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ABSTRACT

Existing methods to enrich target regions of genomic
DNA based on PCR, hybridization capture, or molec-
ular inversion probes have various drawbacks, in-
cluding long experiment times and low throughput
and/or enrichment quality. We developed CRISPR-
Cap, a simple and scalable CRISPR-based method
to enrich target regions of dsDNA, requiring only
two short experimental procedures that can be com-
pleted within two hours. We used CRISPR-Cap to
enrich 10 target genes 355.7-fold on average from
Escherichia coli genomic DNA with a maximum on-
target ratio of 81% and high enrichment uniformity.
We also used CRISPR-Cap to measure gene copy
numbers and detect rare alleles with frequencies as
low as 1%. Finally, we enriched coding sequence re-
gions of 20 genes from the human genome. We en-
vision that CRISPR-Cap can be used as an alterna-
tive to other widely used target-enrichment methods,
which will broaden the scope of CRISPR applications
to the field of target enrichment field.

INTRODUCTION

Although next-generation sequencing (NGS) has made it
possible to sequence the human genome at a cost of $1000
(1), technologies to enrich specific target DNA are required
to sequence genomic regions of interest in a cost-effective
manner. The most widely used methods to enrich target
regions of DNA are multiplexed PCR (2,3), microdroplet
PCR (4,5), target circularization using molecular inversion
probes (MIPs) (6–8), and hybridization capture using nu-
cleic acid baits (9–11). Each method has advantages. For
example, PCR is easy to use, and hybridization capture
can simultaneously enrich many regions. Each method also

has disadvantages, such as the need for a specific device
and/or multiple experimental procedures, which can take
several hours to days (12–14). Typically, researchers choose
a method based on their specific experimental goals by bal-
ancing several factors, which may include the robustness of
base calling, coverage of the target region, uniformity of en-
richment, and cost (12).

We investigated the potential of the clustered regularly in-
terspaced short palindromic repeats (CRISPR) system as a
rapid and low-cost method for target enrichment. The type
II CRISPR system from Streptococcus pyogenes requires
Cas9 protein (SpCas9) and two RNAs––the CRISPR RNA
(crRNA) and a trans-activating crRNA (tracrRNA)––to
recognize and cleave both strands of the target DNA. The
crRNA and tracrRNA retain their activities when fused
into a single chimeric form, referred to as the single-guide
RNA (sgRNA) (15). SpCas9 and sgRNA form a complex
(Cas9 complex) that binds and cleaves target DNA and then
remains bound to the target DNA for up to 5.5 h (16,17). We
hypothesized that the Cas9 complex along with the bound
and cleaved DNA (Cas9–DNA complex) could be sorted
for robust target enrichment.

The CRISPR system has been utilized in various in vivo
and in vitro applications. Several in vivo or in vitro appli-
cations were introduced using the wild-type CRISPR pro-
tein, catalytic dead CRISPR protein (e.g. dCas9), or various
chimeric CRISPR proteins. The majority of in vivo appli-
cations of the CRISPR system are used for genome engi-
neering (18,19). Guided nuclease (20), transcriptional reg-
ulation (21,22), epigenetic modification (23,24), and target-
base editing (25,26) are well-known examples of in vivo ap-
plications of the CRISPR system. The CRISPR system has
also been used to visualize target loci of genomic DNA
in vivo. The CRISPRainbow (27) labels multiple genomic
loci in living cells using dCas9 and modified sgRNA to
recruit MS2-linked fluorescent proteins. Another method
uses EGFP-tagged catalytic dead SpCas9 (SpdCas9) to
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visualize telomeres, DNA organization, dynamics of spe-
cific loci, and chromosomal dynamics during mitosis in liv-
ing cells (28). The latter method was expanded to other
CRISPR systems from Staphylococcus aureus and used to
visualize multiple genomic loci simultaneously (29). Sim-
ilarly, Researchers showed mRNA localization in living
cells using a fluorescence-fused CRISPR protein, which was
comparable to fluorescence in situ hybridization (30). An-
other study used a CRISPR array-acquisition system as a
method to store data in living cells (31).

Several in vitro CRISPR applications have been devel-
oped. Methods for in vitro screening of off-target sites
bound by sgRNAs such as GUIDE-seq (32), Digenome-seq
(33), SITE-seq (34), and CIRCLE-seq (35) were developed.
The CRISPR system has also been used as a molecular de-
tection tool. Specific high-sensitivity enzymatic reporter un-
locking (SHERLOCK) was developed as a method to de-
tect attomolar concentrations of pathogen-specific nucleic
acids (36–38).

The CRISPR system has also been used for tar-
geted sequencing. A method called engineered DNA-
binding molecule-mediated chromatin immunoprecipita-
tion (enChIP) was developed for site-specific analysis of
protein or DNA. In that method, tag-fused dCas9 and
bound target DNA are formaldehyde fixed and isolated
for either mass spectrometry to detect proteins interacting
with the target DNA (enChIP-MS) (39) or NGS to de-
tect physical interactions between the target DNA and ge-
nomic regions (enChIP-Seq) (40). Other applications used
the CRISPR system to remove non-target DNAs from
DNA libraries. For example, mitochondrial nucleic acid is
one of the major non-target components of DNA sequenc-
ing libraries. Mitochondrial sequence-specific CRISPR sys-
tems were used to deplete mitochondrial DNAs from DNA
sequencing libraries in RNA-seq [depletion of abundant
sequences by hybridization (DASH)] (41) and ATAC-seq
samples (42). In those examples, the CRISPR system was
used to increase the proportion of target DNA in the DNA
libraries, but not to enrich small target regions within a large
genome.

Some methods use the CRISPR system to cleave and iso-
late target regions of DNA. Cas9-assisted targeting of chro-
mosome segment (CATCH) (43) and CRISPR-mediated
isolation of specific megabase-sized regions of the genome
(CISMR) (44) are methods to analyze the sequences of
large fragments of DNA. In both methods, the target re-
gion is cleaved from genomic DNA and purified by pulse
field gel electrophoresis. Although CATCH and CISMR
are suitable for obtaining large DNA targets, their efficien-
cies for enriching small DNA fragments have not been ver-
ified. Furthermore, both methods require more than a day
of experiment time. Short tandem repeats (STR)-seq uses
the CRISPR system to analyze short tandem repeats (45).
Although STR-seq can enrich small target regions using a
modified NGS flow cell, the modification of the flow cell is
difficult and time consuming.

