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CRISPR–Cas9 is a versatile RNA-guided genome editing tool. Here we demonstrate that partial 

replacement of RNA nucleotides with DNA nucleotides in CRISPR RNA (crRNA) enables 

efficient gene editing in human cells. This strategy of partial DNA replacement retains on-target 

activity when used with both crRNA and sgRNA, as well as with multiple guide sequences. Partial 

DNA replacement also works for crRNA of Cpf1, another CRISPR system. We find that partial 

DNA replacement in the guide sequence significantly reduces off-target genome editing through 

focused analysis of off-target cleavage, measurement of mismatch tolerance and genome-wide 

profiling of off-target sites. Using the structure of the Cas9–sgRNA complex as a guide, the 

majority of the 3′ end of crRNA can be replaced with DNA nucleotide, and the 5 - and 3′-DNA-

replaced crRNA enables efficient genome editing. Cas9 guided by a DNA–RNA chimera may 

provide a generalized strategy to reduce both the cost and the off-target genome editing in human 

cells.

The CRISPR (clustered regularly interspaced short palindromic repeats)–Cas9 system is a 

powerful genome editing tool for biology and medicine1–4, and has potential utility for 

treating a wide range of diseases5. crRNA guides Cas9, a DNA endonuclease, to targeted 

DNA sequences by forming a two-component RNA structure with transactivating crRNA 

(tracrRNA)4. Alternatively, crRNA and tracrRNA can be engineered into a single-guide 

RNA (sgRNA) to guide Cas9 proteins4. The 20 nucleotides at the 5′ end of crRNA or 

sgRNA hybridize with the complementary DNA sequences through Watson–Crick base 

pairing between RNA and target DNA1–4. Recognition of the target sequences and the 

nearby protospacer adjacent motif (PAM) leads to site-specific double-stranded DNA breaks 

(DSB) produced by Cas9, which can be repaired by nonhomologous end-joining (NHEJ) or 

homology-directed repair (HDR)3. CRISPR–Cas9 is considered to be an RNA-guided 

endonuclease1–4. Some members of another family of well-established RNA-guided 

enzymes, Argonaute (Ago), have been shown to tolerate DNA as a guide6,7. Thus, it is 

important to understand whether or not CRISPR–Cas9 can use DNA as a guide.

CRISPR–Cas9-mediated genome editing can cause off-target mutations8–13. Multiple 

strategies for improving its specificity have been developed, including a nickase version of 

Cas9, structure-guided mutations of the Cas9 protein, fusion of deactivated Cas9 with FokI 

nuclease, fusion of Cas9 with a programmable DNA-binding domain, and truncated guide 

RNAs14–21. Most methods to reduce off-target mutations rely on re-engineering the Cas9 

protein. Although shortened guide sequences, ranging from 20 to 17 nucleotides, were 

reported to reduce off-target mutations, they may also decrease the on-target cleavage by 

Cas9 (ref. 21). Chemically modified crRNA and sgRNA have been developed to enhance 

efficiency in cells22,23. However, use of chemical modification to reduce off-target effects 

has not been demonstrated.

Here we report that guide sequences partially composed of DNA nucleotides can direct Cas9 

to induce efficient genome editing in human cells. Partial replacement with DNA 

nucleotides leads to decreased off-target activity compared to the unmodified guide 

sequence, but similar levels of on-target gene editing activity. Structure guided replacement 

with DNA nucleotides at both 5′ and 3′ of crRNA maintained its activity in cells. We 
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believe that DNA–RNA chimeric guides may provide a generalized strategy to reduce both 

the cost and the off-target genome editing by CRISPR–Cas9 in human cells.

RESULTS

DNA–RNA chimeric guides enable efficient genome editing

To accelerate the process of guide sequence evaluation, we used a cell reporter system that 

measures the editing efficiency of various modified crRNAs. HEK293T cells were infected 

by lentiviruses to constitutively express GFP and Streptococcus pyogenes Cas9 (SpCas9) 

(Fig. 1a,b)24. Transfecting the cells with a functional 42-nucleotide crRNA targeting GFP 

and a 75-nucleotide tracrRNA induces frame-shifting indel formations at the GFP site and 

abrogates the expression of GFP (Fig. 1a,b). Thus, if partial replacement with DNA in the 

guide sequence is not well tolerated, it will be less efficient than the unmodified RNA at 

reducing GFP expression in cells.

