to determine whether SpCas9-HF2, -HF3, or -HF4 
could reduce indel frequencies at two off-target sites that remained 
susceptible to modification by SpCas9-HF1, one with the FANCF site 
2 sgRNA and another with the VEGFA site 3 sgRNA. For the FANCF 
site 2 off-target, which bears a single mismatch in the seed sequence of 
the protospacer, we found that SpCas9-HF4 (containing the additional 
Y450A substitution) reduced indel mutation frequencies to near back-
ground level as judged by T7 endonuclease I assay, while also beneficially 
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Figure 4 | Genome-wide specificities of wild-type SpCas9 and 
SpCas9-HF1 with sgRNAs targeted to non-standard, repetitive sites. 
a, Summary of the total number of genome-wide off-target cleavage sites 
identified by GUIDE-seq for wild-type SpCas9 and SpCas9-HF1 with 
sgRNAs targeted to VEGFA sites 2 and 3. b, Off-target sites identified for 
wild-type SpCas9 or SpCas9-HF1 with sgRNAs targeted to VEGFA sites 
2 and 3 binned according to the total number of mismatches (within the 
protospacer and PAM) relative to the on-target site.

Figure 3 | Validation of SpCas9-HF1 specificity improvements by deep 
sequencing of off-target sites identified by GUIDE-seq. a, Mean  
on-target per cent modification for wild-type SpCas9 and SpCas9-HF1 
with six sgRNAs from Fig. 2. Error bars represent s.e.m. for n =  3. b, Per 
cent modification of on-target and GUIDE-seq detected off-target sites 
with indel mutations. Triplicate experiments are plotted for wild-type 
SpCas9, SpCas9-HF1, and a negative control; off-target sites are numbered 
as indicated in Fig. 2a. Filled circles below the x axis represent replicates 
for which no indels were observed (Supplementary Table 4). Hypothesis 
testing using a one-sided Fisher exact test with pooled read counts found 

significant differences (P <  0.05 after adjusting for multiple comparisons 
using the Benjamini–Hochberg method) for comparisons between 
SpCas9-HF1 and the control condition only at EMX1 site 2 off-target 1 
and FANCF site 3 off-target 1. Significant differences were also found 
between wild-type SpCas9 and SpCas9-HF1 at all off-target sites, and 
between wild-type SpCas9 and the control condition at all off-target sites 
except RUNX1 site 1 off-target 2. c, Scatter plot of the correlation between 
GUIDE-seq read counts (from Fig. 2a) and mean per cent modification 
determined by deep sequencing at on- and off-target cleavage sites with 
wild-type SpCas9.

1 2 3 4 5 6 7 8

Off-target sites

b

EM
X1

 si
te 

1

EM
X1

 si
te 

2

FA
NC
F s

ite
 1

FA
NC
F s

ite
 3

RU
NX
1 s

ite
 1

ZS
CA
N2

a Wild type SpCas9-HF1
Wild type
SpCas9-HF1
Control

P
er

 c
en

t m
od

ifi
ed

P
er

 c
en

t m
od

ifi
ed

EMX1 site 1 EMX1 site 2 FANCF site 1

P
er

 c
en

t m
od

ifi
ed

1 2 3 4 5 6 7 9

Off-target sites

P
er

 c
en

t m
od

ifi
ed

1 2 3 4

Off-target sitesOn-
tar

ge
t

0.0001

0.001

0.01

0.1

1

10

100

On-
tar

ge
t

0.0001

0.001

0.01

0.1

1

10

100

On-
tar

ge
t

0.0001

0.001

0.01

0.1

1

10

100

0

20

40

60

80

100

c

G
U

ID
E

-s
eq

 r
ea

d 
co

un
ts

Per cent modified

EMX1 site 1
EMX1 site 2
FANCF site 1
FANCF site 3
RUNX1 site 1
ZSCAN2

0.001 0.01 0.1 1 10 100
1

10

100

1,000

10,000
RUNX1 site 1

P
er

 c
en

t m
od

ifi
ed

1 2

Off-target sitesOn-
tar

ge
t

0.0001

0.001

0.01

0.1

1

10

100 ZSCAN2

P
er

 c
en

t m
od

ifi
ed

1 2 3 4 5 6 7

Off-target sitesOn-
tar

ge
t

0.0001

0.001

0.01

0.1

1

10

100FANCF site 3

P
er

 c
en

t m
od

ifi
ed

1 2 3 4 5 6 7

Off-target sites
On-

tar
ge

t
0.0001

0.001

0.01

0.1

1

10

100

© 2016 Macmillan Publishers Limited. All rights reserved

Wt SpCas9 shows indel mutations
at 35 of the 36 off-target sites

SpCas9-HF1 = negative control

2 8  J A N U A R Y  2 0 1 6  |  V O L  5 2 9  |  N A T U R E  |  4 9 3

ARTICLE RESEARCH

range of total mismatches distributed at various positions within their 
protospacer and PAM sequences: 2 to 7 mismatches for the VEGFA site 
2 sgRNA and 1 to 4 mismatches for the VEGFA site 3 sgRNA (Fig. 4b 
and Extended Data Fig. 4b); also, nine of these off-targets for VEGFA 
site 2 may be recognized by an alternate potential base pairing inter-
action with the sgRNA that might occur with a single bulged base12 at 
the sgRNA–DNA interface (Extended Data Figs 5 and 6). Overall, the 
sites that were still mutated by SpCas9-HF1 possessed a range of 2 to 
6 mismatches for the VEGFA site 2 sgRNA and 2 mismatches in the 
single site for the VEGFA site 3 sgRNA (Fig. 4b), with three of the off- 
target sites for the VEGFA site 2 sgRNA having an alternative potential  
single bulge alignment (Extended Data Figs 5 and 6). Notably, no new 
nuclease-induced off-target sites were induced by SpCas9-HF1 with 
either of the two sgRNAs. Collectively, these results demonstrate that 
SpCas9-HF1 can be highly effective at reducing off-target effects of  
sgRNAs targeted to simple repeat sequences and can also have substan-
tial impacts on sgRNAs targeted to homopolymeric sequences.

