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SUMMARY
CRISPR-Cas9 is a powerful gene-editing technology; however, off-target activity remains an important
consideration for therapeutic applications. We have previously shown that force-stretching DNA induces
off-target activity and hypothesized that distortions of the DNA topology in vivo, such as negative DNA super-
coiling, could reduce Cas9 specificity. Using single-molecule optical-tweezers, we demonstrate that nega-
tive supercoiling l-DNA induces sequence-specific Cas9 off-target binding at multiple sites, even at low
forces. Using an adapted CIRCLE-seq approach, we detect over 10,000 negative-supercoiling-induced
Cas9 off-target double-strand breaks genome-wide caused by increased mismatch tolerance. We further
demonstrate in vivo that directed local DNA distortion increases off-target activity in cells and that induced
off-target events can be detected during Cas9 genome editing. These data demonstrate that Cas9 off-target
activity is regulated by DNA topology in vitro and in vivo, suggesting that cellular processes, such as tran-
scription and replication, could induce off-target activity at previously overlooked sites.
INTRODUCTION

Since the discovery of the CRISPR-Cas9 system and its applica-

tion as a genome-editing tool, off-target activity of Cas9 has pre-

sented a barrier to therapeutic applications. There has been a

concerted effort to reduce off-target activity through the use of

bioinformatic tools for intelligent guide design,1–3 engineering

of higher-fidelity CRISPR systems,4–13 development of sensitive

methods for off-target detection,14–22 and the application of ma-

chine learning approaches to better predict editing outcomes in

silico.3,23–28

The S. pyogenes-derived SpCas9 binds the CRISPR-RNA

(crRNA) and trans-activating CRISPR-RNA (tracrRNA) to form

the active endonuclease complex with DNA target specificity

governed by a 20 nt sequence within the crRNA (Figure 1).29 Sin-

gle-molecule and structural studies have provided crucial details

on themechanisms of Cas9 target search, on-target binding, and

off-target discrimination.7,28,30–38 These demonstrate a target

recognition mechanism of initial engagement with the three-
Molecular Cell 83, 3533–3545, Oc
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nucleotideprotospacer-adjacentmotif (PAM)site (50-NGG-30) fol-
lowed by directional R-loop formation with target DNA melting

and annealing of the guide crRNA across the target site. Off-

target discrimination occurs at the level of target binding and

target cleavage. Firstly, the presence of mismatches that disrupt

R-loop formation results in an increased rateof dissociationat off-

target sites. Secondly, even at off-target sites where stable Cas9

binding can occur, there is a proposed ‘‘conformational check-

point’’ where the conformational change of the HNH domain

required forDNAcleavagecannot occur in thepresenceof exces-

sive mismatches between the target DNA and crRNA.7,33,39

Work from ourselves and others have questioned the model of

a fixed conformational checkpoint.41–44 We have previously

demonstrated that DNA stretching inducesCas9 off-target activ-

ity due to destabilization of the target DNA, permitting cleavage

at highly mismatched sites even in the absence of full R-loop for-

mation.43 Such findings are consistent with kinetic models

describing Cas9 off-target discrimination through the energy

landscape of target unwinding and RNA:DNA hybridization
tober 5, 2023 ª 2023 The Authors. Published by Elsevier Inc. 3533
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Figure 1. Negative supercoiling induces Cas9 off-target binding

(A) Experimental design. Top: A torsionally constrained l-DNA is tethered between two optically trapped beads. Cy3-labeled Cas9 complex is targeted to the l2

site. Bottom: Schematic of the five-channel microfluidic flow cell: (1) Bead Channel, (2) DNA Channel, (3) Buffer Channel, and (4 and 5) Protein/Imaging Channels.

(B) Negative supercoiling of DNA is generated within the optical-tweezers assay using Optical DNA Supercoiling (ODS).40 A torsionally constrained l-DNA

molecule is tethered between optically trapped beads (1). DNA is stretched to >150 pN, and transient rupture of biotin-streptavidin interactions results in un-

derwinding of the DNA (2). Biotin-streptavidin interactions are reformed as tension is reduced, yielding stable negatively supercoiled l-DNA (3). The supercoiling

density can be controlled through repeated stretch cycles.

(C) Example force-distance plot recorded during the generation of negatively supercoiled DNA, numbered as in (B). Insert shows a calibration plot fors values as a

function of DNA extension at 70 pN, adapted from King et al.40

(D) Representative 2D confocal scan of l2-crRNA:tracrRNA dCas9 complex binding to l-DNA at low force (5 pN) when DNA is torsionally constrained but non-

supercoiled (top, s = 0) and negatively supercoiled (bottom, s = �0.3). The white arrow shows the on-target l2 binding site. Scale bars, 1 mm.

(E) Intensity peaks from confocal scans in (D), mapped to the l genome. The on-target binding site l2 and the predicted off-target site at 8.4 kb (orange arrow) are

indicated.
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during R-loop formation.26,27 Although the conformational

checkpoint prevents cleavage in the presence of an excessive

number of mismatches, other external factors, such as the local

distortion of the DNA target, could favor the active conformation,

overcoming the sequence-specificity requirement. Consistent

with this, it has been demonstrated at individual sites that nega-

tive supercoiling modulates the energy landscape of R-loop

formation.44

Based on these findings, we hypothesized that destabilization

of the target DNA in vivo as a result of negative supercoiling during

processes such as transcription and DNA replication could alter

Cas9 specificity and induce off-target activity at previously over-

looked sites. To test this hypothesis, we have used a combination

of single-molecule optical-tweezers, next-generation sequencing

(NGS)-based CIRCLE-seq and INDUCE-seq off-target detection,

and cellular assays. Our data show that negative supercoiling in-

duces Cas9 off-target binding and cleavage, reducing specificity

and resulting in the potential for cleavage at over 10,000 sites

across the human genome. We further demonstrate in vivo that

localized DNA deformation in cells can increase Cas9 activity at

off-target sites. This work highlights the requirement to carefully

consider the context of potential off-target sites during the devel-

opment of safe Cas9 therapeutics.
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RESULTS

Negatively supercoiled DNA induces Cas9 off-target
binding
To detect the on- and off-target activity of Cas9 on relaxed and

negatively supercoiled DNA in real time at single-molecule res-

olution, we used optical-tweezers combined with confocal mi-

croscopy (Figure 1A). Using a multi-channel microfluidic flow

cell, a torsionally constrained l-DNA molecule (�48.5 kb) was

tethered between two optically trapped streptavidin-coated

polystyrene beads through biotin-streptavidin interactions

(Figures 1A and 1B). The presence of a single torsionally con-

strained DNA molecule was confirmed by recording force-

extension curves from 0 to 150 pN (Figure 1C). Torsionally con-

strained DNA displays a characteristic overstretching plateau at

�120 pN, compared to �60 pN for torsionally unconstrained

DNA (Figure 1C).40 Negatively supercoiled DNA was generated

by repeated cycles of high force extension (�150 pN) and

retraction in an approach termed Optical DNA Supercoiling

(ODS), as previously described (Figure 1C).40 The supercoiling

density (s) can be directly calculated by measuring the exten-

sion at 70 pN and comparing this to literature values (Figure 1C,

insert).40
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Figure 2. Off-target binding increases with supercoiling density and DNA tension

(A) Representative 2D confocal scans of l-DNA with supercoiling densities from s = 0 to s = �0.7 held at low force (5 pN) in the presence of l2-crRNA:

tracrRNA:dCas9. Scale bars, 1 mm.

(B) Intensity profiles from (A) mapped to the l genome. The expected on-target site is present at all supercoiling densities (l2, green arrow). Off-target events are

often observed at the same locations at different supercoiling densities (colored vertical lines), including the predicted off-target (OT1, orange arrow).

(C) Plot of the number of dCas9 complexes bound at 5 pN at different supercoiling densities. A binding isotherm is fitted to the data (gray dashed, Nmax = 13 ± 2,

s50 = �0.16 ± 0.05). Each point is the average dCas9 bound across all frames for an individual DNA molecule. n = 10 frames per DNA molecule. Error bars

represent the standard deviation.

(D) Plot of the number of Cas9 complexes bound as a function of force for negatively supercoiled DNA. s =�0.15, nR 3 measurements at each force. Error bars

represent the standard deviation.

(E) Time constants for the fast- and slow-dissociating populations, as derived from the fits in Figure S2. Error bars correspond to the errors from global fits.

(F) Plot of the fraction of bound Cas9 complexes in the fast-dissociating and slow-dissociating population as a function of supercoiling density.