The crystal structure of Cas9–sgRNA indicates that RNA at the seed region (ten nucleotides 

at the 3′ end of the guide sequence) is essential for Cas9–sgRNA binding and recognition of 

targeted DNA25,26. In contrast, the tail region (ten nucleotides at the 5′ end) of the guide 

sequence interacts with Cas9 less than the seed region25,26. We hypothesized that the guide 

sequence may tolerate partial DNA replacement based on the structure of Cas9 and guide 

RNA25,26. To test our hypothesis, we first synthesized unmodified crRNAs (native crRNA) 

on the basis of a previously identified guide sequence targeting GFP27. A number of crRNAs 

with the same guide sequence, but varying degrees of DNA substitutions at the 5′ end, were 

synthesized (Fig. 1c). When evaluated in HEK293T cells, native crRNA targeting GFP 

generated 27% ± 2% GFP-negative cells (Supplementary Fig. 1a,b). We found that replacing 

two, four, six, eight or ten RNA nucleotides with DNA nucleotides starting from the 5′ end 

of the guide sequences also generated similar levels of GFP-negative cells (ranging from 

22% to 31%) (Supplementary Fig. 1a,b), indicating that partial replacement of up to ten-

nucleotide DNA at the 5′ end of the guide sequence was tolerated. However, replacement 

with 12-nucleotide DNA generated significantly fewer GFP-negative cells than the native 

crRNA, and replacement with 14 or more DNA nucleotides reduced GFP-negative cells to 

background levels (~2%) (Supplementary Fig. 1a,b). The efficiency of genome editing after 

DNA nucleotide replacement at the guide sequence was confirmed by tracking of indels by 

decomposition (TIDE) analysis28 of the PCR amplicons from the GFP genomic locus (Fig. 

1d).

To study the effects of DNA nucleotide replacement on an endogenous gene, we synthesized 

crRNAs targeting the human gene EMX1 (empty spiracles homeobox 1)29, with various 

levels of DNA replacement at the 5′ end. After transfecting a crRNA targeting EMX1 and 

the tracrRNA into HEK293T cells stably expressing SpCas9, we found that replacing two, 

four, six, eight or ten RNA nucleotides with DNA nucleotides induced frequencies of indel 

formation comparable to those of the native crRNA (Fig. 2a). In contrast, replacing 12 or 

more RNA nucleotides with DNA significantly decreased or abolished the editing activity of 

EMX1 crRNA (Fig. 2a). The efficiency of genome editing at the EMX1 locus was further 

examined by the Surveyor nuclease assay30, indicating that replacing two to ten RNA 

nucleotides with DNA induced indels (Supplementary Fig. 2).
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To investigate whether partial DNA replacement can be tolerated by sgRNA, we synthesized 

sgRNAs targeting GFP, EMX1 and vascular endothelial growth factor A (VEGFA), with and 

without DNA replacement24. After transfecting the sgRNAs in HEK293T reporter cells, we 

found that the native sgRNAs and sgRNAs with substitution of eight DNA and ten DNA 

nucleotides in the 5′ end generated similar levels of indels in cells for all three guide 

sequences (Fig. 2b). These data show that partial DNA replacement of both crRNA and 

sgRNA retains on-target genome editing.

To investigate whether DNA–RNA chimeric crRNAs or sgRNA can be applied in 

therapeutic delivery, we incubated VEGFA 10 DNA (replacing ten RNA nucleotides with 

DNA nucleotides in the 5’ end) crRNA and a tracrRNA with Cas9 protein or VEGFA 10 

DNA sgRNA with Cas9 protein to form ribonucleoprotein (RNP). We found that they each 

induced levels of indels similar to those of native crRNA or sgRNA after RNP 

electroporation in Jurkat T cells (Fig. 2c).

To test whether DNA replacement works with other Cas enzymes, we synthesized 

Acidaminococcus sp. Cpf1 (AsCpf1) native crRNA targeting DNMT1 (ref. 31) or crRNA 

with an eight-nucleotide DNA replacement at the 3′ end (as the guide sequence of Cpf1 

crRNA is at 3′ end). HEK293T cells were transfected with a plasmid expressing AsCpf1 

protein followed by crRNAs after 24 h. The Cpf1 crRNA with partial DNA replacement 

fully maintains its activity in human cells (Fig. 2d).

To investigate whether the DNA replacement could be introduced at the 3′ end of the guide 

sequence, four RNA nucleotides were replaced with DNA at the 3′ end of the guide 

sequences (Fig. 2e,f). This modified crRNA did not induce indels of GFP (Fig. 2f), 

indicating that replacement of RNA with DNA nucleotides at the 3′ end of a guide sequence 

is not well tolerated.

