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CRISPR-mediated genome and epigenome editing is a transformative technology but its practical application has often been plagued by off-target activities of guide RNAs. Accordingly, numerous methods have been developed to map sgRNA specificity genome-wide, all of which, however, are cumbersome and/or expensive, and most are not applicable to catalytically dead CRISPR enzymes. We have developed a novel quick, inexpensive and straightforward such assay based on directly mapping the single-stranded DNA structures formed upon CRISPR binding (“CasKAS”), the application of which we demonstrate in both in vitro and in vivo contexts.
CRISPR-based methods for editing the genome and epigenome have emerged as a highly versatile way for manipulating the genetic makeup and regulatory states of cells. Much hope is invested in CRISPR’s potential to transform medical practice by enabling direct editing out of pathogenic and engineering in of therapeutic sequence variants. CRISPR has also become a standard tool for discovery in fundamental biomedical research, e.g. in the form of high-throughput massively parallel CRISPR screens6.
The presence of significant off-target effects for many guide RNAs (sgRNAs), extending beyond the simple cases of direct matches to the sgRNA, presents a major hurdle to fully realizing this potential. Off-targets are particularly problematic for medical applications, where risks of negative consequences for a patient’s health need to be minimized as fully as possible.
To address this problem, numerous approaches have been developed to experimentally map off-targets genome-wide. Methods such as Digenome-seq7 look for particular types of cut sites around target sequences in whole-genome sequencing data; however, deep whole-genome sequencing is still quite expensive to carry out. Assays such as BLESS8, GUIDE-seq9, HTGTS10, DSBCapture11, BLISS12, SITE-seq13, CIRCLE–seq14, TTISS15, INDUCE-seq16, and CHANGE-seq17 aim to instead directly map Cas9 cleavage events; however, they all involve some combination of complex and laborious molecular biology protocols and non-standard reagents, and have not been widely adopted as a result. Other methods have also been published, such as DISCOVER-seq18, which maps DNA repair activity by applying ChIP-seq against the MRE11 protein; however, they, as well as earlier applications of ChIP-seq to map catalytically dead dCas9 occupancy sites genomewide19,20 suffers from background and specificity issues associated with the ChIP procedure. Most recently, long-read sequencing has been adapted to the problem of Cas9 specificity profiling, in the form of SMRT-OTS and Nano-OTS21, but the cost of these methods is relatively high while their throughput is comparatively low.
Various computational models have been trained to predict off-targets genome-wide22,23. However, these exhibit far from perfect accuracy, while in many situations, especially within clinical contexts, direct experimental evidence is needed to meet as high an epistemic standard as possible.
Thus at present there is still a need for faster, more accessible and versatile methods for mapping CRISPR off targets. Here we address this problem by adapting the recently developed KAS-seq24 assay for mapping single-stranded DNA (ssDNA) structures (kethoxal-assisted ssDNA sequencing24) to the CRISPR context (Figure ??a-b). KAS-seq is based on the specific labeling of unpaired G bases by N3-kethoxal, to which biotin can then be added using click chemistry. After shearing, biotinylated DNA can be specifically enriched for and sequenced.
When a Cas9-sgRNA ribonucleoprotein (RNP) is engaged with its target site, the sgRNA invades the DNA double helix, forming a ssDNA structure on the other strand (Figure ??a). We reasoned that KAS-seq should be able to map such sites in a highly specific manner. We carried out an initial in vitro experiment using mouse genomic DNA (gDNA), purified dCas9 and two sgRNAs targeting the Hoxa locus.
Strikingly, we observed strong and very specific peaks at the expected target sites for each sgRNA (Figure ??c). Detailed examination of dCas9 CasKAS profiles around the predicted sgRNA target sites revealed strand coverage asymmetry patterns similar to those observed for ChIP-seq around transcription factor binding sites25 (Figure ??d), indicating that enrichment derives from the sgRNA target site itself and confirming the utility of N3-kethoxal for mapping dCas9 occupancy sites. We term the assay “CasKAS”.
We then reasoned that CasKAS should be able to also capture active Cas9 complexed with DNA, as the enzyme is thought to remain associated with DNA for some time after cleaving it5. We carried out Cas9 CasKAS experiments with the same sgRNAs and again observed enrichment at the expected on-target sites (Figure ??e). Remarkably, examination of Cas9 CasKAS read profiles around the on-target site showed that the 5’ ends of reads are tightly phased around the expected cut site, with one cut position on one strand and two to three such positions on the other (Figure ??f), consistent with the previously known patterns of Cas9 cleavage3,4. CasKAS therefore provides target specificity profiles for both active and catalytically dead Cas9 versions (we note that, curiously, the genome-wide profiles show some differences between the two versions of the enzyme; Supplementary Figure ??).
In vitro CasKAS data is highly reproducible between replicates (Figure ??g), and between 10 and 20 million mapped reads, i.e. a modest sequencing depth, are generally sufficient to capture off-target specificity profiles (Figure ??h).
We observed similar results with two mouse sgRNAs targeting the Nanog locus (Supplementary Figure ??) and with two human sgRNA (“EMX1” and “VEGFA”; Supplementary Figures ?? and ??). We find no enrichment using components of the RNP in isolation – sgRNAs, dCas9 or Cas9 (Supplementary Figure ??).