(G) Plot of the binding frequency of Cas9 at off-target sites as a function of supercoiling density.
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We first investigated the binding of Cas9 to torsionally con-

strained but relaxed non-supercoiled DNA (s = 0). The DNA

was held at a constant low force of 5 pN in the presence of the

catalytically dead Cas9 complex (dCas9, 1 nM), assembled

with tracrRNA and a Cy3-labeled crRNA targeting a single site

on the l-DNA, l2 (Table S1), and imaged by 2D confocal micro-

scopy to detect sites of Cas9 binding. In the presence of Cy3-l2-

crRNA:tracrRNA:dCas9, a single binding event was observed at

the expected l2 binding site, 18.2 kb, one-third of the way along

the DNA molecule (Figures 1D and 1E, top; Video S1). This is

consistent with previous work demonstrating high specificity of

Cas9 on torsionally unconstrained DNA at the same low force.43

To investigate whether Cas9 specificity is altered in the pres-

ence of negative supercoiling, we used ODS to generate a DNA

molecule with a supercoiling density (s) of �0.3, corresponding

to a 30% reduction in the number of helical turns relative to

non-supercoiled DNA (Figures 1B and 1C).40 For comparison,

E. coli is estimated to maintain an average supercoiling state of

s��0.07.45,46 The DNAwas then held at 5 pN, and upon incuba-

tionwith Cy3-l2-crRNA:tracrRNA:dCas9, we observed binding at

the expected on-target site but also additional binding at multiple

off-target locations (Figures 1D and 1E, bottom; Video S2).
For all non-supercoiled molecules (n = 3), each imaged over

�4 min, binding of Cas9 at any off-target DNA site was rare (Fig-

ure S1A). When the DNA was negatively supercoiled (s = �0.3)

we observed hundreds of off-target binding events across mul-

tiple molecules (n = 3) (Figure S1B; Video S2). Interestingly, we

observed an off-target binding event at 8.5 kb (orange arrow,

Figures 1E and S1B), which is the only off-target site of the l2-

crRNA within the l genome predicted by Cas-OFFinder3 and

previously observed as a force-induced off-target binding site

on non-supercoiled DNA.43 Based on these data, we conclude

that negative supercoiling induces Cas9 off-target binding.

To further understand how supercoiling alters Cas9 specificity,

we monitored Cas9 binding to low-force-stretched l-DNA with

different degrees of negative supercoiling, from s = 0 to s =

�0.7. Even at a low level of negative supercoiling (s = �0.15),

multiple off-target binding events were observed (Figure 2A).

We next mapped and compared the locations of off-target bind-

ing events from all different supercoiling states to the l-DNA

genomic position. As expected, the on-target binding location

and the previously predicted off-target site at 8.5 kb were

observed at all supercoiling states tested. Interestingly, some

of the other off-target sites were also repeatedly observed
Molecular Cell 83, 3533–3545, October 5, 2023 3535
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between different supercoiling states (Figure 2B). These events

occurred at the same position as those previously detected for

force-induced Cas9 off-target binding,43 further supporting the

idea that these are sequence-driven off-target sites.

To explore the relationship between negative supercoiling and

the reduction in Cas9 specificity, we quantified the number of

off-target binding events as a function of supercoiling state (Fig-

ure 2C). We observed an increase in the number of induced off-

target events as negative supercoiling increased, which could be

fit to a simple binding isotherm, giving as50 value of�0.16 ± 0.05

(Figure 2C). This demonstrates that the majority of the reduction

in Cas9 specificity occurs at low supercoiling states.

To understand whether the increase in off-target bound Cas9

is driven by increased off-target binding frequency (kon) or

increased off-target dwell time (t), we quantified individual off-

target binding events for s = �0.1 to �0.65 and constructed

cumulative probability distributions of the dwell times

(Figures S2C–S2E). A double exponential model was required

to fit the data, suggesting the presence of a short-lived popula-

tion (tfast) and a longer-lived population (tslow) (Figure S2E).

Fitting with global values for the time constants tfast (41 ± 1 s)

and tslow (268 ± 7 s) (Figure 2E) revealed that as negative super-

coiling increases, there is an increase in the proportion of mole-

cules in the long-lived population (Aslow) compared to the short-

lived population (Afast) (Figures 2F and S2E). Furthermore, as

negative supercoiling is increased from s = �0.1 to s = �0.3,

there is an increase in the apparent binding frequency (kon,obs)

(Figure 2G).

To compare this to the previously demonstrated loss of Cas9

specificity on force-stretched DNA,43 we next investigated how

force-stretching negatively supercoiled DNA affects Cas9 off-

target binding. First, we generated a DNA molecule with a low

level of negative supercoiling (s = �0.15) and held it at a force

of 5 pN. Upon incubation with Cas9, on- and off-target binding

events were observed as expected (Figures 2D and S2). Next,

we increased the force on the DNA molecule to 20 pN and 40

pN; upon stretching the DNA, we observed an increase in the

number of off-target sites (Figures 2D andS2). A linear relationship

was observed between DNA tension and the number of induced

off-target binding events, demonstrating a combinatory effect of

force and negative supercoiling on the loss of Cas9 specificity.

Together, these data demonstrate that increasing levels of

negative supercoiling reduces the specificity of Cas9 binding

by both increasing the frequency of off-target binding events

and also increasing the proportion of long-lived off-target bind-

ing events. A dramatic reduction in Cas9 binding specificity oc-

curs even at modest levels of supercoiling with the DNA held at

low force; however, this can be further exacerbated by

increasing the DNA tension. We hypothesize that this supercoil-

ing-induced loss of Cas9 binding specificity could result in

increased off-target cleavage events.

Negative supercoiling induces genome-wide Cas9 off-
target cleavage
Based on these findings, we next askedwhether negative super-

coiling in DNA could induce Cas9 off-target cleavage at sites

across the human genome. To test this, we used a modified

next-generation sequencing (NGS) approach based on the
3536 Molecular Cell 83, 3533–3545, October 5, 2023
previously described CIRCLE-seq method for detection of

genome-wide Cas9 off-target cleavage sites.15 First, we purified

and fragmented genomic DNA from HEK293T cells and ligated

the fragments into �1,000 bp circles. Any remaining linear

DNAwas degraded by exonucleases to generate a pool of circu-

lar DNA molecules with sequences covering the entire human

genome.15 Next, half of the sample was treated with DNA gyrase

to negatively supercoil the DNA circles, estimated to generate a

negative supercoiling state of s = �0.09 (Figure 3A).47 The two

pools of circular DNA, relaxed (no gyrase) and negatively super-

coiled (with gyrase), were then incubated with Cas9 complex.

Any site of Cas9 cleavage resulted in linearization of the DNA cir-

cles, to which sequencing adapters are ligated, allowing the sites

of Cas9 cleavage to be determined by NGS (Figure 3A).

We first used a Cas9 complex targeting the previously charac-

terized EMX1-1 locus (EXM1-1:Cas9; Table S1).15,48–50 In the

presence of relaxed circular DNA, 638 off-target cleavage sites

weredetected across the humangenomecompared to untreated

controls (see dataset in Key resources table). The detected off-

target sites were consistent with previous CIRCLE-seq experi-

ments performed with this guide sequence.15 Strikingly, when

EMX1-1:Cas9 was incubated with gyrase-treated negatively

supercoiled genomic DNA, over 13,000 off-target sites were de-

tected (Figure 3B; seedataset in Key resources table). Themajor-

ity of off-target sites detected in the absence of supercoiling

were also detected when the DNA was negatively supercoiled

(n = 460/638) (Figure 3B). Importantly, to exclude the possibility

that some of the double-strand breaks (DSBs) could be gener-

ated by gyrase treatment, we compared a gyrase-treated

no-Cas9 control with an untreated no-Cas9 control. Only 101

cleaved sites were detected in the presence of gyrase alone, of

which only 6 contained %7 mismatches. This demonstrates

that the additional �12,500 sites observed for gyrase-treated

DNA in the presence of Cas9 are bona fide Cas9-induced cleav-

age sites (see dataset in Key resources table).

