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Defining the variables that impact the specificity of CRISPR/
Cas9 has been a major research focus. Whereas sequence
complementarity between guide RNA and target DNA substan-
tially dictates cleavage efficiency, DNA accessibility of the
targeted loci has also been hypothesized to be an important
factor. In this study, functional data from two genome-wide
assays, genome-wide, unbiased identification of DSBs enabled
by sequencing (GUIDE-seq) and circularization for in vitro re-
porting of cleavage effects by sequencing (CIRCLE-seq), have
been computationally analyzed in conjunction with DNA
accessibility determined via DNase I-hypersensitive sequencing
from the Encyclopedia of DNA Elements (ENCODE) Database
and transcriptome from the Sequence Read Archive to deter-
mine whether cellular factors influence CRISPR-induced cleav-
age efficiency. CIRCLE-seq and GUIDE-seq datasets were
selected to represent the absence and presence of cellular
factors, respectively. Data analysis revealed that correlations
between sequence similarity and CRISPR-induced cleavage
frequency were altered by the presence of cellular factors
that modulated the level of DNA accessibility. The above-
mentioned correlation was abolished when cleavage sites were
located in less accessible regions. Furthermore, CRISPR-medi-
ated edits were permissive even at regions that were insufficient
for most endogenous genes to be expressed. These results
provide a strong basis to dissect the contribution of local
chromatin modulation markers on CRISPR-induced cleavage
efficiency.
Received 23 March 2019; accepted 10 October 2019;
https://doi.org/10.1016/j.ymthe.2019.10.008.

Correspondence: Will Dampier, Department of Microbiology and Immunology,
Drexel University College of Medicine, 245 N. 15th Street, Room 18301, MS1013A,
Philadelphia, PA 19102, USA.
E-mail: wnd22@drexel.edu
Correspondence: Brian Wigdahl, Department of Microbiology and Immunology,
Drexel University College of Medicine, 245 N. 15th Street, Room 18301, MS1013A,
Philadelphia, PA 19102, USA.
E-mail: bw45@drexel.edu
INTRODUCTION
The CRISPR system that was first discovered as a bacterial defense
mechanism has recently been re-engineered for genome editing in eu-
karyotic cells.1,2 The CRISPR system has been shown to recognize and
cleave target loci using a guide RNA (gRNA) transcribed from the
CRISPR locus and an RNA-guided Cas.3,4 The gene-editing process
has been shown to begin with the recognition and binding between
the Cas protein and a protospacer adjacent motif (PAM); subse-
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quently, this process is followed by a progressive hybridization
between the gRNA and the chromosomal DNA adjacent to the
PAM, termed target hereafter. Cas in turn induces double-stranded
breaks (DSBs) followed by endogenous DNA repair responses that
result in sequence editing at the target locus.1,2,5–7

The contribution of gRNA:target sequence similarity has been well
characterized and is a major determinant of CRISPR-induced cleav-
age efficiency. Data from screening techniques have suggested that
CRISPR-induced cleavage can occur at the target loci with up to seven
mismatches across the 20-bp complementary sequence.8,9 The rela-
tionship between a mismatch position and cleavage efficiency has
been quantified and the resulting data organized into a position-
specific penalty matrix (which we will refer to as the MIT matrix,
developed by Hsu et al.10 at the Massachusetts Institute of Technol-
ogy) and with additional functional studies, leading to the develop-
ment of the cutting frequency determination matrix (known as the
CFD matrix) that has defined the contribution of the count, position,
and identity of each nucleotide mismatch across gRNA:target
pairs10,11 and their relationship to cutting efficiency.

The tolerance of mismatches in each gRNA:target pair has raised
some concern that CRISPR may cause unintended sequence
modifications at sites other than the designated target in the host
genome.10,12–14 This has prompted the development of a number of
genome-wide CRISPR-induced cleavage screening techniques that
detect CRISPR-cleaved loci tagged by molecular markers followed
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Figure 1. The Schematic Diagram Demonstrates the Hypothesis that

Presence of Cellular Factors in the GUIDE-Seq Experiment Reduces

CRISPR-Induced Cleavage Efficiency

The CRISPR-induced cleavage efficiency could be negatively affected by the lack of

DNA accessibility even with high sequence similarity between gRNA and target. The

gray shade represents local DNA accessibility. The shade of potential target sites

represents the sequence similarity of gRNA:target pairing. Note that the sequence

similarity could be implied by any matrices that describe the sequence recognition

pattern for the CRISPR-Cas9 system. The thickness of black arrow represents the

level of CRISPR-induced cleavage efficiency. The gray shade behind the nucleosome

represents the DNase I hypersensitivity detected in the DNase-seq assay system.
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by genome sequencing to locate the modified sites.15–18 Specifically,
the genome-wide, unbiased identification of DSBs enabled by the
sequencing (GUIDE-seq) technique introduces oligodeoxynucleoti-
des (ODNs), a 34-bp exogenous DNA marker, into living cells along
with plasmids encoding SpCas9 (Cas derived from Streptococcus pyo-
genes) and the desired gRNAs.19 The ODNs integrate into the DSBs in
the chromosomes during the non-homologous end joining (NHEJ)
DNA repair process in treated cells integrating into approximately
51% of all DSB events on average across all transfected cells.20 These
investigators also repeated this experimental approach to exclude the
effect of cellular factors such as nucleosomes and chromatin struc-
tures on CRISPR-induced cleavage efficiency. They developed the
circularization for in vitro reporting of cleavage effects by sequencing
(CIRCLE-seq) technique; this technique uses in vitro-constructed
Cas9 and gRNA complexes to cleave specially prepared circles of pu-
rified genomic DNA that are then selectively amplified and sequenced
using next generation sequencing (NGS).21

Previous studies have shown that sequence complementarity scoring
matrices can explain only 20% of CRISPR-induced cleavage efficiency
where the gRNA:target pairs have more than two mismatches; how-
ever, CFD performed with better specificity and sensitivity than the
MIT matrix.11 Therefore, we hypothesize that cellular factors play a
substantial role in determining CRISPR-induced cleavage efficiency
in these situations. However, the quantitative assessment of higher-
order cellular factor complexes on CRISPR-induced cleavage effi-
ciency remains poorly characterized.

Nucleosome occupancy and chromatin structure have been demon-
strated to be crucial epigenetic regulators for DNA accessibility and
subsequent gene expression.22,23 DNase I-hypersensitive site
sequencing (DNase-seq) has been used to measure DNA accessibility
of genomic DNA in intact nuclei.24,25 Whole-genome screening of
the CRISPR-Cas9 binding landscape has been utilized to correlate
the effect of DNA accessibility using chromatin immunoprecipitation
(ChIP) with deactivated Cas9 (dCas9) or a lentiviral target-site library
in human cell lines.26–28 Instead of genome-wide screening, reporter
cell lines with an inducible system that modulates chromatin states
were used to demonstrate the direct impact of DNA accessibility on
CRISPR-induced DSB formation.29–31 In general, previous studies
have suggested that the frequency of DSB formation induced by
CRISPR-Cas9 was significantly lower in heterochromatic regions
compared with euchromatic regions.