Here, we report a dsDNA target-enrichment method
called CRISPR system-assisted dsDNA capture (CRISPR-
Cap), which uses SpCas9 and a sgRNA library to enrich
multiple small target regions from whole-genome DNA
in less than 2 hours. CRISPR-Cap consists of two main

steps: a target-cleavage step and a sorting step. In the
target-cleavage step, multiple biotinylated sgRNAs form
Cas9 complexes with SpCas9 and cleave the target genomic
DNA. In the sorting step, the resulting Cas9–DNA com-
plexes are sorted using streptavidin beads, and the cleaved
target DNA fragments are subsequently released from the
complexes (Figure 1A).

The efficiency of CRISPR-based targeting is highly vari-
able and difficult to predict, and there is often unspe-
cific cleavage in off-target regions. Therefore, our initial
CRISPR-Cap attempts were hampered by the wide varia-
tion in CRISPR activity and the uneven cleavage rates of
multiple target regions. We resolved those challenges by us-
ing a large number of sgRNAs with higher tiling of cleavage
sites in the target regions. We performed enrichment with
the Escherichia coli genome as a proof of concept and found
that our strategy helped to improve the on-target capture
ratio and the enrichment uniformity. We also found that
CRISPR-Cap can be used to quantify gene copy numbers
from both purified genomic DNA and whole-cell lysates.
Finally, we used to CRISPR-Cap to enrich the coding se-
quence (CDS) regions of 20 cancer-related genes (46) in hu-
man genomic DNA. Thus, we propose CRISPR-Cap as a
simple and cost-effective method for the rapid enrichment
of dsDNA regions of interest.

MATERIALS AND METHODS

Cell culture and genomic DNA precipitation

We cultured E. coli EcNR2 and EcHB3 cells in Luria-
Bertani (LB) media (BD Biosciences, USA) at 30◦C in a
shaking incubator. We harvested the cells by centrifuga-
tion and precipitated the genomic DNA using the GeneAll
Exgene Cell SV Kit (GeneAll, Korea) according to the
manufacturer’s protocol. We purchased genomic DNA of
NA12878 from the Coriell Institute (USA).

SpCas9 protein purification

Professor Hyongbum Kim’s group donated the expression
plasmid pET28a/Cas9-Cys, which has the SpCas9 protein-
coding sequence appended with an N-terminal 6X -His tag
and additional C-terminal cysteine for purification. The in
vitro cleavage activity of the purified SpCas9 was previously
confirmed (47). We transformed C2566 BL21-based cells
(New England BioLabs, USA) with the plasmid and cul-
tured them in LB-kanamycin (30 �g/ml) media to an opti-
cal density at 600 nm (OD600) of 0.5. We induced SpCas9
by treating the cultures with a 0.5 mM final concentration
of isopropyl �-D-1-thiogalactopyranoside (IPTG) for 4 h at
30◦C in a shaking incubator. We then harvested the cells
and sonicated them 15 times with a 40% duty factor in 10
s bursts with a 10 s rest on ice between bursts. The lysis
buffer was 20 mM Tris–HCl pH 8.0, 300 mM NaCl; 40 mL
buffer/1 l cultured cells. After sonication, we centrifuged
the crude extract and sonicated the supernatant overnight
with Ni-NTA agarose resin (QIAGEN). We then loaded the
resin-bound sample onto a column. We washed the loaded
column three times with wash buffer (20 mM Tris–HCl
pH 8.0, 300 mM NaCl, 20 mM imidazole), using a buffer
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Figure 1. Schematic diagram of CRISPR-Cap and sgRNA target positions. (A) Schematic diagram of the standard CRISPR-Cap procedure. In the cleavage
step, SpCas9, a biotinylated sgRNA library, and genomic DNA are mixed and incubated for cleavage of target regions in the genomic DNA. In the sorting
step, cleaved CRISPR-DNA complexes are bound to streptavidin magnetic beads, and target DNA is released from the complexes. (B) Three sgRNA
libraries that target the same genes were designed with different cleavage densities. For example, the cleavage loci in the cat gene with each sgRNA library
are represented in yellow, green and deep blue. The light blue region represents the coding sequence of the cat gene, and black regions represent 200-bp
upstream and downstream of cat.

volume corresponding to 3× the resin volume. We subse-
quently eluted the protein five times with elution buffer (20
mM Tris–HCl pH 8.0, 300 mM NaCl, 250 mM imidazole),
using the same volume used for the Ni-NTA resin purifica-
tion. Because the purified sample contained unwanted pro-
teins, we filtered out small proteins using dialysis buffer [50
mM Tris–HCl pH 8.0, 200 mM KCl, 0.1 mM EDTA, 1 mM
DTT, 20% glycerol, 1 tablet/50 ml cOmplete Protease In-
hibitor Cocktail (Roche, USA)] and a 100 kDa pore size

Amicon® Ultra Centrifugal Filter (Merck Millipore, Ger-
many).

sgRNA library construction

To cover all the target genes or exons, we designed sgRNA
libraries to include 100 bp upstream and 100 bp down-
stream of the target regions. To construct sgRNA li-
braries that target various regions in the E. coli and hu-
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man genomes, we performed in vitro transcription using a
DNA microarray oligonucleotide (oligo) pool (CustomAr-
ray, USA) as a template. All of the microarray oligos con-
tained a T7 promoter sequence upstream of the sgRNA se-
quence. First, we amplified the microarray oligos using real-
time PCR with the KAPA SYBR® FAST Bio-Rad iCycler
2X qPCR Master Mix (Kapa Biosystems, USA) until the
amplification was saturated. We then amplified the products
again using the KAPA HiFi HotStart Ready Mix (Kapa
Biosystems) to increase the amount of template DNA.
We purified the double-amplified DNA product using the
MinElute PCR Purification Kit (QIAGEN) and then tran-
scribed it using the MAXIscript® T7 in vitro Transcrip-
tion Kit (Thermo Fisher Scientific, USA) according to the
manufacturer’s protocol. We transcribed biotinylated sgR-
NAs using a UTP mixture containing 80% UTP and 20%
biotin-16-dUTP (Thermo Fisher Scientific). We treated the
transcribed RNAs with TURBO DNase (Thermo Fisher
Scientific) and purified them using an Oligo Clean & Con-
centrator Kit column (Zymo Research, USA). Before using
them, we subjected all the sgRNA libraries to a refolding
step, in which the sample was heated to 95◦C and cooled at
−0.1◦C/s until it reached 37◦C.