Refining the specificity of SpCas9-HF1
Previously described methods such as truncated sgRNAs14 and the 
SpCas9 D1135E variant15 can partially reduce SpCas9 off-target effects, 
and we therefore wondered whether these might be combined with 
SpCas9-HF1 to further improve its genome-wide specificity. Testing of 
SpCas9-HF1 with matched full-length and truncated sgRNAs targeted 
to four sites in the human cell-based EGFP disruption assay revealed 
that shortening sgRNA complementarity length substantially impaired 
on-target activities (Extended Data Fig. 7a). By contrast, SpCas9-HF1 
with an additional D1135E substitution (a variant we call SpCas9-HF2) 
retained 70% or more activity of wild-type SpCas9 with six of eight 
sgRNAs tested using our human cell-based EGFP disruption assay  
(Fig. 5a and Extended Data Fig. 2b). We also constructed SpCas9-HF3 
and SpCas9-HF4 variants harbouring additional L169A or Y450A sub-
stitutions, respectively, at positions whose side chains are believed to 
mediate non-specific hydrophobic interactions with the target DNA 

on its PAM proximal end28,31 (Fig. 1a). The Y450 residue is notable 
for participating in a base stacking interaction with the sgRNA31 and 
undergoing a 120 degree shift upon target binding to create its hydro-
phobic interaction with the DNA28,32. SpCas9-HF3 and SpCas9-HF4 
retained 70% or more of the activities observed with wild-type SpCas9 
with the same six out of eight EGFP-targeted sgRNAs (Fig. 5a and 
Extended Data Fig. 2b).

We next sought to determine whether SpCas9-HF2, -HF3, or -HF4 
could reduce indel frequencies at two off-target sites that remained 
susceptible to modification by SpCas9-HF1, one with the FANCF site 
2 sgRNA and another with the VEGFA site 3 sgRNA. For the FANCF 
site 2 off-target, which bears a single mismatch in the seed sequence of 
the protospacer, we found that SpCas9-HF4 (containing the additional 
Y450A substitution) reduced indel mutation frequencies to near back-
ground level as judged by T7 endonuclease I assay, while also beneficially 
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Figure 4 | Genome-wide specificities of wild-type SpCas9 and 
SpCas9-HF1 with sgRNAs targeted to non-standard, repetitive sites. 
a, Summary of the total number of genome-wide off-target cleavage sites 
identified by GUIDE-seq for wild-type SpCas9 and SpCas9-HF1 with 
sgRNAs targeted to VEGFA sites 2 and 3. b, Off-target sites identified for 
wild-type SpCas9 or SpCas9-HF1 with sgRNAs targeted to VEGFA sites 
2 and 3 binned according to the total number of mismatches (within the 
protospacer and PAM) relative to the on-target site.

Figure 3 | Validation of SpCas9-HF1 specificity improvements by deep 
sequencing of off-target sites identified by GUIDE-seq. a, Mean  
on-target per cent modification for wild-type SpCas9 and SpCas9-HF1 
with six sgRNAs from Fig. 2. Error bars represent s.e.m. for n =  3. b, Per 
cent modification of on-target and GUIDE-seq detected off-target sites 
with indel mutations. Triplicate experiments are plotted for wild-type 
SpCas9, SpCas9-HF1, and a negative control; off-target sites are numbered 
as indicated in Fig. 2a. Filled circles below the x axis represent replicates 
for which no indels were observed (Supplementary Table 4). Hypothesis 
testing using a one-sided Fisher exact test with pooled read counts found 

significant differences (P <  0.05 after adjusting for multiple comparisons 
using the Benjamini–Hochberg method) for comparisons between 
SpCas9-HF1 and the control condition only at EMX1 site 2 off-target 1 
and FANCF site 3 off-target 1. Significant differences were also found 
between wild-type SpCas9 and SpCas9-HF1 at all off-target sites, and 
between wild-type SpCas9 and the control condition at all off-target sites 
except RUNX1 site 1 off-target 2. c, Scatter plot of the correlation between 
GUIDE-seq read counts (from Fig. 2a) and mean per cent modification 
determined by deep sequencing at on- and off-target cleavage sites with 
wild-type SpCas9.
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Correlation

negative control experiments: Cas9 plasmids were co-transfected with a U6-null plasmid 
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range of total mismatches distributed at various positions within their 
protospacer and PAM sequences: 2 to 7 mismatches for the VEGFA site 
2 sgRNA and 1 to 4 mismatches for the VEGFA site 3 sgRNA (Fig. 4b 
and Extended Data Fig. 4b); also, nine of these off-targets for VEGFA 
site 2 may be recognized by an alternate potential base pairing inter-
action with the sgRNA that might occur with a single bulged base12 at 
the sgRNA–DNA interface (Extended Data Figs 5 and 6). Overall, the 
sites that were still mutated by SpCas9-HF1 possessed a range of 2 to 
6 mismatches for the VEGFA site 2 sgRNA and 2 mismatches in the 
single site for the VEGFA site 3 sgRNA (Fig. 4b), with three of the off- 
target sites for the VEGFA site 2 sgRNA having an alternative potential  
single bulge alignment (Extended Data Figs 5 and 6). Notably, no new 
nuclease-induced off-target sites were induced by SpCas9-HF1 with 
either of the two sgRNAs. Collectively, these results demonstrate that 
SpCas9-HF1 can be highly effective at reducing off-target effects of  
sgRNAs targeted to simple repeat sequences and can also have substan-
tial impacts on sgRNAs targeted to homopolymeric sequences.

Refining the specificity of SpCas9-HF1
Previously described methods such as truncated sgRNAs14 and the 
SpCas9 D1135E variant15 can partially reduce SpCas9 off-target effects, 
and we therefore wondered whether these might be combined with 
SpCas9-HF1 to further improve its genome-wide specificity. Testing of 
SpCas9-HF1 with matched full-length and truncated sgRNAs targeted 
to four sites in the human cell-based EGFP disruption assay revealed 
that shortening sgRNA complementarity length substantially impaired 
on-target activities (Extended Data Fig. 7a). By contrast, SpCas9-HF1 
with an additional D1135E substitution (a variant we call SpCas9-HF2) 
retained 70% or more activity of wild-type SpCas9 with six of eight 
sgRNAs tested using our human cell-based EGFP disruption assay  
(Fig. 5a and Extended Data Fig. 2b). We also constructed SpCas9-HF3 
and SpCas9-HF4 variants harbouring additional L169A or Y450A sub-
stitutions, respectively, at positions whose side chains are believed to 
mediate non-specific hydrophobic interactions with the target DNA 

on its PAM proximal end28,31 (Fig. 1a). The Y450 residue is notable 
for participating in a base stacking interaction with the sgRNA31 and 
undergoing a 120 degree shift upon target binding to create its hydro-
phobic interaction with the DNA28,32. SpCas9-HF3 and SpCas9-HF4 
retained 70% or more of the activities observed with wild-type SpCas9 
with the same six out of eight EGFP-targeted sgRNAs (Fig. 5a and 
Extended Data Fig. 2b).