In this study, the effect of DNA accessibility on CRISPR-Cas9 cleav-
age efficiency was quantified in an effort to better estimate CRISPR-
induced cleavage efficiency in cells. We assumed that chromosomal
sites edited only in naked DNA (CIRCLE-seq), but that remained un-
edited in intact chromatin (GUIDE-seq), would correspond to chro-
mosomal regions of low DNA accessibility (DNase-seq). Although
the cleavage detection assays have often been implemented in the
identification of off-target cleavage events, we included all detectable
events (desired and undesired cleavage sites) present in the study, to
generalize the observation across assays. Overlaying the aforemen-
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tioned datasets by chromosomal locations with DNase-seq conducted
on the same cell lines, we discovered that the local DNA accessibility
and gRNA:target sequence similarity are not mutually exclusive
processes. Both the degree of sequence complementarity and the level
of DNA accessibility dictate the amount of CRISPR-induced cleavage.
The observations presented here elucidate the role of DNA accessi-
bility on the CRISPR system and have provided insight into the cleav-
age process to guide future investigation on CRISPR efficiency in a
given target cell population.

RESULTS
The Vast Majority of the Potential Cleavage Sites Were Not

Accessible When Cellular Factors Were Present

Chromatin structure has been shown to be one of the cellular factors
that affect the cleavage efficiency of CRISPR-Cas9. DNase-seq was
used as the measurement of DNA accessibility at the CRISPR-induced
cleavage sites with either the presence (GUIDE-seq) or absence
(CIRCLE-seq) of cellular factors. We hypothesized that the CRISPR-
induced cleavage sites that were identified by only CIRCLE-seq, sub-
sequently designated CS-only subset, possess lower DNA accessibility
than those identified by both GUIDE-seq and CIRCLE-seq, subse-
quently designated GS and CS subsets, respectively (Figures 1 and
2A). GUIDE-seq identified 374 CRISPR-induced cleavage sites among
the four gRNAs examined in HEK293T and the six gRNAs examined
in U2OS cells, whereas CIRCLE-seq identified 4,138 cleavage sites us-
ing the same set of gRNAs and cell lines. Considering the GUIDE-seq-
identified cleavage sites, 94.9% (355/374 cleavage sites) were recovered
by CIRCLE-seq. However, CIRCLE-seq identified an additional 3,783
cleavage sites (Figure 2A). This has suggested that a vast majority of
the potential cleavage sites were not accessible in living cells. The



Figure 2. CRISPR-Cas9 Is More Effective at

Targeting More Accessible Regions of DNA

(A) The Venn diagram displays the number of combined

cleavage sites from four gRNAs in HEK293T cells or six

gRNAs in U2OS cells identified by both GUIDE-seq (GS;

brown) and CIRCLE-seq (CS; green). (B) The cleavage

sites that both GUIDE-seq and CIRCLE-seq identified

(designated GS and CS) show higher DNA accessibility

than those sites identified by only CIRCLE-seq (CS only).

The DNA accessibility of cleavage sites was the DNase-

seq read depth per million mapped reads within a 50-bp

window flanking the DSB positions (termed RPM). The

boxplot shows the distribution of DNA accessibility in both

groups. The box represents 50% quantile, and the line inside the box represents the median. The error bar represents the maximum and minimum of data distribution. *p <

0.001, two-tailed t test. (C) The DNA accessibility normalized to the mean DNase-seq RPM of the CS-only subset. *p < 0.001, two-tailed t test.
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lack of DNA accessibility may be one of the cellular factors that mask
the potential CRISPR cleavage sites in living cells.

To quantitatively test the overall impact of DNA accessibility, we
quantified the DNase hypersensitivity for each CRISPR-induced
cleavage site as a continuous variable by calculating the DNase-seq
reads per million mapped reads (RPM) within a 50-bp window
centered on the DSB sites induced by CRISPR-Cas9. This analysis
showed that the average DNA accessibility of the GS and CS subset
was 1.6-fold higher than the average for the cleavage sites in the
CS-only subset (Figures 2B and 2C). The phenomenon remained sig-
nificant when the analysis was performed using individual cell types
(Figure S1). It is worth noting that the distributions of DNA accessi-
bility were similar across individual gRNAs (Figure S2). This result
indicated that CRISPR-Cas9 could not effectively target regions
with low DNA accessibility.

Relationship between Sequence Similarity and CRISPR-Induced

Cleavage Frequency Varies with the Level of DNA Accessibility

It has been known that the sequence complementarity between gRNA
and target DNA (termed gRNA:target sequence similarity in subse-
quent analyses) plays a major role in determining cleavage efficiency.
A multiple linear regression analysis was performed to test the rela-
tionship between CRISPR-induced cleavage frequency (number of
cleavage events per million mapped reads [CPM]), gRNA:target
sequence similarity (CFD scoring matrix adopted from Doench
et al.11), and DNA accessibility (DNase-seq RPM), as well as their
interaction terms. The statistical analysis of these results has demon-
strated that the CFD score alone accounts for 21.5% of the variation in
the CRISPR-induced cleavage frequency in the GS and CS subset,
whereas log-transformed DNase-seq RPM alone was not significantly
correlated with log-transformed CPM (Table 1). By adding the DNA
accessibility to fit an additive model with CFD score, the log-trans-
formed RPM did not significantly contribute to the correlation with
log-transformed CPM. However, regressing with an interaction
term between CFD and log-transformed RPM was positively corre-
lated with log-transformed CPM using the GS and CS subset, but
not the CS-only subset (Table 1; Table S1). These results have sug-
gested that the interaction between gRNA:target sequence similarity
and DNA accessibility together impact the cleavage frequency in cells.
DNA Accessibility below a Threshold Completely Abrogates the

Effect of the gRNA:Target Similarity on CRISPR-Induced

Cleavage Frequency

We performed a stepwise correlation test to understand how the
gRNA:target sequence similarity and DNA accessibility interact
together to determine the CRISPR-induced cleavage frequency in
the GS and CS data subsets. A dot plot in a three-dimensional space
was used to visualize the distribution among these three variables
(Figure 3A). A surface plot was generated using the nearest-neighbor
method described above to depict the spatial relationship among the
variables explored in this analysis. The surface plot showed the trend
of altering the beta coefficient (b) between CFD and CPM changes
across different DNase-seq RPM (Figure 3B). In addition, the top
15% of ranked CFD (N = 53) showed a significant correlation between
CPM and RPM, which echoed the impact of DNA accessibility on
CRISPR-induced cleavage efficiency (Figure S3).