Cleavage step of CRISPR-Cap

We performed CRISPR-Cap in vitro. With E. coli genomic
DNA, we used 1 �g genomic DNA and a 100-fold excess
molar ratio of refolded-sgRNA library and SpCas9. With
human genomic DNA, we used 1 �g or 100 ng NA12878
genomic DNA and a 10 000-fold excess molar ratio of
refolded sgRNA library and SpCas9. We calculated the
amount of sgRNA library or SpCas9 to add to the reac-
tion as: (molecules of genomic DNA) × [number of sgR-
NAs in the sgRNA library (e.g. 550 with a 20-bp sgRNA
library)] × (excess molar ratio) × (molecular weight of
sgRNA or SpCas9)/(Avogadro’s constant). We incubated
the final reaction (50 �l final volume) containing genomic
DNA, sgRNA library, and SpCas9 in NEB3 buffer for 1 h
at 37◦C in a thermocycler. After the cleavage step, we per-
formed the sorting step.

Sorting step of CRISPR-Cap using streptavidin magnetic
beads

To sort out the Cas9–DNA complexes containing the
cleaved DNA, we used magnet-coated streptavidin C1
beads (Thermo Fisher Scientific). Before using them, we
washed the streptavidin C1 beads three times with bead
washing buffer (BWB; 5 mM Tris–HCl pH 7.5, 1 M NaCl)
and then resuspended them in 50 �l 2× BWB. We mixed the
washed beads directly with the product from the cleavage
step and incubated the mixture for 10 min at room temper-
ature to allow binding of the Cas9–DNA complexes to the
streptavidin. We then isolated the beads using a magnetic
stand and discarded the supernatant. We washed the bead
pellet three times with BWB and then released the cleaved
target DNA using a mixture of 50 �l nuclease-free water
and 12.5 �l 0.2% SDS solution. We incubated the solution
containing the released DNA for 5 min at room temperature
and then purified the DNA using the MinElute PCR Purifi-

cation Kit (QIAGEN) to remove any remaining SDS. Alter-
natively, after adding 50 �l of nuclease-free water without
0.2% SDS to the bead pellet, we could release the enriched
DNA from the Cas9–DNA complexes by incubating the so-
lution for 10 min at 65◦C to inactivate the SpCas9. We used
the column-purified DNA or heat-released DNA for NGS
sample preparation.

Sorting step for early-release CRISPR-Cap

To perform early-release CRISPR-Cap, we mixed a 20%
volume of 0.2% SDS solution directly with the product of
the CRISPR-Cap cleavage step and incubated the mixture
for 20 min at 37◦C to promote the release of the cleaved
target DNA. After SDS treatment, we purified the product
using the MinElute PCR Purification Kit (QIAGEN) and
used the purified DNA for NGS sample preparation.

CRISPR-Cap cleavage in a cell lysate

To perform the cleavage step in a whole-cell lysate, we har-
vested 1 mL saturated overnight E. coli culture by centrifu-
gation at 16 100 rcf for 1 min. We discarded the supernatant
and resuspended the pellet in 50 �l Cas9 working buffer
(48). We sonicated the sample for 1 min with a 20% duty fac-
tor in 3 s bursts with 3 s rests on ice between bursts to min-
imize random shearing. We then mixed the cell lysate with
the 20-bp sgRNA library and SpCas9. Because the amount
of genomic DNA in a cell lysate is difficult to quantify, we
used a 100-fold molar excess of sgRNA library and SpCas9
with 1 �g genomic DNA.

Next generation sequencing sample preparation

We prepared samples of enriched DNA for NGS with the
SPARK™ DNA Sample Prep Kit for the Illumina® Se-
quencing Platform (Enzymatics, USA). We performed end
repair and dA-tailing according to the manufacturer’s pro-
tocol. We then added 10 �l NEBNext Adaptors (New Eng-
land BioLabs) for Illumina to the dA-tailed DNA and per-
formed a ligation step. We performed USER cleavage (New
England BioLabs) on the adaptor-ligated sample for 15
min at 37◦C and then purified the DNA using the MinE-
lute PCR Purification Kit (QIAGEN). We performed index
PCR with 16 cycles of limited PCR amplification to attach
the Illumina sequencing index to the CRISPR-Cap prod-
uct. We gel purified the index PCR products at a size of
250–600 bp with the MinElute Gel Extraction Kit (QIA-
GEN) and sequenced the purified samples using the Illu-
mina Hiseq 4000, NextSeq, or Miseq platform.

Sequencing analysis

We used the AdapterRemoval (49) software to remove the
adapter sequences from the sequencing data. We used the
Burrows-Wheeler alignment (BWA) tool (50) to align the
data to the reference sequence. We used SAMtools (51) with
default parameters and in-house python scripts to count
the sequencing depth at each position. Before aligning the
adapter-trimmed sequencing data, we excluded the sgRNA
template sequences that remained after in vitro transcription
using an in-house python script.
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Quantitative PCR

We performed quantitative PCR (qPCR) with custom
primer pairs (Macrogen, Korea), the KAPA SYBR® FAST
Bio-Rad iCycler 2× qPCR Master Mix, and a MyiQ Real-
Time PCR machine (Bio-Rad, USA). The PCR conditions
were: 3 min at 95◦C, followed by 40 cycles of 20 s at 98◦C, 15
s at 60◦C, and 30 s at 72◦C. We used E. coli EcHB3 samples
as a control. We calculated fold changes in gene expression
using the �Ct value of each sample.

