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SUMMARY

Previously, researchers discovered a series of anti-CRISPR proteins that inhibit CRISPR-Cas 

activity, such as Cas9 and Cpf1 (Cas12a). Herein, we constructed crRNA variants consisting of 

chemically modified DNA-crRNA and RNA-crRNA duplexes and identified that phosphorothioate 

(PS)-modified DNA-crRNA duplex completely blocked the function of Cpf1. More important, 

without prehybridization, these PS-modified DNA oligonucleotides showed the ability to suppress 

DNA double-strand breaks induced by two Cpf1 orthologs, AsCpf1 and LbCpf1. Time-dependent 

inhibitory effects were validated in multiple loci of different human cells. Further studies 

demonstrated that PS-modified DNA oligo-nucleotides were able to serve as Cpf1 inhibitors in a 

sequence-independent manner. Mechanistic studies indicate that PS-modified DNA 

oligonucleotides hinder target DNA binding and recognition by Cpf1. Consequently, these 
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synthetic DNA molecules expand the sources of CRISPR inhibitors, providing a platform to 

inactivate Cpf1-mediated genome editing.

Graphical Abstract

In Brief

Li et al. show that phosphorothioate-modified DNA (psDNA) oligonucleotides inhibit Cpf1-

mediated genome-editing activity in a sequence-independent manner in human cells. These 

psDNA oligonucleotides interact with Cpf1 protein and block the formation of Cpf1-crRNA-target 

DNA complex. They also display inhibitory effects on the CRISPR-Cas9 system.

INTRODUCTION

Cpf1 (CRISPR from Prevotella and Francisella 1, also known as Cas12a) is one of the 

bacterial endonucleases that can induce DNA double-strand breaks under the guidance of a 

single CRISPR RNA (crRNA) (Zetsche et al., 2015). Among the Cpf1 orthologs, AsCpf1 

(Cpf1 from Acidaminococcus sp.) and LbCpf1 (Cpf1 from Lachnospiraceae bacterium) 

were reported for genome editing in human cells (Zetsche et al., 2015). The wild-type 

crRNA of CRISPR-Cpf1 system comprises a 5’ handle engaging Cpf1 recognition and a 

guide segment interacting with target DNA sequences through base-pairing (Dong et al., 

2016; Fonfara et al., 2016; Yamano et al., 2016; Zetsche et al., 2015). Crystal structure of the 

Cpf1-crRNA-dsDNA complex un-covers the T-rich PAM recognition and cleavage 

mechanism by Cpf1 (Dong et al., 2016; Gao et al., 2016; Stella et al., 2017; Swarts et al., 

2017; Yamano et al., 2016). On the basis of its unique genome-editing properties, the 

CRISPR-Cpf1 system has recently been applied in diverse eukaryotic species, including 

plants and animals, to achieve genome editing and base editing (Endo et al., 2016; Hur et al., 

2016; Kim et al., 2016b, 2017; Li et al., 2018b; Tang et al., 2017; Wang et al., 2017; Xu et 

al., 2017; Zetsche et al., 2017; Zhang et al., 2017).
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Although the CRISPR system offers a powerful platform for genome editing, a number of 

challenges exist for its therapeutic applications, including genome-editing efficiency and 

potential side effects (Bosley et al., 2015). To overcome these obstacles, extensive efforts 

have been made to improve genome-editing efficiency (Bin Moon et al., 2018; Dang et al., 

2015; Hendel et al., 2015; Latorre et al., 2016; Li et al., 2017, 2018a; Lin et al., 2018; Park 

et al., 2018; Yamano et al., 2016; Ye et al., 2018). On the other hand, researchers 

investigated numerous approaches to modulate the activity of the CRISPR system. For 

example, stimuli responsive strategies such as chemical-, temperature-, and light-controlled 

approaches were developed to trigger or regulate the CRISPR-Cas system (Chow et al., 

2018; DeLorenzo et al., 2018; Lee et al., 2016; Moreno-Mateos et al., 2017; Nuñ ez et al., 

2016; Richter et al., 2017). Recently, anti-CRISPR (Acr) proteins from bacteriophages or 

bacteria were discovered to inhibit the function of type I, type II, and type V CRISPR-Cas 

systems (Borges et al., 2017; Dong et al., 2017; Harrington et al., 2017; Hynes et al., 2017, 

2018; Landsberger et al., 2018; Marino et al., 2018; Maxwell, 2017; Pawluk et al., 2016a, 

2016b; Rauch et al., 2017; Shin et al., 2017; Watters et al., 2018; Yang and Patel, 2017). 

These findings provide a potential approach to switch off the endonuclease activity of 

CRISPR-Cas when severe side effects occur in therapeutic applications in the future. 

Currently, no synthetic inhibitor has been reported for the CRISPR-Cas system. In this 

study, we investigated an array of crRNA duplexes (crDuplex) formed by hybridization of 

crRNA with DNA or RNA oligonucleotides and identified that DNA oligonucleotides 

bearing phosphorothioate (PS) linkages were capable of abolishing the cleavage activity of 

CRISPR-Cpf1 system in a sequence-independent manner. Similar inhibition effects were 

also observed in the CRISPR-Cas9 system.

RESULTS

Effects of crDuplex on Cpf1-Mediated Genome Editing

Oligonucleotides are short single-stranded DNA or RNA molecules that have been widely 

used for diverse applications (Juliano, 2016; Wan and Seth, 2016). Previously, chemically 

modified nucleotides were extensively applied to tune the properties of oligonucleotides, 

such chemical stability and binding affinity (Deleavey and Damha, 2012; Hendel et al., 

2015; Juliano, 2016; Lee et al., 2017; Li et al., 2016; Wan and Seth, 2016; Watts et al., 

2008). Given the crucial role of crRNA in the formation of Cpf1-crRNA-DNA complex, we 

hypothesized that an oligonucleotide complementary to crRNA may provide a strategy to 

regulate Cpf1-mediated genome editing. To test this hypothesis, we designed a series of 

oligonucleotides using unmodified and chemically modified nucleotides (Figure 1A; Table 

S1). Because the crRNA of Cpf1 is composed of a 50 handle, seed region, and 3’ end 

(Fonfara et al., 2016; Zetsche et al., 2015), we synthesized oligonucleotides complementary 

to different regions of the crRNA (Figures 1 and S1). We then generated their corresponding 

crDuplex (Figure S1) by annealing an equimolar oligonucleotide with the crRNA.