We next sought to determine whether SpCas9-HF2, -HF3, or -HF4 
could reduce indel frequencies at two off-target sites that remained 
susceptible to modification by SpCas9-HF1, one with the FANCF site 
2 sgRNA and another with the VEGFA site 3 sgRNA. For the FANCF 
site 2 off-target, which bears a single mismatch in the seed sequence of 
the protospacer, we found that SpCas9-HF4 (containing the additional 
Y450A substitution) reduced indel mutation frequencies to near back-
ground level as judged by T7 endonuclease I assay, while also beneficially 
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Figure 4 | Genome-wide specificities of wild-type SpCas9 and 
SpCas9-HF1 with sgRNAs targeted to non-standard, repetitive sites. 
a, Summary of the total number of genome-wide off-target cleavage sites 
identified by GUIDE-seq for wild-type SpCas9 and SpCas9-HF1 with 
sgRNAs targeted to VEGFA sites 2 and 3. b, Off-target sites identified for 
wild-type SpCas9 or SpCas9-HF1 with sgRNAs targeted to VEGFA sites 
2 and 3 binned according to the total number of mismatches (within the 
protospacer and PAM) relative to the on-target site.

Figure 3 | Validation of SpCas9-HF1 specificity improvements by deep 
sequencing of off-target sites identified by GUIDE-seq. a, Mean  
on-target per cent modification for wild-type SpCas9 and SpCas9-HF1 
with six sgRNAs from Fig. 2. Error bars represent s.e.m. for n =  3. b, Per 
cent modification of on-target and GUIDE-seq detected off-target sites 
with indel mutations. Triplicate experiments are plotted for wild-type 
SpCas9, SpCas9-HF1, and a negative control; off-target sites are numbered 
as indicated in Fig. 2a. Filled circles below the x axis represent replicates 
for which no indels were observed (Supplementary Table 4). Hypothesis 
testing using a one-sided Fisher exact test with pooled read counts found 

significant differences (P <  0.05 after adjusting for multiple comparisons 
using the Benjamini–Hochberg method) for comparisons between 
SpCas9-HF1 and the control condition only at EMX1 site 2 off-target 1 
and FANCF site 3 off-target 1. Significant differences were also found 
between wild-type SpCas9 and SpCas9-HF1 at all off-target sites, and 
between wild-type SpCas9 and the control condition at all off-target sites 
except RUNX1 site 1 off-target 2. c, Scatter plot of the correlation between 
GUIDE-seq read counts (from Fig. 2a) and mean per cent modification 
determined by deep sequencing at on- and off-target cleavage sites with 
wild-type SpCas9.
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Can SpCas9-HF1 reduce genome-wide off-target effects of sgRNAs designed against atypical 
repetitive sequences with many off-target sites?

GUIDE-seq experiments:
SpCas9-HF1 is highly effective at reducing off-target sites of these sgRNAs
(without impairment in on-target activity)
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sgRNAs (Fig. 1b, coloured bars). Based on these results, we chose the 
quadruple substitution variant (hereafter referred to as SpCas9-HF1 
for high-fidelity variant number 1) for further analysis.

SpCas9-HF1 retains high on-target activities
To determine how robustly SpCas9-HF1 functions at a larger number of 
on-target sites, we performed direct comparisons between this variant 
and wild-type SpCas9 using additional sgRNAs. In total, we tested 37 
different sgRNAs, 24 targeted to EGFP and 13 targeted to endogenous 
human gene targets. For 20 of the 24 sgRNAs tested using the EGFP 
disruption assay (Extended Data Fig. 2a) and 12 of the 13 sgRNAs 
tested using a T7 endonuclease I mismatch assay (Fig. 1c), we found 
SpCas9-HF1 exhibited at least 70% of the on-target activities observed 
with wild-type SpCas9 at the same sites (Fig. 1d). Indeed, SpCas9-HF1 
showed highly comparable activities (90–140%) to wild-type SpCas9 
with the vast majority of sgRNAs (Fig. 1d). Three of the 37 sgRNAs 
tested showed essentially no activity with SpCas9-HF1 (EGFP sites 9 
and 23, and RUNX1 site 2), and examination of these target sites did not 
suggest any obvious differences in the characteristics of these sequences 
compared to those for which we saw high activities (Supplementary 
Table 1). Overall, SpCas9-HF1 possesses comparable activities (greater 
than 70% of wild-type SpCas9 activities) for 86% (32/37) of the sgRNAs 
we tested.

Genome-wide specificity of SpCas9-HF1
To test whether SpCas9-HF1 exhibits reduced off-target effects in 
human cells, we used the genome-wide unbiased identification of dou-
ble-stranded breaks enabled by sequencing (GUIDE-seq) method8 to 
assess eight different sgRNAs targeted to sites in the endogenous human 
EMX1, FANCF, RUNX1, and ZSCAN2 genes. The sequences targeted 
by these sgRNAs have variable numbers of predicted mismatched sites 
in the reference human genome (Extended Data Table 1). Assessment 

of on-target double-stranded oligodeoxynucleotide (dsODN) tag inte-
gration (by restriction-fragment length polymorphism (RFLP) assay) 
and indel formation (by T7 endonuclease I assay) for the eight sgRNAs 
revealed comparable on-target activities with wild-type SpCas9 and 
SpCas9-HF1 (Extended Data Fig. 3a and 3b, respectively), demonstrat-
ing that these GUIDE-seq experiments were working efficiently and 
comparably with the two different nucleases.

These GUIDE-seq experiments showed that with wild-type SpCas9, 
seven of the eight sgRNAs induced cleavage at multiple off-target sites 
(ranging from 2 to 25 per sgRNA), whereas the eighth sgRNA (FANCF 
site 4) did not yield any detectable off-target sites (Fig. 2a, b). The 
off-target sites identified harboured one to six mismatches distributed 
throughout various positions in the protospacer and/or PAM sequence 
(Fig. 2c and Extended Data Fig. 4a). However, with SpCas9-HF1,  
a complete absence of GUIDE-seq detectable off-target events was 
observed for six of the seven sgRNAs that induced off-target effects 
with wild-type SpCas9 (Fig. 2a, b). Among these seven sgRNAs, 
only a single detectable genome-wide off-target was identified, for 
FANCF site 2, at a site harbouring one mismatch within the proto-
spacer seed sequence (Fig. 2a). As with wild-type SpCas9, the eighth 
sgRNA (FANCF site 4) did not yield any detectable off-target cleavage 
events when tested with SpCas9-HF1 (Fig. 2a). Notably, with all eight  
sgRNAs, SpCas9-HF1 did not create any new nuclease-induced off- 
target sites (not already observed with wild-type SpCas9) detectable 
by GUIDE-seq.