The correlations among different accessible sites were further
analyzed to dissect, in greater detail, the role of DNA accessibility
on CRISPR activity. A 15% quantile of ranked RPM with a 1% sliding
window was used to calculate the stepwise correlations between
sequence similarity and CRISPR-induced cleavage frequency in GS
and CS subsets as described above (Figure 3C). The beta coefficient
between gRNA:target similarity and CRISPR-induced cleavage fre-
quency represents the degree of CPM change when CFD varies; the
results showed that the beta coefficients were always positive and
yet decreased when the DNA accessibility decreased (Figure 3D).
As shown in Figures 3D and 3E, the Wald tests across high DNA
accessibility quantiles were always significant until the lower bound-
ary of the quantile approached log-transformed DNase-seq RPM at
�1.889. This result suggested that the effect of sequence similarity
on CRISPR-induced cleavage efficiency has been modulated by the
level of DNA accessibility. More importantly, the correlation became
insignificant when DNA accessibility was below log-transformed
DNase-seq RPM of �2.240, indicating that DNA accessibility below
the threshold abrogated the positive effect of sequence similarity on
CRISPR-induced cleavage frequency. The data points at the top
15% and bottom 15% of ranked DNase-seq RPM (N = 53) were
selected from the GS and CS subsets to demonstrate the change in
correlation between gRNA:target similarity and CRISPR-induced
Molecular Therapy Vol. 28 No 1 January 2020 21
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Table 1. The Interaction between CFDScore andDNAAccessibility Impacts

the Cleavage Frequency in the GS and CS Subset

Model Parameters p Value Adjusted R2a

log10CPM � CFD sequence similarity <0.001b 0.215

log10CPM � log10RPM DNA accessibility 0.666 �0.002

log10CPM � CFD + log10RPM
sequence similarity <0.001b

0.214
DNA accessibility 0.543

log10CPM � CFD +

log10RPM + CFD� log10RPM

sequence similarity 0.563

0.222
DNA accessibility 0.192

sequence similarity
� DNA accessibility

0.029b

The multiple regression analysis was performed by adding independent variables and
interaction of independent variables sequentially to the models. CFD, nucleotide-spe-
cific scoring matrix for gRNA:target pair; CPM, number of cleavage events per million
mapped reads; RPM, DNase-seq reads per million mapped reads within 50-bp window
flanking the DSB positions.aAdjusted R2 was used to account for the number of indepen-
dent variables each model has.
bThe beta coefficient is significantly different from zero under the t test with a two-tailed
p < 0.05.
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cleavage frequency (Figure 3F). In the top 15% accessible sites, CFD
and CRISPR-induced CPM were significantly and positively corre-
lated (adjusted R2 = 0.508; p < 0.001). This type of correlation was
not evident in the less accessible regions in the GS and CS subsets,
suggesting that DNA accessibility moderates the correlation.

As for the CS-only subsets without the presence of cellular factors, the
modulationmediated byDNA accessibility was not observed in the CS-
only subsets (Figures S4A–S4E). The correlation between gRNA:target
similarity and CRISPR-induced cleavage frequency maintained at a
mean of 0.156 ± 0.0267 and was always significant as expected, given
this assay does not have cellular factors (Figure S4D), albeit the corre-
lation coefficient is relatively low (Table S1; Figure S4D). The relative
beta coefficient in the CS-only subset (Figure S4E) was not reduced
when the DNA was less accessible compared with the result of the
GS and CS subsets (Figure 3E). For example, the top and bottom
15% quantile of ranked DNA accessibility in the CS-only subset ex-
hibited a similar slope between CFD score and CPM (Figure S4F).
These results have indicated that the CIRCLE-seq dataset was not
affected by DNA accessibility, which was consistent with the premise
that all cellular factors were removed during the catalytic reaction of
CRISPR-induced cleavage events in the CIRCLE-seq protocol.

Chromatin Accessibility Required for a CRISPR-Mediated

Cleavage Reaction Was Significantly Less Than that Required

for Endogenous Gene Expression

Although the data have shown that low DNA accessibility altered the
contribution of gRNA:target complementarity to CRISPR-mediated
cleavage (Figures 3D and 3E), 26.8% and 44.0% of 355 cleavage sites
were observed in low accessible regions below thresholds at log-trans-
formed RPMof�2.240 and�1.889, respectively (Figure S5A). To test
whether the thresholds of DNA accessibility mentioned above were
22 Molecular Therapy Vol. 28 No 1 January 2020
comparable with the chromatin environment of transcribing genes,
the local DNA accessibility at the promoters of expressed genes was
evaluated and compared with local DNA accessibility at CRISPR-
induced cleavage sites in the GS and CS subset. The gene expression
profiles were positively correlated between untreated HEK293T and
U2OS cells (R2 = 0.673; Figure S6), which validated the compatibility
of datasets from independent publications. The corresponding
DNase-seq RPM of each expressed gene was calculated at a window
of 1,000 bp upstream of the transcription start site (TSS) and
200 bp downstream to cover the majority of promoter positions
across the human genome, as previously described.32 The mean
DNA accessibility flanking the CRISPR-induced cleavage sites in
the GS and CS subset was 5.4-fold less than the mean DNA accessi-
bility flanking the TSS of expressed genes (Figure 4A). Furthermore,
47.4% of CRISPR-induced cleavage sites were identified at chromo-
somal regions with DNA accessibility lower than the log-transformed
DNase-seq RPM of�1.889 where the effect of gRNA:target similarity
was abrogated (Figure 4B). Conversely, only less than 3.1% of human
genes were expressed at the same level of DNA accessibility (Fig-
ure S5B). This suggested that the amount of accessibility needed for
CRISPR-Cas9 cleavage was typically less than that needed for normal
gene expression. This statement holds true when datasets acquired
from either HEK293T or U2OS cells were analyzed separately (Fig-
ures S7–S9). These results indicated that the CRISPR-Cas9 system
will likely not need large, global chromatin rearrangement to effectu-
ally cleave its intended target site. However, adequate DNA accessi-
bility was required, but not sufficient, for the completion of transcrip-
tion. Therefore, we cannot exclude the possible roles of other
regulators on transcription. This result allowed us to re-interrogate
the necessity of cell activation treatment that may cause undesired
gene activation during the CRISPR-based therapy. This is a critical
consideration for aiding the development of CRISPR-based therapy
in vivo.

DISCUSSION
Previous studies using dCas9 screening have suggested that the DNA
accessibility implicated by DNase I sensitivity was a significant factor
for the CRISPR-Cas9 binding efficiency.26,27 However, further studies
have demonstrated that there are distinctive features between dCas9
binding efficiency and CRISPR-induced cleavage efficiency using
catalytically active Cas9.19,28 In this study, both GUIDE-seq and CIR-
CLE-seq assays measured cleavage frequency rather than the binding
frequency, providing a more useful measure of editing potential. By
comparing the cleavage sites identified by the GUIDE-seq platform
or not, the results have suggested that lowDNA accessibility was a sig-
nificant cellular factor that protected potential target sites from being
cleaved by CRISPR-Cas9 (Figures 2B and 2C). This study has demon-
strated the significance of DNA accessibility using datasets across
different platforms with true positive (GS and CS subset) and true
negative (CS only subset) experimental conditions. It is worth noting,
however, that the sensitivity of ODN insertion events in the GUIDE-
seq assay could be another hidden variable that may affect the number
of detectable cleavage events when compared with results obtained
with the CIRCLE-seq technology.19,21



Figure 3. Low DNA Accessibility Abrogated the

Correlation between gRNA:Target Sequence

Similarity and CRISPR-Induced Cleavage

Frequency

CFD score, RPM, and CPM of cleavage sites in the GS

and CS subset (N = 355) were used in this analysis. (A) The

three-dimensional scatterplot of sequence similarity, DNA

accessibility, and CRISPR-induced cleavage frequency

using the CRISPR-induced cleavage sites listed in the GS

and CS subset. Each dot represents a CRISPR-induced

cleavage site identified by both GUIDE-seq and CIRCLE-

seq. CPM represents the number of cleavage events at a

CRISPR-induced cleavage site detected by GUIDE-seq;

sequence similarity represents the likelihood of CRISPR

cutting based on the sequence between gRNA and target

using CFD matrix; RPM represents the DNA accessibility

at a CRISPR-induced cleavage site. (B) The surface plot

estimated by the nearest-neighbor method described in

the Materials and Methods. The sequence similarity is

estimated by the position-specific matrix of CFD score

[0,1] that describes the cleavage possibility of gRNA:

target pair at the detected sites. Red represents high

cleavage frequency, whereas blue represents low cleav-

age frequency identified by the GUIDE-seq technique. (C)

Contour map of CRISPR-induced cleavage frequency

based on the grids of CFD score and DNase-seq RPM; a

top-down view of (B). (D) The beta coefficient between

CFD and CRISPR-induced cleavage frequency at given

15%quantile of DNA accessibility. Note that the data point

was the lower boundary of a given quantile. The shaded

regions represent 95% confidence intervals of the t test.