To further evaluate the potential of DNA nucleotide substitution in the guide sequence, we 

synthesized GFP crRNAs with eight DNA nucleotides at the 5′ end (GFP-8DNA), but 

mutated four nucleotides of either the DNA or RNA sequence (Fig. 2e). As expected, 

mutation of four RNA nucleotides (positions 9–12 from the 5′ end) fully abolished its 

genome-editing activity (Fig. 2f). We also found that mutations of four DNA nucleotides 

(positions 1–4 or 5–8 from the 5′ end) eliminated the activity of chimera crRNA, indicating 

that complementarity of DNA sequences in the guide region plays an essential role in 

recognizing genomic DNA sequences.

DNA–RNA chimeric guides reduce off-target editing

Previous studies have reported that truncation of the RNA guide sequence to 17 RNA 

nucleotides instead of 20 RNA nucleotides decreases off-target activity of CRISPR–Cas9 

(ref. 21). It was also reported that some truncated guide sequences reduce on-target 

editing21. Because binding of duplexes of DNA–DNA are less thermodynamically stable 

than those of DNA–RNA duplexes32,33, a partially DNA-substituted crRNA guide sequence 

is less likely to tolerate mismatches when undergoing base pairing with genomic DNA. We 

therefore hypothesized that DNA–DNA binding between the crRNA, with a 5′ end DNA 

replacement and a target genomic DNA strand, might reduce off-target editing. We 
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synthesized crRNAs targeting a site within VEGFA (Fig. 3a) that is known to have high off-

target frequencies in the human genome24.

We found that the native VEGFA crRNA and the 10 DNA crRNA generated similar levels of 

indels at the on-target genomic locus (Fig. 3b), further demonstrating that replacement of 

RNA with DNA was tolerated by various guide sequences. Interestingly, VEGFA 10 DNA 

crRNA generated no detectable indels at two out of three of the top off-target sites and 

produced less than 4% indels at another site, whereas native crRNA generated 10–15% off-

target indels (Fig. 3c and Supplementary Fig. 3). To compare the off-target effects of a 

crRNA with partial DNA replacement to those of a crRNA with a truncated 17-nucleotide 

guide sequence, which has been shown to reduce off-target effects21, we synthesized a 

VEGFA crRNA with a 17-nucleotide guide sequence. We found that the crRNA that had ten 

DNA nucleotides replaced showed levels of off-target site indel formation comparable to 

those of the truncated guide RNA (Supplementary Fig. 4).

We hypothesized that if DNA replacement at the guide sequence provides higher specificity 

than native crRNA, the chimeric crRNAs would be less tolerant to mismatches than native 

crRNA. When both native GFP crRNA and GFP-8DNA were mutated at 2–4 nucleotides of 

the tail region of guide sequences, their genome-editing activities were abolished (Fig. 2e,f, 

and Supplementary Fig. 5). Importantly, native GFP crRNA, but not GFP-8DNA, tolerated 

single-nucleotide mismatch in the tail region, as demonstrated by the slight reduction of 

indels by native GFP crRNA with one nucleotide mutation in the tail region of crRNA 

compared to the lack of indels produced by GFP-8DNA with one nucleotide mutation 

(Supplementary Fig. 5). To investigate whether DNA replacement could enhance the 

specificity of other guide sequences, we studied another GFP guide sequence named GFP2 

(Fig. 3d)24. One nucleotide mismatch in the GFP2 guide sequence has also been shown to 

mediate off-target genome editing24. GFP2 native crRNA and crRNA with ten DNA 

nucleotides replaced at the 5′ end (GFP2-10 DNA) generated similar levels of indels at the 

GFP site (Fig. 3d,e). To compare ‘simulating’ off-target editing of GFP2 native crRNA and 

GFP2-10 DNA, we introduced a point mutation at either the seed or the tail region of GFP2 

crRNA and GFP2-10 DNA to create a mismatch between the guide sequence and the target 

GFP sequence (Fig. 3d). If DNA replacement can enhance specificity and reduce off-target 

editing, then GFP2-10 DNA would be less tolerant of mismatches than the native GFP 

crRNA. We found that mutations on GFP2 in native crRNAs induced substantial indels of 

GFP in human cells (Fig. 3e). In contrast, mutated GFP2-10 DNA showed reduced levels of 

indels (Fig. 3e), further indicating that partial DNA replacement can reduce off-target 

effects.