As shown in Figure 1B, the first type of crDuplex, DNA-crRNA, was constructed by 

hybridization of unmodified or PS-modified DNA oligonucleotide (Figure 1A) with crRNA 

at different regions (crDuplex1 to crDuplex13). In the presence of plasmid encoding 

AsCpf1, crDuplex1 to crDuplex10 (unmodified DNA-crDuplex) retain 60% or more 
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genome-editing activity of wild-type crRNA at the DNMT1 locus in 293T cells (Figure 1C). 

However, we observed no obvious correlation between genome-editing efficiency and the 

hybrid region or between genome-editing efficiency and the length of oligonucleotide tested 

(Figure 1C). Interestingly, PS-modified DNA-crDuplex, including crDuplex11, crDuplex12, 

and crDuplex13, dramatically reduced genome-editing efficiency under the same condition 

(Figure 1C). Moreover, crDuplex11 and crDuplex13 completely blocked the function of 

Cpf1 (Figure 1C).

DNA and RNA oligonucleotides possess important chemical difference at the 2’ position on 

the ribose (Figure 1A). We then examined the second type of crDuplex, RNA-crRNA, in 

order to explore the effects of RNA oligonucleotides on Cpf1-mediated genome editing. In 

this case, unmodified, 2’-fluoro, 2’-O-methyl, and PS-modified RNA oligonucleotides 

(Figure 1A) were used to produce unmodified RNA-crRNA (crDuplex14–16), 2’-fluoro 

RNA-crRNA (crDuplex17 and crDuplex18), 2’-O-methyl RNA-crRNA (crDuplex19 and 

crDuplex20), and PS-modified RNA-crRNA (crDuplex21) (Figure 1D). As shown in Figure 

1E, crDuplex14–16, crDuplex19, and crDuplex20 showed comparable or slightly higher 

genome-editing efficiency in comparison with crRNA, while crDuplex17, crDuplex18, and 

crDuplex21 reduced cleavage activity to a different extent, depending on the pattern of 

modification (Figure 1E). We noticed that 2’-fluoro RNA-crRNA (crDuplex17 and 

crDuplex18) suppressed genome-editing activity more potently than unmodified RNA-

crRNA (crDuplex14–16) and 2’-O-methyl RNA-crRNA (crDuplex19 and crDuplex20). PS-

modified RNA-crRNA (crDuplex21) also dis-played inhibition activity, which is comparable 

with 2’-fluoro RNA-crRNA (crDuplex17 and crDuplex18), but not as potent as the 

corresponding duplex containing the PS-modified DNA oligonucleotide, crDuplex11.

Taken together, these findings suggested that genome-editing activity of the CRISPR-Cpf1 

system can be affected by oligonucleotides with different chemical modifications, length of 

DNA or RNA oligonucleotides, and position of hybridization with crRNA. Among all the 

oligonucleotides tested, both 2’-fluoro RNA and PS-modified DNA exhibited apparent 

inhibitory effects. Given the challenge to synthesize relatively long 2’-fluoro-modified 

oligonucleotides, we selected two PS-modified DNA-crRNA (crDuplex11 and crDuplex13), 

which exhibited the most potent inhibition against Cpf1 expression plasmid (Figure 1E) for 

further studies. Our previous studies reported that co-delivery of chemically modified Cpf1 

mRNA and crRNA improved genome-editing efficiency of Cpf1 (Li et al., 2017, 2018a). To 

further validate the observed inhibitory effects of crDuplex11 and crDuplex13, we delivered 

crDuplex in the presence of J-modified Cpf1 mRNA in 293T cells. In this case, crDuplex13 

exhibited detectable genome-editing activity, whereas crDuplex11 was capable of 

completely disabling Cpf1 function under the same condition (Figure 1F). Comparing the 

structures of crDuplex11 to crDuplex13, we theorized that PS-DNA oligonucleotide with the 

same length of crRNA may be essential to fully inhibit genome editing of Cpf1.

Switch-Off Function of PS-Modified DNA Oligonucleotides

In the study above, crDuplex11 formed between crRNA and cDNA oligonucleotide with 42 

PS linkages (termed ps42DNA-DNMT1 inhibitor; Figure 2A; Table S1) was able to 

completely switch off the activity of Cpf1 in the hybridization form. Subsequently, we 
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speculated that such DNA oligonucleotidesit-self may enable us to inactivate Cpf1 activity 

and serve as a Cpf1 inhibitor. To test this hypothesis, we separately formulated three 

components (crRNA targeting DNMT1 locus, AsCpf1 mRNA, and ps42DNA-DNMT1) 

using Lipofectamine 3000 reagent and then simultaneously delivered these three 

components to 293T cells. Notably, the process of genome editing was effectively 

interrupted when ps42DNA-DNMT1 was added together with the other two components 

(time = 0 hr; Figure 2B). Next, we treated cells with crRNA plus AsCpf1 mRNA, followed 

by the addition of the inhibitor at various time points. As shown in Figure 2B, ps42DNA-

DNMT1 displayed time-dependent inhibition on Cpf1-mediated genome-editing activity. At 

the 10 hr time point, ps42DNA-DNMT1 was not able to affect the Cpf1 function. We then 

investigated dose-dependent inhibitory effects of ps42DNA-DNMT1 5 hr post-treatment of 

CRISPR-Cpf1 components. ps42DNA-DNMT1 was found to act in a dose-dependent 

manner to regulate genomic cleavage (Figure 2C). These observations indicated that time 

and dose are two crucial factors for ps42DNA-DNMT1 to exert switch-off function for the 

CRISPR-Cpf1 system.