To confirm these GUIDE-seq findings, we used targeted ampli-
con sequencing to more directly measure the frequencies of indel 
mutations induced by wild-type SpCas9 and SpCas9-HF1. For these 
experiments, we transfected human cells only with sgRNA- and Cas9-
encoding plasmids (without the GUIDE-seq tag). We used next- 
generation sequencing to examine the on-target sites and 36 of the 40 
off-target sites that had been identified for six sgRNAs with wild-type 

Figure 1 | Identification and characterization of SpCas9 variants 
bearing substitutions in residues that form non-specific DNA contacts. 
a, Schematic depicting wild-type SpCas9 interactions with the target  
DNA–sgRNA duplex, based on PDB accession 4OO8 and 4UN3 (adapted 
from refs 28 and 29, respectively). b, Characterization of SpCas9 variants 
that contain alanine substitutions in positions that form hydrogen bonds 
with the DNA backbone. Wild-type SpCas9 and variants were assessed 
using the human cell EGFP disruption assay when programmed with a 

perfectly matched sgRNA or partially mismatched sgRNAs. Error bars 
represent s.e.m. for n =  3; mean level of background EGFP loss represented 
by red dashed line. c, On-target activities of wild-type SpCas9 and 
SpCas9-HF1 across 13 endogenous sites measured by T7 endonuclease I 
assay. Error bars represent s.e.m. for n =  3. d, Ratio of on-target activity  
of SpCas9-HF1 to wild-type SpCas9. The median and interquartile range 
are shown; the interval with > 70% of wild-type activity is highlighted in 
green.
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Direct hydrogen bonds made by four SpCas9 residues
to the phosphate backbone of the target DNA strand.
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increasing on-target activity (Fig. 5b), resulting in the greatest increase 
in specificity among the three variants (Fig. 5c). For the VEGFA site 3  
off-target site, which bears two protospacer mismatches (one in the seed 
sequence and one at the nucleotide most distal from the PAM sequence), 
SpCas9-HF2 (containing the additional D1135E substitution) showed 
near background levels of indel formation as determined by T7 endo-
nuclease I assay while showing modest effects on on-target mutation 
efficiency (Fig. 5b), leading to the greatest increase in specificity for this 
off-target site among the three variants tested (Fig. 5c).

Discussion
The SpCas9-HF1 variant characterized in this report reduces all or 
nearly all genome-wide off-target effects to undetectable levels as 
judged by GUIDE-seq and targeted next-generation sequencing, 
with the most robust and consistent effects observed with sgRNAs 
designed against standard, non-repetitive target sequences. Our 
observations suggest that off-target mutations might be minimized 
by using SpCas9-HF1 to target non-repetitive sequences that do not 
have closely matched sites (for example, bearing 1 or 2 mismatches) 
elsewhere in the genome; such sites can be easily identified using 
existing publicly available software programs33. An interesting ques-
tion will be to determine whether SpCas9-HF1 induces off-target 
mutations at frequencies below the detection limit of existing unbi-
ased genome-wide methods (Supplementary Discussion). We also 
discuss other practical considerations for targeting sites of interest 
with SpCas9-HF1, including the use of sgRNAs with non-G or mis-
matched 5′  nucleotides (Extended Data Fig. 7b) and altering the PAM 
recognition specificity of SpCas9-HF1 (Extended Data Fig. 8), in the 
Supplementary Discussion.

Further biochemical experiments and structural characterization 
will be required to define the mechanism by which SpCas9-HF1 
achieves its high genome-wide specificity. We do not believe that the 
four substitutions we introduced alter the stability or steady-state 
expression level of SpCas9 in human cells, because titration exper-
iments with decreasing concentrations of expression plasmids sug-
gest that wild-type SpCas9 and SpCas9-HF1 behave comparably as 
their amounts are lowered (Extended Data Fig. 9). Although our 
initial rationale for making the substitutions in SpCas9-HF1 was to 
decrease the energetics of interaction between the Cas9-sgRNA com-
plex and the target DNA (as has been previously proposed to explain 
the increased specificities of transcription activator-like effector nucle-
ases bearing substitutions at positively charged residues34), recent work 
has provided greater mechanistic insights into SpCas9 recognition and 
cleavage. These studies suggest alternative and more detailed mod-
els (for example, formation of an active cleavage complex through 
conformational changes or kinetics of off-target site recognition35,36 
that might be affected by the substitutions in our SpCas9-HF1 variant 
(Supplementary Discussion)).

More broadly, our results validate a general strategy for the engineer-
ing of additional high-fidelity variants of CRISPR-associated nucleases.  
We found that introducing substitutions at other non-specific DNA 
contacting residues can further reduce some of the very small num-
ber of residual off-target sites that persist for certain sgRNAs with 
SpCas9-HF1. Thus, we envision that variants such as SpCas9-HF2, 
SpCas9-HF4, and others might be used in a customized fashion to 
eliminate any potential off-target sites that might be resistant to the 
specificity improvements of SpCas9-HF1. In addition, our variants 
might be combined with substitutions in residues that contact the non- 
target DNA strand, alterations that have been shown to reduce SpCas9 
off-target effects while our manuscript was under review37. Overall, our 
results demonstrate that the approach of mutating non-specific DNA 
contacts is highly effective at increasing SpCas9 specificity and suggest 
it might be extended to other naturally occurring and engineered Cas9 
orthologues38–42, as well as other CRISPR-associated nucleases43,44.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 5 | Activities of high-fidelity derivatives of SpCas9-HF1  
bearing additional substitutions. a, Summary of the on-target  
EGFP disruption activities of various SpCas9-HF variants compared to  
wild-type SpCas9 (from the data in Extended Data Fig. 2b). SpCas9-HF1 
contains N497A, R661A, Q695A, and Q926A substitutions; HF2 =  HF1 
+  D1135E; HF3 =  HF1 +  L169A; HF4 =  HF1 +  Y450A. The median and 
interquartile range are shown; the interval showing > 70% of wild-type 
activity is highlighted in green. b, Mean per cent modification by SpCas9 

and HF variants at the FANCF site 2 and VEGFA site 3 on-target sites, 
as well as off-target sites from Fig. 2a and Extended Data Fig. 5 resistant 
to the effects of SpCas9-HF1. Per cent modification determined by T7 
endonuclease I assay; background indel percentages were subtracted for  
all experiments; error bars represent s.e.m. for n =  3. c, Specificity ratios  
of wild-type SpCas9 and HF variants with the FANCF site 2 or VEGFA  
site 3 sgRNAs, plotted as the ratio of on-target to off-target activity  
(from panel b).
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SpCas9-HF2-4 retained >70% of the activities observed with wild-type SpCas9
with the same six out of eight EGFP-targeted sgRNAs



Refining the specificity of SpCas9-HF1 

Can SpCas9-HF2-4 reduce indel frequencies at two off-target sites that remained
susceptible to modification by SpCas9-HF1?