We performed GUIDE-seq10 to systematically compare the genome-wide off-target activity 

of native and 10 DNA crRNA. Three guide sequences were chosen: mouse Pcsk9 (ref. 34), 

human EMX1, and human 293 site 4 (ref. 10). Mouse Hepa1-6 liver cells or human HEK293 

cells stably expressing SpCas9 were transfected with Guide-seq oligos, tracrRNA, and (1) 

native crRNA or (2) 10 DNA crRNA. Analysis of the off-target peaks revealed that all three 

10 DNA crRNAs had no detectable off-target sites using the threshold of six or fewer total 

mismatches between the guide sequence and PAM (Fig. 3f,g, and Supplementary Data Set 

1), although the depth of the GUIDE-seq data for the EMX1 target site is suboptimal to 
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make definitive conclusions for this sequence. Consistent with the VEGFA off-target 

analysis, these data collected via an alternate approach indicate that 10 DNA crRNA 

substantially reduces off-target editing.

Structure-guided DNA substitution at the 3′ of crRNA

To explore whether the 3′ tracrRNA-interacting region of crRNA can tolerate DNA 

replacement, we synthesized a series of chimeric crRNAs targeting GFP (Fig. 4a). U2OS-

GFP-PEST cells21 stably expressing Cas9 were transfected with crRNAs and tracrRNA. 

GFP-negative cells caused by Cas9-mediated frameshift NHEJ were measured by FACS at 

day 3 to report genome editing efficiency. As shown in Figure 4b, replacing all 22 RNA 

nucleotides in the 3′ region with DNA (22DNA) abolished genome editing. These data are 

consistent with our recent finding that 2′-O-methyl (2′OMe) chemical RNA modification of 

the entire 3′ region abolished sgRNA activity34. Within the structure of the Cas9–sgRNA 

complex25,26, six nucleotides in the 3′ end of crRNA–sgRNA have been shown to interact 

with the Cas9 protein. We hypothesized that avoiding substitution of RNA bases with DNA 

bases in those six nucleotides would help preserve crRNA activity. As expected, this 16DNA 

design (16-nucleotide DNA substitution in the 3′ region, avoiding the Cas9 binding region) 

efficiently generated GFP− cells, comparable to native crRNA or 8DNA crRNA (Fig. 4b). 

We subsequently tested whether crRNA functionality can be maintained with 5′ and 3′ 
DNA substitution within one crRNA. crRNA with both 8DNA and 16DNA design 

(8DNA16DNA, 8-nucelotide DNA in 5′ and 16-nucleotide DNA in 3′) induced efficient 

genome editing (Fig. 4b). Of note, the majority of the 8DNA16DNA crRNA is comprised of 

DNA bases (57%) (Supplementary Fig. 6a). Because DNA bases are more than ten-fold 

cheaper than RNA bases in oligo synthesis, the cost of synthesizing 8DNA16DNA crRNA is 

~60% less than that for native crRNA (Supplementary Fig. 6b). Together, these data present 

an optimized DNA–RNA chimeric crRNA design that enables efficient genome editing in 

human cells and has potential to substantially reduce the cost for certain CRISPR–Cas9 

applications.

DISCUSSION

In this study, we demonstrate that partially replacing guide RNA with DNA can retain on-

target genome editing by CRISPR–Cas9. Importantly, replacement of RNA with DNA can 

significantly reduce off-target activity. Our study indicates that partial DNA-guided genome 

editing of Cas9 is feasible in mammalian cells, extending the toolkit of CRISPR from an 

RNA-guided nuclease platform to a partial DNA-guided nuclease system. Moreover, our 

study indicates a simple and effective way to decrease off-target effects that may be 

combined with modified Cas9 protein or improved delivery technologies to further minimize 

off-target activity14–20,35.

Our study indicates that partial DNA replacement is feasible for crRNA of spCas9 and Cpf1 

(Fig. 2d). It is possible that this approach has utility for guide sequences of other Cas9 

proteins, such as Staphylococcus aureus (Sa) Cas9 (ref. 36) or Neisseria meningitidis (Nm) 

Cas9 (ref. 37). Future work is required to study other types of chemical modifications or 

incorporation of DNA aptamers at the 5′ end of crRNA and sgRNA38. In addition, whether 
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DNA Cpf1 crRNA can decrease off-target specificity has yet to be tested. Because crRNA 

alone is sufficient to mediate genome editing by Cpf1, DNA–RNA chimera crRNA may be 

particularly attractive for generating array or plate of crRNA libraries with reduced cost.