The horizontal dashed line at beta coefficient equal to 0

represents the threshold of the significance of the beta

coefficient. The correlation was not significant when the

95% confidence interval covered the horizontal line. (E)

The beta coefficient relative to the first quantile that

contained the cleavage sites with the top 15% DNA

accessibility in the GS and CS subset. The dashed line

represents the regions that were not significant in theWald

test (D). The right vertical lines represent the threshold of

DNA accessibility that started to affect the significance

between CFD and CRISPR-induced cleavage frequency.

The left vertical line represents the threshold such that the

correlation between homology and CRISPR-induced

cleavage efficiency was insignificant anywhere below the DNA accessibility. (F) Correlation between CRISPR-induced cleavage frequency and CFD score of the 15% most

accessible sites (left panel) or 15% least accessible sites (right panel) in the GS and CS subset. p value of Wald test for a hypothesis test that the slope is 0. b1, beta coefficient

of simple linear regression.
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The positive correlation between DNA accessibility and CRISPR-
induced cleavage efficiency has been demonstrated in previous
studies using either DNase-seq or ATAC-seq in human cell lines
and zebrafish embryonic cells.28,31,33,34 In the study presented here,
DNA accessibility was assessed by DNase-seq RPM instead of
defining enriched regions of DNase activity as reported in previous
studies.35–40 Our results have indicated that levels of DNA accessi-
bility impact CRISPR-Cas9 activity across the cleavage sites that
occurred in living cells. The data suggested that the level of DNA
accessibility has a gradient effect with respect to CRISPR-induced
cleavage frequency (Figures 3C and 3D). The results reported herein
support previous observations and have provided a more robust
approach and greater statistical rigor.28,31,33,34 More importantly,
DNA accessibility below a threshold further abrogated the contribu-
tion of gRNA:target sequence similarity to CRISPR-induced cleavage
frequency (Figure 3E). In contrast, the impact of DNA accessibility on
CRISPR-induced cleavage frequency was not observed in the cleavage
sites identified by CIRCLE-seq (CS-only subset; Figures S4C–S4E). As
such, the CRISPR-induced cleavage frequency in CIRCLE-seq was
significantly correlated with gRNA:target similarity predicted by the
CFD score at a constant level regardless of DNA accessibility. These
observations are consistent with the premise of CIRCLE-seq and
Molecular Therapy Vol. 28 No 1 January 2020 23

http://www.moleculartherapy.org


Figure 4. Chromatin Accessibility Required for CRISPR-Mediated Cleavage

Reaction Was Significantly Less Than that for an Endogenous Gene to

Express

(A) The mean DNA accessibility flanking CRISPR-induced cleavage sites (N =

355) was significantly lower than that flanking the TSS of expressed genes (N =

8,619). The error bar represents the SD of sampling distribution. Gray dots

represent the data points in each dataset. *p < 0.05, two-tailed t-test. (B) The

green curve represents the cumulative percentage of CRISPR-induced cleavage

sites identified in the GS and CS subset. The red curve represents the cumu-

lative percentage of expressed genes detected in HEK293T and U2OS cells.

The blue curve represents the relative b to the first quantile that contained the

cleavage sites with the top 15% DNA accessibility in the GS and CS subset. The

gray vertical lines represent the DNA accessibility thresholds at RPM of �2.240

(left) and �1.889 (right), where DNA accessibility abrogated the significance

between CFD and CRISPR-induced cleavage frequency. The percentage

shown on the plot indicates the cumulative percentage at the intersection of

cumulative percentage curves and DNA accessibility thresholds. The blue curve

and gray threshold lines are adopted from Figure 3C.
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GUIDE-seq with respect to the presence of nucleosomes during
CRISPR treatment, which has suggested that the effect of DNA acces-
sibility we described is practical.

The results showed that DNA accessibility should be included in the
prediction of CRISPR-induced cleavage efficiency. Singh et al.41 pre-
viously integrated the DNase-seq data into the estimation of
CRISPR cleaving likelihood in the CROP-IT algorithm. The pre-
dicted cleavage efficiency was proportional to the number of cell
types that shared particularly hypersensitive sites as a linear func-
tion. In this study, we observed a DNA accessibility threshold that
fully abrogated the effect of gRNA:target similarity on the
CRISPR-Cas9 reaction. This relationship could be illustrated as a
rectifier activation function such that the correlation was fully
masked when DNA accessibility was below a threshold, whereas
the beta coefficient between gRNA:target similarity and observed
cleavage efficiency was a function of DNA accessibility above the
threshold. However, it should be noted that the DNase-seq RPM
thresholds identified by both cell lines combined in this study may
not be generalizable to all CRISPR-Cas systems or cell types (Figures
S7 and S8). The conclusions of these experimental studies can be
further bolstered by examining additional gRNAs and cell lines to
determine whether the pattern holds true. Nevertheless, it has pro-
vided a preliminary framework to investigate the relationship be-
tween chromatin structure and CRISPR-Cas9 specificity in cells
for more detailed experiments in the future.
24 Molecular Therapy Vol. 28 No 1 January 2020
Cellular Factors thatMayContribute to the Equation of Cleavage

Efficiency

The scoring matrices previously developed have not effectively fit the
observed cleavage frequency in living cells, even with the CFD score
developed recently using large-scale screening. These matrices corre-
lated significantly better when there was only one base pair mismatch
at the gRNA-targeting regions, whereas the correlation coefficient
reduced to approximately 20% at the targets that had more than
two mismatches.11 This points out the need of better algorithms
that could explain the sequence similarity required for the CRISPR-
Cas9 system. A recent effort described the process of cleavage
involving a sequential order of PAM recognition, R-loop formation,
and cleavage within the context of an enzyme kinetic model.42 Again,
the DNA accessibility represented only the collective consequence of
upstream cellular factors including epigenetic modulation. It will
require more advanced studies, however, to understand the underly-
ing mechanisms to which the change of CRISPR cleavage events was
attributed. The methylation status of DNA, including methylation at
CpG sites, may contribute to cleavage efficiency. AlthoughHsu et al.10

did not observe a significant impact of DNA methylation status on
cleavage efficiency, the dCas9 binding landscape assay conducted
by Wu et al.26 suggested a negative correlation between the level of
CpG methylation and CRISPR-binding activity at given target sites.
These observations were consistent with the evidence that gRNAs
that pair with the complementary strand promote R-loop formation
after the recognition of the PAM sequence by Cas9,6,43,44 whereas the
level of DNA methylation was negatively correlated with R-loop for-
mation observed in general transcription.45,46 The modification of
histones has also been correlated with the CRISPR binding efficiency
including H3 acetylation (H3ac),29 H3K9me3,29 H3K27me3,30 and
H3K4me3.28,31 Based on these studies, it will be crucial to further
examine how specific types of acetylation could be quantified as
part of the function of DNA accessibility.