RESULTS

Experimental scheme for CRISPR-Cap and preliminary cap-
ture test with a single target DNA

The CRISPR-Cap procedure consists of a cleavage step
and a sorting step (Figure 1A). In the cleavage step, Sp-
Cas9 is pre-complexed with biotinylated sgRNAs and used
to cleave the target DNA regions. The Cas9 complex is
subsequently retained at the cleaved target DNA as part
of the Cas9–DNA complex. In the sorting step, the bi-
otinylated sgRNA in the Cas9–DNA complex is bound to
streptavidin-coated magnetic beads and sorted using a mag-
net. The cleaved target DNA is then released from the mag-
netic beads by a releasing agent.

First, we tried to discover the amount of Cas9 complex
that was sufficient to use with the target DNA. We prepared
a purified SpCas9 protein, a 545 bp linear target DNA (Sup-
plementary Note 1), and a biotinylated sgRNA that binds
to the DNA target and mediates internal cleavage by Sp-
Cas9. Polyacrylamide gel electrophoresis analysis of the pu-
rified SpCas9 protein using ImageJ (52) showed that nearly
50% of the protein in the elution product was SpCas9 (Sup-
plementary Figure S1). Because the purity of the protein
was not 100%, we conducted a test to determine the activity
of the protein. We mixed various amounts of Cas9 complex
(1:1 ratio of protein and sgRNA) with a fixed amount of tar-
get DNA to determine the concentration required for com-
plete target cleavage in 1 h of reaction time (Supplementary
Figure S2). We found that a 20-fold molar excess of Cas9
complex could cleave the target completely in 1 h; however,
considering the different cleavage efficiencies among sgR-
NAs, we decided to use a 100-fold molar excess of Cas9
complex for our further experiments. We used that concen-
tration of Cas9 complex to validate both CRISPR-Cap pro-
cedures using a single linear DNA.

After a 1 h cleavage reaction, we confirmed that the
Cas9–DNA complex was retained, as previously reported
(16,17) (Supplementary Figure S3, lane 2). We then used
streptavidin-coated magnetic beads to sort and retrieve the
Cas9–DNA complexes. We released the cleaved DNA from
the sorted Cas9–DNA complexes by disrupting the com-
plexes with 0.2% sodium dodecyl sulfate (SDS), which dis-
rupts protein structures (53). The released DNA fragments
were the size expected for the cleaved linear DNA (Supple-
mentary Figure S3, lane 3).

To determine the most effective method for DNA release,
we compared the efficacies of SDS treatment, spin-column
purification, a combination of SDS treatment and spin-
column purification, and RNase H digestion, which should
degrade the sgRNA attached to the target DNA (54). We

concluded that the serial SDS treatment and spin-column
purification was the most effective method for completely
releasing the cleaved target DNA from the complex (Sup-
plementary Figure S4). We therefore used that procedure to
enrich multiple genes at the genome scale.

CRISPR-Cap for multiple gene enrichment from the E. coli
genome

To apply CRISPR-Cap to genomic DNA, we designed a
sgRNA library to cleave 10 genes (lpd, galK, bla, prfA, cat,
thyA, tolC, degS, mdh and malK) from E. coli EcNR2 (Sup-
plementary Figure S5). We synthesized 128 sgRNAs, de-
signed to cleave the target genes at approximately 100-bp
increments, using in vitro transcription with microarray-
based oligonucleotides as a template. We designated those
sgRNAs as the 100-bp sgRNA library (Figure 1B, Sup-
plementary Data 1a). Using the 100-bp sgRNA library,
we performed CRISPR-Cap with purified E. coli genomic
DNA. We subjected the product to typical library prepara-
tion protocols for Illumina NGS (i.e. end-repair, dA-tailing,
and adapter ligation). We analyzed the sequence data using
AdapterRemoval (49), BWA (50), SAMtools (51), and an
in-house python program (Supplementary Note 2).

We obtained an on-target sequencing depth of 2131.0, a
41.9% on-target ratio, and 183.6 of fold-enrichment, which
we calculated by dividing the percentage of on-target ratio
from sequencing data over percentage of target region in
chromosome {i.e. 10 584 bp (target region)/[4 647 433 bp
(EcNR2 chromosome) – 10 584 bp (target region)]} (Sup-
plementary Table S1A). However, we found that the target
region was not enriched uniformly. To calculate the uni-
formity, we set uniformity values by dividing the sequenc-
ing depth of each target position by the average sequenc-
ing depth covering the entire target region. Using those val-
ues, we calculated the percentage of values that fell between
0.5 and 1.5 for each sgRNA library, which we called the
uniform range (12). The CRISPR-Cap data for the 100-bp
sgRNA library showed that 25.5% of the target region was
within the uniform range, with a standard deviation (SD) of
1.23 (Figure 2A column 1). We found variation in mean uni-
formity values between genes such as malK and cat (Figure
2B, Supplementary Table S1b). In addition, we found par-
tially enriched regions within single genes, such as a 300–
500 bp region of prfA and a 600–800 bp region of bla (Sup-
plementary Figure S6). Therefore, we decided to optimize
CRISPR-Cap for more uniform enrichment.

Optimization of CRISPR-Cap by shortening the distance be-
tween cleavage sites with higher sgRNA tiling

Although we were able to enrich 10 genes from the E. coli
genome with CRISPR-Cap and the 100-bp sgRNA library,
optimization was required to improve the uniformity of en-
richment. We hypothesized that the uneven enrichment was
caused by differences in target-cleavage efficiency among
different sgRNAs (55). We assumed that a higher level of
sgRNA tiling, which would cleave the target region more
densely, would produce more uniform cleavage and cover-
age, because the low activity of some sgRNAs would be off-
set by higher activity of nearby sgRNAs.
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Figure 2. The uniformity of CRISPR-Cap enrichment depends on the fragment size. We evaluated the uniformity of CRISPR-Cap enrichment using
the percentage of uniformity values (sequencing depth / average depth). Using the uniformity values, we calculated the percentage of uniformly enriched
positions in the uniform range (0.5–1.5). (A) A scatter plot shows overall uniformity values for the on-target region with each set of CRISPR-Cap products.
Black or white lines at a uniformity of 1 represent the mean value, and error bars represent the standard deviation (SD) of the uniformity value. The
uniformity value of each gene in the CRISPR-Cap products cleaved at 100-bp, 50-bp and 20-bp size intervals are represented with scatter plots in (B),
(C) and (D), respectively. Black bars represent the mean uniformity value of each gene, and error bars represent the SD of each gene. Size distributions of
Cas9-cleaved DNA fragments using the 100-bp, 50-bp and 20-bp sgRNA libraries are represented in (E), (F) and (G), respectively. The distributions were
obtained after NGS data alignment to the E. coli genome.