Our study indicates that the tail region of the guide sequence is more amenable to DNA 

replacement than the seed region. Replacement of the 5′ end of the guide sequence 

maintains the genome-editing activity. However, Cas9 loses its genome-editing capability in 

cells with crRNA harboring >12-nucleotide DNA at the 5′ end or 4-nucleotide DNA at the 

3′ end of the guide region. The crystal structure of the Cas9–sgRNA complex indicates that 

the seed region of the guide sequence is essential for Cas9–sgRNA binding and recognition 

of targeted DNA25,26; however, the tail region is less interactive with Cas9 than the seed 

region25,26. This likely explains why the tail region, but not the seed region, can tolerate 

DNA replacement (Figs. 1 and 2). This is consistent with previously studies reporting that 

the seed region is sensitive to chemical modifications23. In our recent study, we 

demonstrated that by using the structure of Cas9–sgRNA as a guide, sgRNA and crRNA can 

be chemically modified to enhance their activity in cells and animals34. We identified 

regions of sgRNA and crRNA that can tolerate modifications of the 2′OH and avoided 

modifying the 2′OH that interact with the Cas9 protein34. We also showed that modification 

of even one ‘interacting’ 2′OH with 2′OMe at the guide region of crRNA abolishes its 

activity in mammalian cells34. This finding is consistent with the data showing that replacing 

RNA with DNA at the tail region, but not the seed region, can maintain the activity of 

crRNA (Figs. 1 and 2). Furthermore, the helix geometry of DNA and RNA are different32,33. 

It is possible that the variation of helix geometry of DNA–RNA chimeras may, in part, 

explain their activities in cells.

We noticed that in the GUIDE-seq assay, the number of sequencing reads for crRNAs 

targeting the human EMX1 and 293 site 4 in HEK293T cells were lower than the crRNA 

targeting mouse Pcsk9 in Hepa1-6 cells (Fig. 3f,g and Supplementary Data Set 1). The 

numbers of our GUIDE-seq reads for the on-target locus are similar to those of the published 

study10. Furthermore, the different forms of guides and the delivery methods applied may 

also affect the outcome of the GUIDE-seq assay10,34. The higher reads in Hepa1-6 cells 

relative to HEK293T cells may be explained by the higher concentration of GUIDE-seq 

oligonucleotide used in Hepa1-6 cells, because those cells are more tolerant of DNA oligo 

transfection. We noticed that in the GUIDE-seq of EMX1, three off-target sites have around 

10% reads of the on-target site for the DNA-substituted crRNA (Supplementary Data Set 1). 

However, to rule out unspecific reads, we applied GUIDE-seq criteria using the threshold of 

≤6 mismatches between the guide and the PAM sequence in total10. These three off-target 

sites contain more than six mismatches, so they are not likely to be bona fide off-target 

cleavage sites.

Here we demonstrated, for the first time, the use of chemical modification to significantly 

reduce off-target activities of CRISPR–Cas9 (Fig. 3). We learned from RNA therapeutics, in 

particular siRNA therapy, that other chemical modifications also hold the potential to reduce 

off-target activities39. For example, nucleobase modifications of siRNA have been shown to 

reduce miRNA-like off-target effects40. Position-dependent 2′OMe modification in the 
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guide strand of siRNAs decreases ‘off-target’ transcript silencing41. It is worthy to 

investigate other chemical modifications to reduce off-target activities of CRISPR systems.

High-fidelity and enhanced specificity Cas9 variants demonstrated reduced off-target 

activities in mammalian cells18,19. A recent study indicated that tuning the natural 

conformational threshold of the Cas9–sgRNA–substrate DNA complex can improve the 

specificity of Cas9, and a new hyper-accurate Cas9 variant was designed and developed 

accordingly42. It is possible that the DNA–RNA chimera guides, along with truncate guides 

and Cas9 variants, share the similar principles of reducing off-target activities. It is 

worthwhile to further study the underlining mechanisms of how chemically modified guides 

are able to reduce off-target cleavages.

Our data suggest that the DNA nucleotides play a functional role in the recognition of the 

genomic DNA and support the endonuclease activity of Cas9. Interestingly, truncation of the 

guide sequence to 14 RNA nucleotides, combined with catalytically active Cas9 fused with a 

functional domain such as a transcription activator or inhibitor, can modulate gene 

expression without inducing double-stranded breaks43,44. Our data indicate that guide 

sequences with 14 RNA nucleotides and 6 DNA nucleotides are fully capable of inducing 

double-stranded breaks in the human genome (Fig. 1b,c and Fig. 2a). Indeed, mutation of 1–

4 DNA nucleotides in the guide region abolishes the editing effect (Fig. 2e,f and 

Supplementary Fig. 5), demonstrating that DNA sequence substitutions can play a role in 

recognizing the complementary genomic sequences. Considering the weaker binding of 

DNA–DNA compared to DNA–RNA32,33, it will be interesting to test whether some DNA–

RNA chimeras may guide catalytically active Cas9 to bind a genomic locus and modulate 

gene expression but not to cause indels.