Next we tested the application of CasKAS in vivo. Live cells contain a substantial amount of ssDNA due to ongoing active transcription and other processes24, so the in vivo CasKAS signal is expected to be a mixture of the ssDNA associated with the RNP and endogenous ssDNA. We carried out KAS-seq experiments in HEK293 cells transfected with EMX1 or VEGFA RNPs, as well as negative, no-guide controls, which provide information about endogenous ssDNA profiles. At the EMX1 gene, which happens not to be active in HEK293 cells, we observe strong peaks at the expected site (Figure ??i), an asymmetric read profile around it for dCas9 (Figure ??j), and a substantial degree of read phasing at the cut site, similar to what is observed in vitro for active Cas9 (Figure ??g). The VEGFA gene is active in HEK293 cells, but the dCas9/Cas9 CasKAS signal is still readily identifiable as an addition to the endogenous ssDNA enrichment pattern (Supplementary Figure ??). These results demonstrate the utility of CasKAS for profiling CRISPR specificity both in vitro and in vivo
We then examined the genome-wide specificity of sgRNAs as measured by CasKAS. We focus on the mouse sgRNA #1 for demonstration purposes as it displayed a substantial number of off-targets yet that number was also sufficiently small for all of them to be examined directly. We called peaks de novo (see Methods for details) without relying on off-target prediction algorithms, then manually curated the set of peaks (Figure ??a). Remarkably, while we find 32 peaks at predicted off-target sites, we also find 192 (i.e. ∼6× as many) additional manually curated peaks; while these peaks exhibit generally lower CasKAS signal (Figure ??b), they all appear to be genuine sites of occupancy as they display proper peak shape characteristics (see Supplementary Figure ?? for details). Most of the predicted (in total ∼7,500) off-target sites for this sgRNA do not show substantial occupancy by dCas9 CasKAS (Figure ??c-d).
Sequence comparison of the occupied predicted off-target sites allowed us to evaluate determinants of Cas9 specificity (Figure ??e). Consistent with previous reports1,2, the PAM-distal region is under much less constraint than the PAMproximal one. We observed a similar picture with the other sgRNAs we profiled, in both mouse and human (Supplementary Figures ??-?? and Supplementary Figures ??-??).
Interesting patterns were observed when carrying out a similar analysis of the peaks not associated with predicted off-target sites (Supplementary Figure ??) – at numerous sites, robustly occupied by dCas9, the number of mismatches and the size of “bulge” regions is much larger than what is considered permissible by off-target prediction algorithms; this likely explains the much larger number of such sites relative to the set of occupied predicted off-targets.
A remarkable observation emerged from the comparison of dCas9 and Cas9 results. We devised a simple metric for evaluating the degree of read phasing at cut sites (a “C-score”; see Methods for details), and used it to estimate the degree of cutting by Cas9. Strikingly, while the on-target site exhibits the second highest dCas9 CasKAS signal, and even though all off-target sites show binding by CasKAS, only the on-target site displays cutting activity (Figure ??f). The behavior of other sgRNAs varies (Supplementary Figures ??-?? and ??), with some showing multiple cut sites. Thus the combination of dCas9 and Cas9 CasKAS (or even Cas9 CasKAS alone) is a powerful tool for detecting not only the binding but also the cutting specificity of sgRNAs
Finally, we compared in vitro and in vivo CasKAS profiles (Figure ??g-h). We find many fewer strongly enriched sites in in vivo datasets than in vitro, with the on-target site being either the top (for dCas9) or among the top (for Cas9) sites in vivo.
In conclusion, we have presented CasKAS, a new, simple and robust method for mapping the specificity of active and catalytically dead versions of CRISPR enzymes. CasKAS has numerous advantages over existing tools while also opening up new possibilities for studying CRISPR biology. CasKAS is very simple as it requires no specialized molecular biology protocols and takes just a few hours in vitro (and a similar amount of time after harvesting cells in vivo), and it also cheap as it actively and strongly enriches for off-targets. It measures strand invasion by CRISPR rather than association with DNA, a biochemically more specific event. We compared de novo called CasKAS peaks to those generated by other means, and while we found large sets of peaks unique to each method, those found only by CasKAS contained much higher fractions of predicted off-target sites than those unique to other methods (Supplementary Figure ??). CasKAS can be used to profile the specificity of all types of DNA-targeting CRISPR proteins as it does not rely on measuring DNA cleavage or modification. It can be applied in primary cells as what is measured is physical association with DNA and not the outcome of CRISPR activity that may only be detectable after cell division. A limitation of CasKAS is the requirement that a G nucleotide is present within the sgRNA sequence, as without it there would be no kethoxal labeling; however, only a small fraction (≤5%) of sgRNAs in the human genome lack any Gs (Supplementary Figure ??), with the median number being four to five, thus most guides are not significantly affected. Another minor limitation of the current in vitro protocol is that labeling is carried out on high molecular weight (HMW) DNA and samples are sheared one by one, which limits throughput. We have explored using pre-sheared and end-repaired DNA (to minimize kethoxal labeling of Gs on sticky ends generated by sonication), with comparable results to using HMW DNA; further optimization should allow the parallel high-throughput plate-based profiling of the specificity of very large numbers of sgRNAs.
In addition to being highly valuable for off-target profiling in vitro and in previously difficult to assay settings such as primary cells, we expect CasKAS to provide fruitful insights into the mechanisms and dynamics of in vivo CRISPR action (taking advantage of finely controllable CRISPR systems such as vfCRISPR26), and the influence of transcriptional, regulatory, and epigenetic and other functional genomic contexts on CRISPR activity.
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