Check by T7 endonuclease I assay
Specificity amongst variants
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increasing on-target activity (Fig. 5b), resulting in the greatest increase 
in specificity among the three variants (Fig. 5c). For the VEGFA site 3  
off-target site, which bears two protospacer mismatches (one in the seed 
sequence and one at the nucleotide most distal from the PAM sequence), 
SpCas9-HF2 (containing the additional D1135E substitution) showed 
near background levels of indel formation as determined by T7 endo-
nuclease I assay while showing modest effects on on-target mutation 
efficiency (Fig. 5b), leading to the greatest increase in specificity for this 
off-target site among the three variants tested (Fig. 5c).

Discussion
The SpCas9-HF1 variant characterized in this report reduces all or 
nearly all genome-wide off-target effects to undetectable levels as 
judged by GUIDE-seq and targeted next-generation sequencing, 
with the most robust and consistent effects observed with sgRNAs 
designed against standard, non-repetitive target sequences. Our 
observations suggest that off-target mutations might be minimized 
by using SpCas9-HF1 to target non-repetitive sequences that do not 
have closely matched sites (for example, bearing 1 or 2 mismatches) 
elsewhere in the genome; such sites can be easily identified using 
existing publicly available software programs33. An interesting ques-
tion will be to determine whether SpCas9-HF1 induces off-target 
mutations at frequencies below the detection limit of existing unbi-
ased genome-wide methods (Supplementary Discussion). We also 
discuss other practical considerations for targeting sites of interest 
with SpCas9-HF1, including the use of sgRNAs with non-G or mis-
matched 5′  nucleotides (Extended Data Fig. 7b) and altering the PAM 
recognition specificity of SpCas9-HF1 (Extended Data Fig. 8), in the 
Supplementary Discussion.

Further biochemical experiments and structural characterization 
will be required to define the mechanism by which SpCas9-HF1 
achieves its high genome-wide specificity. We do not believe that the 
four substitutions we introduced alter the stability or steady-state 
expression level of SpCas9 in human cells, because titration exper-
iments with decreasing concentrations of expression plasmids sug-
gest that wild-type SpCas9 and SpCas9-HF1 behave comparably as 
their amounts are lowered (Extended Data Fig. 9). Although our 
initial rationale for making the substitutions in SpCas9-HF1 was to 
decrease the energetics of interaction between the Cas9-sgRNA com-
plex and the target DNA (as has been previously proposed to explain 
the increased specificities of transcription activator-like effector nucle-
ases bearing substitutions at positively charged residues34), recent work 
has provided greater mechanistic insights into SpCas9 recognition and 
cleavage. These studies suggest alternative and more detailed mod-
els (for example, formation of an active cleavage complex through 
conformational changes or kinetics of off-target site recognition35,36 
that might be affected by the substitutions in our SpCas9-HF1 variant 
(Supplementary Discussion)).

More broadly, our results validate a general strategy for the engineer-
ing of additional high-fidelity variants of CRISPR-associated nucleases.  
We found that introducing substitutions at other non-specific DNA 
contacting residues can further reduce some of the very small num-
ber of residual off-target sites that persist for certain sgRNAs with 
SpCas9-HF1. Thus, we envision that variants such as SpCas9-HF2, 
SpCas9-HF4, and others might be used in a customized fashion to 
eliminate any potential off-target sites that might be resistant to the 
specificity improvements of SpCas9-HF1. In addition, our variants 
might be combined with substitutions in residues that contact the non- 
target DNA strand, alterations that have been shown to reduce SpCas9 
off-target effects while our manuscript was under review37. Overall, our 
results demonstrate that the approach of mutating non-specific DNA 
contacts is highly effective at increasing SpCas9 specificity and suggest 
it might be extended to other naturally occurring and engineered Cas9 
orthologues38–42, as well as other CRISPR-associated nucleases43,44.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.

Received 8 November; accepted 9 December 2015.
Published online 6 January 2016.

1. Hsu, P. D., Lander, E. S. & Zhang, F. Development and applications of  
CRISPR–Cas9 for genome engineering. Cell 157, 1262–1278 (2014). 

2. Sander, J. D. & Joung, J. K. CRISPR–Cas systems for editing, regulating and 
targeting genomes. Nature Biotechnol. 32, 347–355 (2014). 

3. Doudna, J. A. & Charpentier, E. Genome editing. The new frontier of genome 
engineering with CRISPR–Cas9. Science 346, 1258096 (2014). 

4. Fu, Y. et al. High-frequency off-target mutagenesis induced by CRISPR–Cas 
nucleases in human cells. Nature Biotechnol. 31, 822–826 (2013). 

5. Hsu, P. D. et al. DNA targeting specificity of RNA-guided Cas9 nucleases.  
Nature Biotechnol. 31, 827–832 (2013). 

6. Pattanayak, V. et al. High-throughput profiling of off-target DNA cleavage 
reveals RNA-programmed Cas9 nuclease specificity. Nature Biotechnol. 31, 
839–843 (2013). 

7. Cradick, T. J., Fine, E. J., Antico, C. J. & Bao, G. CRISPR/Cas9 systems targeting 
β -globin and CCR5 genes have substantial off-target activity. Nucleic Acids Res. 
41, 9584–9592 (2013). 

8. Tsai, S. Q. et al. GUIDE-seq enables genome-wide profiling of off-target cleavage 
by CRISPR–Cas nucleases. Nature Biotechnol. 33, 187–197 (2015). 

9. Frock, R. L. et al. Genome-wide detection of DNA double-stranded breaks 
induced by engineered nucleases. Nature Biotechnol. 33, 179–186 (2015). 