Because the synthetic cost of sgRNA is high, a recent study conjugated a 65-nucleotide 5′-

hexyne tracrRNA and a 34-nucleotide 3′-azide crRNA component45. The synthetic 

conjugated sgRNA showed efficient genome-editing activity in cells45. It is feasible to 

replace about half of the RNA with DNA nucleotides in the 3′-azide crRNA component, 

which has the guide sequence. Such a strategy may further reduce the cost of synthesis and 

increase the specificity of guide sequences. It also allows generation of single synthetic 

sgRNA and libraries of synthetic sgRNA that are more practical for research and 

development purposes.

Our data showed that DNA–RNA chimeric guides can induce efficient genome editing in 

human cells with reduced off-target effects, highlighting their possible usage for biomedical 

research and therapeutic genome editing. Such partial DNA crRNAs or sgRNA can be easily 

synthesized for genome editing in cells at reduced cost, and can potentially be delivered to 

animals using lipid or polymer nanoparticles for research and therapeutic applications34,35. 

It is worth investigating whether DNA–RNA chimeric guides can reduce off-target effects in 

living animals and understanding the associated immune responses. Our data suggests that 

incorporation of other nucleotides or chemical modifications into guide-RNA sequences 

may have the potential to further decrease off-target effects of CRISPR–Cas systems.
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ONLINE METHODS

Oligonucleotides synthesis

The oligonucleotides were synthesized by Integrated DNA Technologies (IDT) using the 

solid-phase synthesis and phosphoroamidite chemistry22. The sequences of all 

oligonucleotide are shown in Supplementary Table 1. The guide sequences were published 

elsewhere22,24,27. The oligonucleotides were dissolved in sodium citrate buffer (pH 4.5), 

aliquoted and stored in −80 °C.

Cell culture and FACS

HEK293T cells were infected by lentiviral particles to stably express EF1a-GFP-PGK-Puro 

(Addgene; 26777)46 and EFs-spCas9-Blast (Addgene; 52962)47. Functional titer was used to 

ensure low multiplicity of infection (MOI, as the number of virus particles on average 

infecting one cell). Cells were infected with a limiting dilution of lentivirus, and wells with 

<40% GFP signal or cells surviving Blast selection (MOI < 1) were chosen as described34. 

U2OS-GFP-PEST cells (kindly provided by the K. Joung lab, Massachusetts General 

Hospital21) were transfected with lentivirus to allow stable expression of Cas9. HEK293T 

Cells were transfected with a crRNA targeting GFP and the tracrRNA (26 nM each, final 

concentration) using Lipofectamine (Thermo Fisher Scientific). U2OS-GFP-PEST cells 

were transfected with the same concentration of the crRNA and the tracrRNA by 

electroporation (Neon Transfection System, Thermo Fisher Scientific; see section below for 

details of electroporation). GFP-negative cells were counted by FACS 7 d for HEK293T 

cells and 3 d for U2OS-GFP-PEST after transfection. FACS was performed using MoFlo 

cell sorter (Beckman) or LSR (BD Biosciences) as described35. Flowjo was used to perform 

data analysis. The axis labels indicate the fluorochrome used (Supplementary Fig. 1b). The 

GFP-negative cells were gated according to untreated GFP-positive cells.

Determining allele modification frequencies using TIDE analysis and Surveyor assay

Genomic DNA was extracted using QuickExtract DNA Extraction Solution (Epicentre). 

PCR (initiate heating and 25–30 cycles of 15 s at 94 °C, 15 s at 55–62 °C and 1 min at 

72 °C) was performed with 50 ng genomic DNA to yield the amplicons of the CRISPR 

target sites. The sequences of primer pairs are presented in Supplementary Table 2. For the 

tracking of indels by decomposition (TIDE)28, the PCR products were purified using PCR 

purification kit (Qiagen), sequenced by Sanger method (Quintarabio) and analyzed by the 

online software (http://tide.nki.nl). For the surveyor assay, purified PCR amplicons were 

denatured, re-annealed and subsequently digested with Surveyor nuclease (IDT). Digested 

DNA was resolved by electrophoresis in a 4–20% TBE gel (Thermo Fisher Scientific), 

stained briefly with ethidium bromide, and visualized by UV light. The gels are 

representative of three experiments. Off-target sites of VEGFA were published elsewhere24. 