We synthesized two additional sgRNA libraries that
cleaved the target region into fragments of 50 and 20 bp
on average, respectively (Figure 1B, Supplementary Data 1b
and c). We performed CRISPR-Cap with the new sgRNA
libraries and found that by cleaving the target region into
smaller pieces, we could improve the on-target ratio, fold-
enrichment, and uniformity. The 50-bp sgRNA library
(Supplementary Table S2) and the 20-bp sgRNA library
(Table 1a) produced average on-target depths of 2158.9 and
2627.7 and on-target ratios of 65.4% and 81.2%, respec-
tively. The fold-enrichments produced by the 50-bp and 20-
bp sgRNA libraries were 286.5 and 355.7, respectively, cor-
responding to 1.6-fold and 1.9-fold higher than that pro-
duced by the 100-bp sgRNA library.

The 50-bp sgRNA library and the 20-bp sgRNA library
improved the percentage of the target region that fell within
the uniform range to 68.1% (SD = 0.51) and 90.2% (SD =
0.34), respectively (Figure 2A). Additionally, we measured
the uniformity of enrichment of each target gene using the
100-bp (Figure 2B), 50-bp (Figure 2C), and 20-bp (Figure
2D) sgRNA libraries and found that cleavage into smaller
pieces improved the uniformity throughout the whole target
region (Supplementary Figures S7 and S8).

We also measured the size distribution of the cleaved ge-
nomic fragments by aligning the sequence data with the E.
coli genome. As expected, the size of the cleavage products
showed a tendency to increase in multiples of the designed

fragment size of the sgRNA library (Figure 2E–G). A por-
tion of the sequence data aligned to very short genomic re-
gions (<100 bp), which may have lowered the quality of the
Illumina-based NGS data.

Overall, we concluded that the use of a high-depth
sgRNA tiling strategy to reduce the distance between cleav-
age sites improved the performance of CRISPR-Cap. The
20-bp sgRNA library provided maximal uniformity and on-
target ratio, so we used that library for all subsequent anal-
ysis of CRISPR-Cap.

Detection of rare variants (minor allele frequency = 1%) us-
ing CRISPR-Cap

Because CRISPR-Cap enriched the target region with high
uniformity, we hypothesized that the technique could be
used to enrich target genes without affecting the allele ra-
tio. We prepared a model DNA sample by mixing genomic
DNA from E. coli strains EcNR2 and EcHB3. The EcHB3
strain has the same genomic DNA sequence in the 10-gene
target region as the EcNR2 strain, except for five point mu-
tations in four genes: bla, cat, galK, and malK (Supplemen-
tary Table S3). We performed CRISPR-Cap using mixed
genomic DNA samples (1 �g total genomic DNA per sam-
ple) with five different mix ratios (EcNR2:EcHB3 = 50:50,
90:10, 99:1, 99.9:0.1 and 100:0). We then sequenced and an-
alyzed the enrichment products. The sequencing data re-
vealed that in all cases, the ratio of EcNR2 alleles to EcHB3
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Table 1. Analysis of sequencing data from CRISPR-Cap enrichment with the 20-bp sgRNA library. (a) Summary statistics from target enrichment
sequencing. Fold-enrichment was calculated as the on-target ratio divided by the percentage target region in the chromosome. (b) Average sequencing
depth of each target gene in the on-target region.

(a)

Target size
On-target ratio
(%)

Mean depth
over on target

Fold-
enrichment Breadth of coverage

1× 10× 100× 1000×
10 584 bp 81.2 2627.7 355.7 100 100 99.8 97.1

(b)

Gene Target size Mean on-target depth

lpd 1425 bp 2718.1
galK 1149 bp 2697.2
bla 861 bp 2154.6
prfA 1089 bp 1860.8
cat 660 bp 2113.0
thyA 795 bp 2551.1
tolC 1482 bp 2914.9
degS 1068 bp 3101.4
mdh 939 bp 2573.8
malK 1116 bp 3124.1

alleles was similar to the predefined mix ratio (r2= 0.99; Fig-
ure 3, Supplementary Table S4). CRISPR-Cap enabled the
identification of the EcHB3 allele even when the allele was
present at a frequency of only 1% (Supplementary Figure
S9). With further optimization, we expect that CRISPR-
Cap can be utilized to accurately estimate allele frequencies
and detect rare mutants.

Evaluation of gene copy number by CRISPR-Cap

We next attempted to quantify the copy number of a gene
using CRISPR-Cap. We prepared three model genomic
DNA samples with different copy numbers of the bla gene,
which we designated as single copy, middle copy, and high
copy. We purified genomic DNA from E. coli EcHB3, E.
coli EcHB3 containing pBR322 (EcHB3-pBR322), and E.
coli EcHB3 containing pUC19 (EcHB3-pUC19). Both plas-
mids contain the bla gene when they exist in E. coli; pBR322
is a middle copy-number plasmid, and pUC19 is a high
copy-number plasmid. We then performed CRISPR-Cap
with the 20-bp sgRNA library and the three E. coli strains.
As expected, the plasmid-containing strains showed higher
sequencing depth for the bla region compared with E. coli
EcHB3 (Figure 4), whereas the other target genes were en-
riched to similar levels in all three strains (Supplementary
Table S5). The average sequencing depth for bla in E. coli
EcHB3 was 280.9, which was similar to the average sequenc-
ing depth of the other target genes in that strain (306.7).
The sequencing depth of bla in the EcHB3-pBR322 and
EcHB3-pUC19 strains was 2628.5 and 4485.4, respectively,
whereas the average sequencing depth of the other target
genes in those strains was 290.6 and 293.1, respectively. By
dividing the average sequencing depth of bla over that of the
other target genes, we quantified the copy number of the bla
gene, which were 9.0 in the EcHB3-pBR322 strain and 15.3
in the EcHB3-pUC19 strain. The increased copy numbers
agreed with the average Ct value data produced by quanti-
tative PCR (qPCR, n = 3). By setting the bla copy number

in E. coli EcHB3 to one, we calculated the bla copy number
in strains EcHB3-pBR322 and EcHB3-pUC19 to be 6.60
and 10.85, respectively (Supplementary Table S6). Based on
the sequencing and qPCR results, we found that the average
sequencing depth of the bla gene relative to the average se-
quencing depth of the other target genes increased as the
bla copy number increased. Thus, it may be possible to use
CRISPR-Cap as a method to analyze and measure changes
in gene copy number.