To further verify these results,we repeated theexperimentwitha

second previously characterized and less promiscuous guide

(EMX1-2; Table S1), which targets an alternative site in the EMX1

locus.49 In thepresenceof relaxedgenomicDNA,only48off-target

cleavage sites were detected across the human genome (Fig-

ure 3B; see dataset in Key resources table). However, upon incu-

bation of gyrase-treated negatively supercoiled DNA with Cas9,

over 14,000 off-target cleavage sites were detected (Figure 3B;

see dataset in Key resources table). Again, we compared the

DSBs present in the gyrase-treated no-Cas9 control with the un-

treated no-Cas9 control. Only 12 sites were detected, of which

only 1 contained%7mismatches, confirming that the 14,000 sites

observed for gyrase-treatedDNA in thepresenceofCas9arebona

fideCas9-inducedcleavagesites (seedataset inKey resources ta-

ble). These striking results demonstrate how the reduction in Cas9

specificity induced by negative supercoiling has the potential to

allow off-target cleavage at thousands of off-target locations

across the human genome.

Genome-wide off-target sites are induced by increased
mismatch tolerance
To further understand the nature of the loss of Cas9 specificity,

we interrogated the sequences of detected off-target sites for



Figure 3. Negative supercoiling induces genome-wide off-targets

(A) Overview of the method for CIRCLE-seq analysis with negative supercoiling.

(B) Number of off-target Cas9 cleavage sites identified in the non-supercoiled (no gyrase) and negatively supercoiled (+gyrase) case for the EMX1-1 and EMX1-2

crRNA guide sequence across the human genome before and after filtering.

(C) The percentage of all potential genome-wide off-target sites with%7mismatches cut by Cas9 targeted with EMX1-1 and EMX1-2 in non-supercoiled DNA (no

gyrase) and negatively supercoiled DNA (+gyrase).

(D) The fold change inmismatch frequencies at each position along the target sequence for genome-wide Cas9 off-target cleavage events compared to the uncut

sites for EMX1-1 and EMX1-2 in the presence of relaxed DNA (no gyrase, blue), and negatively supercoiled DNA (with gyrase, red).

(E) Mismatch sequence motifs of the mismatching bases present in the Cas9 off-target cleavage sites for non-supercoiled DNA (no gyrase) and negatively

supercoiled DNA (+gyrase) alongside the uncut sites (not cut) for EMX1-1 and EMX1-2 crRNA guided complexes.

(F) Base pairing configuration of G-T/U wobble base pair and A-C protonated wobble base pair.
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both EMX1-1 and EMX1-2 guides in the context of all the

possible off-target sites present in the human genome. First,

we performed an exhaustive genome-wide search of all potential

Cas9 off-target sites. Using CAS-OFFinder,3 we generated a

comparative list of all possible sites with %7 mismatches utiliz-

ing the 5’-NRG-3’ (where R is G or A) PAM sequence motif and

not requiring accommodation of bulges in the target DNA of

crRNA. Although there is evidence of Cas9 being able to accom-

modate bulges by base skipping,38 DNA and RNA bulges were

necessarily excluded from this analysis to avoid identifying an

unmanageable number of sites. However, even in their absence,

over 250,000 sites were identified for the EMX1-1 guide

sequence and 100,000 sites for EMX1-2. As the number of mis-

matches is increased, the number of off-targets detected in-

creases by orders of magnitude (Figure S3A).

Next, we filtered the off-target cleavage sites detected by

CIRCLE-seq in the presence and absence of supercoiling using

the same parameters as the CAS-OFFinder search, retaining

only the detected off-target sites containing %7 mismatches

with NRG PAM motifs and removing any sites requiring accom-

modation of DNA or RNA bulges (Figure S3B).
We first asked what percentage of all possible genome-wide

sites were cut by Cas9 in the presence and absence of supercoil-

ing for a given number of mismatches between the guide and off-

target site (Figure 3C). With the EMX1-1 guide, 100% of sites

with <3 mismatches are cut under both conditions. However,

at sites with R3 mismatches, negative supercoiling increases

the percentage of sites cut by Cas9. For example, in the pres-

ence of relaxed genomic DNA, EMX1-1:Cas9 cleaves only

44% of all possible off-target sites with 3 mismatches, but

when the DNA is negatively supercoiled, 85% of these sites

are cleaved (Figure 3C). A substantial increase in the percentage

of cleaved off-target sites was observed when the DNA is nega-

tively supercoiled for all sites with R3 mismatches for both the

EMX1-1- and EMX1-2-guided Cas9 (Figure 3C). As the number

of mismatches increases, the percentage of the total off-target

sites that are cut by Cas9 sharply decreases for both relaxed

and negatively supercoiled DNA (Figure 3C). However, as the

number of mismatches increases, the number of potential off-

target sites genome-wide increases exponentially for both

EMX1-1 and EMX1-2 (Figure S3A). As a result, when DNA is

negatively supercoiled, over 2,000 genomic off-target sites
Molecular Cell 83, 3533–3545, October 5, 2023 3537



Table 1. EMX1-1 target site sequences for plasmid cleavage

experiments

Name Sequence Mismatches

ON CCC TTCTTCTTCTGCTCGGACTC 0

OT1 CCA TTCTTCCTTTGCTCGGGCTT 4

OT2 CCC TTCTTCTCCTGCTCCAACTT 3

OT3 CCC TTATTCTCCTGCTTAGACTC 4

OT4 CCC TTCTTTTTGTGCTTGGGCTC 4

OT5 CTC TTCTCCTCCTGCTGGGAGAA 6

OT6 CCC TTATTCTCCTGCCTGGAGAA 7

OT7 CCT ATACTCTTCTGCTCTGATTG 6

OT8 CCC TTATTGTTTTGCTTGGAATG 6

OT9 CTC TTTTTCTCTTGCTTGGAATA 6

The target strand is shown. ON represents on-target; OT denotes off-

target; PAM site in italics; mismatches bolded.
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with as many as 6 or 7 mismatches are cut by Cas9 (Figures S3B

and S3C; see dataset in Key resources table). Together, these

data demonstrate that negative supercoiling dramatically in-

creases the number of genome-wide off-target sites cut by

Cas9 due to an increase in mismatch tolerance.

Negative supercoiling increases mismatch tolerance
through reduced stringency of mismatch distribution
and type
To understand the factors that determine which sites can or

cannot be cut by Cas9 in the presence and absence of supercoil-

ing, we further analyzed the sequence features of the detected

cleaved off-targets in comparison to the uncleaved off-targets

present in the genome.We first compared the distribution ofmis-

matches across the cut and uncut genome-wide off-target sites.

For the off-target sites cut in the absence and presence of nega-

tive supercoiling, we calculated the probability of each position

along the 20 nt target site being mismatched. Using the calcu-

lated probability of mismatches at each position in the list of all

potential off-target sequences, we determined the fold-change

in mismatch frequency between the uncut and cut off-targets

in the absence andpresence of negative supercoiling (Figure 3D).

For both EMX1-1 and EMX1-2 off-target sites, where cleavage

was detected in the presence of relaxed DNA (no gyrase), we

observed an increased probability of mismatches occurring at

the PAM distal end of the target site compared to the uncut sites

(Figure 3D, blue), consistent with previous work.14,49,51 Interest-

ingly, when we considered the off-target sites cleaved in the

presence of negatively supercoiled DNA (with gyrase), we

observed a reduction in the prevalence of PAM distal mis-

matches (Figure 3D, red). This suggests that when DNA is nega-

tively supercoiled, Cas9 is more tolerant of mismatches spread

throughout the target site.

To further understand the changes in mismatch tolerance, we

next considered the identities of mismatches found in the sites

where cleavage was observed in the absence and presence of

negative supercoiling and calculated sequence motifs of the

mismatch identities (Figure 3E). As a control, we first calculated

the mismatch sequencemotif for the uncut genome-wide poten-
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tial off-targets. As expected, no strong enrichment of particular

mismatch types was observed among the uncut off-target se-

quences for EMX1-1 or EMX1-2 (Figure 3E, bottom). In contrast,

when we considered the off-target sequences cleaved by Cas9

in the absence of supercoiling, we observed a strong enrichment

of particular types of mismatch (Figure 3E, top). However, in the

presence of negative supercoiling, we observed a reduction in

the enrichment of particular types of mismatches (Figure 3E,

middle). This further demonstrates that the presence of negative

supercoiling reduces the stringency of requirements for specific

off-target mismatch identities.

We next considered the types of mismatches that preferen-

tially allow Cas9 cleavage at off-target sites in the absence of

supercoiling. Interestingly, we observed a preference for mis-

matches with the potential to result in wobble base pairing. For

instance, at those positions in the crRNA where guanine is pre-

sent, thymine is observed as the favored mismatch, and at posi-

tions where adenine is present, mismatches with cytosine are

highly favored (Figure 3E, EMX1-1 and EMX1-2 top), both result-

ing in the potential for formation of awobble base pair (Figure 3F).