Applicability of PS DNA Oligonucleotides in Additional Gene Loci, Cell Types, and Cpf1 
Orthologs

To assess the applicability of this approach, we synthesized two additional 43 nt DNA 

oligonucleotides (each contains 42 PS linkages) complementary to crRNAs targeting the 

AAVS1 and FANCF genes (Kim et al., 2016a; Kleinstiver et al., 2016) (termed ps42DNA-

AAVS1 and ps42DNA-FANCF, respectively; Figure 2A; Table S1). Consistent with the 

results mentioned above, both ps42DNA-AAVS1 and ps42DNA-FANCF showed time-

dependent inhibition of genome editing for their corresponding target DNA sequences. Their 

inhibition potency was higher than that of ps42DNA-DNMT1, as evidenced by undetectable 

cleavage at time points 1 and 3 hr (Figures 2D and2E).

In addition to 293T cell line, we also evaluated the effects of ps42DNA-DNMT1 in Hep3B 

cells (a human hepatoma cell line). Similarly, ps42DNA-DNMT1 showed dramatic 

inhibition of genome editing in Hep3B cells (Figure 2F). Next, we examined the same 

strategy for another Cpf1 ortholog, LbCpf1 (Zetsche et al., 2015), using its corresponding 

PS-modified DNA oligonucleotide (termed Lbps42DNA-DNMT1; Figure 2A; Table S1), 

which exhibited strong inhibition of genome editing in a time-dependent manner similar to 

ps42DNA-DNMT1 (Figure 2G). Collectively, ps42DNA oligonucleotides are broadly 

applicable to inhibit Cpf1-mediated genomic cleavage at different gene loci in mammalian 

cells.

Inhibitory Effects of PS-Modified DNA Oligonucleotides with Random Sequences on 
CRISPR-Cas in Human Cells

In order to explore the sequence specificity of PS-emodified DNA oligonucleotides on 

inhibition of Cpf1 activity, we initially examined the cross-inhibitory effects among these 

PS-modified DNA oligonucleotides (ps42DNA-AAVS1 and ps42DNA-FANCF, used for 

blocking gene editing at AAVS1 and FANCF loci, respectively, were applied to the DNMT1 
locus). Both ps42DNA-AAVS1 and ps42DNA-FANCF displayed robust inhibition of Cpf1-

mediated genome editing at the DNMT1 locus (Figure 3A). Next, we designed PS-modified 
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DNA oligonucleotides with random sequences (RAMpsDNA) and conducted the same 

assays in human cells. Interestingly, RAMpsDNA also completely inhibited Cpf1-mediated 

genome editing at three different loci tested, including DNMT1, AAVS1, and FANCF 
(Figure 3B). Moreover, such effect was observed in different cell lines ((Figure 3C) and was 

time dependent (Figure 3D). To rule out the possibility that such inhibitory effects were 

resulted from the interactions between exogenous oligo-nucleotides and endogenous 

components in cells, the unmodified DNA oligonucleotide (uDNA) previously used for 

crDuplex2 formation was added to cells under the same conditions. We found that uDNA 

did not affect Cpf1 activity (Figure S3B). Collectively, PS-modified DNA oligonucleotides 

are capable of blocking activity of CRISPR-Cpf1 without specific sequence requirements.

To investigate the effects of oligonucleotide length on Cpf1 activity, we subsequently 

examined the inhibitory effects of PS-modified DNA oligonucleotides with different lengths 

(30 and 100 nt, termed ps29DNA and ps99DNA on the basis of their numbers of PS 

linkages; Table S1) in human cells in addition to 43 nt RAMpsDNA. As shown in Figure 

S3H, both ps29DNA and ps99DNA displayed dramatic inhibition of Cpf1-mediated genome 

editing activities in cells but weaker than RAMpsDNA. Because ribonucleoprotein complex 

(RNP) is an alternative method for genome editing, we also evaluated RAMpsDNA 

inhibition on Cpf1 RNP. Notably, the activity of preassembled Cpf1 RNP was fully inhibited 

within 5 hr (Figure S3I).

Last, to test the inhibition applicability of PS DNA to the CRISPR-Cas9 system, we 

synthesized a 100 nt PS DNA oligonucleotides (ps99DNA) complementary to the full-length 

synthetic SpCas9 single-guide RNA (sgRNA) targeting the EMX1 gene (Table S1). As 

shown in Figure S4A, the genome-editing activity of SpCas9 was dramatically lowered but 

not totally inhibited when ps99DNA was added to 293T cells. Nevertheless, ps99DNA 

almost completely inactivated SpCas9 activity in Hep3B cells (Figure S4B). Next, we 

evaluated the ps99DNA activity at two additional gene loci, RELA and CDC42BPB. Under 

this condition, the ps99DNA is considered as a randomized DNA oligonucleotide for these 

two loci. Similar effects were observed for the inhibition of SpCas9 in both 293T and 

Hep3B cells regardless of sgRNA used (Figure S4; Table S1).