Implication of Chromatin Accessibility with Respect to CRISPR-

Cas9 Activity

The potential of CRISPR-Cas9 in the biomedical science and biotech-
nology industries has driven numerous studies to characterize and
improve the specificity and sensitivity of the CRISPR-Cas9 system.
The goal has been to increase gene-editing efficiency and optimize
safety, especially in the treatment of human disease. The present an-
alyses in conjunction with previous studies show the significance of
chromatin accessibility on CRISPR-induced cleavage frequency. It
will now be crucial to understand the change in chromatin states at
the intended targets with different cell types and corresponding
experimental treatments in order to optimize on-target efficiency.
One application of CRISPR-Cas9 with promising therapeutic poten-
tial has been the excision and/or mutagenesis of integrated HIV-1
proviral DNA in infected cells.47–52 Studies have suggested that the
transcription from the integrated proviral HIV-1 genome is highly
regulated by the nucleosomes nuc-0 or nuc-1 on the long terminal
repeat (LTR) and histone modulators interacting with transcription
factors during latent infection.53–57 The provirus-associated nucleo-
somes that were maintained in highly heterochromatic status have
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been thought to be one of the mechanisms to keep viral transcription
at a low level.58 It is therefore important to know what level of DNA
accessibility the CRISPR system may be required to facilitate HIV-1
provirus disruption/excision at the HIV-1 integration loci by using
gRNAs that target the HIV-1 LTR regions.59

The results presented here have demonstrated that the CRISPR-Cas9
system was significantly more permissive to low accessibility regions
than the eukaryotic transcription machinery (Figure 4). This result
has implied that a CRISPR-based therapy could be efficacious with
subtherapeutic or no cell activation treatments. For example, T cell
activation with PMA/ionomycin was commonly used to make inte-
grated HIV-1 provirus more susceptible to CRISPR-mediated gene
editing.49,60 CRISPR-mediated knockout efficiency has been shown
to vary across different target genes in human primary T cells acti-
vated by anti-CD3/CD28 or PMA/ionomycin for the use of immuno-
therapy, whereas unstimulated T cells showed poor editing effi-
ciency.61 However, the use of cell activation agents could adversely
affect regular cell metabolism and gene expression profiles, thus hin-
dering the development of CRISPR-based therapy in vivo. The exper-
imental approach used in these analyses has provided an opportunity
to better control the DNA accessibility that has prevented unneces-
sary gene activation while preserving effective CRISPR-Cas9 cleavage
for the development of CRISPR-based therapy in conjunction with
cell activation drugs and/or histone modification drugs in vivo.
Hence, ongoing experiments will be of importance to interrogate
whether the CRISPR-based therapy could be administered in
conjunction with a low amount of exogenous activation agents that
optimize DNA accessibility without excessive side effects due to un-
desired gene activation.

The present study has demonstrated that DNA accessibility and
gRNA:target similarity interact with CRISPR-induced cleavage effi-
ciency in human cell lines. The results further suggested that com-
pressed chromatin abrogated the correlation between gRNA:target
similarity and CRISPR-induced cleavage frequency, even omitting
moderate sequence similarity between the gRNA and its target.
More importantly, the CRISPR-Cas9 system required sufficient
DNA accessibility to catalyze sequence editing; however, the required
level of DNA accessibility for CRISPR-Cas9 reaction was significantly
less than that used for endogenous genes to be expressed.

MATERIALS AND METHODS
Public Dataset Acquisition

The dataset resources analyzed in this study are summarized in
Table 2. The raw-read data of previous GUIDE-seq, and CIRCLE-
seq runs were graciously shared by Dr. Joung. The DNase-seq and
RNA-seq datasets were downloaded from NCBI Sequence Read
Archive (SRA) or the Encyclopedia of DNA Elements (ENCODE)
database by their indicated accession number. The technique, treat-
ment, number of gRNAs, and cell lines are indicated in Table 2.
The total number of detected cleavage sites by GUIDE-seq and
CIRCLE-seq are listed in Tables S2–S4. The list of detected cleavage
sites for GUIDE-seq, named GS in the manuscript, and CIRCLE-
seq, named CS, are listed in Tables S5 and S6, respectively. The assays
were all performed with unstimulated cell lines or untreated controls.
We acknowledge the possibility that the experimental variation
among independent studies may affect the results.

Data Preprocessing

GUIDE-Seq

The raw-read data of previous GUIDE-seq runs were processed using
the implementation of the guideseq analysis pipeline as previously
published (https://github.com/aryeelab/guideseq) using default pa-
rameters. In brief, the detected cleavage sites were tabulated by guide-
seq upon the detection of double-stranded oligodeoxynucleotide
(dsODN) breaks induced by CRISPR-Cas9.19 The output of genomic
locations indicating CRISPR-induced cleavage sites and correspond-
ing numbers of CPM were used for subsequent analysis.

CIRCLE-Seq

The raw-read data of previous CIRCLE-seq were processed using the
implementation of the circleseq analysis pipeline previously pub-
lished (https://github.com/tsailabSJ/circleseq) using the default pa-
rameters. In brief, CIRCLE-seq detects the DSBs on sheared and
circularized genomic fragments induced by gRNA-Cas9 RNA-guided
nuclease (RGN) complex in vitro. The tabular output of genomic lo-
cations as detected by CIRCLE-seq and corresponding numbers of
cleavage events per million mapped reads (CPM) were used for sub-
sequent analysis.

RNA-Seq Analysis

Gene expression profiles of HEK293T (human embryonic kidney
epithelial cell[s] or cell line) and U2OS (human osteosarcoma
epithelial cell[s] or cell line) were collected from SRA:
SRP080966 and ERP001948, respectively.62,63 Gene expression
level (transcript per million [TPM]) was estimated by kallisto after
quality control with FastQC and read trimming with trim_ga-
lore.64–66 The criterion used for an expressed gene was any tran-
scripts that had more than five TPMs. The TPM cutoff was defined
under the assumption that a gene estimated to have at least one
transcript in each cell when each cell has, on average, expressed
200,000 transcripts. Only expressed genes were selected for subse-
quent analysis.