Indel percentage was measured as 100 × (1 − (1 − (b + c)/(a + b + c))1/2), where a is the 

intensity of the uncut PCR product, and b and c are the intensities of cleavage PCR 

products29.
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GUIDE-seq off-target analysis

We performed GUIDE-seq10 with some modifications as described previously20. Briefly, 

Hepa1-6 or HEK293T cells stably expressing SpCas9 were transfected using Lipofectamine 

3000 transfection reagent (Invitrogen) according to the manufacturer’s suggested protocol. 

26 nM of crRNA/tracrRNA and annealed GUIDE-seq oligonucleotide (7.5 pmol for 

HEK293T cells and 100 pmol for Hepa1-6 cells) were transfected into cells in each well of a 

24 well plate. 48 h after transfection, genomic DNA was extracted with a PureLink Genomic 

DNA Mini Kit (Invitrogen) according to the manufacturer’s suggested protocol. Library 

preparations were done with original adaptors according to protocols described by Joung et 
al.10. Each library was barcoded within the P5 and P7 adaptors for pooled sequencing. The 

barcoded, purified libraries were deep-sequenced as a pool using a paired-end 150-bp 

Illumina MiSeq run. Data were analyzed using the GUIDE-seq Bioconductor package48 

using the default settings except that min. reads is set to 2 and distance. Threshold to 70 with 

the identified sites filtered to those sequences with six or fewer mismatches within the input 

guide and PAM (NGG) sequences.

Neon transfection for Jurkat T cells

We prepared a 5-µl mixture containing crRNA, tracrRNA and spCas9 protein (2 µM final for 

each) and kept them at room temperature (20–25 °C) for 15 min to form the Cas9 RNP 

complex. Jurkat T cells were harvested, washed and resuspended in Resuspension Buffer 

(included in Neon Kits) at a final density of 2 × 107 cells/ml. Cells were mixed with the 5 µl 

RNP complex. Transfection was performed according to the manufacturer’s suggested 

protocol in a 10-µl tip with the following parameters: 1,325 v /10 ms /4 pulses. After 

transfection, cells were transferred into 500 µl RPMI 1640 media with L-glutamine and 10% 

FBS, but without antibiotics, and incubated at 37 °C in a humidified CO2 incubator. Three 

days after transfection, genomic DNA was harvested for the analysis of indel% by TIDE.

Statistics

Student’s t-tests or one-way ANOVA with Tukey post hoc test were used to calculate P 
values by Prism 7 (GraphPad). No adjustments were made for multiple comparisons. P < 

0.05 is considered significant. The definition of error bars is s.d. N indicates biological 

replicates as number of cell cultures. No inclusion and exclusion criteria of samples were 

used.

Life Sciences Reporting Summary

Further information on experimental design and reagents is available in the Life Sciences 
Reporting Summary.

Data availability

The authors declare that the data supporting the findings of this study are available within 

the paper and its Supplementary Information files. The original deep sequencing data is 

available using the BioProject accession code PRJNA420401.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Partial DNA replacement at the guide region of a GFP crRNA induces gene editing in 
human cells
(a) Diagram of the CRISPR system. PAM, protospacer adjacent motif. (b) HEK293T cells 

stably expressing both elongation factor-1 short (EFs) promoter-SpCas9 and elongation 

factor 1-α (EF1α) promoter-GFP were transfected with a crRNA targeting GFP and the 

tracrRNA. Cas9-mediated frame-shift NHEJ yields GFP-negative cells. When replacement 

of DNA nucleotides in crRNA is tolerated by Cas9, the percent of GFP-negative cells will be 

retained. The blue arrowhead indicates the cutting site by the Cas9. (c) Illustration of DNA 

replacement at the guide sequence of GFP crRNAs. The 20-nucleotide (nt) guide region is 

shown. RNA and DNA are shown in black and red, respectively. (d) HEK293T cells 

described above were incubated with the tracrRNA and a GFP-targeting crRNA illustrated. 