Interaction of Cpf1 with Oligonucleotides

Previous reports showed that Cpf1 protein and crRNA first formed a binary complex and 

then exerted a conformational change to the Cpf1-crRNA-target DNA ternary complex (Gao 

et al., 2016). To study the interaction between Cpf1 protein and the PS-modified DNA 

oligonucleotide, we performed an electrophoretic mobility shift assay (EMSA) using 

AsCpf1 protein. As shown in Figure 4A, after incubation of crRNA with increased 

concentrations of Cpf1 protein, a new band appeared at a higher position, indicating the 

complex formation between Cpf1 protein and crRNA. A similar band was found in the 

experiment using ps42DNA, which suggested that ps42DNA interacted with Cpf1 protein 

with a comparable affinity to crRNA (Figure 4B). In contrast, uDNA was cleaved after 

exposure to high concentrations of Cpf1 protein (Figure S5A). These results were analogous 

to a recent report that FnCpf1 protein non-specifically degrades single-stranded DNA in the 

absence of crRNA (Sundaresan et al., 2017) and explained the activity differences between 
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PS-modified DNA and unmodified DNA. Additionally, gel electrophoresis analysis of the 

mixture of Cpf1 protein, crRNA, and ps42DNA indicated that these three components were 

assembled into Cpf1-crRNA-ps42DNA ternary complex (Figure 4C). A similar trend was 

observed when crDuplex11 (hybridized from crRNA and ps42DNA) was used (Figure S5B).

Inhibitory Effects of PS-Modified DNA Oligonucleotides on Cpf1/crRNA Ribonucleoprotein 
In Vitro

Cpf1 uses a single-stranded crRNA to recognize and cleave target DNA (Dong et al., 2016; 

Fonfara et al., 2016; Gao et al., 2016; Stella et al., 2017; Swarts et al., 2017; Yamano et al., 

2016; Zetsche et al., 2015). In order to mimic genome editing in cell studies, the DNMT1 
genomic region was amplified by PCR and used as a double-stranded DNA substrate. We 

first mixed Cpf1, crRNA, and DNA substrate to examine the in vitro reaction condition. As 

we increased the amount of Cpf1 protein, more cleaved fragments were observed (Figure 

S5C). To further investigate the inhibitory effects, we added ps42DNA into the reaction 

mixture at different time points using a fixed molar ratio of 1:8:1 (crRNA/Cpf1 protein/ 

DNA substrate). We found that ps42DNA inactivated Cpf1 protein in a time-dependent 

manner (Figure S5D, left), which was consistent with our observation in the cell studies. The 

same effect was observed when Cpf1 protein and crRNA pre-assembled into RNP (Figure 

S5D, right). Because this in vitro reaction does not require extra time for Cpf1 protein 

production, the time frame ranges in minutes.

PS-Modified DNA Oligonucleotides Blocked Target DNA Binding and Recognition by the 
Cpf1 Nuclease

In order to distinguish different components in the Cpf1 system, we first labeled the 3’ end 

of crRNA with a Cy5 fluorescent probe (termed Cy5crRNA) and examined its function in 

293T cells. Cy5crRNA showed equivalent activity to crRNA, indicating that Cy5 probe has 

little influence on crRNA activity and is suitable for the mechanism study (Figure S5E). We 

subsequently carried out in vitro cleavage assay using Cy5crRNA to visualize the 

interactions between cleaved DNA fragments and crRNA-Cpf1 complex. As displayed in 

Figure 5A under a SYBR green filter, the short cleaved fragment (lane 4, white arrow) in the 

reaction mixture terminated by Proteinase K shifted to a higher position (lane 6, white 

arrow) compared to that without treatment of Proteinase K. Meanwhile, we noticed that this 

shifted band displayed Cy5 fluorescent signal under a Cy5 filter, suggesting the existence of 

crRNA (Figure 5A, lane 6, middle). In Figure 5B, we conducted the reactions with crRNA, 

crRNA-uDNA duplex, or crRNA-ps42DNA duplex in the absence of Proteinase K and then 

imaged the gel via both SYBR green and Coomassie blue staining (Figure 5B). The images 

in Figures 5A and5B reflect the complex formation of the crRNA, Cpf1 protein, and the 

short cleaved DNA fragment.

As illustrated in Figure 5C, in the presence of Proteinase K, three components are released 

from the complex, including crRNA and two cleaved DNA fragments. On the contrary, with 

no treatment with Proteinase K, the short cleaved DNA fragment with intensive interactions 

with crRNA and Cpf1 is still bounded in the ternary complex. Therefore, this DNA band 

(short cleaved fragment) shifted from the position less than 400 bp as shown in the ladder to 

the position more than 500 bp, while the other DNA fragment (long cleaved fragment) 

Li et al. Page 7

Cell Rep. Author manuscript; available in PMC 2019 January 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



remained at the same position in the gel (Figures 5A and5B). We subsequently quantified 

the amount of the uncleaved DNA substrate in Figure 5B by band intensity under a SYBR 

green filter in comparison with the same amount of untreated DNA substrate. We found that 

DNA substrate remaining in both crRNA and crRNA-uDNA groups was much lower than 

that in the untreated group, while the amount of DNA substrate in the group of crRNA-

ps42DNA displayed no significant reduction compared with the DNA substrate alone group 

(Figure 5B, top). In addition, no additional band of Cpf1 protein-DNA substrate complex 

was detected from the gel stained by Coomassie blue (Figure 5B, bottom). Next, we studied 

the effects of ps42DNA (without prehybridization) and RAMpsDNA on Cpf1 and DNA 

substrate binding. We incubated crRNA, Cpf1, DNA substrate, and ps42DNA (or 

RAMpsDNA) at 37○C for 30 min. Consistent results were obtained as mentioned above 

(Fig-ure S5F). These results indicated that PS-modified DNA oligo-nucleotides, regardless 

of their sequences, blocked the binding of Cpf1 protein with the DNA substrate.

Taken together, we propose the following mechanism of action (Figure 5D). Typically, Cpf1 

forms regular complex with crRNA. Addition of uDNA to the complex has little effect on 

the recognition of target DNA substrate. uDNA may be degraded via Cpf1-mediated non-

specific cleavage. In contrast to uDNA, PS-modified DNA oligonucleotides may lead to a 

new complex with Cpf1 and crRNA, consequently blocking the binding to target DNA 

substrate, thereby inactivating the function of Cpf1.