DNase-Seq

The pre-aligned DNase-seq data from HEK293T cells were ob-
tained from the ENCODE database (ENCODE Project Con-
sortium, 2004). The DNase-seq data from U2OS cells in raw-read
format were obtained from the work of Ibarra et al.67 followed by
the alignment using bwa-align due to the short read length in the
DNase-seq assay.68 The DNA accessibility for each cleavage site
was calculated as the reads per million mapped reads (RPM) of
a 50-bp window centered by the DSB position (3 bp upstream of
the PAM site for SpCas9) in DNase-seq runs with corresponding
cell types. The corresponding RPM of each expressed gene was
calculated at a window of 1,000 bp upstream of the TSS and
200 bp downstream to cover the vast majority of promoter
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Table 2. Description of Datasets and Corresponding Techniques Analyzed in This Study

Technique Target Detection Treatment gRNAs Cell Line Data Resource

GUIDE-seq
unbiased detection of CRISPR-induced
cleavage sites in living cells

Cas9/gRNA expression vector
transfected by nucleofection

4 HEK293T SRA: SRP050338 and directly supplied19

6 U2OS SRA: SRP050338 and directly supplied19

CIRCLE-seq
unbiased detection of
CRISPR-induced cleavage
sites on purified genomic DNA

RNA-guided nuclease (RGN)
complex in vitro

4 HEK293T SRA: SRP103697 and directly supplied21

6 U2OS SRA: SRP103697 and directly supplied21

DNase-seq
genome-wide DNA accessibility
detecting DNase I hypersensitivity

DNase I digestion on isolated nuclei
N/A HEK293T ENCODE: 1ENCFF500HTP72

N/A U2OS SRA: SRR441399067

RNA-seq transcriptome untreated cell culture
N/A HEK293T SRA: SRP08096663

N/A U2OS SRA: ERP00194862

1ENCFF500HTP is the accession number in the ENCODE Project. Other data resources with accession number SRP have been stored in Sequence Read Archive (SRA). U2OS, human
osteosarcoma epithelial cell(s) or cell line.

Molecular Therapy
positions. It is worth noting that there were no extrinsic manipu-
lations performed to purposefully stimulate the cells in
the GUIDE-seq, DNase-seq, and RNA-seq protocols, which
allows us to compare the DNase-seq results against other genomic
assays.

Bioinformatics Analysis

Data processing was conducted in Python along with open-source
programs including bwa, samtools, and sambamba.68–70 The bwa
and samtools were used to map the reads from each sequencing assay
to the human reference genome GRCh37/hg19 using the default pa-
rameters. The sambamba was used to calculate the RPM that repre-
sents the DNA accessibility at either CRISPR-induced cleavage sites
or expressing genes with the given sequence windows described
above. The figures were generated by Python package matplotlib.
All Python scripts have been deposited at https://github.com/
DamLabResources/chroCRISPR.

Stepwise Correlation Test

The stepwise linear regression was calculated by 15% quantile of
cleavage sites by ranked DNA accessibility along with a sliding
step of 1 percentile across the ranked data. The size of the 15% quan-
tile for subsequent analysis was decided by power analysis, using an
effect size of 0.25 calculated by Cohen’s d, a = 0.05, b = 0.1, and 1
predictor. It resulted in approximately 53 cleavage sites (335 �
15%) in each 15% quantile for the GS and CS subset and 567 cleav-
age sites (3,783 � 15%) in each 15% quantile for only the CS-only
subset. The beta coefficient between sequence similarity predicted
by CFD score and observed CRISPR-induced cleavage frequency
within each 15% quantile was plotted.11 A relative beta coefficient
was calculated by normalizing the current coefficient to the coeffi-
cient acquired from the cleavage sites with the top 15% DNA
accessibility.

Estimated CPM for the Three-Dimensional Surface Plot Using a

Nearest-Neighbor Function

The estimated CPM in either the GUIDE-seq or CIRCLE-seq datasets
for each grid was calculated by the nearest k data points from the grid
point using the function described as follows:
26 Molecular Therapy Vol. 28 No 1 January 2020
dCPM =

Pk
i= 1

CPMi
DiPk

i= 1Di

;

where D is the distance between grid point and given data point; k =
15 was used in this study based on the average density of data points
in the grids.
Statistical Analysis

The simple linear regression analysis was conducted in Python with
the scipy.stats package.71 The multiple regression analysis among
CPM, RPM, and sequence similarity was conducted by Python pack-
age statsmodels (https://www.statsmodels.org/stable/index.html). All
combinations of independent variables including additive and inter-
active models were proposed and tested. All analysis details are
described and reproducible in the Jupyter notebook (https://github.
com/DamLabResources/chroCRISPR). In two-tailed unpaired t tests
for multiple linear regression, DNA accessibility (DNase-seq RPM)
between the GS and CS datasets, or DNA accessibility between
CRISPR-induced cleavage efficiency and gene expression levels, the
alpha level was set at 5%. In the Wald test for the significance of b co-
efficient (slope) of simple linear regression analyses, the alpha level
was set at 1%.
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 35 

Figure S1. CRISPR-Cas9 targeted more accessible regions in either HEK293T or 36 
U2OS cells. (A and D) The Venn diagram displays the number of cleavage sites 37 
identified by both GUIDE-seq (GS) and CIRCLE-seq (CS) for the indicated cell type. (B 38 
and E) The cleavage sites that both GS and CS identified (GS and CS) shows higher 39 
DNA accessibility than those sites only identified by CS (CS only). The DNA accessibility 40 
of cleavage sites were the DNase-seq read depth per million mapped reads within 50 bp 41 
window flanking by the DSB positions (termed RPM). * p-value < 0.001 two-tailed t-test. 42 
(C and F) The DNA accessibility normalized to the mean DNase-seq RPM of CS only 43 
subset. * p-value < 0.001 two-tailed t-test. 44 

  45 
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 46 

Figure S2. The distributions of DNA accessibility at cleavage sites were similar 47 
across individual gRNAs. The box plot shows the distribution of DNA accessibility for 48 
individual gRNAs in both assays. The box represents 50% quantile and the line inside 49 
the box represents the median.   50 
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 51 

Figure S3. DNA accessibility impacts CRISPR-induced cleavage frequency among 52 
cleavage sites with high sequence similarity. Cleavage sites with high sequence 53 
similarity were selected as the top 15% of ranked CFD (N=53) in GS and CS subset, 54 
which contains cleavage sites with CFD>0.45 (orange). These cleavage sites show 55 
positive correlation between DNA accessibility and CRISPR-induced cleavage frequency. 56 
This relationship was not observed in the correlation test using all data points in GS and 57 
CS subset (N=355). This result indicates that even with high sequence similarity, low 58 
DNA accessibility reduces CRISPR-induced cleavage frequency.   59 
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 60 