TIDE analysis was performed to calculate the percent of indels at GFP locus at day 3. n = 9 

biologically independent samples. Error bars show mean ± s.d. Purple color indicates mock-

transfection-treated samples. Black dots indicate native crRNA transfected samples. Red 

dots indicate DNA–RNA chimeric crRNAs-transfected samples.
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Figure 2. Partial DNA replacement at the guide region of crRNA or sgRNA induces efficient gene 
editing in human cells
(a) Partial DNA replacement at the guide region of a crRNA targeting EMX1 induced indels 

in human cells. HEK293T cells described above were transfected with the tracrRNA and an 

EMX1-targeting crRNA. TIDE analysis was performed to determine indels at EMX1 locus. 

n = 3 biologically independent samples. *P < 0.01 by one-way ANOV A with Tukey post 

hoc test. (b) sgRNAs targeting GFP, EMX1 or VE GFA with 8-nt DNA and a 10-nt 

replacement at the 5′ end (sgRNA-8 DNA and sgRNA-10 DNA) induced indels in 

HEK293T cells. HEK293T cells described above were transfected with a native sgRNA or 

sgRNA-8D or sgRNA-10D. TIDE analysis was performed to determine percent of indels. n 
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= 3 biologically independent samples. Black and red dots indicate native crRNA and DNA–

RNA chimeric crRNAs transfected samples, respectively. (c) DNA–RNA chimeric crRNAs 

or sgRNA can mediate efficient genome editing in a RNP setting. VEGFA crRNA + 

tracrRNA or sgRNA alone were incubated with SpCas9 protein to form RNP complexes and 

then electroporated into Jurkat T cells by Neon transfection. Genomic DNA was harvested at 

day 3, and percent of indels was measured by TIDE. n = 3 biologically independent samples. 

(d) A DNA–RNA chimeric crRNA guides AsCpf1 for efficient genome editing. HEK293T 

cells were co-transfected with a plasmid expressing AsCpf1 and a native crRNA or crRNA 

with 8-nt DNA replacement at the 3′ end targeting DNMT1. TIDE analysis was performed 

to determine percent of indels at the DNMT1 locus 3 d after transfection. n = 3 biologically 

independent samples. (e,f) 4-nt DNA replacement at the 3′ end of the guide sequence (red), 

4-nt mutation of DNA (DNA mut-1 or 2, pink) at the 5′ end, or 4-nt mutation of RNA (RNA 

mut, cyan) abolished activity of CRISPR in human cells. (e) Illustration of DNA 

replacement at the 3′ end and DNA or RNAmutations. (f) HEK293T cells described above 

were incubated with the tracrRNA and a GFP-targeting crRNA as in e. *P < 0.01; n = 6 

biologically independent samples. Error bars represent mean ± s.d.
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Figure 3. Partial DNA replacement at the guide region reduces off-target effects in human cells
(a) Illustration of DNA replacement at the guide sequence of VEGFA crRNA. Arrows 

denote mismatches between target and off-target sites. (b,c) HEK293T cells described in 

Figure 1 were transfected with the tracrRNA and a VEGFA-targeting crRNA with 10 DNA 

nt replacement at the 5′ end of the guide sequence (10 DNA) or with native crRNA. 

Surveyor assay were performed to determine indels at the VEGFA locus (b) and 3 top off-

target (OT) sites of the VEGFA guide sequence (c). n = 3 biologically independent samples. 

*P < 0.01 by one-way ANOV A with Tukey post hoc test. (d,e) Partial DNA replacement in 

GFP crRNA reduces off-target activity. (d) Illustration of mismatch mutations of GFP2 

sequences. Arrows denote point mutations. (e) TIDE analysis was performed to determine 

percent of indels. n = 3–5 biologically independent samples, as indicated. *P < 0.05 by 

unpaired, two-tailed Student’s t-tests. (f) GUIDE-seq genome-wide off-target analysis of 

native and 10 DNA crRNAs from three endogenous genes. The chart indicates the number of 

off-target peaks detected by GUIDE-seq for each type of crRNA. Six total mismatches are 

allowed in the guide and PAM. (g) Number of GUIDE-seq reads of 293 site 4. Target is the 

crRNA target site. OT 1–OT 6 are top off-target sites in the native crRNA data set. Error bars 

represent mean ± s.d.
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Figure 4. An optimized DNA–RNA chimeric crRNA enables efficient genome editing in human 
cells
(a) Illustration of DNA substitution of GFP targeting crRNAs. RNA and DNA are shown in 

black and red, respectively. The Cas9 binding region is shown by a blue box. (b) U2OS-

GFP-PEST cells stably expressing Cas9 were transfected with GFP crRNAs and the 

tracrRNA. GFP negative cells caused by Cas9-mediated frame shift NHEJ were measured 

by FACS at day 3. 8 DNA16 DNA design (8-nt DNA in 5′ and 16-nt DNA in 3′, avoiding 

the Cas9 binding region) mediates efficient genome editing. 3′ all DNA (22DNA) abolished 

genome editing. n = 3 biologically independent samples. Error bars show mean ± s.d.
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