DISCUSSION

Bacteria and phages are the natural sources of Acr proteins (Borges et al., 2017; Dong et al., 

2017; Harrington et al., 2017; Hynes et al., 2017, 2018; Landsberger et al., 2018; Marino et 

al., 2018; Maxwell, 2017; Pawluk et al., 2016a, 2016b; Rauch et al., 2017; Shin et al., 2017; 

Watters et al., 2018; Yang and Patel, 2017). Recently, more and more naturally occurring 

Acr proteins were reported to be effective CRISPR inhibitors in human cells (Borges et al., 

2017; Dong et al., 2017; Harrington et al., 2017; Hynes et al., 2017, 2018; Landsberger et 

al., 2018; Marino et al., 2018; Maxwell, 2017; Pawluk et al., 2016a, 2016b; Rauch et al., 

2017; Shin et al., 2017; Watters et al., 2018; Yang and Patel, 2017). In this study, we 

synthesized a series of oligonucleotides and found that PS-modified DNA oligonu-cleotides 

with equal length to crRNA, while independent of their sequences, were able to inhibit Cpf1 

activity. On the basis of the present results, we summarized a list of structure-activity 

relationships for modulating Cpf1 function: (1) In general, unmodified DNA and RNA 

oligonucleotides showed moderate effects on Cpf1-mediated genome-editing activity 

regardless of the hybrid region and the length of oligonucleotides tested. (2) 2’-Fluoro-

modified oligonucleotides substantially interfered with Cpf1-mediated cleavage. (3) 2’-O-

methyl-modified oligo-nucleotides maintained the performance of the wild-type crRNA. (4) 

PS-modified DNA oligonucleotides can act as potent inhibitors to switch off Cpf1 function. 

Most important, these PS-modified DNA oligonucleotides enabled us to inhibit genome 

editing activities of AsCpf1, LbCpf1, and SpCas9. Also, the inhibition was observed in three 

human genomic loci in a time- and dose-dependent manner. Further investigation of the 

sequence of PS-modified DNA oligonucleotides revealed that the inhibitory effects on Cpf1 

activity were sequence-independent for inhibiting Cpf1 activity with an optimal length of 43 

nt in this study.
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Previous studies reported that a conformational change occurs from the Cpf1-crRNA binary 

state to the Cpf1-crRNA-DNA ternary complex (Gao et al., 2016). This structural transition 

facilitates the seed segment of crRNA developing an A-form conformation in order to pair 

with target DNA and thereby inducing gene cutting (Gao et al., 2016). In this study, EMSAs 

showed that Cpf1 protein was able to bind to the single-stranded PS-modified DNA 

oligonucleotide. The inhibition activity was noticed within 20 min after Cpf1 protein was 

present. Hence, the time window to stop Cpf1 functions is within the range of minutes. Yet 

these PS-modified DNA oligonucleotides can prevent the gene editing of Cpf1 plasmid and 

mRNA during the translation process. Through co-localization and quantification analysis, 

we speculate that PS-modified DNA oligonucleotides may hinder target DNA binding and 

recognition by the Cpf1 nuclease. Overall, the findings of anti-Cpf1 oligonucleotides expand 

the source of Cpf1 inhibitors. These synthetic oligonucleotides, together with naturally 

occurring Acr proteins, provide useful tools to further understand and modulate the 

CRISPR-Cpf1 system. Both types of inhibitors are able to inhibit Cpf1 functions in human 

cells in a target sequence-independent manner. In case acute toxic effects of the CRISPR 

system occur in clinical use, the combination of anti-Cpf1 proteins and oligonucleotides may 

serve as antidotes.

STAR METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Lipofectamine 3000 Transfection Reagent Thermo Fisher Scientific Cat#L3000015

Opti-MEM, Reduced Serum Medium Thermo Fisher Scientific Cat#31985070

Q5 Hot Start High-Fidelity Master Mix New England Biolabs Cat#M0494L

T7 Endonuclease I New England Biolabs Cat#M0302L

AsCpf1 protein New England Biolabs Gift

SYBR Safe DNA Gel Stain Thermo Fisher Scientific Cat#S33102

NEBuffer 3.1 New England Biolabs Cat#B7203S

Proteinase K (component of DNeasy Blood & Tissue Kit) QIAGEN Cat#69506

AsCpf1 mRNAs TriLink BioTechnologies Custom order

LbCpf1 mRNAs TriLink BioTechnologies Custom order

SpCas9 mRNAs TriLink BioTechnologies Custom order

Experimental Models: Cell Line

Human: 293T cells ATCC CRL-3216

Human: Hep3B cells ATCC HB-8064

Oligonucleotides

AsCpf1 crRNAs TriLink BioTechnologies Custom order

LbCpf1 crRNAs TriLink BioTechnologies Custom order

SpCas9 sgRNAs Synthego Custom order
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REAGENT or RESOURCE SOURCE IDENTIFIER

Unmodified ssDNA oligonucleotides (see 
Table S1 for sequences)

Eurofins Genomics Custom order

Chemically modified ssDNA 
oligonucleotides (see Table S1 for sequences)

Integrated DNA Technologies Custom order

Unmodified ssRNA oligonucleotides (see 
Table S1 for sequences)

TriLink BioTechnologies Custom order

Chemically modified ssRNA 
oligonucleotides (see Table S1 for sequences)

Integrated DNA Technologies Custom order

Cy5-labeled crRNA Integrated DNA Technologies Custom order

Primers (see Table S2 for sequences) Eurofins Genomics Custom order

Recombinant DNA

Plasmid: pcDNA3.1-hAsCpf1 Feng Zhang, the Broad Institute N/A of MIT and 
Harvard

N/A

Software and Algorithms

Imaging Lab Bio-Rad Version 5.2.1

Prism GraphPad Software GraphPad Prism 6

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Yizhou Dong (dong.525@osu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Cell Culture

293T cells (ATCC) were cultured in Dulbecco’s Modified Eagle’s Medium (Corning 

Incorporated) supplemented with 10% FBS. Hep3B cells (ATCC) were cultured in Eagle’s 

Minimum Essential Medium with 10% FBS. All cell lines were maintained at 37○C in a 5% 

CO2 incubator.