The formation of wobble base pairing during off-target Cas9

binding is consistent with off-targets detected by CHANGE-

seq52 and recent high-resolution crystal structures of Cas9

bound to off-target sites where wobble base pairing was

observed to be accommodated within the bound complex.38

We next asked how supercoiling affects the mismatch prefer-

ences. When we analyzed the mismatch identities in the

negatively supercoiled off-targets, we detected a reduction in

the enrichment of the wobble base pairing identities. This

demonstrates an increased tolerance of mismatches unable to

form wobble base pairing.

Taken together, these data demonstrate that negative super-

coiling increases the number of Cas9 off-target sites through

reduced stringency in the positions of mismatches across the

target sequence and through accommodation of more unfa-

vored mismatches.

Off-target cleavage kineticswith unfavoredmismatches
To further understand how supercoiling affects the ability of

Cas9 to tolerate unfavored mismatches at off-target sites, we

performed detailed kinetic analysis of a number of off-target

sites identified by CIRCLE-seq (Table 1). Using purified super-

coiled plasmids containing the EMX1-1 on-target and four off-

target sites (OT1–OT4), each containing 4mismatches (Figures 4

and S4; Table 1), we performed bulk kinetic cleavage time

course experiments from 20 s to 30 min. The generation of

nicked and fully cleaved plasmid products was analyzed by

agarose gel electrophoresis (Figure 4). First, we tested the cleav-

age of the on-target EMX1-1 site. Before the first time point

(20 s), we observed full double-strand cleavage with no detect-

able nicked intermediate (Figure 4A). This defines the lower limit

of the on-target cleavage rate constant of Cas9 under our exper-

imental conditions (k [ 3 min�1). Next, we tested the four

EMX1-1 off-target sites. With all four off-targets tested, accumu-

lation of fully linearized plasmids could be observed overmultiple

time points, as well as the formation of nicked intermediates

(Figures 4B, 4C, and S4A–S4D). As such, wewere able to directly

measure the rate of first strand cleavage (k1) and second strand
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Figure 4. Negative supercoiling induces off-target cleavage in vitro

(A) EMX1-1 on-target representative time course agarose gel showing supercoiled (S), nicked (N), and linear (L) products over a 30 min period for supercoiled

plasmid cleavage.

(B) EMX1-1 Off-target 1 (OT1) representative time course agarose gel for supercoiled plasmid cleavage.

(C) Quantification of cleavage products: supercoiled (red), nicked (blue), and linear (green) over 30 min for Off-targets 1–4 (OT1–OT4). Error bars = SEM. k1 and k2
are the rates of the first and second strand cleavage, respectively.

(D) Cleavage rates k1 (red) and k2 (gray) for OT1–OT4. Error bars represent error from fits in (C).
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cleavage (k2) for the four off-target sequences (Figures 4C and

4D). Control experiments with linearized plasmids show no off-

target cutting (Figure S4E).

This demonstrates that although Cas9 cleaves supercoiled

off-targets with high efficiency, the rate of cleavage is slower

than at on-target sites. Furthermore, the presence of mis-

matches in the supercoiled off-targets can differentially modu-

late both first and second strand cleavage. For example, when

comparing Off-target 1 (OT1) and Off-target 4 (OT4), the first

strand cleavage rates are comparable; however, the rate of sec-

ond strand cleavage for OT4 is significantly lower (Figure 4D).

Conversely, although the rate of first strand cleavage for OT3

is significantly lower than for OT4, the second strand cleave rates

are comparable.

We also generated plasmids containing five of the off-targets

with 6–7 mismatches that had been detected by CIRCLE-seq

(Table 1, OT5–OT9) and tested in vitro cleavage of relaxed and

negatively supercoiled plasmids. Consistent with the CIRCLE-

seq data, cleavage was only observed on negatively supercoiled

DNA (Figure S4F). Despite similar read counts from the CIRCLE-

seq data, cleavage efficiencies ranged from low efficiency

(OT5, OT6, OT8, and OT9) to relatively high efficiency (OT7)

(Figure S4F).

Together, these data suggest that Cas9 retains a degree of ki-

netic discrimination between negatively supercoiled off-targets,

which can differentially alter first and second strand cleavage

rates, and validates the ability of Cas9 to cleave off-target sites

with high numbers of mismatches when the DNA is negatively

supercoiled.

DNA structural distortion enhances Cas9 off-targeting
in cells
We have demonstrated through multiple complementary ap-

proaches that negative supercoiling in DNAdramatically reduces

Cas9 specificity in vitro. Next, we asked whether changes in

Cas9 specificity could be observed in vivo, in cells, upon pertur-
bation of the local DNA topology. To address this question, we

used an adapted proxy-Cas9 system.53 Proxy-Cas9 approaches

involve targeting non-cleavage-competent Cas9 complexes to

sites proximal to the intended Cas9 cleavage site (Figure 5A). It

has been demonstrated that in some instances, nearby binding

of such Cas9 complexes (proxy-CRISPR) can increase the

cleavage efficiency of Cas9 at the on-target site.53 However,

this is not universally observed at all sites, and the mechanism

underlying this increased efficiency is still not well understood.53

We hypothesized that the presence of such proximal Cas9

binding causes local DNA distortion and alters the tolerance of

mismatches at neighboring Cas9 target sites. To test this, we uti-

lized the Traffic-Light DSB repair reporter (TLR) system, which

enables single-cell quantitative detection of Cas9 cutting activity

through a fluorescent readout (Figure 5A).55 We first validated

the TLR system in U2OS TLR cells; cells were transfected by

electroporation with a single guide RNA (sgRNA):Cas9 complex

containing a fully matching sgRNA targeting the TLR cassette.

This fully matching sgRNA resulted in an observed editing effi-

ciency of 35% (Figure 5B). Next, we measured the editing

efficiency with guides containing each of the three possible sin-

gle nucleotide mismatches at positions 1, 5, 7, 8, or 9 along the

target sequence. The observed editing efficiencies were dimin-

ished overall, ranged from 1% to 30% of the population, and

were highly dependent on both mismatch identity and position

along the guide (Figure 5B).

We then asked whether deforming the local DNA topology al-

ters the editing efficiency of mismatched Cas9 complexes. We

adapted the proxy-CRISPR system using the cleavage-compe-

tent SpCas9 with short sgRNA (14 nt proxy-guide RNA [gRNA]),

which can still guide Cas9 to the specific target but prevents

the nuclease cleavage activity.12 We first tested a number of

different proxy-gRNAs positioned at different positions relative

to the main site. Cas9 targeting the TLR but with a mismatch

at position 5 was co-transfected with a proxy-CRISPR targeting

one of seven sites positioned 18 to 63 bp from the main site
Molecular Cell 83, 3533–3545, October 5, 2023 3539
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Figure 5. DNA distortion induces off-target activity in cells

(A) Schematic of Traffic-Light Reporter (TLR) system and proxy-CRISPR. Cas9-induced DSB is repaired by non-homologous end-joining, generating a frameshift

that places the red fluorescent protein (RFP) coding sequence in-frame, providing a redout for cleavage efficiency.

(B) Cas9 off-target editing efficiency in TLR U2OS cells. Cas9 only (�) shows no cutting, and proxy-CRISPR has no effect. Cas9 complexed with fully matching

guide (+) shows 35% editing efficiency with and without proxy-CRISPR co-transfection. Cas9 complexed with mismatched guides (1 mismatch at positions 1, 5,

7, 8, and 9 from the PAM) show enhanced editing efficiency with proxy-CRISPR co-transfection (red bars). Error bars show standard deviation.

(C) Percentage change in off-target editing efficiency with proxy-CRISPR co-transfection. Error bars show standard deviation.

(D) Overview of the INDUCE-seq method for detection of Cas9-induced DSBs.54 A non-transfected control (NTC) is used to quantify endogenous breaks.

(E) Identified sites of DSBs are filtered based on the number of mismatches and the number of times DSBs are detected.

(F) Percentage of unique sites detected by INDUCE-seq that were detected by CIRCLE-seq without supercoiling (�gyrase) or with supercoiling (+gyrase).

Absolute numbers indicated.

(G) Percentage of sites detected by INDUCE-seq with EMX1-1 guide that are located in transcribed or non-transcribed regions. Error bars show standard de-

viation; p % 0.00001.