 61 

Figure S4. The correlation between gRNA:target sequence similarity and CRISPR-62 
induced cleavage frequency was not affected by DNA accessibility in CS only 63 
subset (N=3783). (A) The three-dimensional scatter plot of sequence similarity, DNA 64 
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accessibility and CRISPR-induced cleavage frequency using the CRISPR-induced 65 
cleavage sites listed in the CS only subset. Each dot represents a CRISPR-induced 66 
cleavage site identified by CIRCLE-seq and absent in GUIDE-seq result. CPM 67 
represents the number of cleavage events at a CRISPR-induced cleavage site detected 68 
by CIRCLE-seq; Sequence similarity represents the likelihood of CRISPR cutting based 69 
on the sequence between gRNA and target using CFD matrix; RPM represents the DNA 70 
accessibility at a CRISPR-induced cleavage site. (B) The surface plot estimated by the 71 
nearest-neighbor method described in the Methods. The sequence similarity is 72 
estimated by the position-specific matrix of Cutting Frequency Determination (CFD) 73 
score [0,1] that describes the cleavage possibility of gRNA:target pair at the off-target 74 
sites. Red color represents high cleavage frequency represented in CPM while blue 75 
color represents low cleavage frequency identified by the CIRCLE-seq technique. (C) 76 
Contour map of CRISPR-induced cleavage frequency based on the grids of CFD score 77 
and DNase-seq RPM; a top-down view of (B). (D) The beta coefficient between CFD and 78 
CRISPR-induced cleavage frequency at given 15% quantile of DNA accessibility. Note 79 
that the data point was the lower boundary of a given quantile. The shaded regions 80 
represent 95% confidence intervals of the t-test. The horizontal dashed line at beta 81 
coefficient equal to 0 represents the threshold of the significance of the beta coefficient. 82 
The correlation was not significant when the 95% confidence interval covers the 83 
horizontal line. (E) The beta coefficient relative to the first quantile that contained the 84 
cleavage sites with the top 15% DNA accessibility in the CS only subset. The dashed 85 
line represents the regions that were not significant in the Wald Test (D). Note that the 86 
CS only subset does not have insignificant quantile therefore no dashed line was 87 
indicated. (F) Correlation between CRISPR-induced cleavage frequency and CFD score 88 
of 15% most accessible sites (left panel) or 15% least accessible sites (right panel) in 89 
the CS only subset. β1: beta coefficient of simple linear regression. p-value of Wald Test 90 
for a hypothesis test that the slope is 0. 91 

  92 
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 93 

Figure S5. Higher proportion of CRISPR-induced cleavage sites were located at 94 
regions with low DNA accessibility as compared to that of endogenous gene loci. 95 
(A) Scatter plot of CRISPR-induced cleavage frequency measured by GUIDE-seq and 96 
DNA accessibility measured by DNase-seq in both HEK293T and U2OS cells using GS 97 
and CS subset. Vertical lines correspond to the thresholds as determined in Figure 4. (B) 98 
Scatter plot of gene expression level measured by RNA-seq and DNA accessibility 99 
measure by DNase-seq in untreated HEK293T and U2OS cells. Expressed gene was 100 
defined as any protein-coding genes with > 5 TPM. Gray vertical lines represent the 101 
thresholds where DNA accessibility abrogates the significance between CFD and 102 
CRISPR-induced cleavage frequency, which were adopted from Figure 4C.    103 
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 104 

Figure S6. The gene expression profiles were positively correlated between 105 
untreated HEK293T and U2OS cells (N=8619). Transcripts with predicted expression 106 
level above 5 TPM in both cells were included in this analysis. The R-square was 107 
estimated by Pearson correlation coefficient test, p-value<0.001.  108 
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    109 

Figure S7. The DNA accessibility abrogated the correlation between gRNA:target 110 
sequence similarity and CRISPR-induced cleavage frequency when the 111 
chromosomal regions are less accessible in GS and CS subset but not CS only 112 
subset in HEK293T cells. The three-dimensional scatter plot of sequence similarity, 113 
DNA accessibility and CRISPR-induced cleavage frequency using the CRISPR-induced 114 
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cleavage sites listed in either the GS and CS subset (A) or CS only subset (F). Each dot 115 
represents a CRISPR-induced cleavage site identified by both GUIDE-seq and CIRCLE-116 
seq. CPM represents the number of cleavage events at a CRISPR-induced cleavage 117 
site detected by GUIDE-seq; sequence similarity represents the likelihood of CRISPR 118 
cutting based on the sequence between gRNA and target using CFD matrix; RPM 119 
represents the DNA accessibility at a CRISPR-induced cleavage site. (B, G) The surface 120 
plot estimated by the nearest-neighbor method described in the Methods. The sequence 121 
similarity was estimated by the position-specific matrix of Cutting Frequency 122 
Determination (CFD) score [0,1] that described the cleavage possibility of gRNA:target 123 
pair at the off-target sites. Red color represents high cleavage frequency while blue color 124 
represents low cleavage frequency identified by the GUIDE-seq technique. (C) Contour 125 
map of CRISPR-induced cleavage frequency based on the grids of CFD score and 126 
DNase-seq RPM derived from Fig. 3B using the GS and CS subsets. (D) The beta 127 
coefficient between CFD and CRISPR-induced cleavage frequency at given 15% 128 
quantiles of DNA accessibility. Note that the data point was the lower boundary of a 129 
given quantile. The shaded regions represent 95% confidence intervals of the t-test. The 130 
horizontal dashed line at beta coefficient equal to 0 represents the threshold of the 131 
significance of the beta coefficient. The correlation was not significant when the 95% 132 
confidence interval covers the horizontal line. (E) The beta coefficient relative to the first 133 
quantile that contains the cleavage sites with the top 15% DNA accessibility in GS and 134 
CS subset. The dashed line represents the regions that were not significant in the 135 
Pearson correlation coefficient test (D). The right vertical lines represent the threshold of 136 
DNA accessibility that started to affect the significance between CFD and CRISPR-137 
induced cleavage frequency. The left vertical line represents the threshold such that the 138 
correlation between homology and CRISPR-induced cleavage efficiency is insignificant 139 
anywhere below the DNA accessibility. (H, I, J) The equivalent analysis using the CS 140 
only subset. The β between gRNA:target homology and CRISPR-induced cleavage 141 
frequency is always significant across different DNA accessibility. 142 
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  143 

Figure S8. The DNA accessibility abrogated the correlation between gRNA:target 144 
sequence similarity and CRISPR-induced cleavage frequency when the 145 
chromosomal regions are less accessible in GS and CS subset but not CS only 146 
subset in U2OS cells. The three-dimensional scatter plot of sequence similarity, DNA 147 
accessibility and CRISPR-induced cleavage frequency using the CRISPR-induced 148 
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cleavage sites listed in either the GS and CS subset (A) or CS only subset (F). Each dot 149 
represents a CRISPR-induced cleavage site identified by both GUIDE-seq and CIRCLE-150 
seq. CPM represents the number of cleavage events at a CRISPR-induced cleavage 151 
site detected by GUIDE-seq; Sequence similarity represents the likelihood of CRISPR 152 
cutting based on the sequence between gRNA and target using CFD matrix; RPM 153 
represents the DNA accessibility at a CRISPR-induced cleavage site. (B, G) The surface 154 
plot estimated by the nearest-neighbor method described in the Methods. The sequence 155 
similarity is estimated by the position-specific matrix of Cutting Frequency Determination 156 
(CFD) score [0,1] that describes the cleavage possibility of gRNA:target pair at the off-157 
target sites. Red color represents high cleavage frequency while blue color represents 158 
low cleavage frequency identified by the GUIDE-seq technique. (C) Contour map of 159 
CRISPR-induced cleavage frequency based on the grids of CFD score and DNase-seq 160 
RPM derived from Fig. 3B using the GS and CS subset. (D) The beta coefficient 161 
between CFD and CRISPR-induced cleavage frequency at given 15% quantiles of DNA 162 
accessibility. Note that the data point is the lower boundary of a given quantile. The 163 
shaded regions represent 95% confidence intervals of the t-test. The horizontal dashed 164 
line at beta coefficient equal to 0 represents the threshold of the significance of the beta 165 
coefficient. The correlation is not significant when the 95% confidence interval covers the 166 
horizontal line. (E) The beta coefficient relative to the first quantile that contains the 167 
cleavage sites with the top 15% DNA accessibility in GS and CS subset. The dashed 168 
line represents the regions that were not significant in the Pearson correlation coefficient 169 
test (D). The right vertical lines represent the threshold of DNA accessibility that started 170 
to affect the significance between CFD and CRISPR-induced cleavage frequency. The 171 
left vertical line represents the threshold such that the correlation between homology and 172 
CRISPR-induced cleavage efficiency is insignificant anywhere below the DNA 173 
accessibility. (H, I, J) The equivalent analysis using the CS only subset. The correlation 174 
between gRNA:target homology and CRISPR-induced cleavage frequency is always 175 
significant across different DNA accessibility. 176 
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 177 