METHOD DETAILS

Preparation of crDuplex

crRNAs and sgRNA in Table S1 were synthesized via a solid-phase DNA/RNA synthesizer, 

purified by polyacrylamide gel electrophoresis system, and characterized by electrospray-

ionization mass spectrometry. crDuplex (crDuplex1–21, Figure S1) were generated by 

hybridization of an equivalent molar AsCpf1 crRNA targeting DNMT1 and the customized 

oligonucleotides (Table S1). The mixture was heated to 95○C for 30 s in Tris-EDTA buffer, 

followed by gradient cooling to room temperate at a rate of 0.1○C/s. The sequences of all 

oligonucleotides used in this study were listed in Table S1.
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Co-delivery of CRISPR components into human cells

Human 293T and Hep3B cells were seeded in 24-well plates at a density of 70,000~100,000 

cells per well for 24 h. For CRISPR-Cpf1 system, cells were treated with crRNA or its 

variants (500 ng [38 pmol] for DNMT1 and AAVS1 loci, and 1000 ng [76 pmol] for FANCF 
locus) formulated with Lipofectamine 3000 (Life Technologies) in Opti-MEM I reduced 

serum medium following the manufacturer’s instructions. Meanwhile, Cpf1 plasmid (500 ng 

for DNMT1 locus) or J-modified Cpf1 mRNA (TriLink BioTechnologies, 500 ng for 

DNMT1 and AAVS1 loci, and 1000 ng for FANCF locus) were formulated with the same 

protocol and added to each well. Cells treated with the wild-type crRNA plus Cpf1 plasmid 

(or Cpf1 mRNA) served as the control group. Regarding RNP delivery, 5.85 mg [38 pmol] 

of AsCpf1 protein was incubated with equimolar chemically modified crRNA (500 ng [38 

pmol], containing five 20-fluoro ribose at the 3’ terminus) (Li et al., 2018a; Li et al., 2017) in 

Opti-MEM I reduced serum medium at 37○C for 10 min to form AsCpf1-crRNA RNP 

complexes. For CRISPR-Cas9 system, 100 ng of sgRNA and 1000 ng of J-modified SpCas9 

mRNA (TriLink BioTechnologies) were used. All components were delivered by 

Lipofectamine 3000.

Time- and dose-dependent inhibitory effects of PS-modified DNA oligonucleotides

In order to study the effects of time interval, 2.5 times molar excess of PS-modified DNA 

oligonucleotides over crRNA or sgRNA was formulated with Lipofectamine 3000, and 

added to cells co-delivered with the above described Cpf1 mRNA and Cpf1 crRNA or Cpf1 

RNP at the indicated time points (0, 1, 3, 5 and 10 h). In the case of dose-dependence assay, 

Cpf1 mRNA- and crRNA-treated cells were exposed to different concentrations of PS-

modified DNA oligonucleotides (the molar ratio of PS-DNA: crRNA ranged from 1: 6.25 to 

6.25: 1) at 5 h. In both conditions, the end point was 48 h after the addition of CRISPR-Cpf1 

components.

T7E1 enzymatic cleavage assays

Two days after treatment, genomic DNA was harvested from treated cells using the DNeasy 

Blood & Tissue Kit (QIAGEN). Polymer-ase chain reactions (PCRs) were then performed 

using Q5 Hot-start High-Fidelity DNA Polymerase (New England Biolabs). Primers 

(Eurofins Genomics) flanking the targeted region were listed in Table S2. The PCR products 

were annealed in NEBuffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM DTT, 

New England Biolabs) and subsequently digested by T7 Endonuclease I (T7E1, New 

England Biolabs) at 37○C for 30 min. The fraction cleaved was separated on 2% agarose 

gels, visualized on the ChemiDoc MP imaging system (Bio-Rad Laboratories), and analyzed 

by the Image Lab 5.2 analysis software (Bio-Rad Laboratories).

EMSAs

EMSAs were performed using 0.5 pmol of oligonucleotides and 0.25 pmol~16 pmol of 

AsCpf1 protein (generously provided by New England Biolabs) at 37○C for 30 min in 7 uL 

of NEBuffer 3 (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 1 mM DTT, New England 

Biolabs). The binding reactions were fractionated on 15% non-denaturing TBE 
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polyacrylamide gels (Bio-Rad Laboratories), stained by SYBR Gold dye (Thermo Fisher 

Scientific), and detected on the ChemiDoc MP imaging system (Bio-Rad Laboratories).

Cpf1-mediated in vitro cleavage assays

To mimic human genomic cleavage, the target DNMT1 locus was amplified from genomic 

DNA isolated from untreated 293T cells using Q5 High-Fidelity DNA Polymerase and 

primers listed in Table S2. PCR amplicons used as the DNA substrate were cleaned up with 

QIAquick PCR Purification Kit (QIAGEN). Prior to cleavage, crRNA (0.5 pmol) was 

equilibrated with different concentrations of AsCpf1 protein (crRNA: AsCpf1 protein is 

from 1: 1 to 1: 16) for 30 min at 37○C in 7 uL of NEBuffer 3 solution. Subsequently, 3 uL 

of PCR amplicons (0.5 pmol, in NEBuffer 3 solution) was incubated with the above complex 

at 37○C for 30 min. AsCpf1 protein in the reactions were degraded by adding 1 uL of 

proteinase K. Subsequently, the reactions were resolved on 2% agarose gels, visualized by 

EZ-Vision In-Gel staining, and imaged on the ChemiDoc MP imaging system.