(H) Percentage of sites detected by INDUCE-seq with EMX1-2, VEGFA site 1, and VEGFA site 2 guides located in transcribed or non-transcribed regions. Error

bars show standard deviation; p % 0.05.
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(Table 2). In the absence of the proxy-CRISPR, an editing effi-

ciency of <20% was observed (Figure S5A); however, the pres-

ence of the proxy-CRISPR significantly increased editing effi-

ciency for 5/7 of the proxy-gRNAs tested (Figure S5A). Based

on the level of editing enhancement, we selected proxy-gRNA

P1, 37 bp away from the main site, for further experiments.

We next characterized the effect of this proxy-CRISPR on ed-

iting efficiency in the presence and absence of different mis-

matches (Figure 5B). In the absence of mismatches, no change

in editing efficiency was observed on co-transfection with

proxy-CRISPR P1 (Figures 5B and 5C). However, on co-trans-

fection of Cas9 complexes containing single mismatches with

proxy-CRISPR P1, a significant increase in editing efficiency

was observed for 10 of the 15 single mismatch positions and

identities tested (Figures 5B and 5C). In many instances, the

proxy-CRISPR restored editing efficiencies to, or close to, the

levels observed in the absence of mismatches, increasing edit-

ing efficiencies with mismatched guides by as much as 100%

(Figure 5C). Together, these data suggest that in vivo, local
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DNA deformation can reduce Cas9 specificity by enabling an in-

crease in mismatch tolerance.

Supercoiling-induced Cas9 off-targets can be directly
detected in cellular gene editing
We next asked whether it was possible to directly detect the

presence of supercoiling-induced off-targets in cellular gene ed-

iting experiments. Recently, INDUCE-seq has been developed

as a highly sensitive method for de novo DSB detection in cells

(Figure 5D).54 This PCR-free method is highly sensitive for detec-

tion and quantification of DSBs present in a population of cells at

a specific time point. To validate this method, the authors nucle-

ofected cells with EMX1 sgRNA/Cas9 ribonucleoprotein (RNP)

complexes and performed INDUCE-seq to detect Cas9-induced

on- and off-target DSBs. The EMX1-1 guide used in our CIRCLE-

seq experiments was also used in the INDUCE-seq cellular ex-

periments. We therefore asked whether cleavage was observed

in cells at any of the supercoiling-induced off-target sites we

have identified.



Table 2. Table of proxy-gRNAs used in proxy-CRISPR experiments

GUIDE Sequence (50 to 30) PAM Distance (bp) Guide orientation Result

P1 CACGGGCAGCTTGC NGG 37 Upstream Optimal

P2 GACGAGGGTGGGCC NGG 19 Upstream Too close

P3 TGACGAGGGTGGGCC NGG 18 Upstream Too close

P4 TCCGCCATGCCCGA NGG 63 Downstream Too far

P5 CTGGACGTAGCCTT NGG 59 Downstream Too far

P6 TCTGATAAAAGCAGC ACG 46 Downstream Near optimal

P7 AGCACGACTTCTTC AAG 34 Downstream A bit too close

Includes targeted sequence, PAM site sequence, distance from main site, orientation, and result in editing enhancement experiments.
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INDUCE-seq is sensitive enough to detect individual endoge-

nous DSBs54; however, to avoid incorrect assignment of endoge-

nous breaks as Cas9-induced, and therefore avoid false positive

detection, we performed stringent filtering steps (Figure 5E).

Firstly, detected DSBs were only classified as Cas9-induced if

they contained up to 7mismatches. Next, siteswhere only a single

DSB was detected were only kept if they contained less than 3

mismatches (Figure 5E). This allows us to confidently differentiate

between endogenous and Cas9-induced DSBs (Figures S5B

and S5C).

Using this pre-existing INDUCE-seq dataset, we identified

Cas9-induced DSBs in cells at 44 off-target sites that were also

identified in our in vitro CIRCLE-seq off-target detection experi-

ments (Figure S5D). Strikingly, �23% of these sites (10/44) were

only detected in vitro in the presence of negative supercoiling (Fig-

ure 5F). This suggests that negative supercoiling, or alternative

DNA structural distortions, is occurring in the cellular context

and driving Cas9 off-target cleavage at these sites. As with the

off-target sites detected by CIRCLE-seq, the EMX1-1 off-targets

detected by INDUCE-seq showed a strong preference for mis-

matches resulting in wobble base pairing (Figure 5E).

Next, to understand the potential cellular source of DNA struc-

tural distortion, we askedwhether theseCas9-induced off-target

DSBs fall into transcribed or non-transcribed genomic regions.

Previous genome-wide studies of supercoiling in mammalian

cells have demonstrated increased negative supercoiling around

transcription start sites at distances as far as ±10 kb.56,57 Over

70% of the EMX1-1 off-target sites detected by INDUCE-seq

were found to occur in transcribed regions (Figures 5G and S5F).

To ensure this was not a guide-specific effect, we performed

additional INDUCE-seq experiments with three distinct guides,

EMX1-2, VEGFA site 1, and VEGFA site 2. With these new

guides, at a single time point 7 h after Cas9 nucleofection, we

detected 19, 50, and 434 Cas9 off-target sites, respectively. As

observed for the EMX1-1 dataset, a significant preference was

observed for off-target cleavage in transcribed versus non-tran-

scribed regions (Figure 5F). An increased propensity for off-

target activity in highly transcribed regions has previously been

suggested; however, this has been largely attributed to the pres-

ence of open chromatin.52

While chromatin state is likely to also be an important factor,

our detection of off-targets in vivo that were only found by

CIRCLE-seq when the DNA is negatively supercoiled points to

a role in transcription-driven DNA distortion or supercoiling in

the induction of off-target activity in actively transcribed regions.
DISCUSSION

Our single-molecule optical-tweezers and biochemical cleavage

data demonstrate that negative supercoiling increases both

Cas9 off-target binding (Figures 1 and 2) and cutting (Figure 4).

Furthermore, our CIRCLE-seq experiments show that negative

supercoiling induces tens of thousands of genome-wide off-target

sites, due to a tolerance for higher numbers of mismatches and

less energetically favorable mismatches (Figure 3). Ensemble

cleavage assays with supercoiled plasmids show that despite

high cleavage efficiency, off-target cleavage kinetics are slower

than on-target (Figure 4). Interestingly, the presence of mis-

matches at these off-targets can alter both first and second strand

cleavage kinetics. Finally, using two distinct approaches, we

demonstrate that DNA distortion can modulate Cas9 specificity

in the environment of the cell. Firstly, we show evidence with the

TLR system that specifically distorting the DNA topology in the vi-

cinity of a target site modulates off-target activity (Figure 5). Sec-

ondly, using INDUCE-seq data, we demonstrate that off-target

cleavage is observed in cellular editing experiments at sites that

require negative supercoiling for cleavage in vitro (Figure 5).

This demonstration that the local supercoiling density of the

DNA modulates off-target activity predicts that regions of the

genome that are predominantly negatively supercoiled will result

in higher off-target rates in cells. Our findings suggest that the

threshold of the conformational checkpoint required for Cas9

cleavage can be altered by the target DNA topology. This might

be achieved by modulating the allosteric networks that regulate

target binding, R-loop formation, and cleavage.33 Our kinetic

data suggest that the reduction in Cas9 specificity involves an in-

crease inoff-target binding frequency and increasedpopulation of

long-livedoff-targetbindingevents (Figure2).However, supercoil-

ing has also been shown to alter cleavage efficiency itself, and this

could additionally contribute to increased off-target cleavage.44

In the context of previously described kinetic models for Cas9

specificity,26,27 this can be described as a tilting of the energy

landscape for binding and cleavage. As such, a kinetic model

whose energy landscape can be modulated to take into account

the tilting caused by supercoiling or mechanical stretching might

be more accurate in predicting off-targets. In genome-wide

studies of supercoiling in mammalian and other eukaryotic ge-

nomes, it has been shown that there are increased levels of

negative supercoiling around transcription start sites and that

highly expressed genes are more negatively supercoiled than

other regions.56–58 This correlates well with genome-wide
Molecular Cell 83, 3533–3545, October 5, 2023 3541
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analyses that show Cas9 binding specifically at gene proximal

regions (including gene promoters up to 1 kb upstream of the

transcription start site).59 There have been previous reports of

increased Cas9 off-target cleavage at sites with high levels of

transcription52; however, this effect has been largely attributed

to changes in chromatin state.