10. Wang, X. et al. Unbiased detection of off-target cleavage by CRISPR–Cas9 and 
TALENs using integrase-defective lentiviral vectors. Nature Biotechnol. 33, 
175–178 (2015). 

11. Kim, D. et al. Digenome-seq: genome-wide profiling of CRISPR–Cas9 off-target 
effects in human cells. Nature Methods 12, 237–243 (2015).

12. Lin, Y. et al. CRISPR/Cas9 systems have off-target activity with insertions or 
deletions between target DNA and guide RNA sequences. Nucleic Acids Res. 
42, 7473–7485 (2014). 

13. Cho, S. W. et al. Analysis of off-target effects of CRISPR/Cas-derived 
RNA-guided endonucleases and nickases. Genome Res. 24, 132–141 (2014). 

14. Fu, Y., Sander, J. D., Reyon, D., Cascio, V. M. & Joung, J. K. Improving CRISPR–
Cas nuclease specificity using truncated guide RNAs. Nature Biotechnol. 32, 
279–284 (2014). 

b

0.0

0.2

0.4

0.6

0.8

1.0

1.2

HF1 HF2 HF3 HF4

R
at

io
 H

F 
va

ria
nt

:w
ild

 ty
pe

a

On-target Off-target 1
FANCF site 2

On-target Off-target 1
VEGFA site 3

Wild type
HF1
HF2
HF3
HF4

c

0

10

20

30

40

50 Wild type
HF1
HF2
HF3
HF4

R
at

io
 o

n-
ta

rg
et

:o
ff-

ta
rg

et

FANCF site 2
Off-target 1

VEGFA site 3
Off-target 1

0

10

20

30

40

50

60

P
er

 c
en

t m
od

ifi
ed

Figure 5 | Activities of high-fidelity derivatives of SpCas9-HF1  
bearing additional substitutions. a, Summary of the on-target  
EGFP disruption activities of various SpCas9-HF variants compared to  
wild-type SpCas9 (from the data in Extended Data Fig. 2b). SpCas9-HF1 
contains N497A, R661A, Q695A, and Q926A substitutions; HF2 =  HF1 
+  D1135E; HF3 =  HF1 +  L169A; HF4 =  HF1 +  Y450A. The median and 
interquartile range are shown; the interval showing > 70% of wild-type 
activity is highlighted in green. b, Mean per cent modification by SpCas9 

and HF variants at the FANCF site 2 and VEGFA site 3 on-target sites, 
as well as off-target sites from Fig. 2a and Extended Data Fig. 5 resistant 
to the effects of SpCas9-HF1. Per cent modification determined by T7 
endonuclease I assay; background indel percentages were subtracted for  
all experiments; error bars represent s.e.m. for n =  3. c, Specificity ratios  
of wild-type SpCas9 and HF variants with the FANCF site 2 or VEGFA  
site 3 sgRNAs, plotted as the ratio of on-target to off-target activity  
(from panel b).
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Better on-target activity
SpCas9-HF-4 and 2 reduced indel mutation frequencies to near back- ground level
SpCas9-HF-4 and 2 highest specificity 



Discussion of of SpCas9-HF1-4 

SpCas9-HF1 reduces all or nearly all genome-wide off-target effects to undetectable levels
Tested by GUIDE-seq and targeted next-generation sequencing 

Most robust effects obtained with sgRNAs designed against standard, non-repetitive target sequences 

Introducing substitutions at other non-specific DNA contacting residues can further reduce some
of the very small number of residual off-target sites 

Further biochemical experiments and structural characterization to define the mechanism of SpCas9-HF1 specificity

Mechanism of target recognition: active cleavage complex through conformational changes or kinetics
that might be affected by the substitutions in our SpCas9-HF1 variant 

Refine specificity by substitutions in residues that contact the non-target DNA strand 

Extended enhancement of specificity to other naturally occurring and engineered Cas9 orthologues



Discussion Enzyme engineering
Rational design
+ opting straight forward for improvements
- Structure and mechanism need to be known

Directed evolution
+ no need to understand structure and mechanism
- high-throughput assay is required 
- often highly specific for particular activity and not applicable to other DE experiments

Semirational approaches to combine both

Huge variability of applications in food industry, environmental applications, industry, medicine

With improving technologies (higher resolution of enzyme structures, high throughput) more 
efficient enzyme engineering possible



Possible application of enzyme engineering?
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Abstract. As one targeting strategy of prodrug delivery, gene-directed enzyme prodrug therapy
(GDEPT) promises to realize the targeting through its three key features in cancer therapy—cell-
specific gene delivery and expression, controlled conversion of prodrugs to drugs in target cells, and
expanded toxicity to the target cells’ neighbors through bystander effects. After over 20 years of
development, multiple GDEPT systems have advanced into clinical trials. However, no GDEPT product
is currently marketed as a drug, suggesting that there are still barriers to overcome before GDEPT
becomes a standard therapy. In this review, we first provide a general introduction of this prodrug
targeting strategy. Then, we utilize the four most thoroughly studied systems to illustrate components,
mechanisms, preclinical and clinical results, and further development directions of GDEPT. These four
systems are herpes simplex virus thymidine kinase/ganciclovir, cytosine deaminase/5-fluorocytosine,
cytochrome P450/oxazaphosphorines, and nitroreductase/CB1954 system. Later, we focus our discussion
on bystander effects including local and distant bystander effects. Lastly, we discuss carriers that are used
to deliver genes for GDEPT including virus carriers and non-virus carriers. Among these carriers, the
stem cell-based gene delivery system represents one of the newest carriers under development, and may
brought about a breakthrough to the gene delivery issue of GDEPT.

KEY WORDS: bystander effects; gene delivery; gene-directed enzyme; prodrug; stem cell-based
targeting.

INTRODUCTION

Increased attention has been focused on developing
novel strategies which can more effectively target prodrugs
to tumor cells for enhanced efficacy and reduced toxicity.
Gene-directed enzyme prodrug therapy (GDEPT) is one of
the most important and successful prodrug delivery ap-
proaches and has shown great promise in cancer therapy.
GDEPT utilizes transgenes which encode enzymes that can
convert prodrugs into active therapeutic metabolites. There
are several other names in the literature for this approach,
including virus-directed enzyme prodrug therapy (VDEPT),
suicide gene therapy, and gene prodrug activation therapy,
among others. The concept of GDEPT has existed for over 20
years. However, the clinical importance of the GDEPT
approach has only begun to emerge in the last 5 years with
more and more GDEPT systems entering clinical trials.