Inhibition of Cpf1 cleavage activity in vitro

AsCpf1 protein, crRNA, and DNA substrate were incubated at 37○C for 30 min at the molar 

ratio of 1: 8: 1 (crRNA: AsCpf1 protein: DNA substrate). In a separate experiment, AsCpf1 

protein and crRNA were pre-assembled into RNP at 37○C for 30 min, and then incubated 

with DNA substrate at 37○C for 30 min. In both cases, 2.5-fold molar excess of ps42DNA 

over crRNA was added to the reaction mixture at different time points (t = 0, 5, 10, 15, 20, 

25 min). The remaining procedures were the same as described above. e2 Cell Reports 25, 

3262–3272.e1–e3, December 18, 2018

Visualization of Cpf1 protein, crRNA, and DNA substrate

To assess the effects of fluorescence labeled crRNA on genome editing efficiency, Cy5-

labeled crRNA (Cy5crRNA) was first evaluated in 293T cells as described above. To 

visualize crRNA in the protein-nucleic acid complexes, Cy5crRNA was complexed with 

AsCpf1 protein at 37○C for 30 min at a molar ratio of 1: 8, followed by incubation with an 

equivalent mole of DNA substrate relative to crRNA at 37○C for 30 min. The reaction 

mixture was digested with or without proteinase K prior to agarose gel electrophoresis, and 

the signals of reaction products were collected via a ChemiDoc MP imaging system under 

SYBR Green and Cy5 filters. To visualize AsCpf1 protein in the protein-nucleic acid 

complexes, crRNA, uDNA-crRNA or ps42DNA-crRNA was complexed with Cpf1 protein at 

37○C for 30 min at a molar ratio of 1: 8, and incubated with an equivalent mole of DNA 

substrate relative to crRNA at 37○C for 30 min. The remaining procedures were the same as 

mentioned above, except that the agarose gel was further stained with Coomassie Blue and 

imaged using the ChemiDoc MP imaging system (Bio-Rad Laboratories). In a parallel assay, 

the pre-assembled RNP was incubated with an equivalent mole of DNA substrate and 2.5-

fold excess of PS-modified DNA relative to crRNA. The uncleaved DNA substrate was 

quantified by densitometric analysis and normalized to that of the untreated DNA substrate.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Histograms were generated using Prism software (GraphPad). Quantitative data in Figures 

1C, 1E, 1F, 2B-2G, 3 and 5B are presented as the mean and standard deviation from three 

biological replicates. Statistical significance were evaluated using two-tailed Student’s t test 

for comparisons between two groups. A p value of less than 0.05 (*, p < 0.05; **, p < 0.01; 

***, p < 0.001) was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Phosphorothioate-modified DNA oligonucleotides inhibit Cpf1-mediated 

genome editing

• Inhibition of Cpf1 activity is time and dose dependent and target sequence 

independent

• psDNA oligonucleotides may block the complex formation of Cpf1-crRNA-

DNA

• psDNA oligonucleotides inhibit Cas9-mediated genome editing
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Figure 1. Genome-Editing Efficiency of crRNA Duplexes in Human Cells
(A) Structures of unmodified and chemically modified nucleotides used in this study.

(B) Schematic illustration of crRNA and DNA-crRNA duplexes. crRNA consists of a handle 

(pseudoknot structure) and a guide segment. DNA-crRNA duplexes were generated by 

hybridization of different lengths of unmodified (black) or phosphorothioate (PS)-modified 

(red) DNA oligonucleotides with various regions of the crRNA.

(C) Relative genome-editing efficiency of DNA-crRNA duplexes at the DNMT1 gene locus 

in the presence of AsCpf1 plasmid in 293T cells.
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(D) Schematic illustration of RNA-crRNA duplexes. RNA-crRNA duplexes were generated 

by hybridization of unmodified (green), 20-fluoro (violet), or 20-O-methyl (blue) modified 

RNA oligonucleotides with the crRNA.

(E) Relative genome-editing efficiency of RNA-crRNA duplexes at the DNMT1 gene locus 

in the presence of AsCpf1 plasmid in 293T cells.

(F) Relative genome-editing efficiency of PS-DNA-crRNA duplexes at the DNMT1 gene 

locus in the presence of AsCpf1 mRNA in 293T cells. Relative genome-editing efficiency 

(%) in (C), (E), and (F) was determined using the T7E1 cleavage assay 48 hr post-treatment 

and normalized to that of the wild-type crRNA group. Data are expressed as mean ± SD 

from three biological replicates. *p < 0.05, **p < 0.01, and ***p < 0.001, two-tailed t test. 

ND, not detectable; NS, not significant.
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Figure 2. Inhibitory Effects of PS DNA Oligonucleotides on Cpf1-Mediated Genome Editing in 
Human Cells
(A) Sequences of ps42DNA inhibitors used for (B)–(G). Nucleotides in green denote 

crRNAs, and those in red denote corresponding ps42DNA inhibitors.

(B) Time-dependent inhibitory effects of ps42DNA-DNMT1 on AsCpf1-mediated genome 

editing at the DNMT1 locus in 293T cells. ‘‘Time to add inhibitor’’: ps42DNA-DNMT1 was 

added at various time points after treatment with AsCpf1 mRNA and crRNA targeting 

DNMT1 locus.

(C) Dose-dependent inhibitory effects of ps42DNA-DNMT1 on AsCpf1-mediated genome 

editing at the DNMT1 locus in 293T cells. ps42DNA-DNMT1 was added 5 hr after 

treatment with CRISPR-Cpf1 mRNA and crRNA targeting DNMT1 locus.

(D) Time-dependent inhibitory effects of ps42DNA-AAVS1 on AsCpf1-mediated genome 

editing at the AAVS1 locus in 293T cells. ‘‘Time to add inhibitor’’: ps42DNA-AAVS1 was 

added at various time points after treatment with AsCpf1 mRNA and crRNA targeting 

AAVS1 locus.
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(E) Time-dependent inhibitory effects of ps42DNA-FANCF on AsCpf1-mediated genome 

editing at the FANCF locus in 293T cells. ‘‘Time to add inhibitor’’: ps42DNA-FANCF was 

added at various time points after treatment with AsCpf1 mRNA and crRNA targeting 

FANCF locus.