The highly variable specificity of Cas9 depending on DNA to-

pology and the genomic context is particularly important to un-

derstand when considering therapeutic application at the

whole-organism level. While guides may be screened for poten-

tial off-target activity in cellular assays, this may not adequately

predict the potential for off-target activity across all the cell types

and genomic states present in an entire organism.

The use of non-canonical wobble base pairing for Cas9 off-

target interactions is observed in both the CIRCLE-seq and TLR

experiments.While this is consistentwith recentCas9structures38

and was incorporated into our previous thermodynamic model to

identify force-induced off-target sites,43 these have not yet been

incorporated into algorithms for the prediction of potential off-

target sites in vivo. More surprisingly, purine-purine mismatches

are observed to be accommodated in these structures38 and

were also observed to be particularly well-tolerated in our TLR ex-

periments (Figure 5). Future prediction algorithms should incorpo-

rate these findings to better predict potential off-target sites.

Finally, it is interesting to consider the fact that CRISPR-Cas9

systems evolved in the context of highly negatively supercoiled

bacterial genomes. As such, what are the implications of these

findings for their endogenous activity in bacterial innate

immunity? In early work to characterize CRISPR-based immu-

nity, it was observed that transfected circular DNA molecules

were more vulnerable to degradation than linear molecules,

even in the presence of mismatches in the spacer and PAM se-

quences.60,61 While the authors offered no explanation at the

time, one possible explanation based on our results is that the

negative supercoiling present in a plasmid increases the toler-

ance for mismatches and allows degradation of the plasmid

even with imperfect matching between the spacer and the

plasmid or non-canonical PAM sequences. It has been argued

that CRISPR systems have evolved with an intrinsic tolerance

for mismatches between the guide and target to prevent invasive

viruses bypassing them through individual base mutations. In

summary, our work raises the intriguing possibility that in the

endogenous context, when targeting negatively supercoiled

DNA, CRISPR systems may be able to accommodate many

more mismatches than previously considered.

Limitations of the study
In the optical-tweezers experiments,weusedCas9 toprevent loss

of the tethered DNA and therefore cannot determine whether the

inducedoff-target binding siteswould actually result inDNAcleav-

age. To address this, we demonstrate supercoiling-dependent

cleavage in the in vitro cleavage assays and CIRCLE-seq assays.

A limitation of theCIRCLE-seq experiments is thatweuse only a

single supercoiling state of approximately s =�0.1 as induced by

treatment with DNA gyrase, and this is not likely to be representa-

tive of the average state of the human genome. It would be inter-

esting to look further at how the genome-wide off-targets change

across a range of different supercoiling states. Although it is chal-
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lenging to determine the absolute levels of supercoiling present in

mammaliangenomes, it canbeestimated from themeasured rela-

tive levels of psoralen binding from in vitro62 and in vivo56 studies

that many loci do display a supercoiling density of approximately

s=�0.06.This shows thatour dataats=�0.1approachessuper-

coiling levels that could be present physiologically.

Furthermore, while we observe tens of thousands of off-tar-

gets in our CIRCLE-seq experiments, the vast majority of these

sites may not be observable in a population-averaged cellular

experiment. This is particularly true if the accessibility of Cas9

to these off-targets is regulated by cellular functions, as different

off-targets may be targeted by Cas9 in different cells in a popu-

lation. We have demonstrated that transcription likely modulates

the efficiency of activity at these sites (Figure 5). Nonetheless, it

is also likely that other factors, such as the local chromatin state

(euchromatin vs. heterochromatin) and the cell-cycle stage, may

also have an effect. It will be important to investigate the influ-

ence of other cellular processes, and in particular to consider

whether regulation of these processes, e.g., transcriptional inhi-

bition, could improve Cas9 specificity.

Future studies could be performed using transcription and

topoisomerase inhibitors or though chromatin modulation to

further understand the effect of specific cellular processes on

Cas9 specificity. However, such experiments are challenging

for multiple reasons. Firstly, chemical inhibitors of transcription

and topoisomerases are highly toxic and even at low doses

can cause DSBs, which increase the background and reduce

the sensitivity of off-target detection.63,64 Secondly, as demon-

strated by the CIRCLE-seq data, many of the potential sites

contain up to 7 mismatches. When we consider sites with this

many mismatches, detection becomes extremely challenging,

as events can be spread across such a large number of potential

sites and detection of these sites is well beyond the sensitivity of

most of the currently used off-target detection methods.20–22

We have demonstrated that PCR-free DSB detection methods

such as INDUCE-seq may be able to overcome this issue; how-

ever, much larger-scale experiments would be required to draw

conclusions on how individual off-target sites are affected by per-

turbing cellular functions. One existing solution to this is through

the use of multi-targeting guide RNAs deliberately designed to

target a large number of genomic sites.65 Interestingly, using this

approach, it was observed that Cas9 cleavage was more efficient

at transcribed regions, consistent with our INDUCE-seq data.65

In the TLR experiments, editing efficiency was highly depen-

dent on both the mismatch identity and also the position of

the mismatch within the guide (Figure 5). This highlights the

complexity of the rules governing Cas9 specificity and the

need for additional work to define exactly how the sequence re-

quirements are altered in the context of DNA distortion. Further-

more, the use of proxy-CRISPR is not directly analogous to

altering supercoiling state; the fact that we see an increased

mismatch tolerance supports the idea that it is causing local

DNA distortion, but the exact nature of this in unclear.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Urea Sigma-Aldrich U5378-1KG

10x TBE Buffer (Tris–borate–EDTA) Thermo Scientific B52

Acrylamide–bis-acrylamide, 40% solution Sigma-Aldrich A9926-100ML

N,N,N0,N0-tetramethylethylenediamine (TEMED) Sigma-Aldrich T9281-25ML

10% ammonium persulfate (APS) made up to 10% w/v

in ddH2O.

Sigma-Aldrich A3678

Formamide Thermo Scientific 17899

0.5 M EDTA Millipore 324506-100ML

RNA Elution Buffer: 0.1 mM EDTA, pH 8.0, 0.1% (w/v) sodium

dodecyl sulfate (SDS), and 500 mM ammonium acetate.

In House N/A

l-DNA Thermo Fisher SD0011

T7 RNA Polymerase 50 U/mL NEB M0251S

T7 Buffer (103) NEB B9012SVIAL

E. coli IPP 1 U/mL NEB M0361S

1 M DTT, 1,4-Dithiothreitol Roche 10197777001

3,4-Dihydroxybenzoic acid Merck 99-50-3

Protocatechuate 3,4-Dioxygenase Merck P8279-25UN

Bleach, Sodium Hypochlorite NaClO Honeywell 15685490

0.5% Pluronic F127 made up in PBS and filtered Sigma-Aldrich P2443-250G

Streptavidin Coated Polystyrene Particles 0.5% w/v Spherotech SVP-40-5

QIAquick PCR Cleanup Kit Qiagen 28,104

5 mL HisTrap column GE Healthcare 10571680

5 mL Heparin HiTrap column GE Healthcare 10298944

Superdex 26/600 column GE Healthcare 11360342

microTUBE AFA Fiber Snap-Cap Covaris PN 520045

Lambda Exonuclease NEB M0262S

E. coli Exonuclease I NEB M0293S

oSQT1288/5Phos/CGGTGGACCGATGATC/ideoxyU/

ATCGGTCCACCG*T (* indicates phosphorothioate linkage)

IDT N/A

E. coli DNA Gyrase Inspiralis G1001

AMPure XP beads Beckman Coulter A63881

KAPA Hyper Prep Kit (Illumina, 96 rxns) Kapa Biosystems 07962363001

NEBNext� Multiplex Oligos for Illumina� (Dual Index

Primers Set 1)

NEB E7600S

Qubit BR dsDNA kit ThermoFisher Q32851

Amaxa� 96-well Shuttle� Lonza V4SC-9096

Qiagen Gentra Puregene Cell Kit Qiagen 158388

Plasmid-Safe ATP-dependent DNase Cambio Ltd E3101K

NEBNext Illumina adaptor NEB E7601A

Phenol:Chloroform:Isoamyl Alcohol (25:24:1) (Sigma) Sigma-Aldrich P2069-100ML

Bacterial and virus strains

DH5a In House N/A

BL21DE3 NEB C2527H

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Original Confocal Images and Gel Images This Study Mendeley Data: https://doi.org/10.17632/

4r55hvz87r.1

Data used to plot figures This Study Mendeley Data: https://doi.org/10.17632/

4r55hvz87r.1

Output from CIRCLE-seq analysis This Study Mendeley Data: https://doi.org/10.17632/

4r55hvz87r.1

CIRCLE-seq sequencing reads This Study NCBI SRA: https://www.ncbi.nlm.nih.

gov/bioproject/PRJNA1001791

INDUCE-seq sequencing reads This Study NCBI SRA: https://www.ncbi.nlm.nih.

gov/bioproject/PRJNA1001791

Experimental models: cell lines

HEK293T MRC LMB Cell Repository N/A

HEK293 Crick Cell services N/A

U2OS-TLR In House, AstraZeneca N/A

Oligonucleotides

crRNA RNA Oligonucleotides IDT Table S1

DNA Oligos for tracrRNA in vitro transcription IDT Table S1

Recombinant DNA

pET24a-Cas9 Previous study43 N/A

Software and algorithms

FIJI Open source https://imagej.net/software/fiji/

Igor Pro 9 Wave Metrics www.wavemetrics.com

Lumicks Pylake Lumicks Python package https://lumicks-pylake.readthedocs.io/en/

stable/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, David

Rueda (david.rueda@imperial.ac.uk).