Alternative CRISPR-Cap procedure with early release of
cleaved target DNA

Following the initial characterization of CRISPR-Cap, we
attempted alternative procedures to improve upon the tech-
nique and enhance its convenience. We hypothesized that
the SpCas9-cleaved short DNA fragments can be differen-
tiated from large un-cleaved genomic DNA. Based on that,
we could perform NGS adapter ligation with the cleaved
DNA and select the ligated DNA based on size (200–600
bp) on agarose gel during the NGS library preparation step.
Thus, we could lower the cost of CRISPR-Cap by eliminat-
ing the biotin/streptavidin-based sorting step and directly
releasing the cleaved DNA from the CRISPR-DNA com-
plex prior to NGS sample preparation (Supplementary Fig-
ure S10). We named the alternative procedure ‘early-release
CRISPR-Cap.’

Using the 20-bp sgRNA library, we performed early-
release CRISPR-Cap and analyzed the NGS data. We ob-
tained a mean sequencing depth of 2427.9 on the tar-
get region, indicating that the performance of early-release
CRISPR-Cap was slightly less than that of the original
CRISPR-Cap. The on-target ratio was still 68.9%, however,
and the fold-enrichment of the target region was 301.9. Fur-
thermore, 92.0% of the target region was located in the uni-
formity range with an SD of 0.48 (Supplementary Figure
S11, Table S7).
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Figure 3. CRISPR-Cap shows no significant allelic bias. E. coli EcHB3 has five different point mutations compared with E. coli EcNR2. We performed
CRISPR-Cap after mixing EcNR2 and EcHB3 genomic DNA in five different ratios (EcNR2:EcHB3 = 50:50, 90:10, 99:1, 99.9:0.1, and 100:0). All five
mutations were enriched with CRISPR-Cap, and the ratio of EcNR2 to EcHB3 codons from the sequencing data showed no significant allelic bias (r2=
0.99). Blue bars represent the percentage of the EcNR2 allele, and red bars represent the percentage of the EcHB3 allele (see also Supplementary Figure
S9 for the enlarged plot of values at 99:1, 99.9:0.1 and 100:0).
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Figure 4. Quantification of gene copy number using CRISPR-Cap. We prepared genomic DNA samples containing three different copy numbers of the
bla gene from (i) E. coli EcHB3, (ii) EcHB3 containing pBR322 (middle copy), (iii) and EcHB3 containing pUC19 (high copy). (A) E. coli EcHB3 has a
single copy of bla in its genome. E. coli EcHB3 genomic DNA with either pBR322 (B) or pUC19 (C) contains middle and high copy numbers of the bla
gene, respectively. Dashed lines represent the average sequencing depth of the bla gene region in each product. The average sequencing depth of the bla
gene gradually increased according to the copy number.

Direct enrichment of target DNA from a whole cell lysate

As a second alternative CRISPR-Cap method, we tried to
enrich target DNA directly from a cell lysate. We prepared
whole cell lysate from E. coli EcHB3 by sonication and then
added SpCas9 and the 20-bp sgRNA library to the lysate.
The efficiency of CRISPR-Cap in the cell lysate was de-
creased compared with that of the standard CRISPR-Cap
method (Supplementary Table S8). We plotted the num-
ber of sequence reads covering each position of the E. coli
EcHB3 genome (Supplementary Figure S12) and found
that the fold-enrichment of the target region was only 2.8,
which meant that the target region was not sufficiently en-
riched.

Despite the low efficiency in cell lysates, we evaluated the
performance of CRISPR-Cap in cell lysates for the quan-
tification of gene copy numbers. We prepared cell lysates
from the three strains used to quantify the bla copy number
(i.e. E. coli EcHB3, EcHB3-pBR322 and EcHB3-pUC19).
We performed CRISPR-Cap with the 20-bp sgRNA library
and detected changes in the sequencing depth of the bla gene
among the strains (Supplementary Figure S13). The average

sequencing depth of the bla gene increased with the known
copy number of bla (Supplementary Table S9). By dividing
the average sequencing depth of the bla gene by the average
sequencing depth of the other target genes, we calculated bla
copy numbers of 16.5 in the EcHB3-pBR322 lysate and 18.4
in the EcHB3-pUC19 lysate. Therefore, although CRISPR-
Cap using whole cell lysates requires further optimization,
it may be feasible to use that method to detect gene copy
number changes.

Applying CRISPR-Cap to human genomic DNA

We next applied CRISPR-Cap to human genomic DNA.
For that, we synthesized a new sgRNA library (human 20-
bp sgRNA library) capable of cleaving target CDS regions
of 20 cancer-related genes into fragments 20 bp in size (46)
(Supplementary Data 2c). We performed CRISPR-Cap us-
ing 1 �g NA12878 genomic DNA and a 100-fold excess
of human 20-bp sgRNA library and SpCas9. The enrich-
ment was poor, however, in terms of both the on-target ra-
tio and the breadth of coverage (n = 3) (Supplementary Ta-
ble S10). To overcome that, we tested various CRISPR-Cap
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conditions such as different molar ratios of genomic DNA
to Cas9 complex, different sgRNA libraries, and different
cleavage times.