(F) Time-dependent inhibitory effects of ps42DNA-DNMT1 on AsCpf1-mediated genome 

editing at the DNMT1 locus in Hep3B cells. ‘‘Time to add inhibitor’’: ps42DNA-DNMT1 

was added at various time points after treatment with AsCpf1 mRNA and crRNA targeting 

DNMT1 locus.

(G) Time-dependent inhibitory effects of Lbps42DNA-DNMT1 on LbCpf1-mediated 

genome editing at the DNMT1 locus in 293T cells. ‘‘Time to add inhibitor’’: Lbps42DNA-

DNMT1 was added at various time points after treatment with LbCpf1 mRNA and LbCpf1 

crRNA targeting DNMT1 locus. The control group (Ctrl) was treated only with AsCpf1 

mRNA and crRNA. The concentration of inhibitors in (B) and (D)–(G) is 140 nM (2.5-fold 

molar excess relative to crRNA). Relative genome-editing efficiency in (B)–(G) was 

determined using the T7E1 cleavage assay from three biological replicates 48 hr post-

treatment, normalized to that of the control group without adding inhibitors, and plotted 

versus time or dose. **p < 0.01 and ***p < 0.001 versus the control group, two-tailed t test. 

See Figure S2 for the corresponding gel images.
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Figure 3. Inhibitory Effects of PS-Modified DNA Oligonucleotides with Random Sequences on 
Cpf1-Mediated Genome Editing in Human Cells
(A). Inhibitory effects of ps42DNA-AAVS1 and ps42DNA-FANCF on AsCpf1-mediated 

genome editing at the DNMT1 locus in 293T cells. ps42DNA-AAVS1 or ps42DNA-FANCF 

was added simultaneously with AsCpf1 mRNA and AsCpf1 crRNA targeting DNMT1 
locus.

(B). Inhibitory effects of RAMpsDNA on AsCpf1-mediated genome editing at the DNMT1, 

AAVS1, and FANCF loci in 293T cells. RAMpsDNA was added simultaneously with 

CRISPR-Cpf1 mRNA and crRNA.
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(C).Inhibitory activity of RAMpsDNA on AsCpf1-mediated genome editing at the DNMT1 
locus in Hep3B cells. RAMpsDNA was added simultaneously with CRISPR-Cpf1 mRNA 

and crRNA targeting DNMT1 locus.

(D). Time-dependent inhibitory effects of RAMpsDNA on AsCpf1-mediated genome editing 

at the DNMT1 locus in 293T cells. ‘‘Time to add inhibitor’’: RAMpsDNA was added at 

various time points after treatment with AsCpf1 mRNA and crRNA targeting DNMT1 locus.

The control group (Ctrl) was treated only with AsCpf1 mRNA and crRNA. The 

concentration of inhibitors is 140 nM (2.5-fold molar excess relative to crRNA). Relative 

genome-editing efficiency in (A)–(D) was determined using the T7E1 cleavage assay from 

three biological replicates 48 hr post-treatment and normalized to that of the control group 

without adding inhibitors. ***p < 0.001 versus the control group, two-tailed t test. See 

Figure S3 for the corresponding gel images.

Li et al. Page 23

Cell Rep. Author manuscript; available in PMC 2019 January 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Interactions between Cpf1 and Oligonucleotides
(A)Complex formation between AsCpf1 protein and crRNA.

(B) Complex formation between AsCpf1 protein and ps42DNA.

(C) Complex formation of AsCpf1 protein, crRNA, and ps42DNA.
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Figure 5. Mechanistic Studies for PS-Modified DNA Oligonucleotides on Cpf1-Mediated Genome 
Editing
(A) Analysis of fluorescently (Cy5) labeled crRNA-mediated in vitro cleavage reactions 

under SYBR (left) and Cy5 (middle) filters. A merged image is shown at right. The two 

white arrows in the left image indicate the band shift from lane 4 (apparent size < 500 bp) in 

the presence of Proteinase K to that in lane 6 (apparent size > 500 bp) in the absence of 

Proteinase K.

(B) Top: quantification of DNA substrate bound with AsCpf1 in the presence of crRNA, 

crRNA-uDNA, or crRNA-ps42DNA. The uncleaved DNA substrate was quantified by 
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densitometric analysis and normalized to the untreated DNA substrate. Data represent the 

normalized percentage of DNA substrate remaining (**p < 0.01 and ***p < 0.001, two-

tailed t test; NS, not significant). Bottom: localization of the complex of Cpf1, crRNA, and 

the short cleaved DNA fragment by Coomassie blue staining. The red arrow denotes the 

complex composed of AsCpf1 protein, crRNA, and the short cleaved fragment.

(C) Illustration of Cpf1-mediated in vitro cleavage reactions with and without Proteinase K 

digestion. After the formation of crRNA-Cpf1-target DNA ternary complex, DNA substrate 

is cleaved. With the addition of Proteinase K, crRNA and two cleaved DNA fragments are 

released from the complex. Nevertheless, in the absence of Proteinase K, one DNA fragment 

(long cleaved fragment) without extensive interactions with crRNA and AsCpf1 protein is 

released from the ternary complex. The remaining ternary complex consists of AsCpf1 

protein, crRNA, and the other DNA fragment (the short cleaved fragment).

(D) Proposed mechanism of inhibition for the CRISPR-Cpf1 using PS-modified DNA 

oligonucleotides. Normally, Cpf1 endonuclease is guided by single crRNA to recognize 

target DNA and induce DNA double-strand breaks (black pathway in the middle). Regarding 

uDNA, it has little effects on Cpf1-mediated genome editing, which may be the consequence 

of non-specific degradation by Cpf1 (orange pathway at the bottom). In the case of PS-

modified DNA, after it interacts with Cpf1 and crRNA, the new complex cannot recognize 

DNA substrate, consequently inactivating genome editing (blue pathway at the top).
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