Materials availability
Plasmids, recombinant proteins, DNA substrates and cell lines are available without restriction upon requests, which should be

directed to the lead contact.

Data and code availability
d The unprocessed confocal images, gel images and output data fromCIRCLE-seq experiments and data used to plot the figures

have been deposited to Mendeley and are publicly available as of the date of publication. The DOI is listed in the Key re-

sources table.

d Sequencing read datasets from the CIRCLE-seq sequencing and INDUCE-seq sequencing have been deposited to the SRA

database and are publicly available as of the date of publication. The accession number is listed in the Key resources table.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell Culture: The HEK293T cells were obtained from the MRC LMS Cell Repository and were cultured at 37C 5% CO2 in DMEM

(11965092, Gibco) and 10% FBS. The HEK293 cells were obtained from the Francis Crick Cell Repository and were cultured at

37C 5% CO2 in DMEM (11965092, Gibco) and 10% FBS. The U2OS TLR cells were obtained from the AstraZeneca Cell Repository

and cultured at 37C 5% CO2 in McCoy’s Modified 5A, 10% FCS, 1% Glutamax.
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METHOD DETAILS

RNA and DNA purification, labeling and annealing
tracrRNAwas synthesised by T7 transcription (Table S1). Labeled crRNA guides were synthesized, labeled and HPLC purified by IDT

(Table S1), unlabelled crRNA guides were synthesized by IDT (Table S1) and were further purified by 18% denaturing polyacrylamide

gel electrophoresis. Equimolar concentrations of crRNA and tracrRNA were pre-annealed by heating to 90�C for 1 min in annealing

buffer (100 mN NaCl, 50 mM Tris-HCl pH8 and 1 mM MgCl2) followed by �10 min cooling at room temperature.

Protein purification, storage and complexing
Cas9 and catalytically dead Cas9 (dCas9; D10A and H840A) were cloned and purified as described previously.13 Briefly, a synthetic

gene coding for Cas9 or dCas9 with an N-terminal 6xHN tag and a C-terminal nucleoplasmin NLS sequence was synthesised and

subcloned into pET24a to generate pET24a-Cas9. E. coli BL21DE3* transformants of pET24a-Cas9 were selected on LB plates con-

taining 100 mg/mL kanamycin. Large scale cultures were performed by inoculating 750 mL of TB media at 37�C, and the cultures

grown at 37�C until OD600�0.6, after which the culture temperature was lowered to 20�C and protein production was induced by

the addition of 100 mM IPTG. Incubation was continued overnight. Cas9 was purified from cell lysate via immobilised metal affinity

chromatography. Briefly, cells were lysed using an Avestin Emulsiflex C5 in a buffer consisting of 20 mM Tris HCl (pH 7.5), 300 mM

NaCl, 10% glycerol, 1 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and 10 mM imidazole, and the lysate clarified by

centrifugation at 20,000 3 g for 20 min. The clarified lysate was loaded onto a 5 mL HisTrap column (GE Healthcare) and, after

washing with the same buffer, eluted with a gradient to 300 mM imidazole. After dilution, the Cas9 containing fractions were loaded

onto a 5 mL Heparin HiTrap column (GE Healthcare) and eluted with a linear gradient of NaCl from 0.1 to 1 M, in a buffer containing

20mMTris HCl pH 7.5, and 10%glycerol. The protein was polished by SEC, on a Superdex 26/600 column (GEHealthcare) in a buffer

containing 20 mM HEPES pH 7.5, 150 mM KCl, 10% glycerol and 1 mM TCEP. Fractions containing Cas9 were pooled and concen-

trated to 10–20 mg/mL and aliquots flash frozen in liquid nitrogen. For working stocks dCas9 was diluted to 1.6 mm g/mL in 300 mM

NaCl, 10 mM Tris HCl, 0.1 mM EDTA, 1 mM DTT, 50% glycerol and stored at �20�C.

Single-molecule experiments
For single-molecule experiments, Cas9 was first complexed at 1 mM concentration with a 1:1 ratio of protein to pre-annealed crRNA:

tracrRNA at room temperature for 10 min and subsequently diluted to required working concentration with imaging buffer (100 mM

NaCl, 50mMTris-HCl pH 8, 1mMMgCl2, 0.2mg/mLBSAand the PCA/PCDoxygen scavenger systemwith 5mMPCA, 100 nMPCD).

Optical-tweezers with confocal microscopy
Optical-tweezer confocal microscopy experiments were performed on the commercially available Lumicks C-trap with integrated

confocal microscopy and microfluidics. Protein channels of the microfluidics chip were first passivated with BSA (0.1% w/v in

PBS) and Pluronics F128 (0.5% w/v in PBS), both flowed through over a period of 30 min.

Torsionally constrained l-DNA was generated by ligating biotinylated DNA end-caps (Table S1) to each end of the l-DNA sub-

strate, as previously described40 and then tethering the end-capped substrate between two optically-trapped 4.5 mmSPHERO strep-

tavidin coated polystyrene particles at 0.005%w/v using the laminar flow cell. Negatively supercoiled DNA was generated using the

Optical DNA Supercoiling (ODS) method, as previously described.40 In brief, the DNA integrity was first verified by recording force

extension curves from 0 to 80 pN: torsionally constrained molecules do not exhibit an overstretching plateau at �60 pN, in contrast

to torsionally unconstrained DNA. Next, the DNA was stretched for a few seconds to high force (�150 pN) before returning to low

force (�20 pN). Transient disruption of the biotin-streptavidin interactions occurs at high force, which induces the formation of nega-

tive supercoiling. As the DNA becomes supercoiled, the force extension curve changes, displaying an increase in extension at 70 pN,

from which the supercoiling density can be determined.40 The supercoiling density can typically be tuned from s = 0 to�0.7 through

repeated stretch and retract cycles. Once the desired supercoiling density is obtained, the DNAmolecule is held at forces <50 pN to

prevent any further supercoiling induction.

For confocal imaging of Cy3 labeled crRNA, an excitation wavelength of 532 nmwas used and emission detected in three channels

with blue filter 512/25 nm, green filter 585/75 nm and red filter 640 LP.

Mapping kymograph peaks onto the l-DNA genome
Analysis of the location of binding events was performed as described previously.43 The fluorescence intensity signal between the

two beads was mapped across the length of the known l-DNA sequence. DNA orientation was determined based on the location of

the specific on-target binding. Mapped binned intensities were fit by multipeak fitting using Igor8, and resulting Gaussian fits were

plotted for direct comparison.

Target plasmid preparation
Target plasmids generated in this study were based on the pUC19 (Addgene) or pBluescript (Addgene). Complementary single-

stranded DNA oligonucleotides containing the target site of interest flanked by restriction sites were ordered from IDT and annealed

and inserted into the multiple cloning sites by restriction cloning. Sequences were confirmed by sanger sequencing (Genewiz).
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In vitro cleavage assays
tracrRNA and crRNAwere heat-annealed in a 1:1 ratio in a 1X annealing buffer (100mMNaCl, 50mMTris-HCl pH 8). Themixture was

heated at 95�C for 2 min, and subsequently cooled to room temperature for 10 min before 1:1 incubation with SpCas9 at room tem-

perature for an additional 10min to form the Cas9 RNP at 1 mM. The Cas9 RNPwas then placed on ice before use in cleavage assays.