Figure S9. Chromatin accessibility required for CRISPR-mediated cleavage 178 
reaction was significantly less than that for endogenous gene to express. (A) 179 
Analysis using cleavage sites only identified in HEK293T cells in GS assay and 180 
HEK293T RNA-seq. Green curve represents the cumulative percentage of CRISPR-181 
induced cleavage sites identified in GS and CS subset (N=152). Red curve represents 182 
the cumulative percentage of expressed genes detected in HEK293T cells (N=7984). 183 
Blue curve represents the relative β to the first quantile that contains the cleavage sites 184 
with the top 15% DNA accessibility in GS and CS subset. The blue curve, gray lines and 185 
thresholds were adopted from Figure S5E. (B) Analysis using cleavage sites only 186 
identified in U2OS cells in GS assay and U2OS RNA-seq. Green curve represents the 187 
cumulative percentage of CRISPR-induced cleavage sites identified in GS and CS 188 
subset (N=222). Red curve represents the cumulative percentage of expressed genes 189 
detected in HEK293T cells (N=7883). Blue curve represents the relative beta coefficient 190 
to the first quantile that contains the cleavage sites with the top 15% DNA accessibility in 191 
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GS and CS subset. Gray vertical lines represent the thresholds where DNA accessibility 192 
abrogates the significance between CFD and CRISPR-induced cleavage frequency.  193 
The blue curve, gray lines and thresholds were adopted from Figure S6E.    194 
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Table S1. The interaction between CFD score and DNA accessibility does not 195 
impact the CRISPR-induced cleavage frequency in CS only subset. The multiple 196 
regression analysis was performed by adding independent variables and interaction of 197 
independent variables sequentially to the models. CPM: number of cleavage events per 198 
million mapped reads; CFD: nucleotide-specific scoring matrix for gRNA:target pair. 199 
RPM: DNase-seq read depth per million mapped reads within 50 bp window flanking by 200 
the DSB positions. †Adjusted R-square was used to adjust the correlation coefficient by 201 
accounting for the number of independent variables each model has. *: The beta 202 
coefficient is significantly different from zero under t-test with a two-tailed p-value<0.05.  203 

 204 

Model Parameters p-values Adjusted  
R-square 

log10 𝐶𝑃𝑀~𝐶𝐹𝐷 Sequence similarity <0.001* 0.027 

log10 𝐶𝑃𝑀~ log10 𝑅𝑃𝑀 DNA accessibility 0.113 0.0004 

log10 𝐶𝑃𝑀~𝐶𝐹𝐷
+ log10 𝑅𝑃𝑀 

Sequence similarity <0.001* 0.028 

DNA accessibility 0.031* 

log10 𝐶𝑃𝑀~CFD
+ log10 𝑅𝑃𝑀 + CFD
× log10 𝑅𝑃𝑀 

Sequence similarity <0.001* 0.028 

DNA accessibility 0.053 

Sequence similarity 

× DNA accessibility 

0.526 

 205 

  206 
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Table S2. Frequency table of GUIDE-seq detected cleavage sites by individual 207 
gRNAs. *All 5 cleavage sites with 7 mismatches were not detected by CIRCLE-seq; 208 
hence they do not affect the subsequent analysis.  209 

Mismatches 0 1 2 3 4 5 6 7 Subtotal Alias Cell line 

gRNA Detected cleavage sites       

HEK293 site 1 1 0 1 5 2 1 0 0 10 HEKgRNA1 HEK293T 

HEK293 site 2 1 0 1 0 1 0 0 0 3 HEKgRNA2 HEK293T 

HEK293 site 3 1 0 0 2 2 0 0 0 5 HEKgRNA3 HEK293T 

HEK293 site 4 1 0 9 50 55 13 5 1 134 HEKgRNA4 HEK293T 

EMX1 1 0 1 7 5 0 0 0 14 EMX1 U2OS 

FANCF 1 0 1 3 3 0 0 0 8 FANCF U2OS 

RNF2 1 0 0 0 0 0 0 0 1 RNF2 U2OS 

VEGFA site 1 1 1 2 2 6 2 1 0 15 VEGFA_site1 U2OS 

VEGFA site 2 1 0 0 10 49 47 22 3 132 VEGFA_site2 U2OS 

VEGFA site 3 1 1 7 26 12 3 1 1 52 VEGFA_site3 U2OS 

 Subtotal 10 2 22 105 135 66 29 5 374     

   210 
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Table S3. Frequency table of CIRCLE-seq detected cleavage sites by individual 211 
gRNAs. 212 

Mismatches 0 1 2 3 4 5 6 
Subto
tal Alias Cell line 

gRNA Detected cleavage sites       

HEK293 site 1 1 0 1 9 17 18 5 51 HEK293_Adli_site1 HEK293T 

HEK293 site 2 1 0 1 13 21 5 1 42 HEK293_Adli_site_2 HEK293T 

HEK293 site 3 1 0 2 10 26 44 26 109 HEK293_Adli_site_3 HEK293T 

HEK293 site 4 1 0 13 100 352 385 160 1011 HEK293_combined_
Adli_site_4 HEK293T 

EMX1 1 0 1 11 26 26 4 69 U2OS_exp2_EMX1 U2OS 

FANCF 1 0 1 10 18 16 4 50 U2OS_exp2_FANCF U2OS 

RNF2 1 0 1 0 4 1 1 8 U2OS_exp2_RNF2 U2OS 

VEGFA site 1 1 1 3 15 59 124 113 316 U2OS_exp2_VEGFA
_site_1 U2OS 

VEGFA site 2 1 0 6 46 254 558 816 1681 U2OS_combined_VE
GFA_site_2 U2OS 

VEGFA site 3 1 1 15 167 371 205 40 800 U2OS_combined_VE
GFA_site_3 U2OS 

Subtotal 10 2 44 381 1148 1382 1170 4137    

   213 
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Table S4. Counts of CRISPR-mediated cleavage sites intersected between GS and 214 
CS datasets. 215 

Detected cleavage sites CS only GS and CS GS only 

gRNA 

   HEKgRNA1 41 10 0 

HEKgRNA2 40 2 1 

HEKgRNA3 104 5 0 

HEKgRNA4 882 130 4 

EMX1 57 12 2 

FANCF 43 7 1 

RNF2 7 1 0 

VEGFA_site1 302 14 1 

VEGFA_site2 1553 128 4 

VEGFA_site3 754 46 6 

   216 
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Table S5. List of cleavage sites and corresponding characteristics including CPM, 217 
RPM, CFD score detected by GUIDE-seq. (Available for download)  218 
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Table S6. List of cleavage sites and corresponding characteristics including CPM, 219 
RPM, CFD score detected by CIRCLE-seq. (Available for download)  220 
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