We tested different molar ratios of genomic DNA to Cas9
complex, ranging from 1:100 to 1:100 000. In contrast to the
E. coli enrichment results, we found that the most promis-
ing enrichment condition was a 1:10 000 ratio of genomic
DNA to Cas9 complex rather than a 1:100 ratio (Supple-
mentary Table S10). With five additional enrichment tri-
als using the 1:10 000 ratio, we were able to get a maxi-
mum on-target ratio of 1.24% and an average on-target ra-
tio of 0.86%. The size ratio of the target region to the en-
tire genome was 0.0055% (164 202 bp to 3 billion bp), so
CRISPR-Cap enriched the target region by a maximum of
225.5-fold and an average of 155.7-fold. We visualized the
enrichment results of one of the trials that used the 1:10 000
ratio (1:10 000 5, Supplementary Table S10) and confirmed
that only the target regions were enriched (Figure 5).

We next tested two different sgRNA libraries that cleaved
the target region into 50-bp and 100-bp fragments, respec-
tively. With those sgRNA libraries, we performed CRISPR-
Cap with NA12878 genomic DNA and a 1:10 000 excess ra-
tio of Cas9 complex (n = 3). Neither new library improved
the CRISPR-Cap performance (Supplementary Table S11);
however, we found the same tendency that we found with E.
coli CRISPR-Cap: the on-target ratio increased as the size
of the cleaved target fragments decreased.

Next, we tested shorter and longer cleavage durations.
SpCas9 recognizes and cuts the target DNA very quickly
(16). Also, the stability of the cleaved Cas9–DNA complex
is known (17). We tested two alternative durations for the
cleavage step: 5 min and 16 h. Despite the stability and quick
cleaving ability of the Cas9–DNA complex, 1 h of cleav-
age time showed the best performance. Cleavage for 5 min
and 16 h showed average on-target ratios of 0.062% and
0.012%, respectively (n = 6) (Supplementary Table S11). We
reasoned that incubation for 5 min is not enough time for
multiplexed cleavage. We speculate that 16 h of cleavage was
sufficient to cleave the majority of target regions; however,
we reasoned that the low enrichment efficiency was related
to the lifespan of the Cas9–DNA complex, which was pre-
viously shown to be 5.5 h (17). Thus, during 16 h of cleavage
time, the Cas9–DNA complex might cleave the target and
become dissociated naturally.

We next examined the use of smaller amounts of genomic
DNA. The initial amount of genomic DNA was 1 �g in
all of the previous experiments. To find the lower limit of
the initial amount of genomic DNA that could be used,
we performed CRISPR-Cap starting with 100 ng or 10 ng
NA12878 genomic DNA and a 10 000-fold excess of Cas9
complex composed of the human 20-bp sgRNA library and
the SpCas9 protein (n = 6). The average on-target ratio
of CRISPR-Cap with 100 ng and 10 ng genomic DNA
was 0.65% and 0.02%, respectively, with an average fold-
enrichment of 117.9 and 3.64, respectively. Also, the aver-
age percentage of the target region with 1× coverage was
79.6% and 3.03%, respectively (Supplementary Table S11).
Thus, at least 100 ng initial genomic DNA was needed for
CRISPR-Cap target enrichment under our conditions.

Together, the results showed that a 10 000-fold excess of
Cas9 complex, high-purity genomic DNA, an sgRNA li-

brary that cleaves the target regions into small pieces, 1 h of
cleavage time, and 1 �g initial genomic DNA were the best
conditions for CRISPR-Cap with human genomic DNA.

Evaluating the enrichment quality of CRISPR-Cap with hu-
man genomic DNA

To examine the reliability of CRISPR-Cap with human ge-
nomic DNA, we analyzed the false-positive rate and the
uniformity. To assess false positives, we compared variant
calls (using GATK (56,57)) in the 1:10 000 5 data with
the known genotypes of NA12878 cells (ftp://ftp-trace.ncbi.
nih.gov/giab/ftp/release/). For the regions with sufficient se-
quencing depth and quality (≥20 × coverage and consen-
sus quality ≥30), we observed high concordance (100%)
with known heterozygous (n = 15) and homozygous (n = 9)
genotypes. Those results suggest that CRISPR-Cap is ap-
plicable for the enrichment of target regions of human ge-
nomic DNA.

Next, we analyzed the uniformity of eight sequencing
datasets (1:10 000 1 to 1:10 000 8, Supplementary Figure
S14). We calculated the uniformity value by dividing the se-
quencing depth on each target position by the average se-
quencing depth on the sequenced target region. Although
the uniformity of enrichment of the human DNA was lower
than that of the E. coli DNA, 33.3–44.0% of the sequenced
target region of the human DNA was within the uniformity
range (0.5–1.5).

DISCUSSION

In this study, we evaluated the coverage, uniformity, and
enrichment bias of the CRISPR-Cap method for the en-
richment of dsDNA regions of interest. The use of higher
sgRNA tiling to cleave the target region at smaller in-
tervals greatly improved the performance of the method.
CRISPR-Cap with sgRNAs that cleave the target region
at 20-bp intervals showed better enrichment performance;
including on-target ratio, fold-enrichment, and uniformity;
than that using sgRNAs that cleave the target region at 50-
bp or 100-bp intervals. Using mixtures of genomic DNA
with single-nucleotide variants present at various ratios, we
demonstrated that CRISPR-Cap could detect rare alleles
at frequencies as low as 1%. In addition, we showed that
CRISPR-Cap was able to detect differences in gene copy
number in purified genomic DNA and in whole cell lysates.
We demonstrated two alternative procedures that can re-
duce the cost of sgRNA construction and the time of ge-
nomic DNA preparation (Supplementary Figure S15). Fi-
nally, we showed that CRISPR-Cap is applicable to human
genomic DNA.

In order to fully assess the feasibility of CRISPR-Cap, it
is important to compare and contrast CRISPR-Cap with
other target DNA enrichment methods (Table 2). A no-
table advantage of CRISPR-Cap is its short reaction time.
CRISPR-Cap required 1 h for the cleavage reaction and 20
min for the sorting step. In preliminary experiments, only
30 min for the cleavage reaction was required for single lo-
cus targeting with one target DNA (data not shown). On
the other hand, the NGS data produced from the CRISPR-
Cap product had low sequencing quality. We confirmed that

ftp://ftp-trace.ncbi.nih.gov/giab/ftp/release/
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Figure 5. Enrichment of CDS regions in human genomic DNA by CRISPR-Cap. The enrichment results of NA12878 genomic DNA using CRISPR-Cap
(1:10,000 5 from Supplementary Table S10). Gray regions under the x-axis indicate target regions, which include all exons of 20 genes and additional
100-bp upstream and downstream of each exon. The x-axis is the genomic position, and the y-axis is the sequencing reads count.

the relatively low sequencing quality was caused by ran-
domly appended pseudo sequences that matched the read
length of the sequencing platform (i.e. 150-bp paired-end
sequencing) when the product of CRISPR-Cap DNA was
shorter than the read length (58). Therefore, we used gel-
based size selection after attaching the index sequence, and
we processed the sequencing data with AdapterRemoval, an
adapter trimming program, before proceeding to the align-
ment.