The Cas9 RNP was mixed with plasmid in a 1:10 ratio, 2 nM and 20 nM of target plasmid and Cas9 RNP respectively. Incubation of

plasmid and the Cas9 RNPwere done at 37�C in a cleavage buffer containing 100mMNaCl, 50mMTris HCl pH 8, 10mMMgCl2 over

the course of 1 h. Timepoints were taken at 0 s, 20 s, 40 s, 1 min, 2 min, 5 min, 10 min and 30 min intervals and the reactions were

stopped by taking equal amounts (10 mL each) of the cleavage reaction, stopping buffer (100 mM Tris-HCl pH 8, 100 mM EDTA, 40%

w/v sucrose) and Phenol:Chloroform:Isoamyl Alcohol (25:24:1). The stopped reactions were subsequently vortexed for 5 s and

centrifuged at 13,000 rpm for 1min to separate the aqueous, interface and solvent layers. 10 mL of the reaction from the (top) aqueous

layer was taken, loaded onto 1% Agarose gels containing 1X TAE and 1X SybrSafe and ran at 150 V for 30 min. Finally, the gels were

imaged with the Cy2 filter and a 5 s exposure time using the Amersham Imager 680.

In vitro cleavage assay kinetics analysis
Imaged gels were visualized using Fiji and four band intensities quantified: supercoiled (S), nicked (N), linear (L) and background.

Plasmid cleavage reactions are first order irreversible and consecutive reactions, where:

Supercoiled/
k1
Nicked/

k2
Linear

In order to determine the fraction of each component at each timepoint, the fraction cleaved can be calculated with the following

equations:

fSupercoiled =
Supercoiled � Background

Supercoiled+Linear+Nicked � ð33BackgroundÞ
fNicked =
Nicked � Background

Supercoiled+Linear+Nicked � ð33BackgroundÞ
fLinear =
Linear � Background

Supercoiled+Linear+Nicked � ð33BackgroundÞ
The transition between supercoiled starting material and nicked intermediate depends on the first rate constant (k1) and the sub-

sequent transition between nicked intermediate to final linear product depends on the second rate constant (k2). The rate constants

are calculated using the following equations:

S = S0e
� k1t + y0
N = N0

�
k1

k2 � k1

��
e� k1t � e� 12t

�
+ y0
L = L0

�
1 �

�
1

k2 � k1

���
k2e

� k1t � k1e
� k2t
�
+ y0

where S is supercoiled, N is nicked, and L is linear plasmid.

CIRCLE-seq with negative supercoiling
Preparation of DNA circles was performed as previously described with a few minor alterations described below.48 Genomic DNA

was extracted from HEK293T cells and mechanically sheared using a Covaris to an average length of 1000 bp. Size distribution

was analyzed on a bioanalyser to confirm the correct distribution of fragment sizes of around 1000 bp. The use of 1000 bp fragments

ensured the circles were fully relaxed and avoided any potential mechanical strain on the DNA due to the small circle sizes (300 bp)

typically used in the CIRCLE-seq protocol.15 For 600 mg input DNA before fragmentation, approximately 240 mg was recovered. For

each condition, 25 mg of DNA is required.

End-repair was then performed using KAPA End Repair EnzymeMix, followed by A-tailing using KAPA A-tailing Enzyme, ligation of

the CIRCLE-seq hairpin adapter (oSQT1288), exonuclease treatment and circularisation as previously described.48

After preparation of DNA circles, the samplewas split in half and one-half was negatively supercoiled by treatment with DNA gyrase

(1 mg DNA circles, 80 mL gyrase reaction buffer, 2 mL DNA gyrase at 5 U/mL, made up to a final volume of 400 mL; 37�C for 1 h). For the
Molecular Cell 83, 3533–3545.e1–e5, October 5, 2023 e4
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negative control of non-supercoiled circles, the same reaction was performed with the gyrase omitted. Clean-up was performed with

2x AMPure XP beads eluted in 165 mL in 1x TE with beads removed. For each sample, 1 mg of input DNA circles were used in one

400 mL reaction.

Supercoiled and non-supercoiled prepared DNA circles were treated with Cas9 complexed with the guide of interest. First, the

tracrRNA and crRNA were annealed (5 mL tracrRNA at 10 mM, 5 mL crRNA at 10 mM, 5 mL Cas9 annealing buffer; 95�C for 2 min,

room temperature for >10 min and then placed on ice). Next, the Cas9 nuclease was complexed with the annealed guides (10 mL

10x Cas9 reaction buffer, 9 mL SpCas9 Nuclease at 1 mM, 3 mL annealed crRNA:tracrRNA at 3.3 mM in 45 mL; held at room temperature

for 10min) before addition of theDNAcircles and the initiation of the cleavage reaction (45 mL complexedCas9mix, 250 ngDNAcircles

in a total volume of 100 mL; 37�C for 1 h). For the negative controls without Cas9, the same protocol was followed with the Cas9 and

annealed guide replaced by ddH2O. Clean-up was performed with 1x AMPure XP beads eluted in 42 mL 1x TE with beads removed.

The samples were then prepared by standard KAPA library preparation for NEBNext sequencing. Samples were indexed with

compatible combinations of NEBNext i5 and i7 indexing primers. The concentration of indexed libraries were measured with Qubit

BR dsDNA kit and samples run on a bioanalyser to check fragment size. Paired-end 150 bp read length sequencing was performed

on an Illumina MiSeq with all samples from one experiment multiplexed. The sample was spiked with 10% PhiX due to potential low

sequence diversity of the sample. De-multiplexed FastQC files were then analyzed using the CIRCLE-seq analysis software.15 To

confirm that the detected off-targets were not due to gyrase induced cleavage events, CIRCLE-seq analysis was also performed be-

tween the Gyrase, No Cas9 and No Gyrase, No Cas9 samples.

Binding isotherm
The equation of the binding isotherm used in Figure 2C is as follows, where n = number of binding events ands = supercoiling density:

fðsÞ = n0 + ðnmax + nÞ �
�

s

s+s50

�

Kinetic analysis
To determine off-target binding time constants (t), the durations of individual off-target binding events were measured and plotted as

a normalised cumulative distribution histogram (bin size = 5s). A normalised double exponential with the following equation was used

to these data using global parameters for tslow and tfast (Figure 2E):

fðtÞ = 1 �
 
Aslow 3 e

�
� t

tslow

	
+

 
1 � Aslow

!
3 e

�
� t

tfast

	!

where Aslow and Afast (Afast = 1 – Aslow), correspond to the respective normalised amplitudes, or population fractions (Figure 2F). To

determine binding frequency (kon,obs), the time between individual binding events was measured and plotted as a normalised cumu-

lative distribution histogram (bin size = 5s). These were fit with a normalised single exponential with the equation:

fðtÞ = 1 �
 
A 3 e

�
� t

kon;obs

	!

Traffic light system and PROXY- CRISPR in cells
U2OS-TLR cells were electroporatedwith Cas9 RNPwith on target ormismatched gRNA together targeting the TLR cassette with the

PROXY gRNAwith 96-well Nucleofector Kit using the Amaxa 96-well Shuttle. Following cleavage byCas9 at the target site in the TLR,

repair by non-homologous end-joining (NHEJ) can result in a frameshift in the cassette leading to expression of red fluorescent pro-

tein (RFP).55 72 h after electroporation, cells were collected and the percentage of Cas9 edited cells quantified by fluorescence-acti-

vated cell sorting (FACS), by counting the number of RFP expressing cells.

INDUCE-seq
The INDUCE-seq experimental and analysis pipelines were previously described.54 Briefly, HEK293 cells were nucleofected with

Cas9 RNP and extracted for INDUCE-seq experiments at 0h, 7h, 12h, 24h, and 30h timepoints. FASTQ (SRA) files were downloaded

from NCBI SRA (PRJNA636949), and mapped to the human genome (GRCh38/hg38 assembly) using the BWAMEM algorithm. Low

quality alignments (MAPQ scores <30) and alignmentsmapping to the ends of chromosomeswere filtered. To specifically distinguish

off-target Cas9 induced DSBs from endogenous DSBs, we only considered off-target sites with %7 mismatches. Furthermore at

sites where only one DSB was detected, we only classified them as Cas9 induced when they contained %3 mismatches (Figure 5E

and S5A). p values to compare the number of unique off-target sites in RNP treated vs. non-treated control (NTC) conditions were

calculated using Mann-Whitney t-tests. Genomic regions containing DSB sites were classified as transcribed or non-transcribed

using the Genomic Features Package in Bioconductor(R).
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