GDEPT usually comprises a three-component system: an
inactive drug (prodrug), a gene coding for an enzyme that

converts inactive prodrug to an active drug, and a carrier.
Figure 1 illustrates the basic mechanisms of the GDEPT
system for the treatment of cancer. In the first step, the coding
gene is cloned into a vector and delivered to a tumor cell with
or without carriers. In the second step, the gene is transcribed
into an mRNA which later is translated into the enzyme
inside the tumor cell. In the third step, a prodrug is
administered systemically and absorbed by the same cell;
the prodrug can then be converted to a cytotoxic drug by the
enzyme inside the cell. Because gene expression may be
controlled by tumor cell-specific promoters, the enzyme and
its associated enzymatic reaction can be precisely predisposed
to tumor cells, leaving other cells unaffected even if they
engulf the gene and the prodrug (1–4). As the result of this
preferential conversion of prodrugs to drugs, toxic drugs are
only produced in tumor cells while having minimal exposure
to healthy cells. In this way, the therapeutic index of prodrugs
can be much higher than regular cancer chemotherapeutics
(5). What makes the GDEPT an attractive therapy also
includes a bystander effect. The effect is achieved via
different mechanisms (e.g., passive diffusion) to achieve
meaningful tumor regression and durable clinical response.

To be considered as an enzyme for GDEPT, the enzyme
should be expressed either exclusively or with a relatively
high ratio in tumor cells compared to healthy cells, and it
should have high catalytic activity, so that tumor cells can
convert prodrugs even at low substrate concentration. An
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GDEPT utilizes transgenes which encode enzymes that can convert pro-drugs into active therapeutic metabolites. 

Three key features in cancer therapy
1. cell- specific gene delivery and expression
2. Controlled conversion of pro-drugs to drugs in target cells
3. Expanded toxicity to the target cells neighbors (passive diffusion)



Gene-Directed Enzyme Pro-drug Therapy 

ideal prodrug for GDEPT should be non-toxic or minimally
toxic prior to activation by enzyme but highly toxic after
enzymatic activation. Furthermore, prodrugs should be effec-
tively taken up by tumor cells with high affinity to the
transduced enzyme and low affinity to irrelevant endogenous
enzymes. For effective tumor cell killing, the cytotoxic
metabolite of prodrugs should possess a long half-life. Since
not all tumor cells are able to uptake one copy of the gene
and produce the foreign enzyme, a bystander cytotoxic effect
is favored, whereby the toxic form of the drug diffuses out
from one tumor cell and is taken up by surrounding cells via
active transport.

Many enzyme/prodrug systems have been investigated in
the last two decades (Table I). The most extensively studied
pairs are herpes simplex virus thymidine kinase (HSV-TK)
with ganciclovir (GCV), cytosine deaminase (CD) of
Escherichia coli with 5-fluorocytosine (5-FC), cytochrome
P450 with cyclophosphamide/ifosfamide (CPA/IFA), and
nitroreductase with CB1954. This review article will provide
in-depth discussion about these enzyme/prodrug systems.

HERPES SIMPLEX VIRUS THYMIDINE KINASE/
GANCICLOVIR SYSTEM

One of the most commonly used experimental and
clinical models for gene therapy involves the use of the
HSV-TK gene transfection into tumor cells, followed by
treatment with the prodrug, GCV. The expression of the
HSV-TK gene leads to the synthesis of viral thymidine
kinases. Viral thymidine kinases convert GCV into GCV
monophosphate which is then converted into a toxic triphos-
phate form by cellular kinases. Although human cells express
both cytosolic and mitochondrial thymidine kinase enzymes,
these endogenous enzymes have a much lower ability to

convert ganciclovir compared to HSV-TK (6). The tumor cell
lysis occurs when GCV triphosphate which is analogous to 2’-
deoxyguanosine triphosphate (dGTP) inhibits DNA polymer-
ase or is incorporated into the replicating DNA, causing
premature stand termination, replication failure, and apopto-
sis (7). The mechanism of cell death caused by HSV-TK plus
GCV has been widely attributed to apoptosis rather than a
direct chemical effect (8–11).

In vivo antitumor activity of the HSV-TK/GCV system
has been demonstrated in several animal tumor models,
including glioma (12,13), leukemia (14), bladder cancer (15),
liver cancer (16), colon adenocarcinoma (17,18), and oral
cancer (19). The encouraging results obtained in the preclin-
ical studies led to its application in a number of clinical trials
against different types of cancers (20–25). Positive results
have been obtained in these clinical trials; however, it is far
from a perfect system because gene targeting and drug
delivery to the tumor cells remains challenging. Although
the thymidine kinase gene is overly expressed in rapidly
dividing cells such as cancer cells, only a fraction of cells are
dividing at any given time, which prevents efficient viral
vector transfection and leads to low levels of prodrug
activation. Furthermore, in the case of solid tumors, only
about 10% of cells can be transduced. On the prodrug
delivery side, the primary disadvantage of GCV is its high
diffusibility, which limits its concentration in tumor cells.
Moreover, GCV has limited clinical usefulness because it can
only be administered at lower concentrations because of its
adverse effects on non-target tissues such as bone marrow
cells (26). Furthermore, GCV’s active metabolite, GCV
triphosphate is membrane insoluble and has low diffusibility,
which hinders GCV triphosphate’s passive diffusion to
surrounding cells. Therefore, the only mode for transporting
GCV triphosphate is through gap junction, limiting its

Fig. 1. The mechanism of GDEPT systems

103Gene-Directed Enzyme Prodrug Therapy

1. The enzyme-coding gene is cloned into 
a vector and transfected into a tumor 
cell.

2. The gene is transcribed into an mRNA 
which later is translated into the enzyme 
inside the tumor cell.

3. A pro-drug is administered systemically 
and absorbed by the same cell

4. the pro-drug can then be converted to a 
cytotoxic drug by the enzyme inside the 
cell. 

Enzyme-gene expression controlled by 
tumor cell-specific promoters, enzymatic 
reaction precisely in tumor cells
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bystander effect. Additionally, some tumor cells, like side
population cells in glioblastoma, pump out small molecule
drugs like GCV, rendering it resistant to the therapy (27).
Combination therapy with HSV-TK/GCV and other agents
have also been explored to improve the diffusion of the gene
delivery systems using trypsin or collagenase/dispase to
degrade extracellular matrix and enhance the tumor penetra-
tion of the delivery system (28). Radiation therapy has been
used to up-regulate promoters to increase gene expression
(29) and to enhance the cytotoxic effects of prodrug (30). A
number of modifications to the active (nucleoside binding)
site of HSV-TK has been attempted to increase its affinity
toward GCV, which may allow lower administration of GCV
to patients (31).