When applying CRISPR-Cap to human genomic DNA,
we were able to get improved enrichment results in terms of
on-target ratio, fold-enrichment, and coverage after many
trials; however, even after the optimizations, the on-target
ratio was still around 1% (Supplementary Table S10). To
find the reason for the low on-target ratio, we analyzed the
target sequences of the human 20-bp sgRNA library us-
ing Cas-OFFinder (59). Among 7118 sgRNAs, 301 sgR-
NAs had perfectly matched off-target sites on the genomic
DNA (Supplementary Data 3). Those predicted off-target
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Table 2. Comparison of target-enrichment methods. Comparison of technology base, main experiment steps, required time, and uniformity of enrichment
product among target enrichment methods.

CRISPR-Cap Multiplex PCR
Microdroplet-based
PCR

Molecular inversion
probes Hybridization capture

Technology base CRISPR system PCR PCR, microfluidics molecular inversion
probe-based
circularization

nucleic acid
hybridization

Experiment steps 2 steps 1 step 1 step multiple steps multiple steps
Required time for
experiment

<1 h Several hours
(depending on
amplification cycles)

Several hours (4 h
with RainDance)

3 days 3 days

Uniformity Maximum 90.2% of
TRa within
uniformity rangeb

>90% within a 5-fold
range of the median
read depth (63)

94.5%(4) 60% of TRa within
uniformity range (12)

61% of TRa within
uniformity range (12)

aTR: target region.
bWith small-sized genomic DNA.

sgRNAs could cleave 0.6 million loci in the genomic DNA.
Many of the potential off-target sgRNAs originally targeted
intron regions, because we designed the targets to include
100 bp upstream and 100 bp downstream of the target CDS
regions. Furthermore, when we changed the Cas-OFFinder
parameter to allow single mismatches, the predicted number
of off-target sites increased to 3.3 million loci. We aligned
the eight sequencing datasets produced with the 1:10 000
ratio of DNA to Cas9 complex (1:10 000 1 to 1:10 000 8,
Supplementary Table S10) to the regions starting 200 bp up-
stream and ending 200 bp downstream of all predicted tar-
get sites. The results showed that 6.94% and 12.95% of reads
on average aligned to all perfect matched sites and single
mismatches allowed sites, respectively (Supplementary Ta-
ble S12). Nevertheless, the reason for the off-target results
remains unclear.

DNA fragments that are erroneously produced during
CRISPR-Cap and/or the genomic DNA purification step
can be one of off-target source. In the eight datasets pro-
duced with the 1:10 000 ratio of human DNA to Cas9
complex, from 17.9% to 31.4% of the sequencing data was
aligned to the reference genome with single-read coverage
depth. To examine the distribution of the low-depth reads,
we plotted the reads coverage on all the chromosomes us-
ing the 1:10 000 5 sequencing dataset (Supplementary Fig-
ure S16) and found that the low-depth, off-target cover-
age existed across the entire chromosomes. There was also
high-depth, off-target coverage in the centromere regions,
although the reason for those results remains unclear.

Next, we analyzed the error rate of the human 20-bp
sgRNA libraries. We used three independently amplified
sets of microarray oligonucleotides as template DNAs for
in vitro transcription to produce three 20-bp sgRNA li-
braries, which we called human 20-bp sgRNA library batch
1, human 20-bp sgRNA library batch 2, and human 20-bp
sgRNA library batch 3. Using an Illumina sequencer, we
verified that 79.2%, 53.5% and 54.6% of the 20-bp target
recognition spacer sequences in the template DNA of the
three sgRNA libraries, respectively, were error free (Sup-
plementary Table S13). Although we obtained the best on-
target ratio with human 20-bp sgRNA library batch 2, the
sgRNA library with the most errors in the 20-bp target
recognition spacer regions should have produced more off-
target results. Taking those results together, we concluded

that the low on-target ratio for CRISPR-Cap of human
genome DNA was a complex result of several factors. Nev-
ertheless, we believe that further optimization such as off-
target-free sgRNA library design and the use of error-free
sgRNA library template DNA would lead to improved per-
formance.

The dsDNA enrichment feature of CRISPR-Cap may be
useful in the future. As long as a large amount of starting
sample is used for CRISPR-Cap, PCR amplification during
the library preparation step is not required. The enriched
dsDNA can be directly attached to NGS adapters via DNA
ligases. If a PCR reaction is not required, long dsDNA
segments (>10,000 bp) can be captured with CRISPR-
Cap for use in PacBio (60) or Nanopore-based long DNA
sequencing (61,62) platforms (e.g., CATCH nanopore se-
quencing (43)). Currently, there are few methods available
for target-capture sequencing using long-read sequencing
instruments. Furthermore, PCR-free target dsDNA library
preparation could be utilized for the cost-effective analysis
of epigenetic marks.

In summary, CRISPR-Cap is a convenient, multiplex,
target-enrichment method for use with large genomic ds-
DNA without further treatment. CRISPR-Cap has a short
reaction time, high efficiency, and no significant enrichment
bias. CRISPR-Cap can also be used to quantify gene copy
numbers in small genomic DNA both from purified ge-
nomic DNA samples and from whole cell lysates. Further
optimization of CRISPR-Cap may be possible for use with
large genomic DNA. CRISPR-Cap is also amenable to fur-
ther modifications that reduce the cost even further, such
as the elimination of streptavidin magnet beads in the sort-
ing step. We believe that further optimizations will make
CRISPR-Cap useful as method to enrich target DNA in the
human genome.
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