A few other substrates have been studied in experimen-
tal and clinical studies. Acyclovir is the most frequently used
alternative prodrug with HSV-TK gene. In a study using
ovarian cancer cell lines to compare acyclovir to GCV,
acyclovir showed equal or higher cell killing efficacy and
bystander effect (32). Valacyclovir, a prodrug form of
acyclovir, has also been studied. The main advantage of
valacyclovir over acyclovir is that it can be given orally
because of high lipid solubility and bioavailability (33). A
recent phase IB study by Chiocca EA et al. suggested that
HSV-TK plus valacyclovir can be used safely in combination
with surgery and accelerated radiation in newly diagnosed
malignant gliomas patients. In addition, therapy resulted in
encouraging 2- and 3-year patient survival rates, which were
33and 25%, respectively (34). HSV-TK plus valacyclovir was
also studied in localized and metastatic hormone refractory
prostate cancer with limited success (35). Results of a phase I
clinical trial of HSV-TK and valacyclovir showed stabilization
of hepatocellular tumor (36).

There is considerable excitement about the HSV-TK
system. Clinical trials are underway or recruiting patients for
hematological malignancies (NCT00423124), recurrent pros-
tate cancer (NCT01913106), high risk acute leukemia
(NCT00914628), and malignant gliomas (NCT00751270)
(www.clinicaltrials.gov).

CYTOSINE DEAMINASE/5-FLUOROCYTOSINE
SYSTEM

CD is another well-studied enzyme for GDEPT. This
enzyme, found only in bacteria and fungi, catalyzes the
deamination of cytosine into uracil and is an important

member of the pyrimidine nucleotide salvage pathway.
GDEPT therapy using CD has focused almost entirely on
one prodrug 5-FC. 5-FU has been widely used for cancer
chemotherapy, but high doses are required for anticancer
activity and those high doses are not tolerated by patients.
Compared to 5-FU, 5-FC is less toxic. Thus, the CD/5-FC
system mitigates systemic toxicity that could be caused by the
usage of 5-FU alone. Because CD is able to convert 5-FC to
5-FU, the toxicity of 5-FU can be only directed to tumor cells
expressing CD. The resulted 5-FU can be further converted
by cellular enzymes into potent pyrimidine antimetabolites
(5-fluorodeoxyuridine 5-monophosphate [5-FdUMP], 5-
fluorodeoxyuridine 5-triphosphate [5-FdUTP], and 5-
fluorouridine 5-triphosphate [5-FUTP]). Cell death is medi-
ated by one of the three distinct pathways, including the
inhibition of thymidylate synthase, and the formation of 5-FU
RNA and DNA complexes (37,38). The primary mechanism
of cytotoxicity induced by the CD/5-FC system is similar to
HSV-TK/GCV and involves apoptosis (11).

CD/5-FC therapy has been studied in a wide variety of
in vitro and in vivo animal models of cancers. It has been
shown that MDA-MB-231 breast carcinoma cells transfected
with E. coli CD were 1000-fold more sensitive to 5-FC than
control. Only 10% of cell transfection is needed to induce
complete cytotoxicity in co-cultures with non-infected cells.
Intratumoral administration of adenovirus encoded CD along
with systemic 5-FC led to control of MDA-MB 231 breast
carcinoma xenografts in nude mice and intracranial human
glioma xenografts in severe combined immunodeficiency
(SCID) mice (39). Similar studies have shown the benefits
of systemic CD/5-FC in hepatic metastases of colon carcino-
ma (40) and prostate cancer (41). Furthermore, it has been
suggested that CD/5-FC therapy in solid tumor models can
generate complete cures even if only 4% of the tumor cell
mass expresses the enzyme (42).

A number of studies have compared the efficacy of CD/
5-FC with HSV-Tk/GCV system. Both appeared to have
similar efficacy in hepatocellular carcinoma (43), but CD/5-
FC was clearly better than HSV-TK/GCV for renal carcinoma
(44) and colorectal carcinoma (45). The superior effect of
CD/5-FC may be attributed to its greater bystander effect.
The bystander effect of GCV is mainly dependent on gap-
junction whereas effects of 5-FU are mediated by passive
diffusion.

The CD/5-FC system has been further improved by the
incorporation of E. coli uracil phosphoribosyltransferase

Table I. Major GDEPT Systems

Enzyme Prodrug Drug Mechanism

Thymidine
kinase

Ganciclovir
(GCV)

Ganciclovir
triphosphate

Inhibit DNA polymerase, GT incorporate into replicating cell DNA
leading to replication failure and cell death.

Cytosine
deaminase

5-fluorocytosine
(5-FC)

5-fluorouracil
(5-FU)

Inhibition of thymidylate synthase, 5-FU forms complex with DNA
and RNA leading to inhibition of protein synthesis and DNA
breakdown.

Cytochrome
P450

Cyclophosphamide
Ifosfamide

4 - O H
cyclophosphamide
4-OH ifosfamide

The 4-OH derivatives decomposes to phosphoramide mustard which
generates
a highly electrophilic arizidinium species that forms DNA cross-links.

Nitroreductase CB1954 N-acetoxy
derivatives

Induce rapid cell death by forming interstrand DNA cross-links.
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Ganciclovir = nucleoside substitute, can be phosphorylated by Thymidine kinase
Incorporated into replicating DNA
No additional nucleosides can bind
Replication terminated

Enzyme should have high catalytic activity, so that tumor cells can convert pro-drugs even at low substrate concentration 

Herpes Simplex virus system

Structure-guided Engineering of Human Thymidine Kinase as PET reporter gene by Cambpell et al., 2012
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Extended Data Figure 1 | SpCas9 interaction with the sgRNA and target 
DNA. a, Schematic illustrating the SpCas9–sgRNA complex, with base 
pairing between the sgRNA and target DNA. b, Structural representation 
of the SpCas9-sgRNA complex bound to the target DNA, from PDB 

accession code 4UN3 (ref. 29). The four residues that form hydrogen bond 
contacts to the target-strand DNA backbone are highlighted in blue, the 
HNH domain is hidden for visualization purposes.
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